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The Impact of Prestretch Induced Surface
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Nerve regeneration after spinal cord injury requires proper axon alignment to bridge the lesion site and
myelination to achieve functional recovery. Significant effort has been invested in developing engineering
approaches to induce axon alignment with less focus on myelination. Topological features, such as aligned
fibers and channels, have been shown to induce axon alignment, but do not enhance axon thickness. We
previously demonstrated that surface anisotropy generated through mechanical prestretch induced mesenchymal
stem cells to align in the direction of prestretch. In this study, we demonstrate that static prestretch-induced
anisotropy promotes dorsal root ganglion (DRG) neurons to extend thicker axon aggregates along the stretched
direction and form aligned fascicular-like axon tracts. Moreover, Schwann cells, when cocultured with DRG
neurons on the prestretched surface colocalized with the aligned axons and expressed P0 protein, are indicative
of myelination of the aligned axons, thereby demonstrating that prestretch-induced surface anisotropy is ben-
eficial in enhancing axon alignment, growth, and myelination.

Introduction

As a leading cause of disabilities worldwide, spinal
cord injury (SCI) is characterized by an acute traumatic

lesion of neural elements in the spinal canal, which results in
temporary or permanent deficits in sensory and motor
function.1 Structurally, axon tracts in the spinal cord, com-
posed of highly ordered and aligned bundles of axons, form
complex networks of connectivity. After acute SCI, axons
sprout briefly, but soon undergo growth arrest and retraction
due to the lack of secreted growth factors from associated
glial cells and neurite orientation or alignment within
the scar tissue, which prevent the axons from crossing into
the lesion site.2,3 If the nerve’s gap from an injury is large,
the distal and proximal ends of the damaged nerves are un-
able to communicate efficiently, thereby deterring the re-
generation process. Transplantation of Schwann cells (SCs)
or olfactory ensheathing cells has been shown to induce axon
regeneration to an extent, with partial recovery of motor and
sensory functions as unorganized axon alignment leads to
disordered regeneration.4,5 Therefore, to persuade a suffi-
cient number of regenerating axons to bridge the lesion site,
it is necessary to have properly organized axonal alignment.

Biomaterials used to fabricate scaffolds and implantable
substrates for nerve regeneration have been investigated for

their ability to modulate mechanical cues such as substrate
stiffness, topological features, and stretch to control neural
cell growth and have shown potential in neural regeneration
post SCI.6–9 To elicit axon outgrowth from regenerating
neurons, topological features have been reported as critical
for providing contact guidance.6,7,10 Consequently, a sig-
nificant effort has been invested in developing techniques
that induce axon alignment to promote neural regeneration.
Topological guidance achieved through aligned fibers,
channels, and patterning has facilitated axon alignment,6,11

but was unable to increase the length and thickness of the
axons.12 Furthermore, when transplanted in vivo, axons
encounter difficulties in penetrating through the scaffold
channels due to formation of a reactive cell layer.13,14

Alternatively, gradually stretching the substrate at a
constant rate has led to axon alignment in the stretch di-
rection with increasing axon length over time.15 Despite
these promising results, translating these technologies into
effective therapies remains elusive due to the complexity of
the experimental setup. Therefore, alternative approaches
for axonal regeneration are needed. Demonstration that an-
isotropic stress in vivo induces orientation and affects cell
morphogenesis16 inspired us to pursue an approach that
capitalized on surface anisotropy based on static prestretch
to facilitate axon regeneration for SCI repair.
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We previously demonstrated that the static prestretch
creates surface anisotropy that influences cell alignment and
growth.12,17,18 While anisotropy is often attributed to the
contact guidance provided by surface topography,19–22 it
differs from surface anisotropy. Briefly, the surface anisot-
ropy can be generated through mechanical stretching, that is,
prestretch, which we previously explored with poly-
dimethyl-siloxane (PDMS) membranes to induce mesen-
chymal stem cells (MSCs) to express MyoD1. To predict
the effective stiffness that the MSCs sense in the stretched
direction, a finite elastic theory of ‘‘small deformation su-
perimposed on large’’23 was applied. The MSCs were able to
sense the anisotropy by actively pulling on the surface and
orienting in the prestretched direction.17 In this study, we
report axon alignment on a static prestretched PDMS sub-
strate and show that static prestretch-induced surface anisot-
ropy enhanced axon alignment, growth of dorsal root
ganglion (DRG) neurons, and myelination of the axons by
SCs. Both the DRG neurons and SCs are regularly used in
clinical models of neural regeneration for SCI. DRG neurons
have been demonstrated to survive upon clinical transplan-
tation.24–26 The roots of DRGs close to the lesion site are
known to enter the spinal cord and extend processes across
the host–graft interface.27 DRG nerve constructs are amend-
able to nerve repair since their axons can lengthen extensively
to bridge the lesion.28 SCs can migrate to the SCI to promote
neural repair and myelinate the regenerated axons.29

We designed a static prestretched cell culture system that
provided surface anisotropy without topological features,
enabling DRG neurons to extend thicker axon aggregates
along the stretched direction and form aligned fascicular-like
axon tracts. Moreover, the SCs aligned and colocalized with
the aligned axons and expressed P0 protein, a marker for
mature SCs and an indicator of myelination, thereby dem-
onstrating that surface anisotropy is beneficial in enhancing
axon alignment, growth, and myelination. We also com-
pared the effect of stretch-induced anisotropy with that of
topography-induced anisotropy. Although axons from cul-
tured DRG neurons showed alignment on micropatterned
PDMS channels, the axons in the channels do not form neatly
aligned axon tracts or increase their thickness as on the pre-
stretched surface, indicating an advantageous effect of
prestretch-induced anisotropy on regenerating axon growth.

Materials and Methods

Materials

PDMS substrates were prepared using a 184-silicone
elastomer kit purchased from Dow Corning (Midland,
MI). A FlexiPERM ConA Silicone chamber was pur-
chased from Greiner Bio-one (Monroe, NC). Poly-l-Lysine
was purchased from Trevigen (Gaithersburg, MD). Poly-
d-Lysine, fluoro-2 deoxy-uridine, uridine, cytosine b-d-
arabinofuranoside (AraC), Anti-Thy 1.1 antibody (cat. no.
M-7898), and Rabbit Complement were purchased from
Sigma-Aldrich (St. Louis, MO). Heat-inactivated fetal bo-
vine serum was purchased from Hyclone (Logan, UT).
Bovine pituitary extract was purchased from Clonetics
(Allendale, NJ). Forskolin was purchased from Calbiochem
(Billerica, MA). Type I collagenase was purchased from
Worthington (Lakewood, NJ). The neurobasal medium 1·,
B-27 supplement, Glutamax-I, Albumax-I, nerve growth

factor, Dulbecco’s Modified Eagle Medium, penicillin,
streptomycin, 0.25% trypsin-EDTA, 1·-phosphate-buffered
saline (PBS), HEPES buffer, and immunostaining compo-
nents (mouse anti-b-III tubulin antibody [cat. no.4466],
Alexa Fluor 488 goat anti-mouse IgG secondary antibody,
Alexa Fluor 546 goat anti-rabit IgG secondary antibody, and
DAPI) were purchased from Invitrogen (Carlsbad, CA).
Bovine serum albumin (BSA) was purchased from US
Biological (Marblehead, MA). Rabbit anti-myelin protein
zero antibody (cat. no. ab31851) was purchased from Ab-
cam (Cambridge, MA).

Prestretched PDMS substrate preparation

Each PDMS substrate was cured in polystyrene tissue
culture dish by mixing a 10:1 solution of base and curing
agent with the mixture in the dish at 1-mm thickness. The
mixture was kept under vacuum for 20 min to remove air
bubbles and then cured overnight at 60�C. The PDMS sur-
face was further cleaned with a PX-250 plasma cleaning/
etching system (March Instruments, Freehold, NG) for
3 min at 165 mTorr and 65 sccm flow of O2. A piece of
rectangle PDMS membrane (5 · 3.5 cm) was fixed on the
stretching frame and the frame was then placed on the
stretching stage. The membrane was stretched evenly with
10% elongation in the longer axis, and the stretch was fixed
(Fig. 1a). A silicone chamber was placed on top of the
PDMS membrane, which provided a circular well to hold
the culture medium. The entire device design is shown in
Figure 1a. Before seeding the DRG neurons, 1.5 mL of poly-L-
lysine (PLL) was added to the PDMS membrane and incu-
bated for 2 h within the chamber to enhance cell attachment.

PDMS channel substrate preparation

Different size (50 and 200mm) channel patterns were de-
signed with equally sized grooves and ridges using AutoCAD.
Photolithography was used to fabricate the micropatterned
silicon wafers that served as molds to transfer the micro-
grooves on PDMS substrates as described previously.30 PDMS
substrates of 10:1 mixed base and curing agent were cured at
60�C overnight. PLL was subsequently added to the chamber
and incubated for 2 h before seeding the DRG neurons.

PDMS surface characterization

Surface topography was analyzed by a scanning electron
microscope ( JSM-7500F cold field emission SEM, JEOL
Corporation) in the secondary electron imaging mode. An
acceleration voltage of 12 kV was used for all experiments.
Images were taken at a magnification of 1500·.

Tensile test

The mechanical properties of the substrate (i.e., PDMS
membrane) were measured by the uniaxial tensile test, and
the mechanical behavior was described by the incompress-
ible, isotropic neo-Hookean model described previously.31

DRG neuron and SC isolation and culture

All procedures for cell isolation were approved by the
Institutional Animal Care and Use Committee at Michigan
State University.
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DRG neurons are isolated from 5- to 8-day-old Sprague-
Dawley rats. Briefly, after sacrificing the pups by decapi-
tation, the skin overlying the spinal cord is cut away and any
excess tissue is removed from the spinal cord. The spine is
then completely removed from the body, and the spinal cord
is extracted. Using a fine pair of tweezers and a pair of
microsurgery scissors, *10–16 DRGs are collected from
both sides, trimmed of nerve roots, and transferred to 5 mL
of ice-cold HBSS buffer containing 1 mL penicillin/strep-
tomycin. The dissection medium containing DRGs are then
transferred into a new 15-mL tube and centrifuged at 900
RCF at 4�C for 5 min. After centrifugation, the supernatant
is removed and the DRGs are incubated in 6 mL of 0.05%
Trypsin-EDTA (1·) (Sigma; 1 mg/mL, 45 min) at 37�C and
followed by 2 mL collagenase (Sigma; 500 U/mL, 20 min) at
37�C. After chemical dissociation, the ganglia are centri-
fuged at 900 RCF in 4�C for 5 min and the supernatant is
subsequently removed. The pellet is further resuspended in
10 mL of standard growth media and centrifuged, as de-
scribed above. After washing with the medium, the cells are
resuspended in standard growth media containing the
Neurobasal-A medium containing B-27 supplement, anti-
biotic (penicillin/streptomycin), Albumax-I, and nerve
growth factor. The dissociated neurons are then plated on
the PLL-coated prestretched surface and incubated at 37�C
at 5% CO2.

SCs are isolated using the same protocol as described
previously.32 One-day-old pups are sacrificed by decapita-
tion. The sciatic nerves are then extracted by making an
incision from the tail up the spine to the inner thigh near the
foot. Nerve sections are cut into small pieces and transferred
into a dissociation medium containing collagenase and
trypsin and incubated for 45 min at 37�C. Mechanical dis-
sociation is done using an 18-gauge needle and 10-mL sy-
ringe. Cells are then centrifuged for 5 min and resuspended
in Dulbecco’s modified medium E containing 10% fetal
bovine serum and 1% antibiotic (penicillin/streptomycin).
Purification begins upon adding AraC into the medium after
48 h of culture, followed by antibody selection using Anti-
thy 1.1 antibody and Rabbit Compliment on day 5.

The coculture of DRG neurons and SCs was performed
after 2 weeks of culture of purified DRG neurons on stretched
and unstretched surfaces by adding the SCs to the DRG
culture at a cell density of 5000 cells/mL. The coculture was
maintained for 1 week and then subjected to immunostaining.

Immunocytochemistry

Immunocytochemistry was performed at room tempera-
ture on cells seeded on the stretched surface for 6, 12, and
21 days. Cells were rinsed with PBS, followed by fixation
with 4.0% paraformaldehyde in PBS for 15 min, rinsed
thrice in PBS, then permeabilized with 0.1% Triton X-100
in PBS for 15 min, and washed thrice with PBS. After
washing, the cells were blocked in 1% BSA for 30 min.
After BSA blocking, the cells were incubated with mouse
anti-mouse b-III tubulin primary antibody (1 mL stock per
500 mL of 1% BSA solution) for 1 h, or rabbit anti-P0 pri-
mary antibody (1:500 dilution in 1% BSA solution) for 1 h
followed by three washes in 1· PBS, and then incubated
with Alexa Fluor 488 goat anti-mouse or anti-rabbit Alexa
Flour 546 secondary antibody (1:500 dilution in 1% BSA

solution) for 1 h. Cells were washed again, thrice in 1· PBS,
and then incubated for 5 min in 300 nM DAPI to visualize
the nucleus. The PDMS substrates were air dried and the
silicone chamber was removed from the membrane; the
stained PDMS membrane was finally kept in the dark to cure
for 24 h at room temperature. Confocal laser scanning mi-
croscopy images were obtained with Olympus Fluo-
View1000 laser scanning confocal microscope using 20·
objectives.

Quantification of axon orientation distribution
and axon thickness

Image-Pro Plus version 4.5 was used to measure the axon
orientation angles. Briefly, before measurements, the fluo-
rescent images were converted into high-contrast binary
images to remove the background noise. A straight line was
drawn perpendicular to the stretch direction, which was used
as the reference to indicate zero degree orientation. For each
axon, the orientation was measured by drawing a straight
line to follow the axon pathway, and the angle between the
traced line and the reference line was automatically given by
the software and recorded for further analysis. All experi-
ments were repeated at least thrice for statistical verification.
For the stretched versus unstretched comparison, the DRG
neurons seeded on the stretched and unstretched membranes
were from the same isolation. For each experiment, we took
eight images under the same condition and quantified the
axon orientation angles. We counted the axons at each 10�
of orientation and normalized the number to the total
number of axons in each condition. For axon thickness
analysis, we enlarged each image by 10· and measured the
axon thickness by pixels, which were later converted into
microns. The mean value and standard deviation of the axon
thickness were reported.

Quantification of colocalization of axon and SCs

The fluorescent images of the coculture were processed
by setting the threshold of each color channel to remove
background noise, and the colocalization was automatically
quantified using the FV1000 software. The percentage of
green that overlapped with red was calculated for both the
stretched and unstretched surfaces. For statistical analysis,
three biological samples were quantified, with six images
analyzed for each sample.

Statistical analyses

Data are expressed as mean – standard deviation. A two-
sample Kolmogorov–Smirnov test was applied to evaluate
the statistical significance for Figure 3. A two-sample Stu-
dent’s t-test was used to determine statistical significance for
Figure 4 and Figure 6e. The ANOVA-Tukey’s test was
applied to assess for significance in Figure 5. In all cases, p-
values of <0.05 were considered statistically significant.

Results and Discussion

Design and characterization of prestretched surface

Using a previously designed cell culture system that in-
duced alignment of MSCs, we explored how surface an-
isotropy affects axon alignment and growth. The cell culture

104 LIU ET AL.



system is composed of a PDMS membrane fixed on a sliding
frame and placed on a stretching stage used to control the
magnitude of prestretch (Fig. 1a). The DRG neurons were
seeded subsequent to stretching the PDMS substrate, that is,
substrate prestretch, ensuring no other external forces were
applied to influence the axon growth.

To ensure that there were no topographical features on the
prestretched PDMS substrates that might affect axon align-
ment, for example fibers, the surface was imaged with the
secondary electron imaging mode in SEM. SEM images of
prestretched (Fig. 1bi and 1bii) and unstretched (Fig. 1biii and
1biv) surfaces, both with (Fig. 1bii and 1biv) and without PLL
coating (Fig. 1bi and 1biii), showed that the stretch did not
induce any topological features on the PDMS substrate
(Fig. 1bi and 1biii). The dehydrating imaging condition
caused the PLL peptides to aggregate into large particles on
the membrane surface (Fig. 1bii and 1biv). Nonetheless,
both surfaces, including the PLL-coated surface, show a
smooth background without any surface topography (i.e.,
orienting features) that would provide contact guidance for
axon alignment.

A nonlinear parameter estimation method was used to fit a
neo-Hookean model to the results of a uniaxial tensile test of
the PDMS substrate. The material behavior shows a linear
elastic behavior up to a strain of 0.2 as shown in the left
panel in Figure 1c. A prestretch value of 0.1 (10%) was used
in the experiments. The left panel in Figure 1c shows the

experimental data of the Cauchy stress versus engineering
strain for the 10:1 cross-linked PDMS membrane, while the
middle panel compares the model with the measured values
of the engineering stress as a function of the engineering
strain. See our previous study33 for details on the parameter
estimation using a finite elastic constitutive model.

The stretch-induced anisotropy of the PDMS membrane is
represented by the ratio of effective stiffness in the stretched
direction to its perpendicular direction (i.e., Ê1111=Ê2222). The
effective stiffness in both directions with respect to the
change in strain is shown in the right panel in Figure 1c.
When there is no stretch, Ê1111¼ Ê2222 (1.45 MPa), which
provides the elastic modulus of the 10:1 cross-linked PDMS
membrane. As the stiffness in the stretched direction in-
creases, the stiffness in the perpendicular direction decreases
as the PDMS membrane experiences more strain during the
uniaxial stretch. The predicted anisotropy of the PDMS
membrane under a 5% strain is *1.158.

Axon alignment on prestretched surface

The DRG neuron cell suspension added to the chamber on
the prestretched PDMS substrate was cultured for 6, 12, and
21 days to assess for DRG axon alignment. To examine
axon growth, the cells on the prestretched and unstretched
PDMS substrates were stained for b-III-tubulin (Fig. 2). The
DRG axons on the prestretched surface aligned parallel to

FIG. 1. Prestretched PDMS substrate and surface characterization. (a) PDMS membrane was placed on the stretching
frame, and after the stretch was selected and secured, the DRG neurons were seeded on the chamber; (b) scanning electron
microscope images of prestretched (bi and bii) and unstretched (biii and biv) PDMS surface with (bii and biv) and without
(bi and biii) PLL coating; and (c) stretch–strain plot and effective stiffness curve. Tensile test was performed on the 10:1
cross-linked PDMS membrane and the true stress–strain curve is shown for one of the samples in the left panel. A neo-
Hookean was used to fit the experimental data in the middle panel, and the predicted effective stiffness in both the stretch
and perpendicular directions is depicted in the right panel. DRG, dorsal root ganglion; PDMS, poly-dimethyl-siloxane.
Color images available online at www.liebertpub.com/tec
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the stretched direction, while the axons on the unstretched
surface aligned randomly and formed interconnected net-
work. The axons on the prestretched substrate increased
their alignment over time and formed longer and thicker
fascicular axon tracts, which resembled the in vivo nervous
systems. The prestretch-induced axon alignment was quan-
tified and compared with the axons on the unstretched
substrates according to the orientation angle (Fig. 3), where
90� is parallel to the prestretched direction and has the
highest effective stiffness. The axon alignment was quan-
tified by determining the percentage of axons that aligned
at 10� intervals. The pyramid shape of the bar graph is
maintained over time on the stretched substrate, indicating
that the percentage of axons that aligned remained con-
stant. In contrast, the axons on the unstretched surface did
not align. The distribution of cell orientation on the un-
stretched surface was statistically different than on the
stretched samples based on a two-sample Kolmogorov–

Smirnov test on days 6, 12, and 21 ( p-values are 0.001,
0.002, and 0.001, respectively).

This observation is in agreement with our previous report
of MSC alignment on prestretch-induced anisotropic sur-
face, which can be explained by the theory of active sensing.
A possible explanation for the alignment of the DRG is that
neurons can generate forces through the growth cone to
sense the substrate stiffness.9,34 Growth cones can actively
generate forces and sense the substrate stiffness and thus
may be sensing the higher effective stiffness in the pre-
stretched direction leading to its alignment in the direction
of maximum effective stiffness.

During the development and regeneration of the nervous
system, neuronal growth cones navigate through tissues and
experience environments with different mechanical proper-
ties established by the cytoarchitecture of the nervous tissue
and surrounding tissues.35 Koch et al. previously showed
that the growth cones of DRG neurons generate extensive

FIG. 2. Axon alignment on prestretched
and unstretched surface. Fluorescent images
of DRG neurons seeded on the static pre-
stretched surface for (a) 6, (c) 12, and (e)
21 days, compared with DRG cells seeded
on the unstretched surface for (b) 6, (d) 12,
and (f) 21 days. Axons were stained with
anti-mouse b-III tubulin and imaged with
confocal microscopy (10·). Color images
available online at www.liebertpub.com/tec
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FIG. 3. Quantification of
axon alignment on stretched
versus unstretched PDMS
substrate. Ratio of DRG axon
alignment at every 10� on the
prestretched and unstretched
surfaces after 6, 12, and
21 days, with 90� represent-
ing the direction of the pre-
stretch. Orientation angles
were quantified by ImagePro
Plus. Two-sample
Kolmogorov–Smirnov test
was applied to evaluate the
statistical significance. The
cells on the unstretched sur-
face compared to the cells on
the corresponding stretched
samples for 6, 12, and 21 days
have statistically different
distributions, p = 0.001, 0.002,
and 0.001, respectively.

FIG. 4. Axon thickness
growth on stretched versus
unstretched PDMS substrate.
(a) Fluorescent images of the
DRG axons on the stretched
(left) and unstretched (right)
surfaces after 6 (top), 12
(middle), and 21 (bottom)
days. Axons were stained
with anti-mouse b-III tubulin
and imaged with confocal
microscopy (10·); (b) quan-
tification of DRG axon bun-
dle thickness on the
prestretched and unstretched
surfaces after 6, 12, and
21 days; and (c) quantifica-
tion of single DRG axon
thickness on the prestretched
and unstretched surfaces af-
ter 6, 12, and 21 days.
$p < 0.01, *p < 0.05,
**p < 0.01. Color images
available online at www
.liebertpub.com/tec
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traction force during axon extension, which is strongly de-
pendent on the substrate stiffness.34 The contractile forces
that growth cones exerted have been associated with filo-
podia.36 Thus, the axon alignment on the prestretched sur-
face is potentially due to the active sensing by growth cones.
Similar to MSCs, the filopodia of the growth cone actively
pull on the substrate through binding sites, allowing cells to
sense the difference in effective stiffness of the substrate in
different directions.37 This could cause the growth cone to
move in the direction of maximum effective stiffness. In the
present study, both the prestretched and unstretched sub-
strates were coated with PLL and showed no topological
features (Fig. 1b), ensuring that the axon alignment was due
to the prestretch-induced anisotropy. Taken together, these
results suggest that active cell sensing is likely to explain the
axon growth.

Enhanced axon thickness growth
on prestretched surface

In addition to inducing axon alignment, the prestretch-
induced anisotropy appeared to enhance the fasciculation of
axons. The aligned axons on the stretched surface formed

thick clusters, which is quite different from the random axon
network on the unstretched surface. The axons on the pre-
stretched substrate grew thicker over time (Fig. 4a), with
some aggregates forming clusters that appear similar to
fascicular tracts. To evaluate this fascicular-like effect on
the prestretched surface, we measured the thickness of each
single unit of axon in the images, where the unit might
contain individual or multiple aggregated axons, which were
not easily distinguishable. The axon cluster thickness on
both the stretched and unstretched surfaces on days 6, 12,
and 21 increased over time. However, the average axon
cluster thickness after 21 days of culture on the stretched
surface was 1.5 times greater than on the unstretched sur-
face, suggesting that the anisotropic-prestretched surface has
the potential to promote extensive axon growth.

Since axon alignment is a prerequisite for fascicle for-
mation,38 the alignment might also be facilitating the
fascicular-like effect observed on the prestretched surface.
This fascicular-like effect has also been observed to increase
on a gradually increasing stretching device, where axons
were stretched daily using a stepper motor,15 similar to what
was observed in this study. However, the quantification in
Figure 4b was a combined effect of both fascicular-like

FIG. 5. Quantification of axon thickness
on micropatterned PDMS substrate.
(a) Phase-contrast images (10·) of micro-
patterned channels of 50 mm (left) and
200 mm (right) widths; (b) DRG axons on
channels of 50 mm (left) and 200 mm (right)
widths after 21 days of culture were stained
with anti-mouse b-III tubulin and imaged
with confocal microscopy (20·); and
(c) comparison of axon thickness on the
channels versus on the prestretched PDMS
substrate after 21 days of culture. ANOVA-
Tukey’s test was applied to assess for sig-
nificant difference. **p < 0.01. Color images
available online at www.liebertpub.com/tec
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tracts and single axon thickness increase. Thus, to differ-
entiate between the fascicular-like tracts and single axons,
we selected the 10 thinnest axon units on the stretched and
unstretched surfaces in each image and measured their
thicknesses and found that the mean single axon thickness
on the prestretched surface was significantly larger than that
on the unstretched surface (Fig. 4c). The average thick-
nesses of the single axons grew over time and were 1.17,
1.60, and 4.31 mm on the prestretched surfaces and 1.01,
1.43, and 2.80mm on the unstretched surface after 6, 12, and
21 days of culture, respectively. The results on the un-
stretched surfaces are in agreement with the 2–3mm axon
diameter reported in the CNS, which includes those in the
brain that are typically thinner than in the spinal cord,39,40

indicating that the unstretched surface did not hamper the
growth of axons. The axon thickness on the prestretched
surface is similar to the mean diameters of 4.18 and 5.95mm
reported, respectively, for myelinated sensory axon proxi-

mal and distal to lumbosacral dorsal root ganglia,41 which
are known to be the thickest axons in the CNS. Therefore,
the prestretch-induced anisotropic surface not only enhances
fascicular-like tract formation but also increases single axon
thickness.

Axon alignment, given its significance in neural regen-
eration, has been extensively investigated.13,21,42–44 Topo-
logical features such as fibers and channels provide contact
guidance and are commonly used to guide axon extension
along the surface topography. There has been no study, to
date, which demonstrated that topological contact guidance
induces both increases in axon thickness and a fascicular-
like effect. To test this, we further cultured DRG neurons for
21 days on micropatterned channel surfaces of 50 and
200mm, wherein the ridges and channels were of equal di-
mensions (Fig. 5a). The contact guidance induced by the
channels causes the axons to align to some extent (Fig. 5b),
however, the thicknesses of the axons on the channels were

FIG. 6. Coculture of SCs with the DRG
neurons on the stretched versus unstretched
PDMS substrates. After culturing the DRG
neurons on the stretched and unstretched
surfaces for 2 weeks, purified SCs were
added to the chamber and cultured for an-
other week. (a) b-III-tubulin (green) staining
of axons on the stretched PDMS substrate;
(b) overlay of b-III-tubulin (green), P0
(red), and DAPI (blue) staining on the
stretched substrate; (c) b-III-tubulin (green)
staining of axons on the unstretched sub-
strate; and (d) overlay of b-III-tubulin
(green), P0 (red), and DAPI (blue) staining
on the unstretched substrate. (e) Quantifica-
tion of colocalization of b-III-tubulin
(green) with P0 (red), the percentage of area
in green color that was overlapped with red
color was quantified using FV1000 software
and shown as bar graph for stretched and
unstretched surfaces. *p < 0.01. SC,
Schwann cell. Color images available online
at www.liebertpub.com/tec
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significantly smaller than on the prestretched surface
(Fig. 5c), suggesting that the prestretch-induced anisotropy
could be more effective for enhancing axon growth for
neural regeneration.

The exact mechanism of this prestretch-induced axon
thickening and fascicular-like effect is unclear. Evidence
suggests, however, that microtubules may be involved in this
process.45 There are three main filamentous components in-
side axon tubular structures, including microtublues, neuro-
filaments, and the microtrabecular matrix.46,47 Although
there have been studies that showed neurofilaments are re-
sponsible for providing mechanical strength, a recent study
suggests that microtubules contribute a majority of the me-
chanical stiffness to the axons.48 Previous studies indicate
that mechanical tension facilitates growth of the axon, which
may be associated with tensile loading of the microtubule
bundle and subsequent growth. Microtubules have been
suggested as mechanical force sensors that can detect the
force direction and magnitude.45,49,50 Axons on the prestretch
surface showed more b-III-tubulin, a marker of microtubule
components, indicating thicker axons, thereby raising a
possibility that the prestretch might impact microtubule dy-
namics. Future experiments are needed to determine whether
the prestretch-induced surface anisotropy signals microtu-
bule polymerization to cause the axonal thickening observed.

Coculture of SCs with aligned axons

SCs are able to migrate into areas of damaged central
nervous system and remyelinate the demyelinated axons.51

Since myelination is dependent on the axon thickness and
thicker axons are preferentially myelinated, SCs were co-
cultured on stretched and unstretched surfaces with 2-week-
old cultured and aligned DRG axons for a week (Fig. 6).
The axons were stained for b-III tubulin, while the SCs
were stained for P0, an indicator of myelination. P0 is a
marker of mature SCs and is a component of the myelin
sheath. Significant colocalization of green (b-III tubulin)
and red (P0) fluorescence occurred on the stretched surface
(Fig. 6b), while on the unstretched surface, the red and
green fluorescence did not colocalize significantly (Fig. 6d),
The colocalization of b-III tubulin and P0 is quantified in
Figure 6e, where the vertical axis represented the percent-
age of green fluorescence that overlapped with red fluo-
rescence. From Figure 6e, the percentage of red and green
fluorescence colocalized on the prestretched surface was
*80%, indicating that the SCs attached and aligned with
the axons. In contrast, the percentage of colocalization on
the unstretched surface was around 25%, indicating b-III
tubulin and P0 did not colocalize significantly on the un-
stretched surface (Fig. 6d). Therefore, as demonstrated in
Figure 6, the prestretched surfaces enhanced not only axon
alignment and fascicular-like tract formation but also in-
creased the attachment of SCs to the aligned axons, a req-
uisite for myelination.

Many studies, using topological features or motor stretch,
demonstrated that axons can be induced to align, but they
did not explore myelination on the aligned axons.52–55 Al-
though myelination has been shown with SCs and DRG
neuron cocultures, the myelination results in the previous
study were achieved by adding growth factors.56 Oligo-
dendrocytes myelinated axons on randomly oriented elec-

trospun nanofibers of 0.4 mm thickness or larger,57 in
contrast, the aligned axons on the prestretched surface
shown in this study not only myelinated but also formed
thicker axons, all of which are important for nerve regen-
eration after SCI. Recently, Xia et al. demonstrated that
aligned PMMA nanofibers can enhance the colocalization of
DRG neurons with SCs, however, they did not measure
myelination.11 In contrast, our study using P0 staining of
SCs clearly indicates myelination of the aligned axons and
suggests that the prestretched anisotropic surface is capable
of enhancing myelination. In contrast, the SCs on the un-
stretched substrate also stained positive to P0, but with
minimal colocalization with b-III tubulin, demonstrating
that the axons were not myelinated. The alignment and at-
tachment of the SCs to the axons suggest enhanced myeli-
nation on the prestretched substrate and is likely due to the
combined effect of both axon alignment and increased axon
thickness. Thus, the ability of prestretch-induced anisotropic
surfaces to guide attachment of SCs to aligned axons sug-
gests that surface anisotropy could be capitalized upon to
enhance myelination of endogenous axons.
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