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DISCOVER SOMETHING GREAT

Aligned electrospun nanofibers specify the direction
of dorsal root ganglia neurite growth
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Abstract: Nerve injury, a significant cause of disability,
may be treated more effectively using nerve guidance
channels containing longitudinally aligned fibers. Aligned,
electrospun nanofibers direct the neurite growth of immor-
talized neural stem cells, demonstrating potential for
directing regenerating neurites. However, no study of neu-
rite guidance on these fibers has yet been performed with
primary neurons. Here, we examined neurites from dorsal
root ganglia explants on electrospun poly-L-lactate nano-
fibers of high, intermediate, and random alignment. On
aligned fibers, neurites grew radially outward from the
ganglia and turned to follow the fibers upon contact.
Neurite guidance was robust, with neurites never leaving
the fibers to grow on the surrounding cover slip. To com-
pare the alignment of neurites to that of the nanofiber

substrates, Fourier methods were used to quantify the
alignment. Neurite alignment, however striking, was infe-
rior to fiber alignment on all but the randomly aligned
fibers. Neurites on highly aligned substrates were 20 and
16% longer than neurites on random and intermediate
fibers, respectively. Schwann cells on fibers assumed a
very narrow morphology compared to those on the sur-
rounding coverslip. The robust neurite guidance demon-
strated here is a significant step toward the use of
aligned, electrospun nanofibers for nerve regeneration.
© 2007 Wiley Periodicals, Inc. ] Biomed Mater Res 83A:
636645, 2007
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INTRODUCTION

Peripheral nerve injury is a significant cause of
morbidity. Between 50,000 and 200,000 operations
take place each year in the US to repair nerve inju-
ries."” Unfortunately, severely injured nerves never
reach complete functional recovery.” When gaps
between the cut ends of a nerve are greater than
2 cm, a suitable scaffold is required. Nerve autografts
produce the best results but often leave patients
with significant disability even in optimal conditions.
Frequently insufficient in number and size, auto-
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grafts produce donor site morbidity. Synthetic nerve
guidance channels containing growth factors and
extracellular matrix proteins appear to be a promis-
ing substitute, but are still limited in the quality of
regeneration produced.

Nerve regeneration may be improved by adding
fibers that span the length of a guidance channel.*
Several studies have demonstrated a powerful ability
of fibers to direct neurite outgrowth both in vitro>>®
and across lesions in peripheral nerve’ and spinal
cord in vivo.*” Most of these studies have used fibers
greater than 100 um in diameter.>”” However, pat-
terned surface chemistry and topography with feature
sizes on the cell-length scale (from hundreds of nano-
meters to tens of microns) affect cell and neurite
behavior, including migration,'" suggesting that
fibers in this size range may facilitate neurite elonga-
tion. A recent study has shown that fibers with diame-
ters at the size of a cell or smaller, 5 or 30 um,
produce faster neurite outgrowth than fibers 100 pm
in diameter or larger.” The ability of yet smaller fibers
to guide neurites is just beginning to be explored.
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Electrospinning is a well-established method of
producing fibers ranging in diameter from hundreds
of nanometers to several microns. Conventional
methods of electrospinning use a stationary planar
target resulting in mats of randomly oriented fibers,
but Yarin and coworkers have recently aligned these
fibers by electrospinning on a rapidly rotating
wheel.'® Numerous studies have shown that a vari-
ety of cell types orient parallel to these aligned nano-
fibers, including fibroblasts,’” endothelial cells
(19424, 19426, 17180), smooth muscle cells,'® osteo-
blasts, and chondrocytes."” Aligned electrospun
fibers also orient the neurites of dissociated cells
from the C17.2 neural stem cell line derived from
the cerebellum of the mouse.”” While this study
represents an important first step in investigating
the usefulness of aligned nanofibers in a guidance
channel, further investigations are needed to demon-
strate their suitability in promoting peripheral nerve
regeneration. To know that these fibers have such
potential, it must be demonstrated that they orient
regenerating neurites from the peripheral nervous
system (PNS) and that they do so for many neurites
simultaneously. Additional questions remain: Do
aligned nanofibers change the direction of growth of
elongating PNS neurites and continue to direct them
toward desired targets? How precisely do neurites
follow the alignment of the fibers? Do aligned nano-
fibers promote faster neurite outgrowth than ran-
domly oriented nanofibers?

To answer these questions, we have electrospun
poly-L-lactate (PLLA) fibers of varying alignment
and investigated their ability to guide neurites from
primary rat dorsal root ganglia (DRG) explants. Neu-
rites that proceed from DRG turn to follow highly
aligned fibers and grow along them. Highly aligned
fibers increase the speed of neurite outgrowth com-
pared to fibers of intermediate and random align-
ment. DRG morphology is also affected by fiber
alignment, with ganglia on highly aligned fibers
becoming elliptical in shape after 3 days, while those
grown on randomly aligned fibers remain circular.
Analysis of neurite alignment as a function of fiber
alignment using Fourier methods demonstrates that
neurite alignment approaches, but does not equal,
fiber alignment.

MATERIALS AND METHODS

Electrospinning

Poly-L-lactide (PLA) with an inherent viscosity of 0.55-
0.75 dl/g was obtained from Birmingham Polymers
(Birmingham, AL) and dissolved in chloroform to a con-
centration of ~3 wt %. The polymer solution was deliv-
ered by a syringe pump KDS 100 (KD Scientific, New

Hope, PA) with a plastic needle and metal tip, to which an
electrode is attached (spinnerette). A voltage of 6-9 kV
was applied by a high voltage DC power supply (Hipo-
tronics, Brewster, NY). The target wheel, constructed at the
University of Michigan, is 10" in diameter and has a bev-
eled edge 0.0625” wide. The wheel was grounded to attract
the charged polymer. A motor (Caframo, Wiarton, ON)
allows varying the rotation to effect fiber alignment. A
7 cm distance between the spinnerette and target wheel was
used. The wheel was rotated at 250 rpm to produce fibers
of high alignment, 110 rpm for intermediate alignment, and
30 rpm for low alignment. Fibers measured 524 = 305 nm
(mean * std. dev.) in diameter, which ranged from 150 to
1540 nm.

Scanning electron microscopy

Polymer fibers were first coated with ~100 A of gold/
palladium by sputtering (Technics Hummer VI). SEM was
conducted using a Hitachi S-800, operating in high vac-
uum at 2 kV.

Preparation of fibers for cell culture

Most fibers were spun directly on to the target wheel
and removed and wound on a wooden spool. Fibers were
then gently stretched on to 22 X 22 mm? glass cover slips
and taped taut using small sections of disposable bandage.
Some fibers were spun directly onto glass cover slips. For
dorsal root ganglia (DRG) experiments, a small volume of
collagen (Sigma, St. Louis, MO) was applied to taped fiber
bundles and underlying cover slips (~100 pg/mL in 0.1M
acetic acid) for 30 min and left to dry.

Culture of primary neurons

Primary culture was adapted from methods developed
in our laboratory.”"** Dorsal root ganglia (DRG) were
plucked from the spinal cords of embryonic-day 15
Sprague-Dawley rat embryos and placed directly on the
substrate in a minimal amount of media. The culture me-
dium consisted of Neurobasal (Invitrogen) with B27 sup-
plement (Gibco BRL) with the following additives: 30 nM
selenium, 10 nM hydrocortisone, 10 nM B-estradiol, and
10 mg/L apo-transferrin, and 2 pM L-glutamine. A small
amount of calf serum (up to 5%) was added to promote
better explant adhesion and neurite outgrowth. 5-Fluoro-
2'-deoxyuridine (FUDR), a mitosis inhibitor, was added in
some of the experiments to prevent Schwann cell over-
growth.

Neuroblastoma cell culture

SH-EP cells between passages of 15 and 50 and SH-
SY5Y cells between passages of 30 and 70 were maintained
in Dulbecco’s Modified Eagle’s Media (DMEM) with 10%
calf serum. Cells were plated at a density of 50 cells/ mm?.
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Immunocytochemistry

Following culture, cells were fixed in 4% paraformalde-
hyde for 15-30 min and stored in 0.1M sodium phosphate
buffer. Samples were soaked in 1% goat serum and 2%
nonfat dry milk (to block nonspecific binding) and with
0.05% Triton-X-100 to permeabilize the cells for 15 min.
Rabbit antineurofilament (Chemicon, Temecula, CA) was
used to label neurons and S-100 (Chemicon), a glial pro-
tein, was used to label Schwann cells. In neuroblastoma
cells, Oregon-green conjugated phalloidin was used to
label actin cytoskeleton. In some experiments, propidium
iodide was used to label nuclei. A Nikon Diaphot/FRET
system was used for imaging of most samples. For some
samples, an Olympus FV500 confocal microscope was
used.

Quantification of alignment using Fourier
image analysis

SEM and neurite images were analyzed to quantify the
extent of alignment. Electron microscopic images of fibers
and dark field images of neurites were taken digitally and
opened using Image] (http://rsb.info.nih.gov/ij/). Square
regions 256 on SEM images of fibers and 512 pixels on flu-
orescent images of DRG were selected and processed for
FFT. FFT images were colorized for publication using a
lookup table in Image]. A MATLAB script (The Math-
Works, Natick, MA) was written to perform the analysis.
From the origin of the FFT image, intensities along radii at
each angle (at 1° from the positive x-axis to 360°) were
averaged. The average was calculated in a region (p)
between user specified low and high radius values. For
SEM images of fibers, p was chosen between 25 and
50 pixels in the FFT, corresponding to a range of 3.17-6.33
pm in the SEM image. Some DRG neurite images were
taken with a 10X objective, however, because waviness of
some of the fiber bundles produced large areas of the sub-
strate above or below the focal plane, a smaller region was
sometimes captured by changing the objective to 20X. For
fluorescence images of neurites, p was chosen between 50
and 75 pixels in the FFT, corresponding to a range of 910-
455 nm in DRG neurite images taken with a 10X objective
and a range of 455-228 nm in the images taken with a
20X objective.

Average intensities and corresponding angles were
stored in an Excel spreadsheet. Average intensity was plot-
ted against angle, generating two intensity peaks. For all
data, an 11-point smoother was used on average intensity
data to make the graph easier to interpret. The difference
between angles on each side of the peak corresponding to
one-half the peak height, full width-half max (FWHM)
were calculated by averaging minimum and maximum
intensities and locating the corresponding angle using the
cursor, which caused the angle and intensity to be dis-
played. FWHM varied by 1-2°, unless p was made large
enough to nearly envelop the entire FFT, in which case it
frequently improved by 3-4°. Statistics were calculated
using Prism 3 software (www.graphpad.com). One-way
analysis of variance was used to minimize chance of type-I
error when comparing alignment among groups, and a
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Tukey’s multiple comparison test was used to compare
alignment between two groups.

Measurement of neurite length and ganglia

DRG explants were grown for 3 days on fibers of high,
intermediate, and random alignment. After immunostain-
ing, photographs of whole explants including neurites
were taken on a Leica MZFL III stereo dissecting fluores-
cent microscope. The number of explants measured was 11
on fibers of intermediate alignment and 12 each on both
highly and randomly aligned fibers. Using Metamorph
software, the perimeter around each ganglion was marked
and measured. Ten distinct neurites were chosen to mea-
sure from each explant. Neurites selected were solitary
and clearly delineated to avoid confusion with other neu-
rites; also, neurites were distributed approximately equally
around the perimeter of the ganglion. Each neurite was
measured from its origin at the marked perimeter of the
ganglion to its end by tracing along its entire length to
account for changes in direction along its course.

To assess the shape of the ganglia, the length and width
of each ganglion was measured. Measurements were made
from one end of the perimeter of the ganglion through its
center to the other end. The length was measured parallel
to the fiber bundle and the width was measured perpen-
dicular to the fiber bundle. Aspect ratios, defined as length
divided by width, were calculated for each ganglion.

RESULTS

Electrospun PLLA fibers

We first electrospun fibers into an aligned mor-
phology. We selected poly-L-lactate (PLLA) as the
material for our neuron scaffolds because of its
known biocompatibility and degradability. PLLA
dissolved in chloroform was electrospun on to a
rotating stainless steel target wheel, 25 cm in diame-
ter, with an edge beveled to 1.6 mm. Scanning elec-
tron microscopy (SEM) shows that PLLA fibers are
highly aligned when electrospun at 1000 rotations
per minute [Fig. 1(A)].

Dorsal root ganglia explants on aligned
PLLA fibers

We hypothesized that neurites from cultured DRG
explants would extend in random directions, come
into contact with the fibers, and then turn to follow
them [Fig. 1(B)]. After attachment of the explants to
the fiber bundle, neurites emanate from the explant
radially [Fig. 1(C,D)]. Upon contacting the fibers
[Fig. 1(C)], neurites change direction and grow paral-
lel to them [Fig. 1(D)]. Some DRG explants adhere to
the cover slip adjacent to the fiber bundle. On these
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Figure 1. Aligned PLLA nanofibers guide regenerating
peripheral nervous tissue. DRG were plucked from the
spinal cords of embryonic 15-day rats and placed on colla-
gen-coated fiber bundles. A: SEM photo of aligned PLLA
fibers used in these experiments. B: Hypothesized behavior
of neurite extension from DRG explant. C: DRG explant
(exp) on aligned PLLA fibers as seen with transmitted
light. D: Neurofilament-stained neurites in the same area
as (C), extend from the large explant (exp) on the right
and continue outward until they contact collagen-coated
PLLA fibers, then turn to follow them vertically. Note that
all neurites on the left side of the photograph travel verti-
cally. E: A DRG explant on glass adjacent to a fiber
extends neurites radially on the glass (right side of the
photo), while neurites contacting the fiber bundle (left
side of the photo) follow the fibers. Arrows point to left
border of the fiber bundle. F: Neurites migrating up to the
edge of the anchoring tape holding down the fiber bundle
do not continue to grow on it nor leave the fibers for the
glass, despite their being coated with collagen. G: By 12
days, cell bodies of neurons in the DRG explants break up,
but neurites remain on fibers, even over 10 mm away. H:
The appearance of cell bodies can be found at least 100 pm
away from the explant in G, demonstrating migration
along the fibers. Scale bar for A is 20 pm and for C-H is
100 um. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

explants, neurites adjacent to the bundle contact the
fibers and are guided by them, while neurites on
other sides proceed outward, forming a dense net of
unguided neurites [Fig. 1(E)]. Neurites on aligned
fibers extend linearly and appear to extend farther
than those on glass, which grow to form a character-
istic web-like morphology. Once contacting the
fibers, neurites continue to follow them, never leav-
ing to follow collagen-coated glass or the anchoring
tape, even after culture periods longer than 12 days
[Fig. 1(F)]. Cell bodies in the DRG grown on fibers
for 10 days gradually dissociate and distance them-
selves from the explants, but their neurites continue
to remain localized in the fiber bundle [Fig. 1(G,H)].

Neurite alignment as a function of fiber alignment

To investigate the dependence of neurite align-
ment on fiber alignment, DRG were cultured on
bundles of fibers electrospun with differing orienta-
tions. Compared to the aligned neurites observed on
the aligned fibers, fibers of intermediate and then
random alignments produced successively inferior
neurite alignment [Fig. 2(A-C,G-I)].

To quantify this observation, analyses of both fiber
and neurite alignment were performed in the fre-
quency domain by first performing a FFT of the spa-
tial image [Fig. 2(D-FJ-L)] and then determining
the full-width-half max (FWHM) of the intensities in
the FFT image [Fig. 2(M-O)]. Highly aligned fibers
(FWHM of 23° = 6°) produced highly aligned neu-
rites (FWHM of 38° = 7°) (mean = S.D.). Fibers of
intermediate (FWHM of 46° = 15°) and random
alignment (FWHM of 78° = 22°) produced corre-
spondingly poorer neurite alignment (FWHM of 69°
+ 18° and 84° = 25°, respectively). Fiber alignment
has a profound effect on neurite alignment among
the three groups (p < 0.0001). Highly aligned fibers
were superior to those with intermediate and ran-
dom alignment (p < 0.001) and fibers of intermediate
alignment were superior to those with random align-
ment (p < 0.05). In all three cases, neurite alignment
was less than fiber alignment.

Effect of fiber alignment on neurite length and
ganglion shape

We investigated whether fiber alignment increases
the speed of neurite outgrowth by using Metamorph
software to measure ten individual neurites proceed-
ing from each ganglion. Neurites on the highly
aligned fibers were longer than neurites on lesser
aligned fibers, measuring 760 = 71 pm (p < 0.001)
(Fig. 3). The lengths of neurites grown on intermediate
and random fibers were not statistically different,
measuring 656 * 52 pm and 631 * 32 pm, respec-
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Figure 2. Alignment of neurites is dependent on the alignment of underlying nanofibers. A-C: SEM images of fibers
with high (A), intermediate (B), or low (C) alignment. D-F: FFT images from 256 X 256 pixel selections from the images
in A-C, respectively. Yellow depicts greatest intensity, blue depicts least intensity. Note that narrower areas of higher in-
tensity (yellow-orange) in the FFT images correlate with more oriented fibers. G-I: Neurites from DRG grown for 3 days
on fibers of identical alignments as depicted in A-C. J-L: FFT images from 512 X 512 pixel selections from the images in
G-I. M: Graph of average intensity of D (FFT of A) that lies within a circle between 12 and 25 pixels from the center of
the FFT image, as a function of angle from the positive X-axis, displaying a full width-half max (FWHM) of 22°. N: Graph
of average intensity of ] (FFT of G) that lies within a circle between 50 and 75 pixels from the center of the FFT as a func-
tion of angle from the positive X-axis, displaying a FWHM of 37°. O: Plot of orientation (FWHM) of neurites versus fibers
for all three levels of fiber orientation. For both high and intermediate alignment, neurites are not as well aligned as the
fibers. Data plotted are mean with horizontal and vertical error bars (standard error of measurement). The dashed line
indicates equality between FWHM of neurites and fibers. For fibers, N = 8 samples for all alignments. For neurites, N =
15 for highly aligned fibers, N = 23 for intermediate alignment, and N = 18 for unaligned fibers. Scale bars for A—-C are
10 pm and G-I are 100 um. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

tively. Using these measures, highly aligned fibers
increased the rate of neurite growth by 20% com-
pared to randomly aligned fibers and 16% compared
to fibers of intermediate alignment.

Fiber alignment also affected the shape of the gan-
glia. On initial observation, the ganglia on highly
aligned fibers appeared to elongate parallel to the
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fibers, while simultaneously becoming narrower per-
pendicular to the fibers. Those on randomly aligned
fibers appeared circular in shape (Fig. 3). The length
and width of each ganglion were measured. While
the perimeters of the ganglia were equal on all three
fiber types, the ganglia were elongated in the direc-
tion of alignment (Fig. 3). Ganglia on highly aligned
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Figure 3. Effects of fiber alignment on neurite length and ganglia shape. DRG grown for 3 days and then stained for neu-
rofilament are shown on randomly aligned fibers (A), intermediate fibers (B), and highly aligned fibers (C). D: Neurites on
highly aligned fibers grew farther than those on intermediate and random fibers. The aspect ratio (length:width) of ganglia
was greatest on highly aligned fibers, somewhat increased on intermediate fibers, and 1 on random fibers. Scale bar is
100 um. *p < 0.05, **p < 0.01, **p < 0.001. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

fibers were the most elliptical in shape; those on in-
termediate fibers were elliptical, but less so. Aspect
ratios of ganglia cultured on fiber bundles of high,
intermediate, and random alignments were calcu-
lated as 1.54, 1.26, and 0.966, respectively (p <
0.0001, ANOVA).

Schwann cells on PLLA fibers

Some dorsal root ganglia were stained with anti-
body to s100, a glial marker that is expressed in
Schwann cells. Effects of fibers on rat Schwann cell

morphology can be clearly seen in Fig. 4. Schwann
cells adhering to planar glass exhibit good spread-
ing, while those adhering to fibers elongate and
become extremely narrow. Schwann cells have been
observed elongating away from the explant and trail
slightly behind the advancing neurites (data not
shown).

Neuroblastoma cells on PLLA fibers

Yang et al. used an immortalized neural stem cell
line that did not require adhesion-promoting pro-

Figure 4. Effects of aligned nanofibers on Schwann cells from DRG explants. A: Schwann cells on collagen-coated glass
stained with S-100 antibody and rhodamine exhibit good spreading, while cells on fibers (B) conform to them and are
extremely narrow. Scale bars are 50 um. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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Figure 5. Effects of aligned nanofibers on transformed neuroblasts. A: SH-EP cells plated on the flat cover slip adjacent
to PLLA fibers are well spread and oriented randomly. B: Cells adhering to the fiber bundle are longer and narrower.
Actin stress fibers run parallel to the long axes of the cells and to the fibers. Note that some cells are out of focus, indicat-
ing their localization at various depths of the fiber bundle. C: The cell bodies and neurites of SH-SY5Y cells also orient to
follow the sparser fibers spun on glass. Scale bars are 100 um. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

teins or peptides to attach and grow.® To test
aligned fibers for their influence on individual cells
that do not require adhesive coatings, we used two
well-characterized, human neuroblastoma cell lines,
SH-EP and SH-SY5Y. SH-EP cells on planar glass
spread in all directions with the long axes of the
cells oriented in random directions and stress fibers
pointing to focal contacts [Fig. 5(A)]. On aligned
PLLA fibers, cells were elongated and narrow, with
the long axes of cells and the internal actin stress
fibers oriented parallel to the fibers [Fig. 5(B)]. Less
dense nanofibers, formed by electrospinning directly
on glass cover slips taped to the rotating target
wheel, also influence cell orientation. SH-SY5Y cells
grown on these low-density aligned fibers oriented
their cell bodies and neurites parallel to them [Fig.
5(C)].

DISCUSSION

This is the first demonstration of guided neurite
outgrowth from primary nervous tissue on aligned,
electrospun nanofibers. Neurites from DRG explants
elongate radially from the ganglion, but turn to fol-
low the fibers upon contact and do not leave them
to grow on adjacent, smoother surfaces even after a
week of growth. Neurite alignment, although strik-
ing, was never as pronounced as the alignment of
underlying fibers. Additionally, highly aligned fibers
facilitated faster neurite outgrowth than fibers of in-
termediate and random alignment. The shape of the
ganglia shape was also affected by fiber alignment,
with ganglia elongating along the fibers. This is also
the first study where tissue explants, as opposed to
dissociated cells, have been cultured on aligned
nanofibers.

Structures with longitudinal aligned topography
have shown very promising results in supporting
neuronal growth across lesions in vivo.”®> The likely
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mechanism for the success of these materials is the
alignment of glia and continual contact guidance
along the length of the scaffold.”> Our fibers caused
alignment of Schwann cells and provided a topo-
graphical guidance cue for neurites. The radial neu-
rite growth from DRG appears to be directed along
the fibers upon or soon after neurite contact. This
direction growing neurites is demonstrated particu-
larly well on explants that contact both the PLLA
fibers on one side and the flat glass substrates
underlying them on the other side [Fig. 1(E)]. Neu-
rites never leave the fiber bundle to migrate on the
glass. These results are consistent with the principle
that neurite growth is superior when neurites en-
counter anisotropic cues in the microenvironment.'
The topographies of nanofibers used in our study
likely resemble features that spur neurite migration
in vivo, including the extracellular matrix present in
nerve autografts. Neurites grow between the fibers
in the fiber bundle, as we have observed that they
lie at different focal lengths in the bundle (data not
shown). It is possible that Schwann cells and growth
cones sense this contact guidance cue not only
below, but also above and to each side, supplying a
stronger cue to spur their migration down the fiber
bundle.

On biomaterials, feature sizes on the cell-length
scale affect cell behavior. Of fibers studied for their
ability to guide neurites, most are greater in diame-
ter than 100 um,2’5_7 much larger than the diameter
of neuronal cell bodies and neurites. Only a few
studies have been performed with fibers in the cell
length scale or below.>®” However, there is substan-
tial evidence from studies on planar substrates using
patterned surface chemistry and topography to sug-
gest that features on the cell-length scale affect cell
migration and neurite outgrowth. On patterned
polylysine grids, Corey et al.'® showed hippocampal
neurons migrate faster to areas of larger adhesion
when traveling on a line 5 ym wide than when trav-
eling on a line 10 or 3 um wide. Li et al.'? showed
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that endothelial cells are narrower and more likely
to migrate on collagen lines that are 15 um wide as
opposed to 30 or 60 pm. Neurites are all effectively
guided by lines between 2 and 5 pm.'®*** Using
fibers, Wen and Tresco® showed similar results com-
paring Schwann cell and neurite migration along
fibers 5, 30, 100, 200, and 500 pm in diameter.
Whether precoated with fibronectin or laminin, the
narrowest fibers produced the farthest Schwann cell
migration and the longest neurite outgrowth along
the fiber.

The ability of feature size to affect neurite growth
and cell development extends into the nanometer
range. In the first study to examine neurite out-
growth on aligned, electrospun fibers, neurites of
C17.2 neural stem cells were guided by fibers rang-
ing in diameter from 700 nm to 3.5 um.? Differentia-
tion of the stem cells occurred faster on the aligned
nanofibers than on aligned microfibers. The mor-
phology of these cells was largely bipolar on aligned
nanofibers, while those on planar surfaces were fre-
quently multipolar. However, this behavior may be
cell type or species specific. As an example, in a
study of neurite growth on aligned grooves on
planar surfaces, Xenopus neurites grew parallel to
grooves 14 nm deep and 1 um wide, but cultured
hippocampal neurons grew perpendicular to them.'®
However, neurites extending from chick cerebral
neurons do not follow grooves 130 nm wide even
when the depth of the grooves is 400 nm.'"> These
studies, together with our data, demonstrate that
neurites are guided by nanometer-scale topogra-
phies, but also suggest an underlying limit to the
size of features that guide neurites.

Ours is the first study to test aligned nanofibers
with primary neurons and is an important step in
using such fibers as a tool for nerve regeneration.
The C17.2 neural stem cell line used by Yang et al.*
is an immortalized line that differs significantly from
the primary nervous tissue used in our study. This
line is very attractive, having been instrumental in
producing regeneration with improvement in func-
tional recovery when implanted on a scaffold in spi-
nal cord injured rats.”® This may be due in part to
the secretion of trophic factors demonstrated by the
powerful promotion of nerve regeneration when
implanted into the distal segment of a transected
peripheral nerve.”* However, recent investigation
suggests that the unique properties of this line can-
not be generalized to other stem cells or neurons.”
C17.2 cells secrete growth factors and cytokines not
secreted by other neural stem cells. In addition, they
have karyotypic instability. Yang et al.* reported
that they adhere to electrospun fibers without prior
coating of extracellular matrix proteins or poly-
amino acids required by primary neurons, demon-
strating a profound difference in phenotype. In our

initial testing of these fibers, we used cells from two
human neuroblastoma lines without prior surface
coating and observed that they orient their cell
bodies and extend processes parallel to the fibers.
This difference in cell-to-substratum adhesion
strongly suggests that primary neurons are a more
predictive model of neurite outgrowth from peri-
pheral nerve.

In our experiments comparing neurite alignment
on PLLA fiber alignment, there appears to be a limit
in how closely neurites will follow fibers even when
the fibers are well aligned. There are likely several
explanations for this. First, neurites likely follow one
fiber for a time then follow another intersecting fiber.
The packing of fibers in the bundle likely increases
as alignment increases, leaving less space between
the fibers and giving neurites several fibers from
which to choose. As intimated above, neurites may
grow in the spaces between fibers. Second, collagen
is applied to the fiber bundle as a whole, not to indi-
vidual fibers. The resulting film may cover the fibers
in such a way as to smooth their topography but
produce valleys in the collagen film. These may be
what effectively guide the neurites instead of the
fibers themselves. Third, fibers are not the only guid-
ance cue. Neurites can follow other neurites, and
may be more likely to fasciculate with time. Fourth,
neurites proceed radially from the DRG cell bodies
in the explant, giving them an initial organization in
space that the fibers must overcome [Fig. 1(E)].

The increased speed seen in neurite growth on
highly aligned fibers is consistent with that seen in
C17 cells by Yang et al.* They reported that neurites
on aligned nanofibers averaged 100 pm and that
those on random fibers averaged 80 um, an increase
of 25% due to alignment. On our fibers, we saw an
increase of 20% due to alignment. The increased
speed on aligned fibers is likely due to alignment.
Neurite growth slows when growth cones make
choices between two paths or materials.”*** Growth
cones may gain either reinforcing or conflicting guid-
ance cues when contacting two or more fibers simul-
taneously. We speculate that the larger the angle
between two adjacent fibers contacted by the same
growth cone, the more time the growth cone may
take to choose between the fibers. Since random
fibers possess greater angles between adjacent fibers,
growth cones cultured on them likely have to spend
more time to make a choice among them, thus
decreasing the time spent elongating the neurite.

A very interesting and unexpected result was the
change in the shape of the ganglia as function of the
alignment of the fibers on which they were cultured.
It has been well established that the cell shape is
altered by feature sizes on patterns and topogra-
phies.'****? Fibroblasts in the fibrous capsule on the
exterior of ganglia contact the fiber bundle and likely
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orient parallel to the fibers during culture, perhaps
changing the shape of the explant. Another potential
reason for this behavior follows from the mechanics of
neurite extension which is directly proportional to
cytoskeletal tension (Heidemann et al., 1995).33 Since the
majority of neurites exerts tension parallel to the fiber
bundle, the tension would encourage deformation of
the ganglion in the direction of the fibers. Neurites
grown on randomly oriented fibers pull in all directions,
leaving the ganglion in the shape of a circle.
Electrospinning is a straightforward method for cre-
ating longitudinally oriented nanofibers with potential
for nerve regeneration. Major gains in the science of
nerve regeneration are being made using guidance
channels that rely on cell-mediated release of nerve
growth factor,” slow release of NGF with laminin-con-
taining gels,* or aligned gels of laminin and collagen.
Combining these existing technologies with aligned
fibers may provide superior regeneration in the PNS
and novel approaches for solving the more difficult
problem of regeneration in the spinal cord and brain.
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