
Enhanced neurite alignment on micro-patterned
poly-L-lactic acid films

Jianming Li,1,2 Helen McNally,2 Riyi Shi1,2,3
1Weldon School of Biomedical Engineering, School of Veterinary Medicine, Purdue University, West Lafayette,
Indiana 47907
2Center for Paralysis Research, School of Veterinary Medicine, Purdue University, West Lafayette, Indiana 47907
3Department of Basic Medical Sciences, School of Veterinary Medicine, Purdue University, West Lafayette,
Indiana 47907

Received 22 November 2006; revised 9 March 2007; accepted 22 June 2007
Published online 9 January 2008 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.a.31814

Abstract: The ability of the damaged central nervous sys-
tem and peripheral nervous system to properly recover
hinges on the regenerative mechanisms and functional
reconnection to appropriate targets. Successful pathfinding
of axons is controlled by a complex interplay of diffusible or
substrate-bound biochemical and electrical cues. Physical
guidance has also been shown to occur in vivo and in vitro,
either via cell–cell or cell-extracellular matrix mediated con-
tact. In the current study, we probe the role of contact guid-
ance in facilitating neural regeneration and pathfinding.
Using soft lithographic techniques, we have created thin
films of poly-L-lactic acid polymer (PLLA) possessing peri-
odic features approaching the nanometer regime. Rat PC-12
cells and chick sympathetic neurons were subsequently cul-
tured onto these substrates and parameters, such as neurite

emergence and orientation angle, neurite length, and neuro-
nal architecture are characterized. Our results reveal that
both PC-12 and chick sympathetic neurites can be effectively
guided by unidirectional grooves as small as 100 nm in
height and 1 lm in width. Moreover, sympathetic cells pro-
duced neurites that were longer on patterned substrata than
on controls. The development of novel degradable micro/
nanopatterned substrates for cell study will permit more in-
depth analysis of contact mediated guidance mechanisms in
addition to having applications in neural and tissue engi-
neering. � 2008 Wiley Periodicals, Inc. J Biomed Mater Res
87A: 392–404, 2008
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INTRODUCTION

The process of axonal pathfinding and regenera-
tion are mediated by individual and or synergisms
of stimulatory and inhibitory cues. Gradients of solu-
ble biomolecules such as neurotrophins or surface-
bound extracellular matrix (ECM) adhesion peptides
have been implicated in facilitating regeneration and
in the pathfinding process.1–5 Other phenomena
such as electric fields arising from endogenous ionic
currents can additionally potentiate directionality
and regeneration of neural cells.6–9 Contact guidance
refers to a phenomenon in which the substratum dis-

continuities create orientation in cell locomotion.10 In
the nervous system, contact guidance exists in vivo
and may serve a role in development, growth, and
regeneration.11–15

In vitro, xenopus spinal neurites and rat hippocam-
pal cells respond to repeating parallel grooves via
parallel or perpendicular alignment.16 Rat hippocam-
pal processes have also been patterned with silicon
pillars of micron and submicron geometries.17 Even
basic topographic cues in the form of petri dish
(glass) scratches were shown to promote growth
cone steering and neurite alignment in chick DRG.18

In most instances, photolithographic methods have
been commonly used to generate finely patterned
surfaces. Although lithographic processes can pro-
duce a gamut of geometries, photolithographic com-
patible materials are limited. Subsequently, prior
experiments investigating contact guidance were
achieved onmaterials not necessarily suitable for in vivo
implantation. However, soft lithographic techniques
such as casting and stamping are quite flexible and
much more amenable to biomaterials processing.19
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In the current study, we utilize a solvent casting
method to fabricate poly-L-lactic acid (PLLA) films
with unidirectional grooves of submicron heights.
The properties of the polymeric films and adherent
cells were characterized with X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM),
and scanning electron microscopy (SEM). Questions
of interest included how surface geometry played a
role in governing neurite outgrowth, alignment, and
overall cell complexity. To minimize interaction
effects from other guidance cues, experiments were
conducted in vitro, with rat PC-12 and chick sympa-
thetic neurons as the model cell systems.

The necessity to assess neurite outgrowth on
PLLA is evident since it is obvious that different bio-
materials and surface chemistries can elicit varied
cellular responses.20,21 We presently chose PLLA
polymer as the substrate due to its ubiquity in bio-
medical materials research and biodegradability.
Furthermore, PLLA has been utilized in FDA
approved products and is quite amenable to numer-
ous processing schemes. Characterizing the neuronal
cell response to surface contours approaching the
nanoscale regime is essential in future applications
that require guided neuronal regeneration. Fields of
relevance include tissue engineering for central nerv-
ous system and peripheral nervous system as well
as artificial networks. The soft lithographic methods
presented may also be compatible with other poly-
mer systems such as poly-lactic glycolic acid copoly-
mer, poly-caprolactone, and even nonbiodegradable
polydimethylsiloxame (PDMS).

MATERIALS AND METHODS

Substrate preparation

Patterned substrates were manufactured via a polymer
casting technique. Poly-L-lactide of inherent viscosity 0.99
(Birmingham Polymers) was dissolved in chloroform (Mal-
linkrodt) in a 5% w/v concentration. Acetate holographic
templates of 500 lines/mm and 1000 lines/mm (Edmunds
Scientific) were cleaned with DI water, ethanol and a
stream of compressed air. Next, 2 mL of the polymer solu-
tion was pipetted uniformly over a 4 cm 3 5 cm portion
of the master acetate template. The polymer solution was
then evaporated in a fume hood for approximately 1 h. Af-
ter 1 h, the polymer was carefully peeled from the masters.
The PLLA film was then placed in a vacuum chamber and
degassed for an additional 48 h at a pressure of 25 in Hg.
In addition to the patterned PLLA substrates, two types of
controls were used: Tissue culture polystyrene (TCPS; Fal-
con), and control PLLA surfaces replicated from tissue cul-
ture glassware. Following manufacture, all polymer sheets
were cut to appropriate size (�2 3 2 cm2) and stored in
vacuumed polyethylene bags. The solvent casting method

produced films approximately 20 lm thick when viewed
with SEM.

Cell culture

Prior to cell seeding, polymer substrates were sterilized
with a 70/30% ethanol/water solution for 1 h and air
dried in a sterile hood. Following sterilization, the PLLA
films and TCPS dishes were treated with laminin (10 lg/
mL, Sigma) for 5 h at 378C. After incubation with laminin,
the substrates were washed with PBS three times. The
PLLA films were mounted within the Petri dish/well by
using a thin (�0.5 to 1.0 mm) PDMS (Dow) underlayer to
fix the films in place.

PC-12

Rat PC-12 cells were cultured and primed (1 week) in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) sup-
plemented with 12.5% horse serum, 2.5% fetal bovine se-
rum, 1% penicillin streptomycin (Sigma), and 67 ng/mL
nerve growth factor (NGF, Austral Biologics) in tissue cul-
ture dishes. Primed cells were removed from the tissue
dishes with 1 h incubation in calcium free Kreb’s solution
(124 NaCl, 5 KCl, 1.2 KH2PO4, 1.3 MgSO4, 2 CaCl2, 20 glu-
cose, 10 sodium ascorbate, and 26 NaHCO3, mM units).
The Kreb’s buffer solution containing detached cells was
then transferred to a polypropylene test tube and centri-
fuged (TRIAC) at 12,000g for 5 min. The supernatant
Kreb’s was decanted and the residual cell pellet was
gently triturated and resuspended in 4 mL of 67 ng/mL
NGF supplemented DMEM solution. Cells were counted
with a hemocytometer and seeded onto the polymer and
TCPS substrates at a density of 1.5 3 104 cells/cm2 (using
6 well plates or 35 mm petri dishes).

Chick sympathetics neurons

Sympathetic ganglia from the sympathetic chain were
dissected from embryonic day 7–8 chick embryos by con-
ventional methods under a Nikon SMZ-2T stereoscope.
The ganglia were subsequently placed in a solution of
0.25% trypsin (Sigma) and Puck’s balanced saline. After
30 min incubation, the ganglia were transferred to a tube
of neuron medium and dissociated with gentle tritration.
Cells were counted with a hemocytometer and plated onto
the substrates with neuron medium at a density of 5.2 3
103 cells/cm2. Sympathetic neurons were maintained in an
incubator set at 378C and 5% CO2. The neuron media con-
sisted of F12 nutrient base (Gibco) supplemented with 2%
horse serum, Penstrep, conalbumin, Vitamin C, and insulin
(Sigma).

Data collection and analysis

Cell measurements (Fig. 1) were made from digital
images taken from a Nikon Diaphot 300 microscope in
phase contrast mode and with a 320 objective. Random
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fields at 24 h (chick sympathetic cells) or 48 h (PC-12 cells)
after seeding were imaged with a CCD (Diagnostic Instru-
ments). Captured grayscale images were processed and an-
alyzed with Image Pro Plus. Only isolated cells where
established neurites were clearly visible, contact-free, and
greater than 50 lm were evaluated. Neurite length meas-
urements were made on the longest neurite branch (if
branching occurred). Neurite lengths were traced manually
with a cursor and calibrated to standards. Two different
measurements were taken for neurite angles. The emer-
gence angle (a) refers to the neurite exit angle from the
soma while the orientation angle (b) was assumed to be
the articulated angle of the last 25–30 lm of the neurite. In
all cases, the direction of the substrate grooves served as
the reference line (All images taken with grooves in the
horizontal direction. Controls were randomly placed down
and the horizontal served as the reference). Angular data
was divided into 158 bins. Neurites were considered ‘‘par-
allel’’ if they fell between 0–158 of the grooves whereas
perpendicular alignment was considered for 75–908. Neu-
ronal complexity was assessed using a method previously
described by Sholl.22 Briefly, concentric circles with radii
of 37, 47, 57, 71, and 85 lm were drawn around the cell
body. The number of intersections between neuronal proc-
esses and the reference circles were counted. Lower inter-
section values represent a simplified architecture while
higher numbers generally convey more neurites or exten-
sive arborization.

Atomic force microscopy

The topography of the PLLA polymer and TCPS con-
trols were characterized using a PSIA XE-120 atomic force
microscope. For mounting, PLLA polymer samples were
fixed onto a PDMS (Dow) underlayer. Measurements were
acquired in tapping mode using a PSIA noncontact cantile-
ver with a spring constant of 42 N/m and a nominal tip

radius of 10 nm. The resonance frequency was 309 kHz.
The original 256 3 256 data point image fields were
obtained at a scan rate of 1.0 Hz/line. All topography
measurements were performed in air. AFM data was ana-
lyzed with XEI Software.

X-ray photoelectron spectroscopy

A Kratos Axis Ultra with a monochromatic (Al) Ka
X-ray source operating at 1486.69 eV was used for XPS
investigation. The magnification used was 1 e þ037 with
resolution of 160. Prior to XPS, the PLLA films were
cleansed in 70/30 ethanol and air dried in a covered petri
dish. Specimens were subsequently mounted onto a metal
holder and placed into the XPS chamber set to 2 3 1029

torr vacuum. Wide and narrow scans were acquired on
control and patterned films at two distinct foci.

Scanning electron microscopy

Polymeric films with plated cells were fixed with 2%
glutaraldehyde solution in 0.1M cacodylate buffer and 1%
osmium tetraoxide in 0.1M cacodylate buffer. The samples
were dehydrated with a series of ethanol dilutions (30, 50,
and 70%) and then critical point dried. The specimens
were then mounted onto aluminum disks and sputtered
coated with gold-palladium. Imaging was performed on a
JEOL JSM-840 SEM using a 5 kV acceleration voltage. Digi-
tal images were captured with 1280 3 960 resolution and
160 s dwell time.

Statistical treatment

Unless noted, the nonparametric Kruskal–Wallis and
Dunn’s multiple comparison tests were used to assess dif-
ferences between populations. For proportion evaluations,
the large sample proportion procedure was employed. A
p-value of < 0.05 was considered to be statistically signifi-
cant in all cases.

RESULTS

Substrate geometry

AFM confirmed the spatial periodicity of the
PLLA substrates to be 1 and 2 lm [Fig. 2(A,B)]. The
cross sectional geometry of the cast polymer chan-
nels was sinusoidal, which accurately reflected the
ruled holographic masters (images not shown). The
replica polymer films also reproduced native surface
irregularities/roughness of the original templates.
These imperfections were generally <10 nm in
height and were much smaller than the groove
height variations. Additional submicron pores tens
of nanometers in height were occasionally seen in
PLLA films. For the 1 lm pitch samples, groove

Figure 1. A schematic a cell and measured experimental
parameters. A: The length of the neurite was found by
tracing the entire process from tip to intersection with
soma (L). The neurite emergence angle (a) was the angle
at which the neurite exited the cell body. The neurite ori-
entation angle (b) was found by finding the angle of the
last 25–30 lm of the neurite. Angular data was defined as
the acute angle (<908) between the neurite and a horizon-
tal reference line. Only neurites at least 50 lm in length
were recorded. B: Analysis of neuronal architectural com-
plexity. Five concentric circles of 37, 47, 57, 71, and 85 lm
in radius were placed over the cell body centroid. The
number of intersections between neuronal processes and
the circles were tabulated. Higher numbers of intersection
points translate into more complex cell architecture.
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heights ranged from 100 to 180 nm with the average
height being approximately 150 nm (Table I). The 2 lm
pitch specimens yielded heights in the 120–300 nm
range, with a mean height of 215 nm. Topographical
data taken from control TCPS showed a more level
surface, although nanometer sized bumps and ridges
were noticeable. Similar to patterned PLLA films,
the PLLA controls exhibited sub-micron pores a few
nanometers in height. However, both TCPS and
PLLA controls were relatively smooth and devoid of

consistent directional features when compared with
patterned counterparts.

XPS

XPS is a surface sensitive analytical technique that
reports elemental composition to depths of approxi-
mately 10 nm. The XPS wide spectra of control and
patterned PLLA films communicate comparable sur-

Figure 2. A: Atomic force microscope images of the patterned PLLA with 1 lm spaced grooves. The image was dispro-
portionately scaled in the z-direction to enhance surface features. Unidirectional grooves were sinusoidal in shape and
had groove heights ranging from 100–180 nm. B: 2 lm samples possessed moderately higher peak to valley values of
120–300 nm and slight roughness along the grooves. C: TCPS controls were quite smooth, although slight ridges and
bumps were seen. D: PLLA controls were relatively flat with some nanoscale pores present. Nonetheless, average surface
roughness (Ra) still remained under 4 nm.

TABLE I
Summary of Experimental Treatments

Treatment Groove Spacing Groove Height (avg) Material Tested Cell Type

Patterned 1 lm 150 nm PLLA PC-12, sympathetics
Patterned 2 lm 215 nm PLLA PC-12, sympathetics
Control – – PLLA PC-12, sympathetics
Control – – TCPS PC-12, sympathetics
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face chemistry (Fig. 3). For PLLA, the XPS spectrum
contains peaks for carbon (284.5 eV) and oxygen
(581 eV). Elemental fraction was found by integra-
tion of the region under the elemental peaks. Results
for the controls were found to be 66.0% carbon and
34.0% oxygen while the patterned films were 66.2%
carbon and 33.8% oxygen. Trace elements emanating
from potential surface contaminants or residual chlo-
roform solvent were negligible.

Neurite alignment

Phase contrast images of PC-12 cells cultured onto
respective substrates are shown in Figure 4. It is
clearly evident that both polystyrene [Fig. 4(A)] and
PLLA controls [Fig. 4(B)] showed similar neurite out-
growth characteristics. As expected, neurite emer-
gence and neurite angles were uniformly distributed
over the entire range of angles (expected value 5
0.167) for both TCPS and PLLA controls (Fig. 5).
However, in the substrates possessing topography,
the PC-12 cells exhibited 54% and 47% parallel neu-
rite alignment for 1 and 2 lm periodicity, respec-
tively. The neurites also emerged from the soma in a
nonuniform manner, with a biased proportion of
neurites emanating within 158 of the groove direc-
tion (40% for 1 lm, 37% for 2 lm). Cells also exhib-
ited turning behavior shortly after emergence from
cell body.

Sympathetic neurons also followed classical parallel
contact guidance comparable to PC-12 cells (Fig. 4).

Again, neurite emergence and neurite orientation
angles coincided with a uniform distribution in both
TCPS and PLLA controls (Fig. 6). In the 1 and 2 lm
pitched grooves, the sympathetic neurons exhibited
even greater directionality than PC-12s, with 72%
and 46% parallel neurite alignment, respectively.
Likewise, the neurites emerged from the soma with
a higher frequency along the grooves, 44% and 34%
for 1 and 2 lm, respectively. For the subpopulation
of neurites with parallel emergence and orientation
angles (a, b � 158), statistical comparisons were
made between groups of the same cell line. Differen-
ces in b angles were observed in PC-12 cells between
the grooved substrata in addition to grooved vs. con-
trols. No significance was observed for a angles
between grooved groups. With sympathetic neurons,
differences in the emanation and orientation angles
were seen between 1 lm grooved vs. 2 lm grooved
and grooved vs. controls. Table II represents a sum-
mary of the statistical findings.

Neurite lengths

In terms of neurite length, PC-12 cells plated onto
grooved substrates did not show statistical devia-
tions from controls (Fig. 7). However, sympathetic
neurons displayed longer neurite lengths on the pat-
terned substrata. Average neurite lengths (6S.E.) for
the TCPS and PLLA controls were 135.1 6 3.18 lm
and 134.4 6 2.94 lm while 1 and 2 lm had lengths

Figure 3. XPS wide spectrum of control (A) and patterned PLLA films (B). The spectrum consists of the characteristic
peaks for carbon (284.5 eV) and oxygen (581 eV). The chemical composition based on the peak areal components was
found to be 66.0% carbon and 34.0% oxygen for the control and 66.2% carbon and 33.8% oxygen for the patterned films.
Other elements from contamination or residual solvent were not detected.
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of 177.5 6 5.88 lm and 152.7 6 4.03 lm, respec-
tively.

Cell architecture

Cellular complexity was used to address the possi-
bility that surface contours may dictate the number of

formed neurites or extent of neural arborization.
Although data on TCPS was characterized, TCPS
served as a reference and statistical comparisons were
only made between PLLA surfaces. This approach
was taken to eliminate confounding effects of substra-
tum material and topography. Quantitative analysis
of cell architecture showed PC-12 cells were not influ-
enced by surface patterning. This observation was

Figure 4. Typical phase contrast images of PC-12 cells cultured onto various surfaces after 48 h of NGF supplemented
media (A)–(D). A: TCPS control. B: PLLA control. C: Cells on 1 lm PLLA films and (D) PC-12 on 2 lm PLLA substrates
(horizontal direction is the direction of underlying grooves). Phase contrast image of chick sympathetic neurons cultured
onto various surfaces after 24 h of incubation (E)–(H). E: TCPS control. F: PLLA control. G: Cells on 1 lm PLLA. H:
Sympathetics on 2 lm PLLA. Scale bar: 50 lm (A)–(H).
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consistent with sympathetics neurons, where the data
between grooved PLLA and control PLLA were statis-
tically insignificant (Fig. 8). We did notice that sympa-
thetic cells grown on TCPS were marginally more
complex architecture than PLLA control (data not
shown). We speculate this effect was caused by differ-
ing biomaterials and possible disparities in protein
adsorption between PLLA and TCPS. Nonetheless,

our findings emphasize that on PLLA, patterning had
no measurable effect on net neural complexity.

Scanning electron microscopy

SEM micrographs of PC-12 cells plated on 1 lm
PLLA and 2 lm PLLA substrates revealed interest-

Figure 5. Histograms of neurite emergence angle and the neurite orientation angle are shown for rat PC-12 cells (n 5
400–900 per condition). As expected, neurite emergence and neurite angles are uniformly distributed over the entire range
of angles (dashed line represents expected value of 0.167) for both TCPS (G), (H) and PLLA (E), (F) controls. However, in
the 1 and 2 lm experiments, the PC-12s exhibited 58% and 50% parallel alignment, respectively. Neurites also emanated
from the soma in a biased fashion.
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ing properties. Since the polymer substratum is thin
and soft, the neurons may have contorted and
deformed the substrates. This was evident in some
of the SEM micrographs, where impressions within
the substratum were seen (Fig. 9). Moreover, higher
magnifications of neural processes revealed distinct
attachment points to the substrate [Fig. 9(A,E)].
Inspection of neurite alignment showed that in some
cases of parallel orientation, the neurites were

guided by the grooves and were able to conform to
the groove channels [Fig. 9(B,D)]. This is not surpris-
ing since 1–2 lm is approximately the size of most
neurite shafts within our culture system. However,
in other instances of parallel alignment, the neurites
spanned several grooves and conformation to the
substrate was not seen [Fig. 9(A,C)]. This was espe-
cially prominent in the 1 lm PLLA substrates.
Numerous filopodia were seen extending outwards

Figure 6. Histograms of neurite emergence angle and the neurite orientation angle for chick sympathetics (n 5 400–900
per condition). Again, neurite emergence and neurite angles are uniformly distributed (dashed line represents expected
value of 0.167) for both TCPS and PLLA controls. In contrast, sympathetics on 1 and 2 lm surfaces exhibited 72% and
48% parallel alignment, respectively. Neurites also emerged from the soma within a preferred range of angles.
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at the growth cones of sympathetic neurons [Fig.
9(E)]. In rare cases where the neurite grew perpen-
dicular to the grooves, it was observed that a signifi-
cant number of attachment points were formed
solely at groove ridges [Fig. 9(E)].

DISCUSSION

The cellular response to topographical features
represents a well-established phenomenon. Topology
has been implicated in processes such as migration
and early development.11–15 Nordlander et al. (1991)
also found that growth cones often aligned with
other neurites during regeneration.12 Further, fibro-
blasts, smooth muscle, Schwann cells, and osteo-
blasts also respond to topography through increased
attachment, alignment, up-regulated protein synthe-
sis or enhanced bone deposition.23–28 Even more
interesting is that cells show improved function to
geometric features in the nanoscale regime as
opposed to micron topographies.24,26–28 We therefore
hypothesized that submicron dimensioned topolo-
gies would be a suitable size scale to enhance neural
pathfinding. Although seminal topographical studies
with neurons have been carried out using traditional
photolithographic techniques, the surface features
were commonly etched onto materials not necessar-
ily desirable for in vivo application. Additionally, it
is well known that cells react differently to parame-
ters such as wettability, compliance, surface free
energy, and charge.20,21

The rationale for the present study was to there-
fore determine whether previous cellular responses
to hard surfaces could be translated to easily de-
formable, degradable PLLA films. This is a necessary
step in evaluating the potential of soft topography-
based strategies for clinical usage. PLLA was chosen

for its degradable nature and application in wide
ranging biomedical fields. With a solvent casting
process, we fabricated films of approximately 20 lm
thick with continuously repeating grooves of 1 and
2 lm pitch and height features approaching the
nanoscale. Surface features imparted onto the PLLA
emulated original acetate masters in terms of groove
height and spatial frequency (data not shown). How-
ever, minor surface dimples (Fig. 2) were recorded
with the AFM, which we attribute to nonuniform
solvent evaporation.

The effects of topography were subsequently
probed with PC-12 and chick sympathetics neurons
as the model systems. The emphasis of the present
study was on individual neurite characteristics, such
as length and the extent of neurite alignment. Direc-
tionality was assessed with a dual parameter method
(emanation and final orientation angle) to permit
tracking of neurite trajectories. We also investigated
neurite outgrowth by quantifying the degree of arbo-
rization as a function of soma distance. To mitigate
the effects of neighboring cells on neurite character-

TABLE II
Statistical Significance Matrix for Parallel Neurite

Cases (a, b £ 158)

1 lm
PLLA

2 lm
PLLA

Control
PLLA

Control
TCPS

PC-12 cells
1 lm PLLA b/þ* b/þ* b/þ*
2 lm PLLA a/2 b/þ* b/þ*
Control PLLA a/þ* a/þ* b/2
Control TCPS a/þ* a/þ* a/2
Sympathetics cells
1 lm PLLA b/þ* b/þ* b/þ*
2 lm PLLA a/þ* b/þ* b/þ*
Control PLLA a/þ* a/þ* b/2
Control TCPS a/þ* a/þ* a/2

a/, denotes a angle comparisons; b/, denotes b angle
comparisons; þ, significant; 2, insignificant.
*p < 0.05.

Figure 7. Mean neurite lengths (6SE) are presented for
PC-12s (A) and chick sympathetic neurons (B). PC-12s
seeded onto nanotopographical substrates did not show
significant differences from controls while sympathetics on
1 and 2 lm PLLA were statistically significant when com-
pared with control (**p < 0.01).
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istics, lower cell seeding densities were used and
only neurites free from contact were quantified.

Our results convey that contact guidance in the
form of repetitive sinusoidal grooves constitutes a
simple and effective method for influencing cell
response. Stereotyped emanation and orientation
angles were salient, especially on 1 lm spaced sub-
strata. The directional cues provided by the substrate
also impacted the cell in an active manner with neu-
ral processes turning towards the direction of the
underlying grooves. This turning response can be
seen directly [Fig. 4(C,D)] and is implied via the
population differences between emanation angles
and eventual neurite alignment (Figs. 5 and 6). Neu-
rite growth towards the substratum grooves was
also apparent in previous studies of neural pathfind-
ing.16,18,29 SEM micrographs of growth cones further
show multiple filopodia radiating in all directions
[Fig. 9(E)]. Taken together, these findings confirm
the notion that cells continually and actively survey
the local microenvironment for directional cues.

The rate of neurite extension on grooved substrata
was also increased, especially for sympathetic neu-
rons, which displayed 10–30% longer neurites than
controls. Comparable findings were found with xeno-
pus spinal neurons and hippocampal neurons, which
demonstrated enhanced growth on patterned glass.16

In contrast, PC-12 cells did not generate longer neu-
rites on grooved surfaces. This result may be attrib-
uted to cell lineage discrepancies as the PC-12 cells
could have reached an optimum growth threshold
that could not be exceeded with topographical stim-

uli. Although some trend differences were noted
between PC-12 and sympathetic neurite lengths, no
significant findings in the cell architecture were
observed. Neither the number of neurites generated
nor the degree of neuronal branching differed
between patterned and unpatterned surfaces (Fig. 9).
This emphasizes that with the current experimental
model, unidirectional contours enhance neurite ori-
entation and increases length but have no effect on
cellular architecture. We should note that XPS data
of PLLA verified surface conditions were similar for
control and patterned films and suggests observed
cellular differences to be based solely on topography
and not via surface chemical or compositional differ-
ences arising from substrate manufacturing.

The mechanism of contact mediated guidance is
still unclear. Directional constraint of the cell cyto-
skeleton has been proposed since repeating grooves
may inhibit cytoskeletal polymerization in directions
orthogonal to substratum grooves.30–33 This conclu-
sion is based on the property that cytoskeletal ele-
ments possess limited flexibility and contact with an
obstruction, such as a channel wall could deter
cytoskeletal formation. The stiffness associated with
the cell membrane network would similarly tend to
induce cell bridging of the grooves, confining cell
adhesion to only ridge tops in cases of narrow ridge
spacing.34

Indeed, we did observe slightly greater parallel
alignment when the spatial periodicity was de-
creased to 1 lm. Certainly, groove depth may play a
role, but since the height variations between 1 and

Figure 8. The average number of neurites and branching complexity were assessed as a function of distance from the
soma. Data for PC-12 cells (A) and chick sympathetic neurons (B) are presented as (mean number of intersections, stand-
ard deviation). For each cell type, only statistical comparisons at each radius were made between PLLA cases. Results
show PC-12 cells did not differ in neural complexity at all distances from the soma. Sympathetic neurons established on
PLLA yielded similar results with no statistical differences observed. These findings therefore emphasize that on the same
biomaterial, patterning had no effect on neural arborization.
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Figure 9. A: SEM micrographs of PC-12 cells (34000 magnification) growing on 1 lm spaced PLLA film. For better visu-
alization, long white dotted lines were superimposed on all images to highlight the direction of substratum grooves. Also
in this micrograph, the cell membrane has torn away and the neurofilaments are clearly evident. B: SEM image of a PC-12
neurite on 2 lm spaced PLLA. This particular neurite appears to be guided by the underlying topography, being con-
formed to the native channels. C: Sympathetic neurite on 1 lm PLLA. D: Sympathetic neurons on 2 lm spaced PLLA
were similar to PC-12 cells, with neurites following the channel valleys. E: In rare cases where the neurite grew perpendic-
ular to the grooves, a significant number of attachments (white arrows) to the groove ridges were noted. Shown is a sym-
pathetic neurite and corresponding growth cone. White scale bar: 1 lm (A)–(E).
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2 lm patterns were on average, less than 75 nm, we
speculate the increased alignment on 1 lm patterns
to be due to higher groove frequency. In terms of
ridge bridging, we only observed this behavior in
a few instances. Perpendicular aligned neurites
showed noticeable bridging behavior but parallel
aligned neurites demonstrated a capacity to traverse
across and into the channels (Fig. 9). At the wider
groove spacing (2 lm), neurites were physically con-
strained by the channel walls, as evident in some of
the SEM micrographs [Fig. 9(B,D)]. This phenom-
enon may be explained by the current substrate ma-
terial and geometry. The PLLA films were relatively
compliant, while the groove channels were shallow
(<250 nm), wide (1–2 lm), and curved. These char-
acteristics are in contrast to the rigid, stepped fea-
tures of conventional micromachined substrates.
Therefore, neurite bridging across the groove ridges
may be less common with sinusoidally patterned
grooves.

An alternate hypothesis for contact mediated guid-
ance has been proposed by Ohara and Buck (1979)
who suggested confinement of focal adhesions along
groove ridges could control the overall cell shape.34

Dunn and Brown (1986) believed that focal adhe-
sions in the groove were less effective in allowing
the cell to exert tractional forces necessary for migra-
tion.35 Perhaps closely related is the possibility that
serum or ECM proteins adsorb selectively on surfa-
ces with controlled topography. Surface energy
effects have been hypothesized to control protein
patterning on topographical discontinuities or on
surfaces exhibiting anisotropic composition.21,36 This
selective protein deposition has been shown to exist
with micropatterned surfaces (but not nanopat-
terned) where laminin preferentially adsorbed to
groove bottoms.25 Since all substrata were pretreated
with laminin, it is feasible that passive spatial pat-
terning of laminin along groove ridges or troughs
could facilitate pathfinding.

It is probable that the transduction of physical
cues entails several competing mechanisms, whereby
the influence of each mechanism is a function of the
underlying topography. For instance, Rajnicek et al.
(1997) found with rat hippocampal cells, either per-
pendicular or parallel alignment could be attained
by merely altering groove dimensions.16,29 Further,
blocking actin formation with cytochalasin B did not
eliminate perpendicular alignment behavior in hip-
pocampal cells. Others have similarly concluded that
focal adhesion and actin formation were not neces-
sary for parallel alignment in fibroblasts and in
human epithelial cells.33,37,38 Perpendicular neurite
alignment is especially interesting since this process
cannot be explained by lateral cytoskeletal inhibition
theories. Indeed these observations suggest the com-
plexity of contact mediated guidance and the exis-

tence of several possibly distinct or synergistic mech-
anisms.

Physical guidance or topographical cues comprise
one strategy for eliciting desired cell behavior. We
believe that by studying guidance properties on
materials most likely to be implanted, we can gain a
more representative in vivo response. To our knowl-
edge, this is the first attempt to investigate neural
contact guidance with PLLA and surface grooves
near the nanoscale. Neurite orientation effects com-
pare favorably with other PC-12 studies on etched
silicon39 and mouse sympathetic neurons on polyme-
thylmethacrylate.40 Therefore, the mechanisms of
contact mediated guidance seems to be well con-
served across analogous cells of different species
and on contrasting substratum materials. These
results are encouraging for the implementation of
soft lithographic processes for in vivo use.

CONCLUSION

We have manufactured PLLA based polymer films
possessing sinusoidal grooves of 1 and 2 lm in
width and 150 and 215 nm in average height, respec-
tively. We show that when cultured onto these pat-
terned films, PC-12 and chick sympathetic neurites
emerged from the soma and align predominately in
a direction parallel to the underlying grooves. Neu-
rite lengths with chick sympathetic neurons were
also longer compared with unpatterned controls. No
apparent changes were seen in neurite arborization
between patterned and unpatterned substrates. This
exercise in topographical control has practical impli-
cations in tissue engineering and nerve repair. In sit-
uations involving nerve injury, nerve regeneration,
and subsequent functional reconnection could be
accelerated in the presence of well-controlled physi-
cal guidance. Guided regeneration can reduce neu-
rite wandering or aberrant regeneration. In turn,
these characteristics would mitigate the time delay
between initial trauma and distal target reconnec-
tion. Further, a preferred cellular orientation may
also benefit other fields of study including research
with brain machine interfaces and artificial net-
works.

We acknowledge Judy Grimmer and Tracy Lui for assis-
tance with cell culture.
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