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ABSTRACT: Guidance and migration of cells in the nervous
system is imperative for proper development, maturation, and
regeneration. In the peripheral nervous system (PNS), it is
challenging for axons to bridge critical-sized injury defects to
achieve repair and the central nervous system (CNS) has a
very limited ability to regenerate after injury because of its
innate injury response. The photoreactivity of the coumarin
polyester used in this study enables efficient micropatterning
using a custom digital micromirror device (DMD) and has
been previously shown to be biodegradable, making these thin
films ideal for cell guidance substrates with potential for future
in vivo applications. With DMD, we fabricated coumarin polyester thin films into 10 × 20 μm and 15 × 50 μm micropatterns
with depths ranging from 15 to 20 nm to enhance nervous system cell alignment. Adult primary neurons, oligodendrocytes, and
astrocytes were isolated from rat brain tissue and seeded onto the polymer surfaces. After 24 h, cell type and neurite alignment
were analyzed using phase contrast and fluorescence imaging. There was a significant difference (p < 0.0001) in cell process
distribution for both emergence angle (from the body of the cell) and orientation angle (at the tip of the growth cone)
confirming alignment on patterned surfaces compared to control substrates (unpatterned polymer and glass surfaces). The
expected frequency distribution for parallel alignment (≤15°) is 14% and the two micropatterned groups ranged from 42 to 49%
alignment for emergence and orientation angle measurements, where the control groups range from 12 to 22% for parallel
alignment. Despite depths being 15 to 20 nm, cell processes could sense these topographical changes and preferred to align to
certain features of the micropatterns like the plateau/channel interface. As a result this initial study in utilizing these new DMD
micropatterned coumarin polyester thin films has proven beneficial as an axon guidance platform for future nervous system
regenerative strategies.

KEYWORDS: Axon guidance, nervous system regeneration, micropatterned polymers, photoreactive polymers, nanotopography,
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1. INTRODUCTION

Trauma to the nervous system typically results in a lengthy
recovery with uncertain regeneration. The peripheral nervous
system (PNS) is known to regenerate slowly at about 2−4
mm/day;1 however, injury resulting in a critical-sized defect (>3
cm in humans (for review, see refs 2 and 3)) generally results in
slow or incomplete nerve reinnervation. Currently, nerve grafts
and nerve guidance conduits (NGCs) are clinically used to
bridge critical-sized defects in the PNS. These conduits have
shown degrees of success in humans as well as animal models;
however, an agreed upon approach has yet to be formulated
that would result in fully functional PNS nerve regeneration.2

Additionally, the central nervous system (CNS) rarely exhibits
regeneration after injury because of several intrinsic barriers.4

This additional hurdle has proven difficult to overcome in
creating successful nerve guidance/regeneration approaches. In

response, biomaterial based platforms that stimulate the
regeneration of a fully functional nerve are under develop-
ment.5,6 In these models it is important to provide similar cues
and processes that guide nervous system development and
regeneration to overcome native obstacles that occur during
injury.
Neural networks are the central processing units that enable

complex neuronal functions and are formed when neurites
reach their synaptic targets. The growth cone on the tip of
these neurites begins the process of synaptogenesis as it
encounters, interprets and transduces extracellular cues from a
host of inputs including biomolecular, electrical, topographical
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and mechanical signals (for reviews, see refs 7−10). These cues
are vital to the initiation and extension of neurites as well as the
migration of cells, ultimately resulting in the formation and
development of the mature nervous system. In particular,
contact guidance from topographical cues has been shown to
play a crucial role during retinal and optic stalk development as
seen in embryonic mice and chickens.11,12 Neurons have a close
relationship with glia, the supportive cells of the nervous
system, and rely heavily on their physical (e.g., morphology)
and chemical signals for guidance and migration during
development and regeneration (for review, see ref 13). One
of the first descriptions of the phenomenon of topographical
cell guidance occurred a century ago.14 Today new technologies
are enabling increasingly complex topographical cues to be
integrated into biomaterial platforms, which facilitate enhanced
and more precise control of neuronal extension and repair.
NGCs have been utilized for decades as a bridge for nervous

system repair, and the gold standard to overcome these critical-
sized defects has been autografts. Alternatively, NGCs
fabricated from synthetic or natural polymers are also used
clinically, especially in cases where autografts are not an option.
There are four bioresorbable FDA-approved NGCs synthesized
from either polyglycolic acid (PGA) or poly-D,L-lactide-co-
caprolactone (PLCL) and two fabricated from type I collagen,
which degrade on the order of 3 months to 4 years.15 One
nonresorbable NGC made from poly(vinyl alcohol) (PVA) has
also been approved.15 However, autografts and the current
hollow NGCs do not provide functional recovery in all
instances of nerve injury. As a result research has been geared
toward other biopolymers and synthetic materials that contain
specific characteristics that mimic beneficial cues from native
tissue for optimal recovery. Rutkowski et al.16 fabricated PLA
NGCs using a transfer technique where silicon wafers
containing micropatterns were formed with reactive ion
etching, followed by PVA casting onto the pattern, and finally
PLA was spun onto the substrate and released by dissolving the
PVA in water. The final PLA films contained 10 μm channels
and 10 μm plateaus, with a depth of 4.3 μm, and were wrapped
into NGCs. These micropatterned tubes encouraged axon
outgrowth but did not significantly enhance regeneration of a
10 mm rat sciatic nerve compared to a tube without
microchannels; however, the addition of Schwann cell to the
NGC did increase functional recovery in the animals.
Therefore, an increase in neurite alignment to microchannels
can be achieved through a combination of topographical,
chemical and biological cues.17,18 Additionally, hollow NGCs
modified with intraluminal fibers, channels, microchannels and
biomolecular or peptide surface modifications have been
proposed as alternative strategies to align and guide axons
toward their target.19

Popular biodegradable and nonbiodegradable substrates such
as poly(methyl methacrylate) (PMMA), polystyrene (PS),
polydimethylsiloxane (PDMS), poly(L-lactic acid) (PLLA),
polycaprolactone (PCL), poly(D,L-lactic acid) (PLA), poly-
(lactic-co-glycolic-acid) (PLGA), quartz, and silicon have been
used to make various topographical cues to encourage cell
adhesion, alignment, and differentiation (for review, see refs 20
and 21). Fabrication methods typically rely on lithography
techniques utilizing some combination of chemicals, light,
electrons, ions, molds, masks, or imprints for the formation of
structures, such as micro- and nanoscaled channels, pillars, pits,
steps, etc. (for reviews, see ref 20−22). Cell type and substrate
dimensions are important factors that determine cell alignment,

neurite extension, and process orientation responses. For
example, neuron-like PC12 cells have been shown to align to
channels ranging in width from 20 to 60 μm with 10 μm wide
plateaus and a depth of 11 μm; however, parallel neurite
alignment was significantly enhanced in 20, 30, and 40 μm
channels.23 Dorsal root ganglia (DRG) have been shown to
align to larger channel features ranging from 100 to 250 μm,
while 100 μm wide channels decrease neurite branching and
significantly increase primary neurite length compared to the
other width dimensions.24 The typical diameter of a neuron
ranges from 10 to 20 μm25 with axon caliber varying from 1 to
20 μm.26 Therefore, it is important to consider how various
feature sizes elicit a specific cellular response, such as neuronal
branching, length, number, and polarity. These various
responses determine the appropriate topographical dimensions,
such as channel width and depth, for a specific cell/tissue
application. Materials with well aligned micropatterns may be
useful in applications, such as central or peripheral nerve repair,
especially when incorporated into conduit based strategies as
mentioned above. To realize such applications, the use of
degradable materials is preferred and it is critical that the
fabrication of such patterned surfaces is both precise and
efficient, presented at the length scales at which neurons can
sense and respond.
We recently reported the synthesis and characterization of a

photoreactive polyester in which coumarin units are incorpo-
rated along the polymer backbone.27 This design enables the
polymer to demonstrate dual photoreactive properties.
Irradiation at 350-365 nm results in polymer chain cross-
linking as a result of a [2 + 2] cycloaddition reaction between
the coumarin units. At 254 nm, the polymer undergoes chain
scission reactions at the ester bonds. We also utilized this dual
photochemical property to fabricate micron sized features on
polymer thin film coatings. Furthermore, we have also shown
that incubation of solvent cast films of these polymers (70 μm
thickness) in PBS over a 2 month period results in hydrolytic
degradation of the coumarin polyester film.
Since the coumarin polyester described above is also

biodegradable, it is conceivable that such photoreactive and
biodegradable materials could be used to fabricate micro-
patterned NGCs, in which the micropatterns will provide
contact guidance for cells and the patterned NGC will degrade
once nerve regeneration has occurred. This study is an
evaluation of that hypothesis, wherein we aim to demonstrate
the generation of micropatterns over a large area (2.5 × 2.5 cm)
with a maskless optical pattern generator using a digital
micromirror device (DMD). The working principle of the
DMD is similar to the commercial digital light processing
(DLP) projector, except that the magnifying projection lens is
replaced with a high quality demagnifying lens system. A
computer generated pattern data is transferred to the DMD and
converted to an on−off pattern of micromirrors.28 Upon
demagnification, the depth of focus becomes extremely small
even below a submicron range when the numerical aperture of
the final objective is higher than 0.2. The current system is
capable of autofocusing using a red LED light, to which the
materials are insensitive, with the DMD as the confocal
aperture. This feature allows a fully automated operation,
thereby allowing a sequential exposure of numerous patterns.29

We further characterize the generated patterns and evaluate
the guidance of cortical neuronal cells within the micro-
patterned surface. The use of the DMD can rapidly generate
micropatterns over a large area, thus, the combination of rapid
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prototyping and the use of this photodegradable and
biodegradable polyester provides a potentially transformative
method for the generation of NGCs, as well as other implants
for cell guidance. Other materials used as NGCs seldom
combine all three of these advantages.
The primary objective of this study was to demonstrate that

this technique can create micropatterned biodegradable
polymers that guide and align adult neurons from a mixed
cortical cell population (primarily neurons in addition to
astrocytes and oligodendrocytes) isolated from adult rat brain
tissue. On the basis of preliminary work, we hypothesize that
these cells will align parallel with the polymer channels
compared to a control polymer surface made of the same
material with no channels and an additional control glass
substrate. Microscopy and immunohistochemical methods were
used to analyze neurite alignment, as well as to detect the cell
populations present. Future endeavors will focus on analyzing
other cell types on these topographies in addition to fine-tuning
the depth and width dimensions for optimal cell alignment and
extension for translation into a clinically relevant animal nerve
guidance model.

2. MATERIALS AND METHODS
2.1. Synthesis of Coumarin Polyester CA11. The synthesis of

the monomers and polymer has been described in our earlier
publication.27 In brief, the coumarin polyester CA11 (Figure 1A) is
synthesized by the carbodiimide mediated polymerization of the
coumarin diol (250 mg, 1 mmol, 1 equiv) with adipic acid (146 mg, 1
mmol, 1 equiv). The above diol and diacid are taken in an evacuated
and N2 filled round bottomed flask along with 4-(N,N-
dimethylamino)pyridinium-4-toluenesulfonate (DPTS, 117 mg, 0.4
mmol, 0.25 equiv) and N,N-diisopropylcarbodiimide (DIC, 470 mL, 3
mmol, 3 equiv). The reaction was carried out in CH2Cl2 at RT for 48
h. The polymer was precipitated in a mixture of alcohols (MeOH/
EtOH/iPrOH 1:1:1). The polymer was collected, centrifuged and
dried under vacuum to yield a white solid (310 mg, 85%). 1H NMR
(300 MHz, CDCl3): δ, ppm 1.68−1.78 (m, 4H) 2.17−2.18 (m, 2H),

2.35−2.38 (m, 2H), 2.49−2.51 (m, 2H), 4.12(m, 2H), 4.28−4.30 (m,
2H), 5.28(m, 2H), 6.31 (s, 1H), 6.84−6.88 (br, 2H), 7.40−7.43 (d,
1H).

2.1.1. Materials. Adipic acid and solvents were purchased from
Fisher Scientific or VWR. Diisopropyl carbodiimide (DIC) was
purchased from Oakwood Chemicals.

2.1.2. NMR Spectroscopy. 1H NMR spectra were recorded on a
Varian Mercury 300 MHz or Varian 500 MHz spectrometer (Palo
Alto, CA, USA). Chemical shifts were recorded in ppm (δ) relative to
TMS.

2.1.3. SEC Analysis. Size exclusion chromatography (SEC) was
performed to determine polymer Mn and Mw using a TOSOH
EcoSEC HLC-8320 instrument equipped with two TSK-GEL Super H
3000 columns and one TSK-GEL Super H 4000 column in series
running CHCl3. Molecular weights were obtained relative to PS
standards.

2.2. Micropatterning of the Photodegradable Polymer. The
polymer (CA11) was precipitated from iPrOH−EtOH−MeOH
(1:1:1) at least 3 times to remove oligomers and the urea byproduct.
The photodegradable polymer was dissolved in chloroform (2 wt %
solution) for 18 h and filtered using 0.45 μm PTFE filter. Coverslips
(12 mm) were soaked in alcoholic KOH solution for 2 h, washed with
deionized water several times and dried in a vacuum oven. The
polymer solution was spin coated on the coverslips (2500 rpm, 30 s)
and dried (Figure 1B). The DMD used consists of 1024 × 768 array of
independently switchable 13.7 × 13.7 μm micromirrors (Discovery
4100, Digital Light Innovations, Texas Instruments). Digital patterns
were made with specific dimensions (10 μm channel × 30 μm plateau
or 10 μm channel × 60 μm plateau), by Inkscape, an open source
vector graphics editor program. These digital patterns were focused
onto the polymer-coated coverslips without a mask and exposed to
light (USHIO (Discharge) Super High Pressure Mercury lamp (major
peaks 365, 405, 436 nm); USH-350D) for 7 min causing CA11 to
cross-link in the regions exposed to the light (Figure 1). The
microchannels were revealed by processing the irradiated coverslips in
a mixture of methanol and chloroform (solvent gradient MeOH/
CHCl3 50:50 to 30:70) by immersing them in this solution for 7 min
followed by a rinse of 1−2 pipet washes of the fresh 50:50 solvent and
1−2 pipet washes with 30:70 MeOH/CHCl3 (Figure 1B). These
coverslips with micropatterned surfaces were sealed in a container kept

Figure 1. (A) Synthesis and cross-linking reaction of coumarin polyester (CA11). (B) CA11 was spun onto substrates and allowed to dry. Digital
patterns (10 × 30 μm and 10 × 60 μm) were designed and a DMD focused these patterns onto the CA11 polymer. The regions exposed to the light
(365 nm) cross-linked the polymer, whereas areas that were not exposed to light were washed away during two different mixture of methanol
(MeOH) and chloroform (CHCl3) washes to form the microchannels.
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at 4 °C to prevent degradation. 2D images were obtained using a
fluorescent microscope (Olympus IX81, Tokyo, Japan) with a DAPI
filter and an Alicona infinite focus microscope (IFM; Bartlett, IL,
USA). Analysis of the plateau widths and channel depths and widths
were verified with an optical profilometer (NewView 7300 3D Optical
Surface Profile, Zygo Corporation, Middlefield, CT, USA). Five
separate regions of interest were measured using MetroPro version
7.7.0 OMP-0398J software to analyze the depth and width of the
channels as well as the width of the plateaus. Plateaus were measured
from the top edge to edge, channels were measured in the middle of
one side of the plateau across the gap to the adjacent side and depth
was determined from the top edge of the plateau straight down to the
bottom of the channel. The measured dimensions for plateau width,
channel width, and channel depth were averaged and the standard
deviation was determined.
2.3. Adult Cortical Cell Isolation. Isolation and culture of

primary neurons and glia from the brain of a 7 week old female Wistar
rat followed procedures similar to published literature.30 First, the
brain was dissected into small pieces using a scalpel and spring scissors
and transferred to HABG medium (HibernateA, 2% B27, 0.625 mM L-
glutamine; all Life Technologies, Grand Island, NY, USA). This tissue
along with sterile papain solution (24 mg papain (Sigma, St. Louis,
MO, USA) in 12 mL of Hibernate A with 0.625 mM L-glutamine) was
placed in 37 °C water bath for 5 min. Then the tissue was transferred
to the papain solution and placed on nutator at 37 °C for 30 min. After
digestion, tissue was transferred to 4 mL fresh HABG medium and
triturated 15 times using a serological pipet. After it settled for 1 min, 4
mL of supernatant was transferred to a new tube and 4 mL fresh
HABG was added to the tissue. This process was repeated two more
times, but the tissue was disrupted with a 9 in. fire polished Pasteur
pipet instead of a serological pipet. After each trituration 4 mL
supernatant was removed and 4 mL HABG was transferred to the
tissue solution. Two OptiPrep (Sigma) density gradients were made
according to reported protocol30 and 6 mL of supernatant was
carefully pipetted on top of each gradient. Both gradients were
centrifuged at 800 ×G for 15 min at 22 °C. For each gradient, the
cellular debris along with fraction 1, containing oligodendrocytes, was
carefully aspirated. Fractions 2 and 3, containing mostly neurons and
some oligodendrocytes, were collected from each gradient, strained
through separate 100 μm cell strainers and diluted in HABG. Fraction
4, containing microglia and astrocytes, was not collected however this
fraction was difficult to distinguish from fraction 3, which resulted in a
heterogeneous cell population. Both cell solutions were spun down
again for 2 min at 200 ×G, supernatant discarded and resuspended in
fresh HABG medium. This procedure was repeated but cells were
resuspended in 5 mL culture medium (Neurobasal medium (Life
Technologies), 2% B27, 1% penicillin−streptomycin (Life Technolo-
gies), 0.625 mM L-glutamine, 5 ng/mL basic fibroblast growth factor
(bFGF; Peprotech, Rocky Hill, NJ, USA)), and each tube was plated
in a 25 cm2 tissue culture flask. Cells were allowed to adhere for at
least 4 h and then washed in warmed HABG medium one to two
times. Finally, fresh culture medium was added back to the flasks and
cells were monitored and fed fresh medium every 7 days until use.
2.4. Substrate Preparation and Cell Seeding. Four separate

substrates were prepared: glass, polymer, and 10 × 30 and 10 × 60 μm
polymer channels, which are the digital pattern dimensions. Polymer-
coated coverslips (with and without channels), were sterilized in 70%
ethanol for 1 h and rinsed in PBS (Life Technologies, pH = 7.4).
Laminin (Life Technologies) was then absorbed to all surfaces at 5
μg/mL for 3 h at RT. For glass surfaces, 12 mm coverslips were steam
sterilized and poly-D-lysine (Sigma) was adsorbed at 50 μg/mL
overnight at RT, followed by laminin adsorption at 5 μg/mL for 3 h at
RT. All surfaces were rinsed in PBS, and cells were seeded at 20,000
cells/cm2.
2.5. Cell Alignment and Immunohistochemistry Analysis.

Twenty-four hours after cell seeding, live cell phase contrast images of
the total cell population were taken to quantify process alignment on
all surfaces. There were 16 samples for each group, and 3−5 images
were taken for each coverslip. ImageJ software was used to measure
the heterogeneous population of cell process alignment; 300−400

processes were measured for each group and only processes that were
clearly visible and at least 50 μm in length were measured. The
emergence angle (α) measured the initial process extruding from the
cell body and the orientation angle (β) measured the final alignment of
the last 30 μm of the cell process according to Li et al.31 All images
were taken with the channels aligned horizontally and controls were
randomly oriented with the horizontal as the reference. Angles were
binned in 5° increments for histograms. Cell processes were
considered parallel if ≤15° and perpendicular if they were ≥75°.31

For immunohistochemistry (IHC), samples were fixed in 3.7%
paraformaldehyde for 10 min, rinsed with PBS (pH = 7.4) and
permeabilized with 0.1% Triton X-100 (Sigma) for 5 min. After the
cells were washed with PBS (pH = 7.4), 10% goat serum (Sigma) in
PBS was added to block any nonspecific antibody attachment. Samples
were then washed 3 times with PBS (pH = 7.4) for 10 min each wash.
The following primary antibodies and dilutions were applied and
incubated overnight at 4 °C: monoclonal mouse anti-βIII tubulin
(1:500; Covance, Princeton, NJ, USA), monoclonal anti-RIP (1:5;
Developmental Studies Hybridoma Bank, Iowa City, IA, USA),
monoclonal mouse anti-GFAP (1:100; Cell Signaling, Boston, MA,
USA), and monoclonal mouse anti-nestin (1:10; Developmental
Studies Hybridoma Bank). Each of these antibodies identified neurons,
oligodendrocytes, astrocytes, and progenitor specific intermediate
filament proteins, respectively. Next the samples were washed 3 times
in PBS (pH = 7.4) for 15 min each and then incubated with secondary
goat anti-mouse IgG Alexa-Fluor 546 (1:400; Life Technologies) for 2
h at RT. Samples were again washed 3 times in PBS (pH = 7.4) with
15 min washes and cell nuclei were stained with 10 μMHoechst 33342
(Life Technologies) for 10 min. Samples were rinsed three times in
PBS (pH = 7.4), mounted with Prolong Gold antifade reagent (Life
Technologies) and imaged using a fluorescent microscope. Six, 10×
images were acquired from each sample with 3−4 coverslips per
primary antibody stain. Total cell percentages were determined by
quantifying in each image the number of positive cells marked with the
antibody of interest compared to the total cell number established
from the cell nuclei stain, Hoechst 33342. A confocal microscope,
Olympus FV1000, with Olympus Fluoview software (B&B Micro-
scopes Ltd., Pittsburgh, PA, USA) was also used to obtain
representative IHC images.

2.6. Statistical Analysis. Significance of angle orientation was
determined using JMP 10.0 (JMP, Cary, NC, USA) software by the
nonparametric Kruskal−Wallis and Dunn’s multiple comparison tests.
Single factor ANOVA with Tukey’s highly significant difference post
hoc test was used to determine significance between cell populations.
A p-value <0.05 was considered significant in all cases.

3. RESULTS AND DISCUSSION

3.1. Polymer Channel Fabrication and Character-
ization. We have shown previously that micropatterned
surfaces can be prepared from coumarin polyesters by selective
washing of non-cross-linked regions of spin coated polymer
films.27 The coumarin polyesters have an absorption in the
range of 280−370 nm with a maximum at 320 nm. The above
polyesters are also hydrolytically degradable as shown by the
decrease of their number-average molecular weight (Mn) from
11k to 6k when incubated in PBS at 37 °C for a 10 week
period. In the current work, we extend the micropatterning
capability over a larger area by the use of a digital pattern and a
super high pressure mercury lamp (Figure 1B). The single shot
area of the DMD based maskless photolithography is limited.
However, the ability to dynamically change the pattern allows
step-and-stitch processes easily so that a pattern of arbitrary size
is split into subpatterns of the single shot size and process
subpattern one after another. The accuracy of stitching depends
on the mechanical accuracy of the x−y stage. In our present
system, it is better than 0.5 μm, which is smaller than the single
pixel size of the DMD. A standard photolithography stepper
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allows normally one inch square area of single shot exposure.
To enable a nonperiodic pattern larger than that dimension,
one simply needs to make a set of different masks and replace
and position the masks each time the step-and-stitch process is
carried out.
Microfabrication based on photolithography, which is

primarily driving the semiconductor industry, generally consists
of a light pattern generator and a projection opto-mechanics.
The light patterns are normally generated by metallic
photomasks imprinted on glass plates. Preparation of the
photomask that faithfully reproduces the designed pattern is
one of the most crucial steps in successful microfabrication of
complex devices. As the number of photomasks needed for the
whole process has increased and the required precision of the
photomask has become more stringent, so has a growing
demand for a light pattern generator that does not require the
photomasks. This new approach of photolithography that does
not use conventional photomasks, is referred to as the maskless
photolithography. Common to all different types of maskless
lithography methods, their advantage becomes most notable in
the prototyping and research phase of devices, since the
optimization of device patterns can be made with minimum
turn-around time and little increase in cost. This feature seems
particularly suitable for applications in bioengineering devices
that deal with cells and tissues whose behaviors are not as
predictable as semiconductor devices.

The maskless lithography system we employed in this study
is based on the DMD as the electronically controlled light
pattern generator. Specifically, the DMD used in our system
consists of independently switchable micromirrors especially
developed for maskless lithography applications in the
ultraviolet range. According to the digitally created mask
pattern fed from a computer, the DMD switches on respective
micromirrors. The UV light from an Hg−Xe lamp reflected by
the DMD is projected on the sample, usually through
demagnifying optics. Our system has two stages in sequence,
providing the capability for lower and higher resolution
patterning: the first stage gives a 2/3× image of the DMD,
providing the finest resolution of coumarin polyester. Ten
micrometers over the exposure area of 12 × 7 mm; the second
stage gives a 1/10× image, corresponding to the finest
resolution of CA11, 1.5 μm over the area of 2.2 × 1.0 mm.
The UV light at 365 nm was selected by an interference filter.
The intensity at the second stage was 20 mW/cm2. In addition
to the aforementioned advantage of the maskless lithography,
our system also has an electronically controlled polarizer so that
an arbitrary light pattern not only in terms of the intensity but
also in terms of the local polarization is generated. The
polarization has a significant impact on the excitation of organic
molecules through their anisotropic absorption. The molecular
orientation is in fact controllable by the combination of
intensity and polarization, which is believed to open up an even

Figure 2. 3D image analysis and measurements of micropatterned channels utilizing optical profilometer. (A) 10 × 20 μm pattern at 10×
magnification. (B) 40× magnification of a section of the 10 × 20 μm pattern along with (C) z-depth profile at the same magnification showing
plateaus and channels with an average depth of 20.1 ± 0.11 nm. (D) 10× image of 15 × 50 μm channels and (E) 40× 3D image of the same
channels with the resulting (F) z-profile measuring an average depth of 15.8 ± 0.14 nm. (G−H) 2.5× and 10× magnification of a rectangular
gradient pattern, respectively. (I) The z-profile shows the rectangular gradient with increase in plateau and channel widths. These patterns display
the ease and versatility of our DMD maskless patterning system. (B,E,G) Arrows indicate the cross-section for z-profiles.
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larger control window to achieve optimal cellular environ-
mental conditions.32−35

As a result of irradiation at a wavelength of absorption of the
coumarin chromophore, the polyester thin films cross-link at
regions that are exposed to the irradiation. The unexposed
regions can be selectively washed away in a mixture of
chloroform−methanol solvent providing a micropatterned
surface (Figure 1). The coumarin polyester is soluble in
chloroform and insoluble in methanol, while the cross-linked
regions are insoluble in both solvents. Therefore, by increasing
the ratio of chloroform to methanol in subsequent washes, the
nonexposed regions are selectively washed away to produce
topographical patterns.
To demonstrate the potential of the technique we micro-

patterned complex patterns on coumarin polyester thin films.
Since the coumarin polyester is fluorescent, the surface patterns
can be visualized using a DAPI filter on a fluorescent
microscope (Supporting Information Figure S1). These
channels along with another pattern were additionally imaged
using an IFM. Diverse patterns such as a gradient of rectangles
can be patterned very efficiently onto polymer films using the
current DMD maskless patterning method (Supporting
Information Figure S1). These patterns show the versatility
and power of our technique for creating diverse complex
micropatterns. However, in this study we focused on simple
channel topographies as a proof of concept and guidance model
for neurons. Contour maps and depth profiles of these patterns
were characterized by optical profilometer measurements
(Figure 2). Optical profilometry provides an optimum method
for surface characterization when topographical features of the
sample range from nanometer to micrometer dimensions.
Other techniques such as SEM, IFM or confocal microscopy
were not successful in capturing both the nanometer and

micrometer sized features. The 10 × 30 μm patterns resulted in
11.0 ± 0.56 μm wide channels, 21.2 ± 0.43 μm wide plateaus,
and 20.1 ± 0.11 nm depths (Figure 2A−C). Dimensions for the
10 × 60 μm patterns were 15.8 ± 0.17 μm channels, 47.20 ±
0.25 μm plateaus and a depth of 15.8 ± 0.14 nm (Figure 2D−
F). As a result these groups will be referred to their actual
measured dimensions (10 × 20 μm and 15 × 50 μm)
throughout the remainder of the manuscript. The polymer
control coated surface had a roughness root-mean-square
(RRMS) value of 1 nm, which is an order of magnitude below the
microchannel depths. The rectangular gradient can also be
produced with geometries of width and length ranging from 10
to 500 μm and depths on the order of 100 μm (Figure 2G−I).
The methodology utilized here, wherein a maskless

patterning technique is used to fabricate micropatterned
coumarin polyesters, has several advantages. First, the micro-
pattern is consistent across the entire pattern area resulting in
well-defined and smooth channel and plateau geometries
(Figure 2). Also the maskless patterning technique enables
various features (Figure 2G−I, Supporting Information Figure
S1) to be patterned onto the polymer surfaces on a micrometer
and nanosized scale (as a step gradient or consistent
periodicity) that is relevant for neuronal growth and neurite
extension. In addition, the polymer utilized here efficiently
undergoes cross-linking upon exposure to wavelengths in the
range of 320−365 nm. These polyesters also are advantageous
due to their biodegradability, and it is envisioned that the
bioresorption rate can be tuned with the regeneration rate of
nerve tissue, which we plan to evaluate in longer term
experiments. These degradation profiles are an important
component of materials that have been used both clinically and
in vivo for axonal growth to occur at an optimal rate as well as
preventing secondary surgeries needed to remove the NGC

Figure 3. Representative phase contrast images of process alignment for heterogeneous cell population. (A, B) 10 × 20 μm and 15 × 50 μm
channels, respectively, display how processes of various cell types align parallel to the channels. In both groups the emergence of the axons from the
soma as well as the termination at the growth cone tend to align to the channels. Channels are displayed horizontally as seen in the background of
these images. (C, D) Control groups of polymer and glass, respectively, show random neurite outgrowth and extension in an undefined direction.
Scale bar =100 μm.
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(for review, see ref 3). Additionally, our materials platform is
tunable and is able to incorporate other guidance cues. These
coumarin based polyesters can be functionalized with moieties
(such as amines) that allow for specific conjugation of
biomolecules.36 We have recently shown how immobilized
guidance proteins are beneficial for sustaining neurite extension
and stem cell differentiation.37−39 Therefore, we could spatially
isolate proteins to specific dimensions of the topographies (i.e.,
ridge, groove, pit, etc.) to enhance and fine-tune the guidance
of various CNS or PNS cell populations. There are several
materials and patterning methods used for nerve regenerative
applications; however, our maskless technique and the polymer
used contain multiple characteristics that are optimal for axon
guidance platforms.

3.2. Process Alignment to Micropatterned Channels.
Topographical cues are especially important during the initial
stages of development where cells begin to polarize into various
layers and define their fates.40 As such contact guidance is
applicable to nervous system tissue regeneration where native
or delivered cells require specific guidance cues to enable
bridging of a damaged or diseased region in the PNS or CNS.
Collagen−chitosan NGCs containing microchannels ranging
from 25 to 55 μm (geometries similar to the basal lamina of
nerves) were formed with a unidirectional freezing method and
successfully bridged a 15 mm rat sciatic nerve defect, producing
similar regeneration to an autograft control.41 Our plateau
widths (20 and 50 μm) are similar to the endogenous
dimensions of nerves, and additionally these plateau and

Figure 4. Analysis of neurite emergence and orientation angle alignment. There is no significant difference between α-angle (A, C, E, G) or β-angle
(B, D, F, H). The 10 × 20 μm (A, B) and 15 × 50 μm channels (C, D) are statistically difference from both polymer (E, F) and glass (G, H) controls
(*** denotes p < 0.0001 by the nonparametric Kruskal−Wallis and Dunn’s multiple comparison tests). The two channel groups are not statistically
different from each other as well as the two control groups. The expected frequency distribution is 0.05 (dashed line). The channel groups (A−D)
show a non-normal, parallel distribution where the control groups (E−H) display a more normalized distribution.
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channel dimensions were specifically chosen since they are also
in the range of cell size and axon diameter.25,26

Representative phase contrast images from each group after
24 h seeding are shown in Figure 3. From these images it is
evident that cells are aligning parallel with both the 10 × 20 μm
and 15 × 50 μm channels (Figure 3A−B) compared to the
control groups (Figure 3C−D). Cell process angle and
alignment are shown in Figure 4 where the emergence angle
(α) measured the initial neurite extending from the soma and
the orientation angle (β) measured the alignment of the tip of
the axon. The controls are more uniformly distributed across
the bin range (expected frequency distribution = 0.05)
compared to the two channel groups. The 10 × 20 μm and
15 × 50 μm polymer channel groups (Figure 4A−B) were
significantly different to both polymer (Figure 4C) and glass
(Figure 4D) control surfaces (p < 0.0001) for α-angle
emergence, but the channels and the control substrates were
not significantly different from each other (p = 0.4815 and p =
0.1158, respectively). Similarly for β-angle alignment, the 10 ×
20 μm and 15 × 50 μm channels are both significantly different
to the glass and polymer substrates (p < 0.0001). Polymer
substrates without channels were not significantly different
from glass (p = 0.2672), and both channels are not significantly
different from each other (p = 1.000) for β-angle orientation.
Processes were considered aligned parallel if they were ≤15°
from the horizontal channel/plateau orientation and cell
alignment was not designated specifically to either the channel
or plateau feature. When analyzing parallel alignment (≤15°)
regarding the emergence angle, 10 × 20 and 15 × 50 μm
channels exhibited 48% and 42% alignment compared to
polymer and glass control, which showed 22% and 17%,
respectively. This nonuniformity is also seen in the 10 × 20 μm
and 15 × 50 μm groups for the orientation angle (46% and
49%) compared to polymer and glass controls (17% and 12%).
For perpendicular alignment of axons ≥75°, percentages were
low (5% and 8%) for the emergence angle on 10 × 20 μm and
15 × 50 μm channels compared to 19% for polymer and 23%
for glass groups. Orientation angles showed a similar trend with
5% and 7% aligning perpendicularly to 10 × 20 μm and 15 ×
50 μm channels whereas 21% of neurites fell within this range
for both polymer and glass groups. The expected frequency
distribution for parallel or perpendicular alignment of cell
processes is 14%, showing that a higher percentage of processes
align parallel for both channel groups compared to the polymer
and glass control groups which fall around the expected
distribution.
The cellular response to our material and patterning

technique is comparable to other biomaterials used for
neuronal alignment studies. PC12 cells showed 54% and 47%
parallel alignment for 1 and 2 μm PLLA channels respectively;
however, sympathetic neuron parallel alignment increased to
72% for the 1 μm channels, which has a depth of 150 nm,
compared to only 46% for the 2 μm channels with a depth of
215 nm.31 Our channel dimensions are an order of magnitude
larger than these and our depth dimension is much smaller,
however, we still achieved statistically relevant cell alignment
comparable to what has been observed with PC12 cells.
Changes in neuronal alignment has often been observed by
varying the channel widths and specific responses of neurite
length, number, branching, etc., can be elicited through
decreasing the channel width.23,24 With our study the channel
width dimensions were similar at 10 and 15 μm and there was
no significant increase in alignment between the 20 and 50 μm

plateau groups. Therefore, the lack of significance between
groups could be due to this smaller width component being the
primary factor driving process alignment. About 70% of
astrocytes aligned (≤20°) to PS substrates containing 20 μm
wide plateaus and 10 μm wide channels with a depth of 3 μm.42

Again, about 70% of glial cells aligned parallel (≤10°) to
biodegradable poly(D,L-lactide) (PLA) microchannels that were
patterned into 20 × 20 μm plateau and channel dimensions
with a 3 μm depth using a PDMS mold.43 Additionally, spiral
ganglion neurons achieved over 70% alignment (≤20°) on
topographical patterns with 25 μm channel and plateau widths
with 7 μm depths.44 Even though our channel and plateau
dimensions are similar to these studies, we did not achieve this
high of a percentage of cell process alignment. This is likely due
to the different order of magnitude in the depth of the
channels.
As discussed previously, decreasing the width of channels is

an important factor when designing a guidance platform.
However, depth is also an important component in cell
orientation studies. It has been shown that increasing this
dimension from 200 nm to 4 μm enhances cell alignment
percentages and result in an increase in neurite outgrowth and
alignment.18,45−47 Our alignment percentages were not as high
as some of the studies reported here, and this could be due to
the depths of our channels being between 15 and 20 nm.
Interestingly, even with these nanometer-sized depth dimen-
sions, alignment was still achieved. Growth cones of neurites
can still sense these minute changes in surface structure even
though they are orders of magnitude larger than the
topography. Surface roughness ranging from 10 to 100 nm
increased hippocampal and cortical neuron adhesion and
development.48 Additionally, an increase in neurite extension
was achieved for both PC12 cells and SH-SY5Y human
neuroblastoma cells on TiO2 surfaces with roughness of 20 and
29 nm, compared to glass and TiO2 films with roughness
around 0.25 nm.49 This is comparable to our study where the
surface roughness of the polymer thin films (RRMS = 1 nm) is
an order of magnitude smaller than the channel depths. Spiral
ganglion neurons displayed the same alignment to 250 nm deep
channels with 10 μm frequency from channel to plateau
compared to 8 μm depths at 50 μm frequency.50 This points to
the importance of channel width dimensions, but more so to
the sensitivity of these neurites to align with these shallow
depths orders of magnitude smaller than their physical size. On
closer evaluation, one study found that thick filamentous actin
(width of 200−500 nm) at the distal end of the growth cone
would align to the 350 nm edge of the patterned ridges.51 As
discussed later, we see that processes prefer to anchor to
smaller features sizes of our generated micropatterns. There is
minimal research studying neuronal and glial response to
features less than 20 nm, however, the 10 × 20 μm and 15 × 50
μm channel dimensions proved beneficial in significantly
aligning both the emergence and orientation angle of all
cellular processes isolated.
Finally, we saw significant alignment between our patterned

and control groups even in the presence of laminin adsorption
on all groups, pointing to the fact that the topographical
features were the main driving force of neurite alignment. As
seen in vivo, laminin and neurotrophin distribution and
expression is vital for proliferation, differentiation, extension,
and migration of neurons.52,53 It is not surprising to see that
when laminin is patterned onto substrates, neurons are guided
by and adhere to these geometries.54−56 Therefore, specifically
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incorporating this additional biomolecular component to
certain topographical regions would also enhance the overall
alignment of our micropattern guidance system. As previously
mentioned, these thin film polyesters can be modified in the
future to include these additional cues.
3.3. Cell Population and Feature Size Inclination.

There was a mixed CNS cell population present after isolation
because of oligodendrocytes and astrocytes located in the
fractions that were collected. However, the majority of the cells
isolated were neurons identified by βIII positive staining as
stated below. There is no significant difference between cell-
type and substrate based on IHC analysis (Supporting
Information Figure S2). Overall the cell population consisted
of 71.85 ± 2.4% βIII positive cells (neurons), 4.98 ± 1.1%
GFAP expressing cells (astrocytes), 7.82 ± 1.1% RIP positive
cells (oligodendrocyte), and 28.42 ± 2.2% cells expressing
nestin (progenitor cells). Representative IHC images (Figure
5) show alignment of various cell types on both 10 × 20 μm
and 15 × 50 μm channel substrates compared to the control
polymer and glass groups (Figure 6).
Approximately 30% of cells expressed nestin in this study.

Nestin is an intermediate filament protein marker most
commonly associated neural stem and progenitor cells.57

However, one study showed that nestin expressing cells in
the mouse brain also costained for GFAP (astrocyte marker)
and goes on to postulate that this dual expression is related to
the activation state of the astroglial cells.58 Comparable to this
study, even though we did not costain our cell population, we
see morphological components of nestin expressing cells
(Figures 5 and 6G, H) that are similar to astrocytes (Figures
5 and 6C, D). Additional cell-based assays would need to
further evaluate morphological similarities between astrocytes
and nestin expressing cells. However, one reason that we have a
higher nestin expressing percentage could be the fact that some
of those cells are actually astrocytes. Furthermore, a portion of
the nestin expressing cell population could be neural stem and
progenitor cells. Topographies have been widely known to not
only aid in cell guidance but also in differentiation.59−61 Since
these cells were exposed to the micropatterns for only 24 h, the
cells may not have had time to completely differentiate as we
typically use longer culture time of 7 days for neural stem cell
differentiation studies.62,63 Since we did not distinguish
between cell type in our emergence and orientation angle
measurements, we believe that these nestin expressing cells did
not affect our alignment percentages. However, it would be
interesting to see how longer culture times on these substrates
induce differentiation of neural stem and progenitor cells.
Smaller processes of neurons, astrocytes, oligodendrocytes,

and nestin expressing cells in general prefer to align or anchor
to the plateau/channel interface or along the corner of the
channels (Figure 5). On the control substrates, cell process
outgrowth did not favor a particular orientation, but cells sent
out axons radially in multiple directions (Figure 6B, E, G, H).
In this study, no differences were revealed comparing alignment
on 10 × 20 μm and 15 × 50 μm channels as process alignment
was not separated into alignment to plateaus or channels.
However, some cell types aligned better on the narrower 10 ×
20 μm topographies compared to the 15 × 50 μm patterns or
to the controls (Figures 5 and 6). This was especially evident in
the case of oligodendrocytes as they did not spread out as much
on the 10 × 20 μm channels (Figure 5E) compared to the 15 ×
50 μm channels (Figure 5F). In other research, Schwann cells
(myelinating cells of the PNS) isolated from the sciatic nerve

show that 10−20 μm channel widths resulted in the best
alignment regardless of depths ranging from about 1.5−3.0
μm.64 This is comparable to our study where oligodendrocytes
(myelinating cells of the CNS) display a difference in cell
spreading depending on the plateau even though the channels
widths were the same. Alternatively, spiral ganglion Schwann
cells, when cocultured with spiral ganglion neurons, signifi-
cantly increased their alignment when periodicity (channel to
plateau) profiles were kept constant but depth measurements
increased from 1 to 8 μm.50 This study in conjunction with
other previously mentioned studies shows the importance of all
dimensions, width and height of various features, for the

Figure 5. Representative fluorescent images of process alignment on
polymer channels. (A, B) Neurons align to 10 × 20 μm and 15 × 50
μm channels respectively with some growth cones anchoring to the
corners. (C, D) GFAP expressing astrocytes show some alignment to
the channels, especially the smaller processes. (E) Oligodendrocytes
show tighter alignment to the 10 × 20 μm channels compared to the
15 × 50 μm channels. (F) Peripheral processes and branches of
oligodendrocytes prefer to anchor to the polymer plateaus. (G, H)
The smaller branching processes in cells expressing nestin align to
both channel groups. Channels are arranged horizontally in the
background. Scale bar = 50 μm.
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alignment glial cells as well as neurons. Not only did our
patterned substrates provide features that were large enough to
incorporate the oligodendrocyte somas but we also saw the
smaller processes and branches of these cells anchor or begin
aligning with the plateau/channel interface (Figure 5E, F). This
preference for corners was seen in other larger cell types
expressing GFAP and nestin (Figure 5C, D, G, H).
Oligodendrocyte and astrocyte processes have been shown to
align with 1 μm and submicron features even though the cell
bodies are spread over the patterned surface.65 Astrocytes
preferentially aligned their processes to the inside of micro-
channels or at the plateau/channel boundary when channel
widths were reduced from 20 to 10 μm.42

Previous studies have also revealed that hippocampal
neurons show feature size inclination after 24 h of culture,
where axons responded to patterns that were less than 30 μm
away, suggesting that this distance is the maximum distance for
cell processes to recognize topographical features.66 Our study
agrees with these results as the tip of axons search out these
smaller topographies located at the plateau/channel inter-
section (Figure 5A and B). Other researchers have reported
that neurite alignment can be enhanced by decreasing channel
widths (1−8 μm depending on cell type) alongside increasing
depth.47,67 Similarly, spiral ganglion neurites showed a
significant increase in alignment as the frequency of channel
to plateau was reduced from 50 to 10 at 1 μm depths.50

However, increasing depths to 8 μm, while frequency was
widened to 50 μm caused alignment to be similar to shallow 1
μm depths with periodicity at 10 μm.50 Since alignment was
not distinguished to only the plateaus or channels in this
experiment, the lack of significance between patterned groups
could be due to the fact that the cortical neurons (the smallest
and most abundant cell type in the population) preferred to
align to the smaller 10 and 15 μm channels in both groups in
addition to sensing nanometer-sized depths. This type of
selectivity has been seen where certain axons prefer the smaller
topographies (300 nm lines and 0.44 μm fibers) over larger
patterned features (2 μm lines and 2.2 μm fiber diameter).66,68

It is important to note that the cell population in this study was
heterogeneous, meaning that multiple cell and process sizes
were aligning to various features (i.e., plateaus, channels, along
the interface) depending on their preference. Most studies
focus on pure neuronal populations, however, glia out number
neurons to varying degrees in both the native CNS and PNS.69

We see similar alignment results to studies that have used
primary neuronal populations because our isolation techniques
selected for a neuronal majority, resulting in about 70%
neurons. However, as shown in Figure 5, we do see the other
cell types responding and aligning to our micropatterned films.
It would be interesting to use this platform as a coculturing
system where glial cells (astrocytes and oligodendrocytes) are
the majority of the population, and glial-neuronal interactions
can be studied and compared to endogenous interactions.65,70

Determining the biological mechanism of contact guidance
has yet to be fully revealed. It is especially challenging because
of the multiple other cues presented to cells that help to shape
these responses, as well as the fact that various cell types have
preferences for different ranges of topographical sizes that affect
their functional and morphological behavior. Recently, several
mechanistic hypotheses have been postulated based on
previous topographical and cell guidance studies (for reviews,
see refs 9 and 71). One common observation is that
topographical features directly affect cytoskeletal changes
where actin stress fibers and microtubules follow topographical
cues minimizing the distortion of the cytoskeleton.72,73 This
phenomenon is seen in neurites as they align parallel with
micropatterned substrates.18,74 In this study, we observed that
βIII tubulin positive cells (Figure 5A and B) aligned their axons
parallel to the channels and plateaus. It is also commonly
accepted that alignment initiated to certain feature of the
pattern will induce neurites to follow that particular feature.
Hanson et al.75 noted that hippocampal neurons would
continually wrap around PDMS posts with diameters as large
as 100 μm when the distances between the posts were greater
than 40 μm, but axons would not wrap around posts when
distances between the posts were 10 μm. Further investigation

Figure 6. Representative fluorescent images of adult CNS cells on
control substrates. Polymer (A, C, E, G) and glass (B, D, F, H) groups
show no preference for parallel alignment. Various cell types display
more of a radial type of outgrowth (B, E, G, H) where processes
search for synaptic targets. Scale bar = 50 μm.
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is needed to quantify the topographical feature each cell type
favored, whether cells were aligned within the channels or
preferred to align to the plateaus.
Not only do topographical geometries affect cellular

structure, it also has been shown to change cellular function
as well. Integrins are one of the primary pathways that neurons
use to connect their cytoskeleton to the extracellular matrix
which in turn transduces mechanical stress through these
proteins to the cell nucleus through a process known as
mechanotranduction.71,76 Focal adhesion complexes are
important structures during mechanosensing as well as cell
process outgrowth.77 Specific to contact guidance, focal
adhesions are shown to form along specific geometries.72,78

Additionally, most focal contacts in certain cell types were
located on plateaus compared to channels.78,79 Along with the
notion that cells are inclined to choose smaller features as
discussed above, smaller processes (Figure 5) could be
anchoring or aligning to the plateaus because the local
distribution of focal adhesion complexes is greater in these
regions.

4. CONCLUSION
Herein, we demonstrate a unique and efficient technique that
leverages the photochemistry of coumarin polyesters for
fabricating micron and nanometer scale topographies, which
are shown to influence the alignment of a heterogeneous cell
population obtained from the rat CNS. Our polymer patterning
method is distinctive in that it uses a maskless digital patterning
technique in order to fabricate micropatterned channels and
can further be used to pattern other geometries through the
manipulation of a micromirror device. We show that adult CNS
cells (neuronal majority) respond and align parallel to this
novel biodegradable polymer with feature sizes of 10 or 15 μm
wide channels with either 20 or 50 μm wide plateaus and
depths 15 to 20 nm. Control groups do not initiate alignment
of cells as processes are normally distributed on the substrates.
Immunohistochemical analysis revealed that smaller cell
processes align and prefer to anchor to the plateau/channel
interface. Overall, these results are encouraging as a first step
toward applying this patterned polymer approach to facilitate
axon guidance and regeneration after nervous system injury or
disease, where quick alignment, host tissue integration, and
finally degradation of the material is the preferred approach.
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