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ganglia to the peripheral target organs of the motor and 
sensory pathways. [ 1 ]  Peripheral nerve lesions have a rather 
high incidence with a negative impact on the quality of life of 
affected individuals and signifi cant healthcare and social costs. 
This motivates a large interest from both basic and clinical 
research on the study of nerve repair and regeneration. [ 2 ]   

 Compared to the central nervous system, peripheral nerve fi 
bers retain a higher post-traumatic regeneration poten-tial. 
Although advances in surgical tech-niques and in repair 
methods (e.g., the use of autologous nerve grafts; biological or 
synthetic tubulizations; autologous cell-transplant therapies) [ 3–

5 ]  have brought signifi cant improvements, in most cases the 
clinical outcome after peripheral nerve lesions is still far from 
being satisfactory and functional recovery is very seldom 
complete. [ 6,7 ]  Today artifi cial scaffolds are used only for short 
gaps and with poor functional recovery while the use of cell-
transplant therapies, although appealing, still presents issues 
related to the lim-ited autologous Schwann cell (SC) avail-

ability or to the safety of pluripotent or multipotent cell use. [ 7 ]  
Despite recent developments in biomaterial-based artifi cial 
scaffolds, [ 8 ]  autografting (with the related donor-site morbidity) 
still remains the gold standard in the clinical practice for nerve 
reconstruction. [ 3,7 ]  

 Artifi cial scaffolds can provide a guidance and mechanical 
support, reduce scar formation and, importantly, do not require 
the extraction of healthy tissue from the patient. In this sce-
nario, the detailed knowledge of the mechanisms on the basis 
of nerve cell–material interactions is of pivotal importance 
since it is a prerequisite for a rational design of optimal nerve 
scaffolds. 

 Contact guidance describes the phenomenon by which 
cells respond to the extracellular nanotopography by adapting 
their morphology, orientation, and/or motility. [ 9,10 ]  One prom-
ising approach relies on the exploitation of nano/microengi-
neering techniques to produce nanostructured surfaces, which 
were shown to be capable of tuning neuronal and glial cell 

  1.     Introduction 

 Nerves form a very complex web throughout the body that con-
nects the central nervous system and the sensory and autonomic 
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  2.     Experimental Section 

  PDMS Grating Scaffolds Fabrication : PDMS membranes
were fabricated by replica molding on nano/micropat-
terned molds. Three GRs with different periodicity ( p  = 2 w , 
 w  = ridge width = groove width) and depth ( h ) were produced: 
T1 ( p  = 1 µm and  h  = 0.35 µm), T4 ( p  = 4 µm and  h  = 0.85 µm), 
and T20 ( p  = 20 µm and  h  = 2.5 µm). Molds with T1 geom-
etry were fabricated by electron beam lithography (EBL) and 
dry-etching techniques. [ 32 ]  Molds with T4 and T20 geometries 
were fabricated by EBL on a thin polymeric layer (SU-8 2000, 
MicroChem). Control surfaces (named FLAT) were fabricated 

using unpatterned silicon wafers (SYLTRONIX, France) as 
molds. PDMS replicas were fabricated by mixing prepolymer 
and curing agent at a ratio of 10:1 by weight, degassing the mix-
ture to remove air bubbles and spin-coating it onto the molds. 
In order to obtain a fi lm with a thickness of 170 ± 20 µm, the 
PDMS was spin-coated for 4 min at 300 rpm, left resting for 
10 min in order to reduce surface inhomogeneity and thermally 
cured (at least 60 min at 80 °C). Following removal from the 
master using a scalpel, PDMS replica were carefully analyzed 
by optical microscopy, scanning electron microscopy, and sur-
face probe profi lometry. For all the topographies, surface and 
edge roughness were negligible if compared to the main topo-
graphic features present on the substrates, and no relevant dif-
ferences related to the fabrication process were revealed. Our 
fabrication method produced substrates suitable for bright-fi eld 
microscopy with highly reproducible micropatterns over macro-
scopic areas (1 cm 2 ). Before cell culturing, samples were steri-
lized by treatment with ethanol (for 15 min at least) and then 
rinsed with H 2 O. The resulting PDMS membranes were fi rst 
coated with poly- L -lysine (PLL 0.01%, at room temperature for 
30 min; P4832, Sigma) and then with laminin (50 µg mL −1 , at 
37 °C for 30 min) for proper cell adhesion. 

  Schwann Cell Culture : All experiments involving animals 
were performed with the approval of local Institution’s Animal 
Care and Ethics Committee and in accordance with the Italian 
(DL 116/1992) and European Community Council Directives 
(86/609/EEC). Primary SC cultures were established from sci-
atic nerves of adult Wistar rats, as in ref.  [ 33 ] . Briefl y, nerves 
were removed, desheathed, and incubated in culture medium 
for two weeks: then tissues were dissociated by collagenase 
and dispase and cultured in poly- D -lysine coated (100 µg mL −1 ; 
P0899, Sigma) standard culture plates. SCs were maintained in 
the presence of glial growth factor (GGF 63 ng mL −1 ; SRP3055, 
Sigma) and Forskolin (10 × 10 −6   M ; F3917, Sigma) in Dulbecco’s 
modifi ed eagle medium (DMEM) supplemented with 10% Fetal 
Bovine Serum (FBS), 4 × 10 −3   M L -glutamine, and antibiotics. 
Cells were immunodepleted by anti-rat CD90 antibody (1:500, 
MCA04G; AbD Serotec) to reduce the presence of fi broblasts. 
SCs (within the tenth passage) were cultured until subconfl u-
ence, and then harvested for cell tests. SCs were seeded on 
PDMS membranes at density of 8 × 10 4  or 13 × 10 4  cells cm −2  
(for wound-healing experiments) and grown for 3–4 d. 

  Immunostaining : SCs were grown for 3–4 d on FLAT, T1, 
T4, and T20 PDMS membranes, then fi xed for 15 min in 4% 
paraformaldehyde in phosphate buffered solution (PBS) at 
room temperature and processed as previously reported. [ 34 ]  
SCs were stained with anti-S100 primary antibody (Sigma; 
1:200, rabbit) in GDB buffer (0.2% BSA, 0.8  M  NaCl, 0.5% 
Triton X-100, 30 × 10 −3   M  phosphate buffer, pH 7.4) containing 
phalloidin-Alexa647 (Invitrogen A22287; 1:40) to stain actin 
fi bers (F-actin), overnight at 4 °C. Samples were then washed 
in PBS and incubated with the AlexaFluor488-conjugated sec-
ondary antibody (Invitrogen; 1:150, rabbit) in GDB for 2 h at 
room temperature. After washing, samples were mounted 
using Vectashield mounting medium with DAPI to stain nuclei 
(Vector Laboratories). For N-Cad immunostaining, SCs were 
incubated with anti-N-Cad antibody (BD Transduction Labora-
tories; 1:250, mouse) together with the anti-S100 antibody in 
GDB, and then processed with an AlexaFluor647-conjugated 

differentiation, polarity, migration, neurite orientation, [ 11–18 ]  
and even stem cell fate. [ 19,20 ]  Nano/microgratings (GRs), aniso-
tropic topographies composed by alternating lines of grooves 
and ridges with lateral dimension typically down to hundreds of 
nanometers, are a category of substrates that were intensively 
investigated and are often considered the most effective geom-
etry to induce cell alignment and directional migration based 
on cell-contact interaction only. [ 21–25 ]  

 SCs are glial cells ensheathing peripheral nerve axons that 
play a primary role during regeneration of injured peripheral 
nerves. SC migration from the proximal stump is one of the 
fi rst physiological mechanisms promoting the regeneration 
process. After injury, SCs proliferate to form Büngner bands 
that help the regrowing axons to elongate growth cones in the 
direction of denervated targets. [ 26 ]  In fact, during regeneration 
SCs create a suitable environment for guiding axonal growth 
by expressing specifi c cell-adhesion molecules and secreting 
growth factors. [ 27 ]  Consequently, SC control in proximity of the 
lesion can be a useful target to enhance nerve repair. 

 Here, we interface SCs with microstructured GRs of varying 
periodicity. Polydimethylsiloxane (PDMS) [ 28,29 ]  GRs were devel-
oped with different lateral periods and depths, leading to two 
distinct cell–substrate interaction regimes: contact guidance 
(grating period < cell body diameter, obtained for T1 and T4) 
and boundary guidance (grating period ≥ cell body diameter, 
obtained for T20). 

B y using bright-fi eld and high-resolution fl uorescence 
microscopy on living and fi xed cells, we quantitatively investi-
gated the effect of topography on SC morphology, cytoskeleton 
organization, single-cell migration, and wound-healing capa-
bilities. Finally, we examined SC intercellular coupling by scan-
ning electron microscopy (SEM) imaging and by studying the 
expression of the neural calcium-dependent cell-adhesion mol-
ecule cadherin (N-Cadherin (N-Cad)), a protein that mediates 
cell–cell and cell–extracellular matrix adhesion, and triggers 
intracellular signaling cascades to promote migration and axon 
outgrowth and alignment as well. [ 30,31 ]  

 We show that boundary guidance leads to the best single-
cell polarization, actin organization, and single-cell directional 
migration while contact guidance is instead more effective in 
driving collective SC migration and can improve functional 
wound healing. We fi nally demonstrate that SCs on large-
period GRs are characterized by N-Cadherin downregulation 
and enhanced single-cell scattering into the wound with respect 
to SCs developing on small-period GRs.  



= 0.5–1 µm). The resulting  z -stack was processed by ImageJ
software (NIH, USA) into a single image using “z-project” and
“Max intensity” options. The confocal settings were kept the
same for all scans when fl uorescence intensity was compared.
The confocal images of S-100 (specifi c SC marker) and DAPI
staining were used to evaluate cellular and nuclear morphology
by ImageJ. Cell and nucleus contours were drawn by the “Free-
hand selection” tool and processed by the “Measurement” tool
(with the options “Area,” “Fit ellipse,” and “Feret’s diameter”).
The orientation of the GR patterns was measured by the “Angle
tool” of ImageJ; for FLAT membranes a random direction was
chosen. The parameters measured in this analysis were: SC
and nucleus area (µm 2 ); SC and nucleus aspect ratio (the ratio
between the length of the major axis and the minor axis for the
best-fi tted ellipse of the cell or nucleus); [ 35 ]  SC and nuclear align-
ment angle (angles were calculated as the absolute value of the
difference between the orientation angle of the grating and of
the cell/nuclear major axis). SCs/nuclei were considered aligned
to the grating if the alignment angle was between 0° and 15° and
perpendicular if the latter was between 75° and 90°; the amount
of aligned or perpendicular SCs/nuclei was reported as the per-
centage over the total number. At least 40 cells and 30 nuclei
were analyzed per condition. SC cytoskeleton organization was
quantifi ed by analyzing the F-actin fl uorescence signal with the
“Directionality” tool of the software FIJI (http://fi ji.sc/Fiji), sim-
ilar to ref.  [ 34 ] . This plug-in returned a directionality histogram
by exploiting image fast Fourier transform (FFT) algorithms:
isotropic images generate a fl at histogram, whereas oriented
images give a peaked histogram. These histograms were fi nally
fi tted by Gaussian curves that returned two parameters, disper-
sion and directionality (the standard deviation and the center
of the Gaussian curve, respectively), the fi rst representing the
degree of orientation of the image, the second the direction in
which it is oriented (here normalized to the GR pattern orien-
tation direction). We analyzed at least 12 fi elds/sample; image
dimensions were kept fi xed to 187 × 187 µm 2 . 

  Cell–Cell Interaction Analysis : The N-Cad signal was acquired 
by confocal fl uorescence and its intensity was quantifi ed as fol-
lows: the area covered by SCs was fi rst manually selected for 
each image as a region of interest (ROI) on the S100-positive 
image; then the ROI was applied the correspondent N-Cad pos-
itive image and N-Cad intensity was measured by the ImageJ 
“Measure” tool (option “mean gray value”). The values were 
then reported as percentage over the FLAT substrate. N-Cad 
signal was also analyzed by the Directionality tool of Fiji as 
described above for F-actin cytoskeleton organization analysis; 
at least six images (150 × 150 µm 2 )/sample were analyzed. 

  Single-Cell Migration Experiments : SCs were cultured on 
FLAT, T1, T4, and T20 PDMS membranes for 24 h. Bright-fi eld 

living-cell imaging was performed (at least after 8 h from 
seeding) using a 20× air Nikon objective (NA 0.45, Plan-
Fluor) and Eclipse Ti inverted wide-fi eld microscope (Nikon, 
Japan) equipped with a perfect focus systems, an incubating 
chamber (Okolab, Italy), and a CCD ORCA R2 (Hamamatzu, 
Japan). Images were acquired for 24 h, sampling every 15 min. 
Movies were analyzed with the ImageJ manual tracking plug-
in MTrack. The coordinates of single cells (at least 25 cells/
sample) as a function of time were extracted and analyzed by 
a custom-made Matlab script. The following parameters were 
measured: migration step (d S ; corresponding to the cell motion 
calculated in 15 min): step vectors were analyzed along two 
directions, and d S  was considered parallel (d S   ) if the angle 
between the step and the grating was between 0° and 15°, 
while it was considered perpendicular (d S  ⊥ ) for angle between 
75° and 90°; the amount of parallel or perpendicular d S  was 
reported as percentage over the d S �   total number. Cell displace-
ment ( R , the distance, in µm, from the origin after 17 h; at least 
ten cells/sample were averaged). Average cell speed ( V , in µm 
h −1 ); as previously for d S , the average speed was also quantifi ed 
as parallel ( V �  ) and perpendicular ( V  ⊥ ). 

  Wound-Healing Experiments : Wound-healing measurements 
were performed on monolayers of SCs, on FLAT and GR 
membranes. A scratch (average size  W  mean  = 660 ± 170 µm, 
mean ± SD) perpendicular to the pattern (or along a random 
direction in the case of FLAT membranes) was performed 
using a Gilson pipette tip; for each experiment, data were con-
sidered valid if the starting wound width was within ±25% 
of  W  mean . Images were acquired every hour using a Nikon-
Ti wide-fi eld microscope (see above) by using a 4×, 0.1 NA 
long-distance objective (Plan Achromat, Nikon). 24 h wound-
healing time series were recorded by time-lapse microscopy 
and the wound area was measured after 24 h. The percentage 
of area closure was fi nally reported. The number of scattered 
SCs in the wound at 24 h was also quantifi ed and reported as 
number of scattered cells/wound area (in mm 2 ). The contribu-
tion of SC proliferation to the wound-closure process is negli-
gible, because the SC proliferation rate is signifi cantly greater 
than 24 h. 

  SEM Imaging : Schwann cells were cultured on PDMS mem-
branes, fi xed with 2.5% glutaraldehyde in sodium cacodylate 
buffer (pH 7.2, 0.15  M ) for 1 h and successively rinsed three 
times with sodium cacodylate buffer. Then, the samples were 
dehydrated with absolute ethanol at different concentrations: 
50%, 70%, and 98%, as in ref.  [ 32 ] . The substrates were then 
loaded into an LEO 1525 fi eld emission SEM equipped with 
a charge compensator, and image acquisition was carried out 
by secondary electron detection with the Everheart–Thornley 
detector. 

  Statistical Analysis : All the experiments were repeated at least 
three times independently for each condition. Data are reported 
as the average value ± the standard error of the mean (mean ± 
SEM), unless differently stated. Data were statistically analyzed 
by using GraphPad Prism commercial software. The mean 
values obtained in each repeated experiment were assumed to 
be normally distributed about the true mean. One-way ANOVA 
(Dunnett’s multiple comparison test) analysis was used, unless 
differently stated, to compare GR substrates to the FLAT control 
condition. Student’s  t -test (two-tailed, unpaired) was performed 

secondary antibody (Invitrogen; 1:150, mouse). Control experi-
ments were also performed on SCs with the anti-CD90 anti-
body (1:250; AbD Serotec), to check the fi broblast contamina-
tion level (Figure S1, Supporting Information). 

  Confocal Imaging and Cell Morphological Analysis : Con-
focal images were acquired using a laser scanning confocal 
microscope TCS SP2 (Leica Microsystems, Germany) with a 
40× oil objective by using UV (405 nm), argon (488 nm), and 
helium (647 nm) lasers. Each reported confocal image was 
obtained from a  z -series (stack depth was within 10 µm; steps 



increasing body elongation with the increase of the pattern 
period. In particular, elongation resulted markedly modifi ed 
for T20 ( P  < 0.05 FLAT vs T20) (Figure  3 b). As expected, the 
SCs aligned to all the GRs (Figure  3 c), reducing the alignment 
angle with the increase of the pattern period ( P  < 0.01 FLAT vs 
T1;  P  < 0.001 FLAT vs T4 and T20). On FLAT substrates, fully 
spread SCs displayed a star-like shape and random orientation 
while the interaction with GRs biased cell orientation, resulting 
in an average alignment angle of 21.1 ± 4.5° on T1, 13.1 ± 3° on 
T4, and 6.4 ± 0.8° on T20; here, T20 performed better than T1 

to compare the different GRs. Statistical signifi cance refers to 
results where  P  < 0.05 was obtained.  

  3.     Results 

  3.1.     Cell Morphological Analysis 

 PDMS membranes were microfabricated and patterned with 
anisotropic topographies to direct and improve Schwann cells 
polarization and migration. Different GR geometries were 
produced characterized by period of 1 (T1), 4 (T4), and 20 µm 
(T20) ( Figure    1  , fi rst row); the grating depth was 0.35, 0.85, 
and 2.5 µm, respectively. PDMS membranes with fl at surfaces 
(FLAT) were used as control substrates.  

G iven the typical PDMS hydrophobicity (contact 
angle ≈100°), [ 29 ]  the substrates were coated with poly- L -lysine 
and laminin (0.01% and 50 µg mL −1 , respectively) to allow good 
SC adhesion and spreading. Other surface coatings (e.g., poly-
 D -lysine, poly- L -lysine alone, or collagen type I) did not sustain 
SC adhesion and growth (Figure S2, Supporting Information). 

 In order to study how these patterns affect SC cellular and 
nuclear morphology, primary rat SCs were cultured on FLAT, T1, 
T4, and T20 membranes, stained for S100 (SC marker), DAPI 
(nuclear marker), and phalloidin (actin marker). Cell and nucleus 
morphological parameters and alignment to the GR lines were 
then evaluated ( Figure    2  ). We initially  analyzed the response of 
individual SCs by measuring the cell shape, cell-body orienta-
tion, and alignment to the pattern, as depicted in  Figure    3  a. 
SC spreading area was the same for all the  topographies 
(1360 ± 220, 1440 ± 30, 1460 ± 20, and 1250 ± 270 µm 2  on FLAT, 
T1, T4, and T20, respectively). SCs cultured on GRs showed 

 Figure 1.    a) PDMS nano/microstructured membranes. b–d) Optical pro-
fi les of the different GRs tested in our experiments.  Z -scales are 350 nm, 
850 nm, and 2.5 µm for T1, T4, and T20, respectively.

 Figure 2.    Confocal microscopy images of SCs grown on FLAT, T1, T4, and T20 and stained for S100 (green), nuclei (blue) (fi rst row), and F-actin (red) 
(second row). Insets: GR pattern direction; scale bar = 50 µm.



( P  < 0.05, Student’s  t -test). In order to fully quantify the effect 
of the microstructures on SC orientation, the percentage of SCs 
aligned to the topography (i.e., with alignment angle between 0° 
and 15°) was calculated. As shown in Figure  3 d, the percentage 
of SCs aligned to the pattern signifi cantly increased for all the 
GRs if compared with FLAT ( P  < 0.05 vs T1;  P  < 0.01 vs T4; 
 P  < 0.001 vs T20). Consistently, the percentage of SCs oriented 

perpendicularly (i.e., with alignment angle between 75° and 90°) 
dropped for the GRs ( P  < 0.01 FLAT vs T1, T4, and T20) (Figure 
S3a, Supporting Information).   

 Since the position of the nucleus and nuclear reorientation 
can determine cell polarity and migration, [ 36 ]  we also investi-
gated the morphological parameters of nuclei (Figure  3 e) as we 
did for cell bodies. Nuclear size was not affected by the different 

 Figure 3.    SC cellular and nuclear morphological characterization. The morphometric analysis was performed by manually tracking cell and nucleus 
shape on a) S100- and e) DAPI-labeled confocal images, respectively. Aspect ratio is the ratio of the length of the major axis ( M , in black) with the 
minor axis ( m , in gray) for the best-fi tted ellipse of the cell (orange dotted line) or nucleus (blue dotted line); cell/nuclear alignment angle ( β / δ ) is the 
angle between the cell/nuclear major axis and the direction of the GR; scale bars = 10 µm. b) SC aspect ratio, c) alignment angle, and d) percentage 
of aligned SCs on different substrates: */**/*** P  < 0.05/0.01/0.001 versus FLAT; # P  < 0.05 T20 versus T1, Student’s  t -test. f) Nuclear aspect ratio, 
g) alignment angle, and h) percentage of aligned nuclei on different substrates: */** P  < 0.05/0.01 versus FLAT.



( P  < 0.01 vs FLAT) and 46 ± 5% for T20 ( P  < 0.001 vs FLAT). Con-
versely, there was a decrease in the quantity of perpendicular steps 
(Figure  5 c): SC migration perpendicular to the pattern was highly 
suppressed for all GRs with respect to FLAT surfaces and in par-
ticular for T4 and T20 ( P  < 0.01 vs T1;  P  < 0.001 vs T4 and T20). 
Finally, we quantifi ed SC displacement at  t  = 17 h ( R ) (Figure  5 d). 
Generally, GR topographies had a positive effect on  R , which origi-
nated by the anisotropic directional migration along the patterns. 

substrates (170 ± 30, 191 ± 6, 185 ± 10, and 170 ± 4 µm 2  for 
FLAT, T1, T4, and T20, respectively) as well as the nuclear 
aspect ratio (Figure  3 f). While nuclei were equally elongated 
for all substrates, their orientation was modifi ed by the GRs 
(Figure  3 g): nuclear alignment improved by increasing GR 
periodicity ( P  < 0.01 FLAT vs T4 and T20). As found for SC 
morphology, also the percentage of aligned nuclei increased by 
increasing the GR period, from 29 ± 3% for T1 to 43 ± 8% for 
T4 and 51 ± 2% for T20 (whereas on FLAT it was 16 ± 1%) ( P  < 
0.01 FLAT vs T4 and T20) (Figure  3 h). Concerning perpendic-
ularly oriented SC nuclei, only T4 and T20 could signifi cantly 
inhibit the perpendicular alignment ( P  < 0.05 FLAT vs T4 and 
T20) (Figure S3b, Supporting Information). 

 Altogether, these data demonstrate that SCs can read the 
underlying topography and shape according to the GR period. 
These effects become more pronounced as the GR period 
increases.  

  3.2.     Actin Cytoskeleton Organization 

 Next we examined how GRs infl uence SC cytoskeleton organi-
zation by actin staining and confocal microscopy. SCs dis-
played cortical actin and stress fi bers (F-actin) (Figure  2 ). The 
F-actin high-resolution fl uorescence images confi rmed the high 
degree of cell polarization induced by GRs and the absence of 
a preferential orientation for cell networks assembled on FLAT 
(Figure  2 ). F-actin polarization was quantifi ed by an FFT anal-
ysis of the fl uorescence images, which returns the signal dis-
persion and directionality as shown in  Figure    4  a. The F-actin 
dispersion (an indicator for the angular spread of the actin fl uo-
rescence signal) decreased on T4 (12.5 ± 1.5°) and T20 (10 ± 
1.3°) with respect to that on FLAT (17.9 ± 2.8°), although only 
the reduction induced by T20 was statistically signifi cant ( P  < 
0.05 FLAT vs T20; Figure  4 b). F-actin directionality (an indi-
cator for the overall degree of orientation vs GR direction) was 
considerably affected by all the NGs (Figure  4 c). In fact, it was 
much less for T1 (12.8 ± 2.8°), T4 (8.1 ± 2.4°), and T20 (5.0 ± 
1.4°) than for FLAT control surfaces (44.1 ± 4.2°) ( P  < 0.001 
FLAT vs T1, T4, and T20).

 Overall, these data demonstrate that PDMS GRs can effec-
tively induce SC actin cytoskeleton polarization, tuning F-actin 
organization along the GR lines. This effect was particularly 
marked for the T20 geometry.  

  3.3.     Single-Cell Migration Analysis 

 The ability of SCs to migrate along the GR lines was assessed 
fi rst by single-cell migration experiments. SCs were cultured on 
FLAT, T1, T4, and T20 substrates and their motion was followed 
for 24 h by time-lapse bright-fi eld microscopy ( Figure    5  a). Like 
other cell types contacting similar gratings, SCs migrated parallel 
to the direction of the topography, while on FLAT migration was 
random, with no overall directional preference. The percentage of 
parallel steps increased progressively with the increase of GR peri-
odicity (Figure  5 b) from 19 ± 1% for FLAT (for random motion 
with an arbitrary reference direction, the percent of aligned steps 
would theoretically be ≈20%) to 28 ± 5.0% for T1, 37 ± 3% for T4 

 Figure 4.    F-actin cytoskeleton polarization analysis. a) Representative 
F-actin confocal image (left) and relative image fast Fourier transform
(FFT) (right); scale bar = 10 µm. b) F-actin dispersion ( σ ) calculated for 
the different substrates: * P  < 0.05 T20 versus FLAT. b) F-actin direction-
ality ( α ) calculated for the different substrates: *** P  < 0.001 T1, T4, and 
T20 versus FLAT.



  The mean overall migration speed was nearly the same on 
FLAT ( V  = 28 ± 3 µm h −1 ) and GR membranes ( V  = 27 ± 3, 29 ± 2, 
and 29 ± 1 µm h −1 , on T1, T4, and T20, respectively) (Figure S4a, 
Supporting Information). In order to further describe the direc-
tional nature of single-cell migration, we selectively analyzed the 
velocity in its perpendicular and parallel components ( V  ⊥  and 
 V�   , respectively). T4 and T20 enhanced  V�    and reduced  V  ⊥ :  V�    
was greater than  V  ⊥  both for T4 and T20 ( P  < 0.001  V�    vs  V  ⊥ , 
 Student’s  t -test) (Figure S4b, Supporting Information). 

 Altogether, these data demonstrate that all the tested topo-
graphies, but in particular T4 and T20, are effective in polar-
izing single SC migration, favoring cell motion along the GR 
lines.  

  3.4.     SC Wound Healing on GRs 

 The collective migration of SCs from the proximal to the 
distal stump is a crucial event during nerve regeneration. 
Therefore, the ability of SCs to collectively migrate toward an 

open space along GRs was assessed in vitro, by 24 h wound-
healing experiments. Wounds were mechanically infl icted to 
SC monolayers perpendicular to the GRs and along a random 
direction on FLAT surfaces. As shown in  Figure    6  a, wound 
healing was favored by GRs with respect to the FLAT condition. 
Interestingly, wound closure proceeded more effi ciently on T4 
( P  < 0.01) than on T20 (Figure  6 b).  

 In order to further investigate the reason why the T20 was not 
the best performing GR in closing the monolayer gap as it was for 
single-cell polarization and migration, we quantifi ed the scattered 
SCs present in the wound at  t  = 24 h. Figure  6 c demonstrates that 
the number of scattered SCs in the wound area is much increased 
in T20 (78 ± 15 cells mm −2 ) compared to FLAT (21 ± 9 cells mm −2 ; 
 P  < 0.05), but this is not the case with T4 (46 ± 9 cells mm −2 ). 

 These data indicate T4 as the most effective pattern for collec-
tive migration and wound-healing performance. Interestingly, 
although T20 performed best for single-cell polarization and 
migration, in the wound-healing assay it did not improve SC col-
lective migration. Conversely, it led to enhanced single-cell scat-
tering into the wound.  

 Figure 5.    Single-cell migration analysis. a) Representative bright-fi eld images of SC migration patterns (colored tracks) on FLAT, T1, T4, and T20 PDMS 
substrates. White arrows represent the pattern direction; scale bars = 50 µm. Percentage of steps b) parallel d S  �  and c) perpendicular d S  ⊥  to the pattern 
orientation for each substrate: **/*** P  < 0.01/0.001 versus FLAT. d) SC fi nal displacement  R  (at  t  = 17 h) from the  t  = 0 position on different substrates.



  3.5.     SC Contact Interactions in Cell Monolayers 

 For a deeper understanding of the mechanisms leading to the 
observed collective cell migration characteristics, we evaluated 
to what extent the presence of GRs modifi ed SC contact interac-
tions in cell monolayers. 

 First, SCs were cultured until confl uence and then imaged by 
SEM ( Figure    7  ). While on T1 and T4 cells extensively contacted 
one another (Figure  7 a,b), on T20 they were more confi ned on 
ridge or groove tracks (Figure  7 c). This spatial arrangement 
may stem from weaker cell–cell contacts on T20 with respect to 
those on the other substrates. SEM images also highlight how 

 Figure 6.    SC wound-healing analysis. a) Representative bright-fi eld images of SC collective migration on FLAT, T1, T4, and T20 substrates, immediately 
after the scratch ( t  = 0) and at  t  = 24 h; white arrows = GR direction; scale bar = 200 µm. b) Wound closure (%) at  t  = 24 h: ** P  < 0.01 T4 versus FLAT. 
c) Number of single SCs scattered into the wound area at  t  = 24 h: * P  < 0.05 T4 versus FLAT.



the traction forces applied to the substrates by the adhered SCs 
could bend the PDMS grating lines.  

 SCs monolayers were immunostained for N-Cad in order 
to evaluate N-Cad expression as marker of cell–cell contact 
interaction level. Cadherins have a primary role in modulating 
cell–cell junctions, proliferation, and migration: in particular, 
N-Cad is involved in glia–glia and axon–glia interactions and
participates in many key events, which range from cell polari-
zation and migration to the control of axonal guidance and
growth. [ 37,38 ]  Confocal imaging shows that N-Cad was mainly
localized at membrane protrusions and at cell–cell junctions
( Figure    8  ). The localization of N-Cad was modifi ed on GRs
with respect to FLAT, as it developed oriented and aligned to
micropatterns (Figure  8 b/d), while it appeared randomly organ-
ized on FLAT (Figure  8 a). In fact, the directionality and dis-
persion of the fl uorescence signal correlated with those meas-
ured for F-actin cytoskeleton (Figure  4 b,c): the dispersion was
signifi cantly reduced on T4 and T20 ( P  < 0.05 and  P  < 0.01 vs
FLAT, respectively), and the directionality angle dropped for all
the GRs ( P  < 0.001 FLAT vs T1, T4, and T20) (Figure S5a,b,
Supporting Information). Finally, the N-Cad signal intensity
was quantifi ed (see the Experimental Section for details). The
expression of N-Cad was undistinguishable between T4 and
FLAT, while it resulted slightly suppressed with T1 and T20.
In particular, a direct comparison between T4 and T20 showed
signifi cant N-Cad downregulation on T20 ( P  < 0.05 T4 vs T20,
Student’s  t -test) (Figure  8 e).  

 Altogether these data show N-Cad polarization in SC 
 monolayers contacting all the GRs that correlates with actin 
polarization. Importantly, the quantitative analysis of N-Cad 
fl uorescence intensity indicates that N-Cad expression on T20 
is down-regulated with respect to that on T4.   

  4.     Discussion 

 In the present work, we tested the ability of GR-patterned 
PDMS polymeric membranes to control and direct Schwann 
cell shaping and migration, with the aim to evaluate these 
geometries for nerve-regeneration applications. We examined 

the response of primary rat SCs to GRs with period ranging 
from 1 to 20 µm and depth from 0.35 to 2.5 µm, in terms of 
morphology, actin cytoskeleton organization, single and collec-
tive migration, and cell–cell interaction. 

 Our data show that cell and nuclear shapes and cytoskel-
eton organization did respond to the GR according to the pat-
tern periodicity. Actin cytoskeleton was polarized along the GR 
lines, and the nucleus was oriented as well (Figures  3  and  4 ). 
These effects, measured for single cells, correlated and were 
more pronounced for the larger periodicities studied. Nuclear 
movements are mediated by the cytoskeleton, which transmits 
pushing or pulling forces onto the nuclear envelope. [ 39 ]  In fact, 
it has been demonstrated by nanopillar arrays the central role 

 Figure 7.    Representative scanning electron microscopy images of SCs 
grown on a) FLAT, b) T1, c) T4, and d) T20; scale bar = 10 µm.

 Figure 8.    Confocal images of SCs grown on a) FLAT, b) T1, c) T4, and 
d) T20 and immuno-fl uorescently labeled for N-Cad (red); nuclei are
shown in blue (DAPI staining). Insets = GR pattern direction; scale bar = 
10 µm. e) N-Cad quantitative analysis. N-Cad fl uorescence intensity is
reported normalized to the value measured on FLAT: # P  < 0.05 T4 versus 
T20, Student’s  t -test.



of actin fi laments in inducing nuclear deformation in sev-
eral cells. [ 40 ]  Although the functional signifi cance of nuclear 
dynamic regulation is not always evident, it is known that in 
motile cells that polarize for migration, the nucleus rotates to 
align its major axis with the direction of migration. [ 36 ]  Con-
sistently, our data show that single SC migration was oriented 
along the GR lines, with increasing effi ciency with the increase 
of the GR period. Beyond migration, actin cytoskeleton and, in 
general, cell contractility are actively involved in many other 
cellular processes that are central for nerve regeneration. For 
example, myosin II-mediated contractility directly acts on actin 
stress fi ber formation [ 41 ]  and it was reported to regulate neuron 
polarity selection during differentiation. [ 21 ]  Contractility also 
regulates actin cytoskeleton organization during SC differentia-
tion and myelination. [ 42 ]  Moreover, in myosin II–null SCs the 
failure to myelinate the axons during regeneration was linked 
to the inability of SCs to orient their cytoskeleton and direc-
tionally move following the cues coming from axons and the 
extracellular matrix. [ 42,43 ]  This evidence points at positive effects 
on myelination during regeneration as a result of GR-driven 
enhanced SC polarization and actin organization. 

 Unexpectedly, collective migration upon wound healing was 
instead signifi cantly enhanced only on T4, while we found 
similar performance on T20, T1, and FLAT. Importantly, 
single SC scattering into the wound healing area was instead 
favored by T20. Thus, in order to assess the cohesiveness of 
the cell  monolayers developed on the different GRs, we quanti-
fi ed N-Cad expression by fl uorescence microscopy and found 
downregulation in cells on T20 with respect to those on T4. 
Altogether, our data suggest that T20, while performing best for 
single-cell polarization and migration, could not support strong 
cell–cell junctions; single-cell scattering from the wound edges 
was then favored and this negatively affected the performance 
in collective cell migration and wound closure. This scenario is 
confi rmed by SEM imaging (Figure  7 ), which revealed that SCs 
on T20 tend to be confi ned on ridges or inside grooves rather 
than form a homogeneous cell carpet. 

 An important aim of tissue engineering is to reach a full con-
trol over the most important cellular functions, including prolif-
eration, differentiation, cell–cell interactions, and motility. This 
can be obtained in part by properly tailoring the materials upon 
which cells are grown. In our previous studies, we showed that 
GRs can be exploited to promote neuronal polarization and 
migration, and neurite alignment. These substrates can impose 
a geometrical constrain to focal adhesion maturation acting 
on the ROCK-mediated contractility pathway. [ 16,21,44–46 ]  Beyond 
neurons, addressing specifi c aspects of SC motility on GRs 
completes the picture and add relevant information for novel 
biomaterial-based strategies to enhance nerve regeneration. [ 47 ]  
After injury, SCs align longitudinally in columns to promote the 
regrowth of injured axons, leading to axonal alignment in their 
direction. [ 48 ]  For this reason, the improvement of SC migration 
is a strategy to accelerate the creation of this highly ordered SC 
matrix, and the following regrowth of neurons. It was dem-
onstrated that not only neurite growth follows the underlying 
SC structure, but the presence of oriented SCs facilitates neu-
rite alignment and orientation. [ 49–51 ]  In our experiments, SCs 
were observed to keep moving in a specifi c direction (parallel 
to the GRs) for longer distance than they would have with no 

topographical cues (Figure  6 ). This did affect migration velocity 
components selectively (parallel was enhanced and perpen-
dicular decreased) thus leading to straighter paths (Figure S4, 
Supporting Information), yet no effect on the overall migration 
speed was measured. In agreement with our data, Mitchel [ 52 ]  
found that topography had stronger effects on SC directional 
behavior than on their migration velocity on their large-period 
(30 µm linewidth) microgrooved substrates. 

 Similarly, few other microgrooved surfaces were investigated 
for nerve-repair applications, mostly in vitro and, very recently, 
in vivo. [ 53,54 ]  The main difference with the geometries presented 
in our study is the lateral period. Indeed, existing approaches 
are based on larger grating lines, of the order of 10 µm and 
more. [ 50,55–58 ]  These authors interfaced SCs or immortalized 
SC-like cellular lines with this kind of GRs, which acted on 
cells by boundary guidance (i.e., grating period ≥ cell body 
 diameter). [ 52,53 ]  However, to the best of our knowledge, a 
 complete study on cell collective and/or functional responses 
(e.g., collective migration, cell layer quality) was never reported 
before this study. As shown by our results on T20, the boundary 
guidance may not be optimal to improve nerve regeneration, 
while GRs that work in the contact guidance regime (i.e., 
grating period = cell body diameter), [ 10,16,59 ]  such as our T4, 
are expected to be more effi cient to direct collective cell migra-
tion and favor cell–cell interactions. Figure  8  indeed shows that 
T20 and T4 induced different N-Cad expression, while both 
similarly modifying N-Cad spatial organization (Figure S5, Sup-
porting Information). It is known that N-Cad removal from the 
SC surface can result in failure of SCs to form networks and 
reduce their ability to align with axons; [ 30 ]  moreover, its expres-
sion increases after nerve injury, thus allowing active regenera-
tion. [ 31 ]  Therefore, N-Cad reduction in cells on T20 may account 
for the degraded performance in terms of collective migration 
that we measured for SCs on T20 with respect to those on 
T4, and for the high number of scattered cells into the wound 
recorded on T20 (Figure  6 c). Instead, T4 showed high and 
polarized N-Cad expression, a confi guration consistent with 
improved collective migration. [ 60 ]  Interestingly, spatially ori-
ented N-Cad networks are present along the SC–axon interfaces 
in vivo, [ 30,61 ]  suggesting that our substrates may also promote 
more physiological nerve regrowth than unpatterned conduits.  

  5.     Conclusions 

 In conclusion, we studied the effect of microtextured substrates 
on SC morphology and function as driven by pure contact 
interaction in view of possible use for nerve-repair applica-
tions. PDMS GRs were developed with different lateral periods 
and depths, leading to two distinct cell–substrate interaction 
regimes: contact guidance (grating period < cell body diam-
eter, obtained for T1 and T4) and boundary guidance (grating 
period ≥ cell body diameter, obtained for T20). 

 The analysis of single SCs revealed important variations 
following GRs contact interaction, regardless the interaction 
regime. Specifi cally, T20 performed best among all tested GRs, 
showing the best SC aspect ratio and alignment, nuclear align-
ment, actin organization, and single-cell directional migra-
tion. Conversely, wound-healing experiments demonstrated 



that contact guidance can be more effective in driving collec-
tive SC migration than boundary guidance. Indeed, T4 could 
signifi cantly improve wound-closure speed, while we did not 
fi nd any signifi cant difference between T20 and the fl at control 
substrate. We linked this behavior to the properties of the SC 
monolayers generated by the different GRs. SCs on T20 were 
indeed characterized by N-Cad downregulation and enhanced 
single-cell scattering into the wound with respect to SCs 
developing on T4, suggesting a less compact monolayer char-
acterized by looser cell–cell junctions. Overall T4 (with 4 µm 
period and 0.85 µm depth) emerged as the most effective of the 
topographies studied in tuning SC directional orientation and 
migration. Our results provide information of the impact of 
specifi c topographical elements that can be exploited for tissue 
engineering applications and for the production of new devices 
enhancing peripheral nerve regeneration.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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