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Abstract

This report describes a new approach for fabricating micro-channels within three-dimensional
electrospun constructs. These key features serve to mimic the fascicular architecture and fibrous
extracellular matrix found in native nerve. Both electrospun fibers and multi-channeled structure
nerve guides have become areas of increasing interest for their beneficial roles in nerve repair.
However, to the best of our knowledge, this is the first report of a guide that incorporates both.
Multiple parallel channels provide a greater number of defined paths and increased surface area
compared to cylindrical guides. Additionally, the fibrous nature of electrospun fibers permits
better mass transport than solid-walled constructs. The flexible fabrication scheme allows tailoring
of nerve guide parameters such as channel diameters ranging from 33-176pm and various wall
thicknesses. Channel and fiber structures were assessed by optical and electron microscope
images. Geometric calculations estimated a porosity of over 85% for these guides with 16% or
less from the channels. In vitro culture with Schwann cells demonstrated cellular infiltration into
channels with restricted migration between fibers. Finally, cell proliferation and survival
throughout the guide indicates that this design warrants future in vivo examination.
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Introduction

Peripheral nerve injuries accompany approximately 2.8% of trauma patients, or 100,000
people in the US and Europe annually (Chiona et al. 2009; Noble et al. 1998). These injuries
cause loss of sensation and muscle function, in addition to painful neuropathies (Yan et al.
2009). Due to an innate regenerative capacity of peripheral nerves, injuries yielding
insignificant or no loss of axon continuity typically repair naturally (Campbell 2008;
Schlosshauer et al. 2006). However, severe injuries causing complete nerve transection
require surgical intervention. Small gaps are surgically anastamosed without tension while
larger gaps are bridged by an implant to provide structural, mechanical, and biochemical
support (Kehoe et al. 2011). Although autografts produce donor site morbidity and yield
incomplete or inconsistent recovery, they are still preferred over alternative nerve guides and
remain the clinical gold standard (Gu et al. 2010). Consequently, prosthetic alternatives
capable of matching or exceeding the performance of autografts are a highly active area of
research (Gu et al. 2010; Schmidt and Leach 2003).
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Clinically-available nerve grafts are limited to single-lumen conduits constructed of
collagen, poly(glycolic acid), poly (D,L-lactide-co-e-caprolactone), poly(vinyl alcohol), or
decellularized extracellular matrix (ECM) and yield outcomes inferior to autografts (Kehoe
et al. 2011). Moderate experimental success has been achieved by nerve autografts and
muscle basal lamina(Flynn et al. 2003). We believe this may be due in part to the
confinement of the nerve within the complex multi-channel structure of the basal lamina.
Through numerous fabrication methods researchers have attempted to mimic these designs
but fail to achieve the same success (Yao et al. 2010).

To address this challenge, we designed the first multi-channel nerve guide composed
entirely of electrospun fibers intended to mimic the fascicular architecture and extracellular
matrix respectively. Our design satisfies 3 design criteria that have not been achieved by
previous methods. 1) Our design incorporates a high density of channels which is
uncommon in other templating approaches. 2) We have greater control of channel size and
regularity compared to freeze drying methods. 3) Our design consists of interconnected
spaces between fibers instead of the solid walls created by casting methods. Additionally,
we can customize many aspects of the design such as fiber diameter, composition, and
alignment, in addition to channel diameter and spacing. We anticipate this design being
especially useful for nerve repair in the future by incorporating aligned fibers, which can
guide axon growth.

Materials and Methods

Electrospinning

A 14% polycaprolactone (PCL) (Mn=80,000, Sigma) solution was prepared by dissolving
PCL pellets in 5:1 trifluoroethanol:water at room temperature under agitation overnight(Cao
et al. 2009). Random fibers were deposited on the aluminum face of a custom collector (Fig
2A) during horizontal stationary electrospinning (Fig 1A). The collector also had two fine
tooth combs (18 teeth per cm) attached to the sides to align sutures in a regularly-spaced
parallel pattern. Radially-aligned fibers were deposited around the guide via rotating
electrospinning (Fig 1B) to prevent unraveling. For both electrospinning methods, the
collector was placed 25 cm from the needle and the polymer solution was pumped through a
21 gauge needle at a flow rate of 25ul-min-L. Electrostatic potentials of 15 kV positive and
10 kV negative were attached to the needle and collector respectively.

Nerve Guide Preparation

A random mesh of PCL fibers were deposited on the aluminum face of a collector by
stationary electrospinning a set volume, V4 uL, of PCL solution (Fig 2A). Sutures were
woven taut around the teeth on the collector to form N parallel strand templates atop the
electrospun fibers (Fig 2B). Sutures were covered with a second layer of random PCL fibers
by electrospinning a set volume, V5, uL (Fig 2C). The entire construct was placed in a
vacuum chamber overnight to remove residual solvent. The thickness of each layer is
adjusted by varying volumes V; and V5 and the number of channels equals N.

After drying, the sutures were cut at both ends to release the electrospun mat from the
collector (Fig 2D). The multilayered electrospun mat was rolled up parallel to the sutures
and secured with two collagen sutures (Fig 2E). Recent designs used parafilm to secure the
template strands rather than tying with sutures. The outside was then sealed with a thin
sheath of aligned PCL microfibers by electrospinning 50uL PCL while rotating the nerve
guide at 60 rpm in front of the collector (Fig 1B). This outer sheath helps to prevent nerve
guide from unraveling. The patterning sutures were removed, creating aligned channels in
their void. The nerve guide preparation was completed by trimming the guide to the desired
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length by cutting each end (Fig 2F). This removes the peripheral regions of the electrospun
mat with low fiber density. Prior to trimming the guide, it was soaked in deionized water
(diH»0) for 1 hour and frozen on dry ice. The integrity of the micro-channels was better
maintained during sectioning if water was allowed to penetrate the nerve guide and frozen to
mechanically support it during cutting. The nerve guides were stored in microcentrifuge
tubes until use.

The porosity of the guide, including channels, was estimated used the geometric equations
outlined in the paper by Yang.(Yang et al. 2005b) Briefly, the porosity, P, is calculated from
equation 1.

t

VP
P:(l - 7) %100 )

Vp is the volume of the polymer and V is the total volume of the guide, obtained from the
following equations.

VP:Z_; (m¢mass of total guide) (dpdensity of polymer) @
V,:nr,2 * [ (rradius of total guide) (/=length) 3)

The term Vp/V¢ in equation 1 represents the volume occupied by the polymer. Thus, one
minus this value provides the volume of the free space in the guide including gaps between
fibers and the channels. The volume (V.) and percent porosity (P.) contributed from the
channels is also obtained from equations 4 and 5.

chﬂrf x[%n (rcradius of channel) (n=number of channels) (4)

P Ve 100
= *
=\v-v, (5)

Scanning electron microscope (SEM)

SEM samples were prepared by cutting thin (approximately 1-2 mm) transverse slices of
nerve guides with a scalpel and adhering to an aluminum stub using carbon tape. The
samples were dehydrated in a desiccator overnight. The samples were coated with 3nm of
gold with a Cressington Sputter Coater and grounded to the stub with aluminum paint.
Samples were imaged with a Jeol JSM-6330F SEM.

Analysis of electrospinning parameters

Reproducibility and layer thickness—Three guides were produced using V1/V,= 75
uL and 35 templates of 100 um diameter. It should be noted that this was spun on a collector
7cm long and 4cm wide, so not all of the deposited fibers were in the portion used for the
guide. The qualitative structure of 1-2 mm hydrated sections were observed on an Olympus
SZX10 stereo microscope and compared to others where the layer thicknesses were varied
such that V1/V»=40, V1=40/V,=100, and V1/V,=100. Additionally, porosities determined
from the above equations were reported.
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Channel diameter—A guide was fabricated using template diameters of 20, 70, 100 and
150pum. The number of templates and layer thicknesses were adjusted based on template
size. Optical images of 1-2mm hydrated samples were again viewed an Olympus SZX10
stereo microscope. ImageJ was used to determine channel size via two orthogonal diameter
measurements for 10 channels per transverse-section. Average channel diameter (+/-)
standard deviation is reported.

Rat Schwannoma cell line RT4-D6P2T (ATCC CRL-2768) was kindly provided by the
Badylak lab. Cells were cultured with Dulbecco’s Modified Eagle Medium (DMEM)
(ATCC 30-2002) with 10% fetal bovine serum (FBS), 1% antibiotic/antimycotic (Cellgro
30-004-Cl) in incubators at 37°C and 5% carbon dioxide.

Nerve guides were sliced to lengths of 1.2 cm, sterilized by ethylene oxide, and washed in
sterile 1X PBS for 2 days on an orbital shaker, changing PBS after the first day. Nerve
guides were then incubated with 10ug/mL laminin solution at 37°C for 13 hours. Nerve
guides were washed once in 1X phosphate buffer solution (PBS) prior to cell seeding.

Cells (passage #8) were trypsinized and resuspended at a concentrated 7,633 cells/uL. A
65uL solution of cell suspension was pipetted into each side of the guide for a total of 1x10°
cells per guide. This not absorbed by the guide was pipette into each end a second time.
Nerve guides were placed in 12 well plates and 1mL media was added to each well. The
plates were placed in a 37°C incubator for 1 hour. Nerve guides were then placed on a
shaker in the incubator for 1 hour before transferring to new 12-well plates to eliminate the
large number of cells adhered to culture plate. Guides were incubated while shaking until
evaluation at 4 and 11 day time points for 4’,6-diamidino-2-phenylindole (DAPI) (n=3) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (n=3).

Schwann cell SEM preparation—Guides containing cells were placed in a fixation
solution (2.5% glutaraldehyde in 1X PBS) overnight at 4°C. Nerve guides were then
dehydrated through serial dilution in 25, 30, 50, 70, 80, 90, 100 percent ethanol in water.
This was followed by dehydration in 3:1, 1:1, and 1:3 (3 times)
ethanol:hexamethyldisilazane (HDMS). Nerve guides were immersed for 15 minutes in each
solution. The nerve guide was then left in 100 percent HDMS in fume hood overnight for
complete drying. The nerve guide was cut at a 45 degree angle cross-section to reveal the
interior of the guide. Samples were prepared on SEM stubs as previously described.

Live/Dead/DAPI—Live/dead solution was prepared by adding calcein AM (20uM) and
ethidium homodimer (1pM) to DMEM without phenol red or FBS. Three nerve guides from
each time point were washed three times with 1X PBS before incubating in1.5 mL live/dead
solution for 3 hours. Guides were then cut in half, frozen in OCT, and sectioned on a
microtome to produce transverse and longitudinal slices (8 um thick). The cell nuclei were
stained with DAPI mounting solution and viewed on a Nikon Eclipse Ti inverted
microscope. Analysis focused on identifying cell infiltration (location of cells relative to
channels) and proliferation (number of cells). Due to background staining associated with
the guide fibers, no immunofluorescence was used. Image look-up table (LUT) minimum
threshold and G-value were adjusted to improve the contrast so DAPI could be seen in
relation to the structures in the guide.

MTT—Three nerve guides, three guides without cells, and calibration curve cells seeded at

1, 0.5, 0.25, and 0.125 million cells per tissue culture polystyrene (TCPS) well and
acclimated for 3 hours in culture were used for the MTT assay. Each sample was washed
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three times with 1X PBS to remove residual media containing phenol red. MTT solution
(0.5mg/mL media without FBS or phenol red) was added to each well for 3 hours at 37°C.
Small sections from the ends and center of the guides were section for imaging. Images did
not clearly show MTT crystals and are not shown. DMSO was added to the remaining
pieces of the seeded nerve guides and to the other samples. Mechanical disruption was
applied to the seeded guides to solublize MTT trapped in the fibers. After 30 minutes, the
solutions were removed and added to 96 well plates in triplicate for absorbance reading at
540nm.

Results and Discussion

Multi-channel electrospun design mimics nerve microstructure

Rationale for multi-channel design—An array of parallel microchannels is present in
healthy nerves and preservation of this endoneurial structure is an optimistic indicator in the
prognosis of nerve injuries (Campbell 2008). Therefore, the major goal of our design was to
incorporate endoneurial-like structures in a nerve guide. Single lumen nerve guides aid
regeneration by concentrating chemical signals and restricting infiltration of inflammatory
cells (Kehoe et al. 2011). However, single lumen conduits fail to present a multi-channel
structure like that of a native nerve. Furthermore, collapse of a single lumen conduit
drastically impairs nerve repair (Yao et al. 2010).

Existing multi-channel designs—Multi-channeled nerve guides have been fabricated
by a variety of methods including freeze drying, injection molding, thermally-induced phase
separation (TIPS), electrodeposition, and various combinations of these methods (Ao et al.
2006; Bozkurt et al. 2007; de Ruiter et al. 2008; Flynn et al. 2003; George et al. 2009; He et
al. 2009; Hu et al. 2009; Madaghiele et al. 2008; Stokols and Tuszynski 2004; Sundback et
al. 2003; Wang et al. 2006; Yao et al. 2010). There are several key differences
distinguishing our design from existing methods of producing multi-lumen guides. Our
guide has electrospun fibers with an open porous structures to facilitate mass transport.
Contrarily, mold casting, lithographic, and deposition techniques generate nerve guides with
thick or continuous walls which are likely to limit mass transfer (Flynn et al. 2003; George
et al. 2009; Stokols et al. 2006; Sundback et al. 2003; Wang and Huang 2008; Yao et al.
2010). Additionally, we report a high channel density, while many of these mold casting
methods produce very few channels. Our fabrication scheme can create well-defined
channels with a diameter as small as 33 um. This can be contrasted with the other common
methods such as freeze-drying, TIPS, and gas foaming which are porous but often lack
control of channel size, orientation, and interconnectivity (Bozkurt et al. 2007; Hu et al.
2009; Madaghiele et al. 2008; Stokols and Tuszynski 2004). Other approaches capable of
producing porous guides with defined channels are limited to 150 um minimum diameter
rods used to make the channels and the difficulties associated with aligning and removing
rod templates with large aspect ratios (He et al. 2009; Wang et al. 2006; Yang et al. 2005b).
Finally, our layered fabrication scheme will allow us to make future modifications to
incorporate aligned fibers within channels to provide nanometer-scale topographical
guidance. Aligned electrospun fibers have demonstrated utility in directing nerve outgrowth
as well as inducing morphology changes (Chew et al. 2007; Kim et al. 2008; Madduri et al.
2010; Wang et al. 2010; Yang et al. 2005a; Yao et al. 2009). The ability to perform this type
of modification has not been demonstrated by other methods, making our approach unique
(Hadlock et al. 2000).

Rationale for electrospinning—Native nerve is surrounded by an extracellular matrix

that is fibrous and porous (Zhang et al. 2010). The process of electrospinning has gained
much attention in tissue engineering in recent years for its ability to controllably produce
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sub-micron to micron-sized fibers that mimic the fibrous nature of ECM (Agarwal et al.
2008). However, since electrospinning is best-suited for production of two-dimensional
meshes, incorporation into three-dimensional constructs appropriate for nerve regeneration
has been difficult and limited (Jha et al. 2011).

Current electrospinning methods—Existing methods of incorporating electrospun
fibers into nerve guides radially- or axially-align fibers on the circumference of a hollow
conduit or insert flat sheets into the lumen (Biazar et al. 2010; Chew et al. 2007; Clements et
al. 2009). These methods do not utilize the entire cross-sectional area for adhesion and
guidance or may not be appropriately oriented. Bundles of longitudinally-aligned
electrospun fibers can also be inserted inside a cylindrical nerve guide to fill the lumen, but
unlike channels, they do not confine nerve to particular paths (Clements et al. 2009; Lietz et
al. 2006; Mauck et al. 2009; Yucel et al. 2010). Additionally, tight packing of these bundles
may inhibit axon and Schwann cell migration. In contrast to existing electrospun nerve
guides, our design creates a complex 3-dimensional construct with open channels to guide
the nerve and Schwann cells between the fibrous substrate.

Our fabrication process successfully demonstrates proof of concept for a nerve guide
constructed entirely of electrospun fibers. The two electrospun layers encapsulated the
templates and exhibited sufficient interaction to prevent delamination. We believe that the
insulating properties and smooth surface of the templates allow easy removal from the
electrospun fibers without disrupting the channel architecture despite a large aspect ratio.
Finally, the cylindrical shape was maintained by a circumferential sheath of fibers deposited
around the outside.

Fibrous microstructure—A section of the 6-0 collagen nerve guide viewed by SEM (Fig
4A & B) demonstrates the structure of the electrospun fibers around the microchannels. This
microfiber mesh creates an open network of paths for nutrient transport into and out of the
channel. The fibers in Figure 4B show some artifact resulting from cutting. Thus, fiber
morphology can be better evaluated from a flat sheet of the electrospun fibers (Fig4 E). This
image shows smooth fibers of roughly uniform diameter. The unraveling of the coil as seen
in Figure 4A was addressed in later guides by an electrospun sheath (Fig 4C) which fixes the
guide in the circular shape. The circumferentially-oriented fibers of the sheath can be seen
covering the layer of random fibers in Figure 4D.

Primary and secondary channels—Multi-channel guides fabricated with a range of
diameters are shown in Figure 5. Figure 5A shows a nerve guide with 25 channels
approximately 176 um in diameter fabricated with 4-0 synthetic sutures. Although not
homogenous in shape or dimension, an equivalent number of secondary channels double the
channel density. Secondary channels adjacent to each primary channel were formed by the
space between the primary channels and the flat mesh. The size of these secondary channels
is affected by the ratio of the two electrospun layers and the template diameter. Secondary
channels provide additional space for cell migration, but due to the inhomogeneity of these
structures we focus on the primary channel. Figure 5B and C shows guides produced from
6-0 collagen and synthetic sutures respectively. Primary channels in these guides are more
circular and the secondary channels more regular. One 10-0 guide was made for the purpose
of demonstrating versatility of this method (Fig 5D). Only 10 channels were made since
10-0 sutures are very short and it requires many sutures to obtain the same number as larger
sutures. Since the layer thickness was not adjusted for this design, the channels contribute
very little open area for nerve growth and no secondary channels are present. As seen in the
figure, 10-0 sutures do not act well as mandrels for rolling, resulting in loose rolling and the
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large central lumen observed in this figure. Due to the manual steps involved with this
process we recognize that there may be a minimum diameter that is feasible with the current
technique. Although, we do not think that this will hinder the success of our design, we hope
to improve the precision with more automated techniques in the future.

Channel diameter—Suture templating resulted in channel diameters 13 to 28 um larger
than the sutures used to create the channels. We hypothesize that electrospun fibers are not
attracted to the sutures and are not deposited tightly around them, accounting for the
diameter differential. Although initial work began with collagen sutures, synthetic sutures or
fishing line were later used due to easier removal.

Layer thickness—The thickness of each electrospun layer can have drastic effects on the
structure and mechanics of the guide. The mentality behind our design is to minimize the
layer thickness to facilitate transport through the walls and maximize the number of
microchannels available while still providing sufficient mechanical strength. Figure 3D &E
shows how thinner walls guides are less defined and more susceptible to deformation during
cutting compared to thicker guides in Figure 3F. Consequently, future work to increase open
areas designated for cell adhesion will focus on increasing template spatial frequency, not
decreasing wall thickness.

Porosity—~Porosity was estimated using geometric calculations based on mass and volume
of the final guide and the density of the PCL (1.145 g/cm?3). These volume calculations were
supported by similar values obtained via a second set of calculations that used the V; and
V5, the 14% PCL polymer concentration, and the percent of the collector area used for
making the guide. The total porosity and the percent contributed by the channels are
reported in Figure 3. All guides in this sample set showed porosity above 85 percent.
Additionally, void space between electrospun fibers contributed to the majority of porosity
since the highest Pc was 16 percent. This supports the premise that our electrospun mats are
highly porous and should be conducive to nutrient transport.

Reproducibility—As with any fabrication process, reproducibility is important. The
current method contains two areas where variability can be introduced: electrospinning steps
and manual steps. Achieving stable and consistent electrospinning conditions is essential to
producing repeatable guides. Fiber diameter and morphology are known to be affected by
electrospinning parameters which include acceleration voltages, polymer molecular weight,
solution concentration, and humidity. One electrospinning complication that may arise is the
formation of globs or nets of fibers depositing on the collector(Leach et al. 2011). These do
not form tightly around the template and cause defects in the design. A second variation that
can greatly influence the outcome of templated guides is uneven distribution fibers on the
collector. If uneven deposition occurs, some regions will be thick while others are thin and
weak. To facilitate more uniform distribution, the collector may be slowly moved during
electrospinning.

Rolling the flat sheet to form the cylindrical guide is the primary step in which manual
variation can affect the outcome. As is evident in Figure 5A & D, a large central lumen is
formed if the guide is not rolled tight enough. Contrarily, if the guide is too tight,
compressive forces deform the channel shape when the template is removed. This is
especially significant for guides with thin layers (Fig. 3D). Additionally, template alignment
is important for maintaining uniform spacing between channels.

Reproducibility can be achieved by maintaining consistent conditions between samples.
These include electrospinning parameters (acceleration voltage, solvent and concentration of
the polymer solution, distance, flow rate, humidity), thickness of fibrous mat, template size
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and spacing, and rolling tightness. Three guides produced by the same electrospinning and
template conditions were imaged and shown in Figure 3A-C to demonstrate reproducibility
of this method. The channel shape and overall quality of the guides becomes more
vulnerable to cutting damage as the layer thickness decrease. This is evident in the bottom
panel (Fig 3D-F) where channels become more defined as the layer thicknesses increase.

Fabrication time—The time required to fabricate guides using this technique include both
electrospinning and templating times. Electrospinning time depends on the rate of spinning
and the volume spun. This step can range from approximately 5-30 minutes accordingly.
The templating step depends on the number of templates used. Template stringing time is
approximately five per minute. This can vary depending on the size of the template and the
skill of the person.

Versatile fabrication process

Synthetic nerve guides offer two advantages over autografts and allografts: availability and
customizability. Our method of electrospinning with micro-templating demonstrates
customizability in many aspects of the design. Electrospinning is a versatile technique that
allows tailoring of the fiber diameter and alignment by changing solution and process
parameters (Ghasemi-Mobarakeh et al. 2008). Collagen and synthetic sutures of various
sizes (6-0, 7-0, and 10-0) were used to demonstrate the ability to form channels with
diameters ranging from 33-176um (Fig 4). The available templates could theoretically be
expanded to produce channels over the range of available template diameters: 10 um with
11-0 to 800 um with 6-0. However, as mentioned previously, we do not expect to be
working in this range.

The number and spacing of sutures can also be altered to match the fascicle geometry of the
nerve being replaced. Diameter and length of the guide can be increased by electrospinning
wider meshes on larger collectors. Finally, this method is applicable with any electrospun
polymer, where the stratified fabrication method permits different polymer to be used for
each layer. Since electrospinning solutions can incorporate functional proteins or cells, we
may be able to match mechanical properties or incorporate biochemical cues (Biazar et al.
2010; Jiang et al. 2006; Townsend-Nicholson and Jayasinghe 2006).

Fiber diameter—Parameters for fiber and channel diameter have yet to be optimized for
our nerve guide. The size of the fibers with respect to that of the cell can affect how the cell
senses and interacts with the substrate (Agarwal et al. 2008). The current electrospinning
parameters produce a random mesh approximated by ImageJ measurements to be 2um
diameter fibers (Fig 4E). Control of diameter was not the focus of this work, but significant
existing literature can be referenced to tightly control and measure diameter distribution
over wide range. Endoneurium, perineurium, and epineurium of native nerve all contain
bundles of longitudinally-aligned collagen fibrils ranging from 25-100nm in diameter
(Gamble 1964). However, prior work studying nerve and Schwann cell migration on
longitudinally-aligned fibers demonstrates that some directional control may be lost with the
use of very small fibers (293nm) and that larger fibers (759 and 1325 nm) yield quickest
migration. Thus, while fiber diameter for the current design may affect the cell attachment
and infiltration, future work involving incorporation of aligned fibers within channels will
rely heavily on a diameter that is optimal for topographical guidance.

Channel diameter—From existing literature, it is unclear whether channel diameters near
that of fascicles (200-400pum) or individual axons (2.5-22um) are more conducive to axon
regeneration (Gustafson et al. 2009; Terzis and Smith 1990). Prior work has not
demonstrated statistically significant differences for axonal growth depending on channel
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size (Scott et al.). Although previous work with multi-channel guides showed that channels
of small (12pm & 19um) and (105 um) medium diameter both supported rapid axon growth,
small channels also restricted Schwann cell infiltration (Scott et al.). Consequently, our
current method using medium-sized channels around 100um may be appropriate.

Electrospun fibers permit schwann cells to populate the guide

These guides were designed for application in peripheral nerve repair, so initial in vitro work
was performed with Schwann cells. Schwann cells are critical to creating a permissive
environment preceding nerve repair via phagocytosis of debris, deposition of basal lamina,
and release of neurotrophic factors(Gu et al. 2010). Although it is controversial whether
Schwann cells precede axonal regeneration (Chen et al. 2005) (Yannas 2001)or follow axons
into a lesion site (Brushart 2011; Kettenmann and Ransom 2005), Schwann cells are
intricately involved in the regenerative process. For these reasons, tissue engineering
approaches to nerve repair have incorporated Schwann cells from a variety of sources
including autologous, allogeneic, cell lines, or stem cells (Gu et al. 2010). Consequently it is
important that Schwann cells respond appropriately to the environment created by our nerve
guide.

We demonstrated the feasibility of our design using PCL since it can easily be electrospun.
Since PCL is a component of FDA-approved nerve guides, Neurolac, and has been
established as a suitable biomaterial from prior peripheral nerve research (Kehoe et al. 2011)
in vitro biocompatibility tests were not repeated in this research. We aimed simply to
demonstrate that Schwann cells infiltrate into the interior of the guide along the
microchannels. While PCL exhibits slow degradation which may be suitable for the slow
regeneration of nerves (Bolgen et al. 2005), we acknowledge that high hydrophobicity and
lack of functional groups may preclude PCL from use in our final design.

Guides for all in vitro culture were coated with laminin prior to cell seeding. PCL alone does
not contain any functional groups or bioactive domains for cellular recognition. However, in
the body most foreign surfaces are quickly coated by natural protein adsorption. To mimic
the adhesion sites present in vivo, nerve guides were coated in laminin, a protein known to
improve Schwann cell adhesion, proliferation, and survival(Chernousov et al. 2008).

SEM—Schwannoma cell adhesion and morphology on the fibrous electrospun substrate
were observed after 8 days in culture. Images from SEM (Fig 4F) show the morphology of
these cells on random electrospun fibers of the nerve guide interior. Cells on the random
fibers appear to have rounded cell bodies sprawled out on top of the fibers. Cells adhere to
random fibers via extension of several processes per cell but do not show any directional
preference.

MTT—MTT results from seeded guides show absorbance readings close to that of one
million cells. Actual MTT activity may be higher since the guide still contained areas of
deep purple color that could not be freed despite mechanical disruption. This suggests that
cells are not only alive but metabolically active. However, analysis of these results should
consider that histology shows a high density of cells on the outside of the guide (Fig 7 C &
D) and that MTT cannot provide insight on location of metabolically active cells.
Furthermore, thick layers of Schwann cells becoming overconfluent in aggregates may
begin to change phenotype and also skew results.

Live/Dead/DAPI—Live/Dead solutions were added to guides at 4 and 11 days (Data not

shown). A layer of live cells were identified around the outside of the guide and only a few
dead cells were seen evenly distributed throughout the entirety of the guide. DAPI staining
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showed many more cells distributed throughout the central region of the guide. We believe
that the majority of the cells are alive but lack staining by the calcein AM since it is
hydrophobic and likely adsorbed by the large surface area of PCL fibers. The staining of
dead cells throughout the guide suggests that the more hydrophilic nature of the ethidium
homodimer permits it to diffuse more freely. Consequently, the Live/Dead staining was not
useful for characterizing cell growth in our guides. Thus MTT was used for quantification
while DAPI staining was used to qualitatively inspect distribution and number.

DAPI staining from longitudinal images reveal that Schwannoma cells can populate the
entire length of the nerve guide (Fig 7C). By inspection, an increase in cell density can be
observed from day 4 to day 11. This suggests cell proliferation within the guide channels,
including the mid-section which has the least access to fresh media. Schwannoma cell
migration and proliferation throughout the entire guide is further supported by increased cell
density throughout channels in the transverse-sections of the nerve guides at the ends (Fig 7
B & D). These reveal that Schwannoma cells primarily reside within the channel lumens and
gaps between layers with less penetration into the fibrous walls. This distribution pattern of
cells within channels is also seen in longitudinal sections in Figure 7C. The localization of
cells within the channel is consistent with literature reporting the scarcity of cell penetration
into the interior of electrospun meshes (Nisbet et al. 2009).

We believe that the high surface area and porosity offered by electrospun structures
enhances the cell penetration along the channels of the nerve guide. Additionally, open
space offered by the channels provides regions of low growth resistance that serve to direct
axons toward a single distal target. As supported by the in vitro cell culture, the diffusion
permited by this fibrous mesh permits cell proliferation within even the central-most interior
of the nerve guides (Fig 7). Additionally, the small size of voids between electrospun fibers
restricts most cells from migrating into channel walls and minimizes influx of inflammatory
cells from the surrounding tissue upon implantation. Electrospun fibers strike the balance
between high interconnectivity that allows good mass transfer and small pathlength that
confines Schwann cells and nerves within the channels.

This work is the first step in demonstrating a new design of synthetic nerve guides. Like any
new technology, there are aspects awaiting further investigation. Two modifications that we
believe are crucial involve transitioning to a more suitable biomaterial and automating the
fabrication. Alternatives to PCL will be pursued in the future to increase hydrophilicity,
introduce cell adhesion sites, and broaden degradation profile to match clinical needs. Ten-
cycle compressive tests (not shown) demonstrate hysteresis after an initial plastic
deformation. Thus to prevent channel collapse in future designs we will use an elastomer
such as poly(glycerol sebacate) that increases elastic recovery (Sundback et al. 2005).

Variability introduced during the manual steps is a limitation that may be addressed using
robotics in the future. Current methods involve templates that are extremely small and
difficult to handle. Automating the process in the future should not only improve
reproducibility, but also increase the channel density that can be achieved.

Conclusion

This paper reports a new electrospun construct containing a high density of aligned
microchannels mimicking the fascicles in nerve. We demonstrate a high number of channels
of defined size and shape within a porous structure. We believe these features distinguish
our design from existing ones. We also demonstrate the repeatability and versatility of this
method and begin to characterize cellular response. We will continue to focus on translating
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this technology into clinically-useful products by testing the guides in a rat sciatic nerve
model. Results from a pilot implantation demonstrate that the guide can anastamosed with
10-0 suture and maintains its shape without unrolling. In the future, we will couple this
design with stimulatory cues such as aligned fibers within the aligned channels and growth
factors.
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Figure 1.

Diagram of (A) stationary and (B) rotating electrospinning. (A) A stationary electrospinning
set-up is used to produce a random fiber mesh. A polymer solution is pumped from syringe
at a constant rate. A positive voltage is attached to syringe needle; a negative voltage is
attached to an aluminum collector plate. The positively-charged polymer dries to form a thin
fiber during flight toward the negatively-charged collection plate. (B) Rotational
electrospinning set-up is used to produce radially-aligned fibers. Same process as stationary
electrospinning is used except the fibers are deposited on a mandrel rotating in front of the
collector.
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Figure 2.

Fabrication scheme for suture-templated electrospinning nerve guide (A) Deposit a thin
layer (V1) of random electrospun PCL fibers via stationary electrospinning setup. (B) Create
channel template by stringing aligned sutures across first PCL layer and attaching to combs
on sides of the collector. (C) Deposit second thin layer (V5) of random electrospun PCL
fibers via stationary setup. (D) After drying excess solvent in vacuum, cut sutures on both
ends and trim flat sheet to length. (E) Roll up nerve guide and secure. Electrospin aligned
PCL sheath around outside of guide by rotating electrospinning set-up. The template strands
of one end of the nerve guide are placed in a tube and secured by parafilm. This is rotated at
60rpm in front of collector plate as 50 ul of aligned fibers are deposited around the exposed
region. (F) Sutures are manually removed. Electrospun nerve guide is soaked in water to
allow penetration and guide is cut after freezing on dry ice.
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Figure 3.

Optical images of transverse-sections of multi-channel guides of different layer thickness
and 35 templates (100 um diameter). Total porosity (P) and percent channel porosity (Pc) is
reported for each guide. (A-C) V1/V,=75 uL, (D) V1/V,=40, (E) V1=40/VV»=100, (F) V1/
V2=100.

Biotechnol Bioeng. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Jeffries and Wang Page 17

7o e
<—{—\‘ Secondary &?nnels.
T

Figure 4.

SEM images of microchannels and microfibers in the nerve guides. (A and B) Transverse-
section of nerve guide with aligned channels at 25 and 650 X magnification. (C and D)
Outside of rolled nerve guide sealed with an electrospun sheath (Shown at 25 and 500 X
magnification). (E) Top view of randomly-oriented fiber mat before rolling to form guide.
(F) Schwannoma cells on random fiber electrospun fibers inside nerve guide after in vitro
culture. Two cells are highlighted with circles.
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Figure 5.

Optical images of multi-channel guides with varying channel diameters. The various guides
are not optimized, but rather are used to demonstrate the different diameters achievable
using the templating method. Nerve guide fabricated with: (A) 4-0 synthetic sutures
(150um) to produce channels 176 + 39 um in diameter; (B) 6-0 collagen sutures (100um) to
produce channels 117 + 11 um in diameter; (C) 6-0 synthetic sutures (70um) to produce
channels 98 + 9 um in diameter; and (D) 10-0 synthetic sutures (20um) to produce channels
33 £ 6 um in diameter. Scale bar = 500 pm.
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Guide without
cells

Seeded guide

Absorbance was read at 540nm to measure solublized MTT in DMSO following conversion
by cellular metabolism. Absorbance readings were measured in triplicate for each sample

(n=3).
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Figure 7.
DAPI staining reveals the longitudinal and transverse distribution of Schwannoma cell

nuclei in the multi-channel nerve guide. (A) Longitudinal section after 4 days in culture. (B)
Transverse section at open end after 4 days in culture. (C) Longitudinal section after 11 days
in culture. Asterisk indicates tear caused by sectioning. (D) Transverse section at open end
after 11 days in culture. Note: Fluorescent look up table (LUT) was adjusted to make nerve
guide visible.
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