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Schwann Cells Migration on Patterned
Polydimethylsiloxane Microgrooved Surface

Chun Liu, PhD,1 Jeremy Kray, BS,1 Victoria Toomajian, BS,1 and Christina Chan, PhD1,2

Schwann cells (SCs) aid in nerve repair in the peripheral nervous system, and their ability to migrate into the injury
site is critical for nerve regeneration after injury. The majority of studies on SC behavior have focused on SC
alignment through contact guidance, rather than migration. The few studies on SC migration primarily investi-
gated the migration of individual cells over several hours with time-lapse microscopy. However, during neural
tissue repair, SCs do not migrate as single cells but as a population of cells over physiologically relevant time and
length scales. Thus from a practical perspective, there is a need to understand the migration of large populations of
SC and the collective guidance cues from the surrounding environment in designing optimal transplantable
scaffolds. This study investigates a large population of migrating SCs over a period of 2 weeks on patterned
polydimethylsiloxane (PDMS) microgrooved channels of different sizes. Two methods were used to quantify the
migration velocity of a large cell population that minimized the confounding effect due to cell proliferation: one
based on a leading edge velocity and a second based on a binary velocity. Both approaches showed that the SC
population migrated the fastest on the smallest sized microgrooved channels. The insights provided in this study
could inform on future designs of transplantable scaffolds for peripheral nerve regeneration.

Introduction

Schwann cells (SCs) are support cells for nerve pro-
cesses in the peripheral nervous system and are respon-

sible for the production of the myelin sheath.1 After injury,
SCs migrate into the lesion site to remove axonal and myelin
debris, secrete growth factors, and promote axon regenera-
tion.2,3 In peripheral nerve injury, SCs migrate from each end
of the severed nerve to align with the basal lamina cable and
to form bands of Büngner, which guide the regenerated axons
to the distal site.4 Improperly regulated SC motility underlies
the limited recovery to the lesion site and failure in re-
myelination. Given the instrumental role of SCs in aiding
nerve repair, SC migration has received growing attention in
therapeutic applications.2,5 Thus, therapies to promote sciatic
nerve repair, notably nerve guidance channels for transplan-
tation, need to be tailored to enhance SC migration from the
host.6 Approaches that speed SC migration could accelerate
peripheral nerve regeneration, thereby leading to more effi-
cient therapies.

Studies of SC migration have informed on scaffold design
for neural regeneration, from peripheral nerve injury to spinal
cord injury.2,4 To improve the alignment of regenerating axons
and to accelerate the migration of SCs, three-dimensional

channels have shown promise.7 However, due to limited
knowledge on migrating SC populations within the channels,
there have been few recent breakthroughs in scaffold designs.
Numerous in vitro studies have focused on controlling SC be-
havior through contact guidance achieved by micropatterning
extracellular matrix proteins,8 nano- or micro-fibers,9–13 micro-
grooves, and channels.14–16 However, the majority of studies on
microgrooved substrates have focused on SC alignment,14,15,17

rather than migration.
Studies on SC migration have focused primarily on single-

cell motility, with one study tracking the migration of a small
group of cells over several hours using time-lapse micros-
copy.16,18 However, the cells were isolated from each other
with minimal cell–cell interaction and migrated randomly.
Furthermore, the study neglected cell proliferation, resulting
in a model of averaged migration of several individual cells.18

Thus, it is unclear how this model would inform on the mi-
gration of a large proliferating population of cells over a
period of days. During neural tissue formation and repair,
SCs do not migrate as discrete single cells but as a population
of cells over physiologically relevant time and length
scales.19,20 Thus, from a practical perspective, a better un-
derstanding of the dynamic interactions between a migrating
population of SCs and the collective guidance cues from the
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surrounding environment could provide more relevant in-
sights into neural tissue repair that could influence future
designs of transplantable scaffolds.3,21,22 Thus, there is a need
to understand how large populations of SCs migrate into the
injury site, under a complex environment where cell–cell
interaction, cell proliferation, and extracellular guidance
exert influence.23,24

This study investigates a large population of migrating SCs
over a period of 2 weeks. We developed a method to quantify
the migration speed of a large cell population while mini-
mizing the confounding effect of cell proliferation. Micro-
patterned polydimethylsiloxane (PDMS) surfaces of different
channel sizes, which served to mimic the topography and
orientation of channel structures in transplantable scaf-
folds,25 were used to investigate the migration of populations
of SCs over 2 weeks. The migration velocities of the SC
populations on different channel sizes were quantified and
compared using two methods: one based on a leading edge
velocity and a second based on a binary velocity.

Materials and Methods

Materials

PDMS substrate was prepared using the Sylgard 184 sili-
cone elastomer kit purchased from Dow Corning (Midland,
MI). Borofloat33 4"-Wafer was purchased from WRS Ma-
terials (Reno, NV); SU-8 photoresist was purchased from
Microposit� (Marlborough, MA); and Poly-d-lysine, b-d-
arabinofuranoside (AraC), anti-Thy 1.1 antibody (Cat. No.
M-7898), Rabbit Complement (Cat. No. S-7764), and anti-S-
100 antibody (Cat. No. S-2644) were purchased from Sigma-
Aldrich (St. Louis, MO). Heat-inactivated fetal bovine serum
(FBS) was purchased from Hyclone (Logan, UT). Bovine
pituitary extract (BPE; Cat. No. CC-4009) was purchased
from Clonetics (Allendale, NJ). Forskolin was purchased
from Calbiochem (Billerica, MA). Type I collagenase was
purchased from Worthington (Lakewood, NJ). Dulbecco’s
modified Eagle’s medium (DMEM), penicillin, streptomycin,
0.25% trypsin-EDTA, 1 · -phosphate-buffered saline (PBS),
HEPES buffer, and immunostaining components (Alexa
Fluor 546 goat anti-rabbit IgG secondary antibody, and
DAPI) were purchased from Invitrogen (Carlsbad, CA).
Bovine serum albumin (BSA) was purchased from US Bio-
logical (Marblehead, MA). Rabbit anti-Myelin Protein Zero
antibody (Cat. No. ab31851) was purchased from Abcam
(Cambridge, MA). Silicone inserts with a defined cell-free
gap (Cat. No. 80206) were purchased from Ibidi (Martinsried,
Germany). Mylar films are from Infinity Graphics (East
Lansing, MI).

Microgrooved substrate fabrication

Microgrooved substrates were fabricated as previously
described.26 Briefly, patterns were designed in AutoCAD
(Autodesk, San Rafael, CA), with 50, 100, and 150mm spac-
ing, in 1 · 3 cm rectangular sections, as shown in Figure 1.
These patterns were printed on mylar films, which were used
as masks to generate selectively polymerized regions on
silicon wafers during the photolithography process. Photo-
resist SU-8 was spin-coated at 2000 rpm for 40 s and baked
at 110�C for 1 min on a hot plate. Through conventional
photolithography, the photoresist was patterned to expose

openings on silicon wafers as desired. The alternating
grooves and plateau patterns were then transferred onto
PDMS by curing a 10:1 solution of base and curing agent in
a polystyrene tissue culture dish at 60�C for at least 2 h.
After curing, the crosslinked PDMS was peeled off and cut
at the edges into separated pieces. A substrate was fit into
each well of a six-well plate, which was treated with a PX-
250 plasma cleaning/etching system (March Instruments)
for 3 min at 165 mTorr and 65 sccm flow of O2. The sub-
strates were subsequently incubated with poly-D-lysine
(PDL) solutions at 37�C for 2 h before cell seeding. After
the PDL coating, the surface was rinsed with sterile water. A
piece of rectangular silicone insert was attached to the flat
surface with one side aligning to the end of channels, which
was used as a medium holder to maintain initial attachment
of the cells within the square area. The medium holder also
helped ensure that the distance between the cell and chan-
nels was 50mm (width of the wall thickness) before com-
mencing the migration study. The entire design is illustrated
in Figure 1.

Cell culture

All procedures for cell isolation were approved by the
Institutional Animal Care and Use Committee at Michigan
State University. SCs were isolated using the same protocol
as previously described.27 One-day-old pups were sacrificed
by decapitation. The sciatic nerves were extracted by making
an incision from the tail up the spine to the inner thigh near the
foot. Nerve sections were cut into small pieces, transferred
into dissociation medium containing collagenase and trypsin,
and incubated for 45 min at 37�C. Mechanical dissociation
was performed using a fire-polished glass Pasteur pipette.
Cells were then centrifuged for 5 min and resuspended in
DMEM containing 10% heat-inactivated FBS and 1% anti-
biotic (penicillin/streptomycin). The purification procedure
began by adding AraC into the medium after 48 h of culture,
followed by antibody selection using anti-Thy 1.1 antibody
and Rabbit Complement on day 5. After purification, the cells
were cultured in complete SC growth medium containing
DMEM, 10% FBS, 1 · Penn/Strep, 21 mg/mL BPE, and 4 mM
forskolin and placed in a humidified incubator containing 5%
CO2 at 37�C. The medium was replaced every 2 days until the
cells reached 80–90% confluence. Confluent cells were de-
tached using 0.25% trypsin-EDTA and plated at a density
of 100,000 cells per milliliter with 150mL added to each
medium holder.

Immunocytochemistry

Immunocytochemistry was performed at room tempera-
ture on cells that were seeded on the PDMS substrates for
6 days. Cells were rinsed with PBS, followed by fixation with
4.0% paraformaldehyde in PBS for 15 min, rinsed three
times in PBS, permeabilized with 0.1% Triton X-100 in PBS
for 15 min, and washed three times with PBS. After washing,
the cells were blocked in 1% BSA for 30 min. After BSA
blocking, the cells were incubated with mouse S-100 primary
antibody (1 mL stock per 500 mL of 1% BSA solution) for 1 h,
followed by three washes in 1 · PBS; then, they were incu-
bated with anti-rabbit Alexa Flour 546 secondary antibody
(1:500 dilution in 1% BSA solution) for 1 h, followed by three
washes in 1 · PBS. Confocal laser scanning microscopy

SC MIGRATION ON PATTERNED PDMS MICROGROOVED SURFACE 645



images were obtained with an Olympus FluoView1000 laser
scanning confocal microscope using a 40 · oil objective.

Migration quantification

Figure 2 illustrates a flowchart for quantifying the migration
velocities. The overall process is presented in Figure 2a. Phase-
contrast images were collected with a Leica DM IL inverted
microscope (Bannockburn, IL) equipped with a SPOT RT
color camera (Diagnostics Instruments, Sterling Heights, MI)
using a 10 · objective. Image-Pro Plus Version 4.5 was used to
process the images. For each set of experiments, images were
taken daily of each sample in a grid pattern for the entire
1 · 1 cm patterned surface. A grid composed of successive
rectangular images, with each rectangular image consisting of
1600 · 1200 pixels or 1212.12 · 909.09mm, was numbered
sequentially by column from end to end of the microgrooves
and by row from top to bottom, as shown in Supplementary
Figure S1 (Supplementary Data are available online at www
.liebertpub.com/tec). This grid pattern was used to calculate
the distance the cells traveled, by marking the cells in each
image by their column and row. For example, image x–y
represents an image located in column x and row y.

An equivalent distance (e) of image x–y was calculated by
multiplying the column number (x) by the length of the image (l).

e¼ x · l

The total cell distance (t) in image x–y was calculated by
multiplying the number of cells (n) in image x–y by the
equivalent distance (e).

t¼ n · e

After generating the grid, the distance a cell traverses was
further analyzed using two different methods of calculating
migration speed.

(1) The leading edge velocity (shown in Fig. 2b) uses the
furthest image in each row, which represents the
leading edge of the migrating cell population. The total
cell distance (T) is calculated as the sum of the total
cell distance for each image in the leading edge. The
total cell number (N) in the leading edge is a sum of
the cell number in each image in the leading edge.

T ¼+t; N¼+n

The average cell position (a) in the leading edge is
defined by the total cell distance divided by the total
number of cells in the leading edge.

a¼ T=N

By plotting the average cell position with time (days),
the migration speed in the leading edge is determined
by the slope.

(2) The binary velocity (shown in Fig. 2c) uses a binary
counting process that counts whether an image con-
tains at least one cell, yes (1), or not, no (0), by asking
‘‘is this the furthest the cells have traversed in this
row?’’ In this case, the total number of cells (N)

FIG. 1. Schematic of channel design and PDMS preparation. PDMS culture substrate consists of channels and two flat
surfaces at each end. The flat areas are leveled with the groove, and the ridges are 50 mm in height. Both the grooves and
ridges are of equal widths. Three different channel sizes, 50, 100, and 150mm, are prepared. After coating with PDL, a
square medium holder is placed at one end of the flat area near the edge of the channels. SCs are seeded in the holder for
initial attachment. After 24 h, the holder is removed and the medium is added to the entire surface. Phase-contrast images of
the three different channel sizes, 50, 100, and 150mm, are shown on the right. PDL, poly-D-lysine; PDMS, poly-
dimethylsiloxane; SCs, Schwann cells. Color images available online at www.liebertpub.com/tec
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equals the number of images that are counted as ‘‘1’’
(n1), and the total distance the cells traverse (t) in
each image equals the equivalent distance (e).

N ¼ n1; t¼ e

The total cell distance (T) in the binary analysis is the
sum of the equivalent distance of the images counted
as ‘‘1,’’ and the average distance (a) in the binary
analysis is calculated as the total cell distance T di-
vided by the number of images counted as ‘‘1’’ (n1).

T ¼+e; a¼T=n1

The slope obtained by plotting the average distance
over time gives the migration speed of the cell pop-
ulation in the binary analysis. The process of gener-
ating, analyzing, and calculating the migration speeds
from the data using both the leading edge and binary
methods for one set of experiments is provided in the
Supplementary Data.

For statistical significance, the experiments were repeated
four times. Two-sample Student’s t-test was used to deter-

mine statistical significance. A p-value of <0.05 was con-
sidered statistically significant.

Quantification of the orientation angles of the cells is de-
scribed in Liu et al.,28 where we briefly counted the number
of cells in parallel orientation (90� – 10� angle) to the chan-
nels that was normalized to the total number of cells on each
surface. This ratio of cells in the parallel orientation is re-
ported by the mean value plus standard deviation. Two-
sample Kolmogorov–Smirnov test was applied to evaluate
the statistical significance. A p-value of <0.05 was considered
statistically significant.

Results and Discussion

Design of microgrooved substrate

The micropatterned substrate is made of PDMS, which is
a biocompatible, transparent, and FDA-approved polymer
with stable mechanical properties, and it can be easily
shaped.29 Compared with other hydrogels that swell or
shrink, the shape of the PDMS substrate after crosslinking
remains stable over time and under different temperatures
and pressures.30 The current microgrooved substrate (Fig. 1)

FIG. 2. Flowcharts illus-
trating the various steps in
the quantification of SC mi-
gration speed. (a) The overall
process of obtaining the SC
migration speed. The migra-
tion of SC into the channels
is monitored by capturing
images in a grid pattern and
by calculating the average
position of the leading edge
of the migrating SCs. (b) The
algorithm for calculating the
average position of the bi-
nary migration velocity. (c)
The algorithm for calculating
the normalized migration
velocity of the leading edge.
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for cell migration contains two flat areas at each end of the
microgrooves that are flush with the grooves, with 50mm-
high ridges. This design differs from previous studies by
enabling SCs to migrate from a flat area onto the micro-
grooves to the flat area at the other end. The flat areas at the
ends permit simulation of SC migration during the repair
process, wherein the SCs have to migrate from the host
tissue to the injury site through the channels of a trans-
planted scaffold. In this design, the SCs are initially seeded
within a medium holder that is placed onto one of the flat
surfaces to maintain an isolated environment for SC seeding
and attachment. After the initial 24 h of cell attachment, the
medium holder is removed and fresh medium is added to
cover the entire surface. Different-sized channels (50, 100,
and 150 mm) with equal-sized grooves and ridges (Fig. 1) are
prepared such that the migration is similar on both the
grooves and ridges.

SCs migrated on both the grooves and ridges

The protocol of SCs isolation is provided by our collabo-
rator, according to the literature; after the purification steps,
the purity is *98–100%.31 After the initial 24 h of attach-
ment, the SCs initially migrated in all directions across the
50mm distance that was presented on removal of the medium
holder, until the SCs reached the microgrooves, where they
migrated directionally on the microgrooved surface. Sur-
prisingly, the cells migrated onto both the grooves and ridges
(Fig. 3a), suggesting that the cells must climb onto the 50mm
ridge. This is in contrast to previous studies where the SCs
were directly seeded onto the grooved surface, resulting in
random migration in all directions. Confocal fluorescent im-
ages in Figure 3b and c show that the migrating SCs reached
the ridges and grooves 2 days after removal of the holder
(which is 6 days after seeding) and the start of the migration.
Some cells were found on the flat area at the other end of the
microgrooves; however, the majority of cells remained at the
start of the grooves. It took *2 weeks for the population of
cells to cross the entire microgrooved surface (i.e., to the
other end of the microgrooves). To analyze the migration
behavior of the SC population across the channels, we cap-
tured images every other day for 2 weeks until the entire
microgrooved surface was covered with SCs.

Comparison of SC migration on different
microgrooved surfaces

Although this study focuses on the migration behavior of
SC populations on the microgrooved surfaces over a period of
2–3 weeks, there is a significant confounding effect due to the
proliferation of the SCs. Therefore, the advancing SC popu-
lation is the combined result of both SC migration and pro-
liferation. The proliferation is more prominent at the entrance
of the channels, whereas migration predominates at the leading
edge of the SC population. Thus, to minimize the confounding
effect due to proliferation, we calculated two different mi-
gration velocities, a leading edge and a binary velocity, based
on the distance traversed by the cells. Both methods aim at
determining migration while minimizing the effect of prolif-
eration at the backend of the migrating population.

The leading edge is defined as the furthest location that
the cells traversed in each row, and it is indicated by the
column number of the image (Supplementary Fig. S2).

Figure 2b shows a flowchart for the leading edge quantifi-
cation. To calculate the leading edge migration, only the
cells in the grids at the leading edge of the microgrooved
surface are counted and the total distance the cells migrated
is calculated by summing the total distance traversed by
each cell in each image (t) in the leading edge, which is
denoted as the total cell distance (T). To calculate the av-
erage distance (a), which indicates the average position of
the migrating cells in the leading edge, the total cell distance
(T) of the leading edge is divided by the total number of
cells (N) in the leading edge grid. The average distance (a) is
plotted versus time to determine the front of the SC popu-
lation over time. The slope of the plot provides the migra-
tion velocity of the SC population with units of micrometers
traversed per day, as shown in Supplementary Figure S3.

To verify the results of the leading edge method, we
further developed another method called a binary method.
The idea behind the binary processing method is that at least
one of the cells in this image has traversed that far, but it
ignores the actual number of cells in the image. Using the
binary method that counts images as yes (1) or no (0), the
entire grid is converted into a binary field and only the images
marked as ‘‘1’’ are selected for further calculation, as shown
in Supplementary Figure S4. The average position (a) is
calculated by summing the total distance traversed (t) by the
cells (i.e., the furthest column number denoted as ‘‘1’’) di-
vided by the number of images counted as 1. This is plotted
over time, and the slope provides the binary migration ve-
locities of these cells (Supplementary Figure S3).

Figures 4 and 5 show a comparison of the relative migration
on the microgrooved surfaces for three different-sized micro-
grooves using both the leading edge and binary processing
methods. The average migration velocity shows some variance
between the different batches of cells. To minimize the impact
of cell batch variance, the ratio of the average migration ve-
locity of each channel size is divided by the migration velocity
on the 150mm microgrooved channel. This ratio indicates how
much faster the cells traversed on each microgrooved channel
over the 150mm microgrooved surface. Using both quantifi-
cation methods (Figs. 4 and 5), the relative migration results
show that the cells traversed differently along the three
different-sized microgrooves and were the fastest on the
smallest sized (50mm) microgrooved surface.

The ratios calculated using the leading edge method differ
slightly from the binary method. The calculation based on
the leading edge counts the real number of cells located at
the leading edge, where the cell number for a grid in each
row represents the frequency at which the cells traverse a
certain distance. Therefore, the results based on the leading
edge method indicate how far the cells migrated on the
different-sized microgrooved channels. In contrast, the bi-
nary method simplifies the actual number of cells in each
image with a yes (1) or no (0), and it indicates how far the
cells can migrate on the different microgrooved surfaces.
The results from both methods consistently show the fastest
SC migration on the smallest-sized microgrooved surface.

Prior studies investigated the migration of single cells over a
few hours32,33; however, the results do not inform on how
tissues within a complex environment of large populations of
cells would behave. Recently, an SC migration study on mi-
crogrooved surfaces using time-lapse microscopy demon-
strated that the anisotropic microgrooved surface promoted
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cell migration in the direction parallel to the microgrooves.16

However, the migration speed was calculated based on the net
distance a single cell traversed over several minutes and did
not provide clear trends as a function of the microgroove size.
Although the study calculated the net migration speed in the
direction parallel to the microgrooves, the speed was bi-
directional since the cells were seeded directly onto the
microgrooved surfaces and migrated in both directions. In

contrast, the current experimental design in which the cells
are seeded on a flat area on one side of the microgrooves
induced directionality, resulting in the migration of the cells
to the flat area on the other side. Therefore, this design
would better simulate a migration behavior of the SC pop-
ulation into scaffold channels. To our knowledge, this is the
first study on the migration over an extended period of a
large population of SCs on a microgrooved substrate, and in

FIG. 4. Comparison of SC migration in the different-sized
channels using the leading edge velocity. The migration
speed of the leading edge in the different-sized channels is
normalized to the speed in the 150mm-sized channels.
* < 0.05 when compared to the 150mm channels; $ < 0.05
when compared to the 100mm channels. (N = 5).

FIG. 3. Migration of SCs
into the channels. SCs are
seeded at one end of the flat
area on the PDMS culture
substrate; after removal of
the holder, the cells migrate
into the channels. (a) Phase-
contrast images illustrate that
SCs migrate on both micro-
grooves and ridges. Confocal
images are specially focused
on the ridges (b) and grooves
(c). Cells are stained with S-
100 primary antibody and
Alexa-546 secondary anti-
body 2 days after removal of
the medium holder. Confocal
fluorescent images are taken
using a 40 · oil objective.
Color images available
online at www.liebertpub
.com/tec

FIG. 5. Comparison of SC migration in the different-sized
channels using the binary velocity. The binary migration
speed in the different channels is normalized to the binary
speed in the 150mm-sized channels. * < 0.05 when com-
pared to the 150 mm channels; $ < 0.05 when compared to
the 100 mm channels. (N = 5).
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which the migration speed of the SC population was quan-
tified using the leading edge and binary methods.

Comparison of SC alignment in different channels

Previous studies indicated that cell morphology is causally
linked to cell motility.34,35 The bipolar morphology of SCs
includes a long, spindle-shaped soma that is flanked by two
thin extensions, rendering them an ideal cell type for migra-
tion.36 The direction of migration follows the long axis of the
cell body; therefore, the orientation of a cell determines the
direction in which it migrates.37 We evaluated the SC orien-
tation on the different-sized microgrooved surfaces, quanti-
fied the cell orientation angle after 6 days of culture, and
calculated the ratios of cells that aligned in the channel di-
rection. Figure 6 shows a comparison of the ratio of aligned
cells on the different-sized microgrooved channels and found
that the ratio of aligned cells on the 50mm channel surface is
significantly higher than those on the 100 and 150mm sur-
faces, with the ratio on the 100 mm also being significantly
higher than that on the 150 mm microgrooved channel. Thus,
the cell alignment on the microgrooved surface exhibits a
similar trend to the cell migration speed, that is, both are the
greatest on the smallest-sized microgrooved channel.

It was demonstrated that cytoskeletal filaments and focal
adhesions align along the edges of subcellular grooves,38 which
was explained by the contact guidance that resulted from the
mechanical stresses created through cell adhesion.39,40 Studies
have shown that actin microfilaments and microtubules align
parallel to subcellular-sized grooves on surfaces.41–43 Al-
though cell alignment on subcellular-sized grooved surfaces
has been investigated, none to date have explored the motility
of cells on microgrooved substrates with dimensions larger
than the cell body, that is, sizes close to the dimensions of
channels in transplantable scaffolds, until this study.

Conclusion

This study investigated and quantified the cell alignment and
migration on large-scale anisotropic topography over a period of

weeks. Two strategies were used to calculate the velocity of the
migrating SC population. Both methods aimed at minimizing the
confounding effects due to cell proliferation, and showed similar
trends, that is, the SC population migrated the fastest on the
smallest-sized microgrooved surface. The results of the SC mi-
gration presented in this study provide insights that could inform
on future designs of transplantable tissue scaffolds.
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