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Abstract
Significant advances in the functional outcomes achieved with cochlear implantation will likely
require tissue-engineering approaches to improve the neural prosthesis interface. One strategy is to
direct spiral ganglion neuron (SGN) axon growth in a highly organized fashion to approximate or
contact stimulating electrodes. Here we assessed the ability of micropatterns induced by
photopolymerization in methacrylate (MA) polymer systems to direct cultured neonatal rat SGN
neurite growth and alignment of SG Schwann cells (SGSCs). SGN survival and neurite length
were comparable among various polymer compositions. Remarkably, there was no significant
difference in SGN survival or neurite length between laminin and non-laminin coated MA
polymer substrates, suggesting high biocompatibility with SG tissue. Micropatterning with
photopolymerization generated microchannels with a ridge periodicity of 50 µm and channel
depths of 0.6–1.0 µm. SGN neurites grew within the grooves of the microchannels. These
topographies strongly induced alignment of dissociated SGN neurites and SGSCs to parallel the
pattern. By contrast, fibroblasts failed to align with the micropattern suggesting cell specific
responses to topographical cues. SGN neurites extending from explants turned to parallel the
pattern as they encountered the microchannels. The extent of turning was significantly correlated
with angle at which the neurite initially encountered the pattern. These results indicate that SGN
neurites respond to microtopographical features and that these features can be used to direct
neurite growth in a highly organized fashion.

1. Introduction
Deafness typically results from irreversible cochlear hair cell (HC) death followed by
degeneration of the associated afferent spiral ganglion (SG) axons and the eventual death of
the spiral ganglion neurons (SGNs) themselves (Alam et al., 2007; Leake et al., 1988;
Spoendlin, 1975). Electrical stimulation of SGNs by cochlear implant (CI) electrodes
replaces mechanosensory transduction of sound providing hearing sensation for deaf
patients. However, current CI technologies provide a limited number of independent
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channels due to interaction of nearby channels (Rubinstein, 2004; Shannon et al., 2004).
These channel interactions are due, at least in part, to the distance between the neural
elements in the modiolus and the stimulating electrodes in the scala tympani. The limited
number of channels contributes to the poor spatial and temporal resolution of CIs and limits
performance, especially for complex sounds or in environments with competing noise
(Rubinstein, 2004; Shannon et al., 2004). Given these limitations, there is lively interest in
improving the neural prosthesis interface by directing SGN axon regeneration to
approximate or even contact the stimulating electrodes (Brors et al., 2002; Evans et al.,
2009; Miller et al., 2007; Pettingill et al., 2007; Richardson et al., 2009; Roehm et al., 2005).
However, to be effective, such axonal regrowth would need to be radial, recapitulating the
normal pattern of afferent innervation. If successful, such tissue engineering stands to
dramatically enhance the neural prosthesis interface and increase the fidelity provided by
stimulating electrodes.

Strategies to direct neurite growth have typically relied on the use of micropatterned
bioactive molecules (Branch et al., 2001; Branch et al., 1998; Gustavsson et al., 2007; Miller
et al., 2001; Oliva et al., 2003; Schmalenberg et al., 2005). Examples include micropatterned
stripes of laminin, fibronectin, or poly-L-lysine or stripes coated with EphA1/IgG-Fc-
chimera that direct neurite growth from cultured spiral ganglion explants (Brors et al., 2003;
Evans et al., 2007). In these cases, neurites grew preferentially on the high concentration
laminin stripes and avoided the EphA1/IgG-Fc-chimera stripes. Other studies used soluble
neurotrophic or chemoattractive/repulsive factors to guide neurite growth. For instance,
SGN neurites grow towards a concentration gradient of neurotrophin (Altschuler et al.,
1999; Dazert et al., 1998; Wise et al., 2005; Wise et al., 2010; Wittig et al., 2005). In
addition to biochemical cues, many cellular processes including growth cones respond to
three-dimensional topographical features in the environment (Curtis et al., 1997; Dalby et
al., 2003). Recently, patterned topographies have emerged as another method to direct
cellular patterning such as axon growth (Fozdar et al.,; Johansson et al., 2006) To begin to
understand how SGN neurites respond to environmental topographical features we assessed
the ability of stable topographic microfeatures in methacrylate polymers to guide SGN
neurite growth.

Methacrylates (MAs) were among the first successful polymer systems to serve as
functional biomaterials (Ratner, 2004). Their biocompatibility was first demonstrated during
the development of the intraocular lens (Apple et al., 1996; Ridley, 1951) and has since been
confirmed in contact lens applications (Kapoor et al., 2009), dental resins (Pameijer et al.),
cellular encapsulation (Uludag et al., 2000), and bone cements (Kenny et al., 2003). Beyond
biocompatibility, MAs also provide a versatile range of chemistries that allows for the
design of materials with tailored chemical and mechanical properties to suit intended
biological interfaces. While various methods exist to generate these biomaterials,
photopolymerization, i.e. the use of light to produce polymers, has emerged as a production
platform of choice due to its mild reaction conditions and high reaction rates. Moreover,
photopolymerization offers unique advantages over other polymerization techniques that
include: reaction environments free of volatile organic compounds or other potentially
cytotoxic species, low energy input, and spatial control of the polymerization (Lee et al.,
2005). Recent studies demonstrated the versatility of this technique for biological
applications. For example, a photopolymerization reaction is mild enough to coencapsulate
plasmid DNA and cells in a degradable, methacrylate hydrogel. Subsequent transfection of
either encapsulated or plated cells is demonstrated upon release of the plasmid DNA from
the gel (Quick et al., 2003). Further, 3D tissue engineering scaffolds with a range of pore
sizes and architectures are generated through a single photopolymerization step in order to
determine the effect of substrate geometry and porosity on cell behavior and in vivo reaction
(Bryant et al., 2007).
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Interestingly, specific surface topographic features such as those that could be formed via
photopolymerization influence a variety of cellular responses including alignment and
growth of Schwann cells (SCs) and fibroblasts (Clark et al., 1991; Dunn et al., 1986; Hsu et
al., 2005). SCs support and guide axon regeneration and regenerating SGNs closely align
with SCs (Whitlon et al., 2009). Furthermore, micropatterning of biomolecules to direct SC
orientation also enhances and guides dorsal root ganglion neurite growth (Song et al., 2007).

Our study focuses on the use of mixtures of two MA monomers: hexyl methacrylate (HMA)
and 1,6-hexanediol dimethacrylate (HDDMA), polymerized in varied proportions. These
polymers, with or without laminin coating, supported SGN survival and neurite growth in
culture. Photopolymerization allowed generation of micropatterns in the polymers that
directed neurite growth in SG explants and dissociated cultures. We also found that
micropatterned polymers promoted alignment of spiral ganglion Schwann cells (SGSCs) but
not fibroblasts. Taken together these results demonstrate the biocompatibility of MA
polymers with SG tissue and the ability of micropatterned topographic features to direct
SGSC alignment and SGN neurite growth.

2. Materials and Methods
2.1. Photopolymerization

Monomer mixtures of HMA and HDDMA (Aldrich) were prepared with 1 wt% of 2, 2’-
dimethoxy-2-phenylacetophenone as the photoinitiator (Ciba, Tarrytown, NY). A sample
volume of 20 µL was pipetted onto glass microscope slides and was covered with a 50 µm
periodicity glass-chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) for
patterned samples, or with a glass coverslip for unpatterned samples. Polymer samples were
cured under a medium pressure mercury arc lamp (Ace Glass) for 1 to 3 minutes (Fig 1).
Following polymerization the samples were rinsed copiously with 95% ethanol to remove
residual monomer and allowed to air dry before use.

2.2 Dissection of spiral ganglia
The institutional animal care and use committee at the University of Iowa approved all
protocols used in this study. Spiral ganglia (SG) were isolated from postnatal day 4–5 (P4–
P5) rats euthanized under cold anesthesia after placing the pups in a cardboard box on ice
for 20 min (Danneman et al., 1997; Phifer et al., 1986). The temporal bone was harvested
and the otic capsule was dissected under operating microscope in ice cold PBS. The bony
cochlear capsule was removed, followed by the spiral ligament. The organ of Corti was
removed, transecting the outer radial fibers, leaving the SGNs within the modiolus.
Modiolar bone and surrounding connective tissue were removed. Ganglia were collected in
ice cold Hanks’ balanced salt solution with calcium and magnesium (HBSS+/+, Gibco,
Carlsbad, CA). When used as explants, SGs were cut into 4 pieces and placed onto the
prepared culture slides.

2.3. Characterization of micropatterns
Polymer topography was characterized with a Wyko NT 1100 optical profiling system
(Veeco, Plainview, NY) with 20X and 50X objectives (Fig 3). Nine channel amplitude
measurements were taken at random locations for each sample, and the average value was
reported as the general amplitude of the substrate.

2.4. Spiral ganglion cultures
Dissociated SG cultures from P3-5 rat pups, prepared as previously described (Hansen et al.,
2001a; Hansen et al., 2001b; Hegarty et al., 1997) were plated in 8 mm cloning cylinders
placed on polymer surfaces with sterile silicon grease to seal the edges. Cultures were grown
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on unpatterned polymers both with and without laminin (20 µg/mL) coating. Laminin coated
glass slides were used as a control. Cultures were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with N2 additives and 5% fetal bovine serum.
Neurotrophin-3 (NT-3) (50 ng/ml) and Brain Derived Neurotrophic Factor (BDNF) (50 ng/
ml) were included in medium to promote SGN survival and neurite growth (Hansen et al.,
2001a; Hegarty et al., 1997; Roehm et al., 2008). After 72 h, the cultures were fixed with 4%
paraformaldehyde and stained with anti-S100 and anti-neurofilament 200 (NF200)
antibodies (1:400, Sigma-Aldrich, St. Louis, MO) to label SGSCs and SGNs, respectively
(Hansen et al., 2001a), followed by Alexa 488 and Alexa 546 conjugated secondary
antibodies. Hoechst 3342 (10 µg/ml) was used for nuclear staining. Digital epifluorescent
images were captured on a Leica DMIRE2 microscope (Leica Microsystems, Bannock, IL)
with Leica DFC350FX digital camera and Metamorph software (Molecular Devices, Silicon
Valley, CA). SGN cell survival was determined as before by counting the total number of
viable SGNs per cloning cylinder (Hansen et al., 2001b). Only NF200-positive SGNs with
non-pyknotic nuclei were considered viable. Neurite length was calculated from digital
images of epifluorescence staining by measuring the longest process of 30 randomly
selected SGNs per well using the measurement tool in Image J (NIH, Bethesda, MD). SG
explants, prepared by cutting each ganglion into 4 segments, were grown in similar
conditions and fixed after 3–4 days of growth for staining and analysis.

2.5. Determination of neurite alignment to pattern in vitro
To determine the alignment of neurites to micropatterns in dissociated SG cultures, neurite
length was measured in Image J as previously described (Roehm, 2008). This measurement
was then compared to the distance from the cell body to the nerve terminus in a straight line
along the micropattern (Fig. 4A). The neurite length divided by the end-to-end distance
along the polymer was calculated to represent the aligment to the pattern. A number closer
to unity (1) represents a neurite that closely follows the pattern. A wandering neurite, not
aligned to the pattern, would have a higher ratio of neurite length to end-to-end distance. In
order to analyze neurite alignment on unpatterned polymer substrates, neurite length was
compared to end-to-end distance along the horizontal plane (Fig. 4).

To determine the extent that micropatterns influenced neurite turning in explants, the angle
of the neurite relative to the pattern was measured when the neurite first encountered the
pattern (initial angle) and compared to the angle of the neurite terminus relative to the
pattern (terminal angle). The difference between the initial and terminal angle of the neurite
(Δθ) was calculated to quantify the extent of turning induced by the micropattern (Fig. 8A).
In some cases, the initial portion of individual neurites remained in bundles as they exited
the explant and was not resolvable by epifluorescent microscopy. In each case, the neurites
within the bundle traveled in the same trajectory and the angle of the bundle was measured
to determine initial angle of the neurites comprising it.

2.6. Spiral ganglion Schwann cell and fibroblast cultures
To determine the influence of the micropatterns on fibroblasts and SC alignment in the
absence of neurites, dissociated SG cultures lacking neurons were prepared as previously
described (Hansen et al., 2001a). Briefly, spiral ganglia from P3-5 rat pups were
enzymatically and mechanically dissociated and plated onto patterned or unpatterned HMA/
HDDMA polymers in DMEM/N2 media lacking neurotrophic factors with 5% FCS to
support the fibroblasts. After 2 days, the cultures were fixed and immunostained with anti-
S100 antibodies. Cell orientation was determined by drawing the outline of the cell using
Image J software and fitting an ellipse to the cell outline. The angle of the long axis of the
ellipse relative to the pattern (θ) was then measured in Image J.
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2.7. Statistical analyses
For statistical analysis of SGN survival and SG neurite growth a one-way ANOVA was
performed with post hoc Tukey test using SigmaStat software (Systat Software, Chicago,
IL). A two-tailed t-test was used to compare neurite alignment on unpatterned vs patterned
polymers. To compare SGSC, fibroblast alignment on patterned and unpatterned polymers, a
one way ANOVA with post-hoc Dunn’s test was used.

3. Results
3.1. Methacrylate polymers support SGN survival and neurite growth in vitro

Varying the relative proportion of HMA and HDDMA monomer determines the cross-link
density and polarity of the polymer. These properties are known to influence cell-material
interactions (Bryant et al., 2004; Kim et al., 2007). Thus, we first assessed the ability of
varied proportions of HMA and HDDMA polymer without micropatterns to support SGN
survival and neurite growth. Polymer composition ranged from 20% to 80% HMA with the
remaining percentage composed of HDDMA. A subset of polymers were coated with
laminin. Equal volumes of dissociated SG cultures were grown in 8 mm cloning cylinders
placed on the polymer surfaces. Control cultures were maintained on laminin-coated glass
slides. After 72 hrs, the cultures were fixed and immunostained with anti-NF200 antibodies.
SGN and SGSC growth was robust on all compositions of HMA/HDDMA polymers both
with and without laminin coating (Fig. 2B). There was no significant difference in SGN
survival between any of the individual polymer compositions and control cultures, nor
between the various polymer compositions (p=0.306 one way ANOVA). While SGN
morphology appeared similar on laminin and non-laminin coated polymers and glass,
SGSCs exhibited a decrease in spindle morphology on polymers without laminin coating
when compared to those grown on laminin coated polymer or glass.

Similar to neuronal survival, there was no significant difference in neurite length with
variations in polymer composition (p=0.608 one way ANOVA) (Fig. 2C). Further, MA
polymers, including those without laminin coating, supported neurite growth to the same
extent as laminin-coated glass. These results confirm that MA polymers support SGN
survival, neurite growth and SGSC growth. Remarkably, polymers lacking laminin coating
supported SGN survival and neurite growth comparable to laminin-coated substrates.

3.2 Photopolymerization creates micropatterns in methacrylate polymers
Micropatterns were generated on sample surfaces by using the spatial control afforded by
the photopolymerization process. Polymerization principally occurs in regions exposed to
light irradiance and proceeds more slowly in shadowed regions. Therefore, spatial control of
the reaction is achieved by directing the light to areas intended for the polymerization while
blocking or reducing the amount of light absorbed at others. In this study, UV light was
directed by placing a simple photomask, with 25µm wide alternating bands (periodicity of
50 µm) that either transmit or reflect light, between the light source and monomer solution
(Fig 1). Polymerization occurs rapidly under transparent bands that nearly transmit the full
light intensity from the source which results in raised ridges. Reflected light within the
sample and migration of reactive chains cause slow polymerization in areas under the
reflective bands and generate grooves between ridges. As a result, a pattern of parallel
micro-ridges and grooves of uniform width and amplitude rapidly develop across the entire
substrate surface in a single fabrication step (Fig 1). As expected, each ridge and groove was
approximately 25 µm wide. Smooth transitions between the ridges and grooves were
observed in place of sharp features generated by other photolithographic methods. Typical
sample amplitude, from the highest point on ridges to the lowest point in adjacent grooves,
ranged from 0.6 to 1.8 µm depending on polymerization conditions (Fig 3).

Clarke et al. Page 5

Hear Res. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.3. Micropatterned MA polymers direct dissociated SGN neurite growth in vitro
Having demonstrated the ability of MA polymers to support SG cell growth and survival, we
next examined the influence of micropatterning on de novo neurite growth. Dissociated
spiral ganglion cultures were plated on patterned or unpatterned 40%HMA/60%HDDMA
polymers and maintained in BDNF and NT-3 for two days. In these experiments, the ridge
periodicity was 50 µm and the channels were between 0.6 and 1 µm deep. Fixed cultures
were immunostained with anti-NF200 antibody and digital epifluorescence images were
captured. Dissociated SGN neurites wandered randomly on unpatterned HMA/HDDMA
(Fig. 4A), similar to neurites on laminin coated slides (Roehm et al., 2008). By contrast,
dissociated SGN neurites closely aligned with micropatterned HMA/HDDMA (Fig. 4B). To
evaluate the extent of alignment to the pattern, we compared the ratio of the overall neurite
length with the end-to-end distance of a straight line drawn from the cell body to the neurite
terminus in parallel with the micropattern. A ratio of neurite length to end-to-end distance
with values close to unity implies that the neurite closely follows the pattern whereas a ratio
significantly greater than one implies that the neurite deviates from the pattern. The ratio of
neurite length to end-to-end distance was 1.20±0.32 (mean±SD) on patterned HMA/
HDDMA and 2.64±2.34 (mean±SD) on unpatterned HMA/HDDMA (p<0.001, Student’s
unpaired two tailed t-test). Thus, neurites on unpatterned HMA/HDDMA tend to grow in
random directions reflected by the increased mean ratio of neurite length to end-to-end
distance and the larger standard deviation. By contrast, nearly all neurites on patterned
polymer closely align with the pattern. Thus, micropatterns with channel depth between 0.6
and 1 µm strongly direct dissociated SGN neurite growth in vitro.

3.4. Micropatterns induce spiral ganglion Schwann cell alignment in the absence of
neurites in vitro

We noted close alignment of SGSCs with SGN neurites and with the pattern. Since growing
SGN neurites closely align with SCs (Bostrom et al.,; Whitlon et al., 2009), it was difficult
to determine whether the SC alignment was due to the influence of the pattern and/or the
neurites. Thus, we next sought to determine the extent to which micropatterned MA
polymers influence the alignment of SGSCs in the absence of neurites. Dissociated SG
cultures were maintained in the absence of neurotrophic factors. In these conditions, over
90% of the neurons die (Hansen et al., 2001a; Hegarty et al., 1997). Cultures were
immunostained with anti-S100 antibody to identify SCs and anti-NF200 antibody to verify
lack of SGN processes in the vicinity. Fibroblasts were identified based on typical broad
based stellate morphology and lack of S100-immunoreactivity. Subsets of cultures were
immunostained with anti-vimentin antibodies to verify the fibroblastic morphology. Cell
orientation was determined by drawing the outline of the cell using Image J software and
fitting an ellipse to the cell outline. The angle of the long axis of the ellipse relative to the
pattern (θ) was then measured in Image J (Fig. 5). The mean ellipse angle was 42.1±24.1
(mean±SD) for SCs on unpatterned HMA/HDDMA, 40.4±26.9 (mean±SD) for fibroblasts
on patterned HMA/HDDMA, and 20.3±19.9 (mean±SD) for SCs on patterned HMA/
HDDMA (p<0.001, ANOVA with post-hoc Dunn’s Method revealing significant difference
between orientation of SCs on patterned polymer with that of SCs on unpatterned polymer
as well as fibroblasts on patterned polymer). We considered cells with an ellipse angle less
than 10 to be aligned with the pattern. On unpatterned HMA/HDDMA, only 11.3% of the
SCs aligned to the horizontal whereas 41.5% of SCs on patterned HMA/HDDMA were
aligned to the pattern (Fig. 5). Fibroblasts failed to align with patterned HMA/HDDMA.
Thus, SCs and fibroblast behave differently on the micropatterned HMA/HDDMA polymers
used here implying that the ability of these micropatterns to induce cell alignment depends
on cell-type.
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3.5. Spiral ganglion Schwann cells remained aligned to SGN neurites in vitro
Although most SGN neurites and SGSCs remain closely aligned with the micropatterns,
there are occasional primary neurites or branches that fail to parallel the pattern. We asked
whether the SCs associated with these wandering neurites would parallel the pattern or
whether they would align themselves with the neurites. In cultures immunolabeled with anti-
NF200 and anti-S100 antibodies, we examined the relationship between neurite and SC
when neurites do not follow the micropattern. In each case, the SCs associated with the
neurites remained aligned to the direction of the neurite rather than the pattern (Fig. 6).

3.6. Micropatterns induce turning of neurites from spiral ganglion explants in vitro
Above we demonstrated that MA micropatterns strongly promote alignment of de novo
neurite growth from dissociated SGNs. To determine whether the micropattern could induce
turning of an already exiting neurite we used SG explants. These were placed in a central
area lacking patterned polymer allowing the neurites to extend out from the explant until
they encountered the pattern. Control explants were grown on unpatterned polymers or
laminin-coated glass. As shown in Fig. 7, HMA/HDDMA polymers supported robust neurite
outgrowth. Neurites extend radially from explants initially until encountering the
micropattern which induces neurites to turn parallel to the pattern. Together with the
neurites, SGSCs extended several hundred microns from the explant, however, S100-
negative cell outgrowth was restricted, traveling only a fraction of the distance from the
explant when compared to S100-positive SGSCs and their associated neurites (Fig. 7).

To quantify the influence of the pattern on SGN neurite growth, we measured the angle of
neurites relative to the pattern as described in the methods section. On glass (n=69 neurites)
and unpatterned polymers (n=150), neurites extended radially with no consistent directional
turning, whereas neurites on patterned polymers (n=108) consistently turned to parallel the
pattern.

Scatterplots of the angle of the initial neurite segment relative to the pattern compared with
the difference between the initial and terminal angle relative to the pattern (Δθ) illustrate the
influence of the pattern on neurite growth (Fig. 8). If neurites grow radially and do not turn
relative to the pattern, the Δθ is low and does not correlate with the initial angle to the
pattern. Turning of a neurite to parallel the pattern results in strong correlation of the Δθ
with the initial angle. As shown in the scatterplots (Fig. 8), the extent of neurite turning (Δθ)
strongly correlates with the initial angle on patterned polymer (r=0.89, p<0.001), but not on
unpatterned polymer or glass (r=0.05, p=0.56 and r=0.20, p=0.1, respectively). Thus, on
patterned polymers, the extent of neurite turning depends directly on the angle at which the
neurite encounters the pattern. For example, neurites that encounter the pattern with a large
initial angle (close to perpendicular) eventually turn to parallel the pattern as exhibited by
their large degree of turning (Fig 8D). Therefore, on the described topographic features,
final alignment of terminal neurite segments appears to be independent of their initial angle
relative to the pattern. These results demonstrate that micropatterned methacrylate polymers
strongly direct neurite growth and induce turning of established neurites independent of the
original growth direction.

3.7. Neurites grow within the grooves of microchannels in vitro
To determine the location of neurites in the micropatterns, we used laser scanning confocal
microscopy to create z-stacks of cultures grown on micropatterned MA polymers and
immunostained with anti-NF200 and anti-S100 antibodies. Images were collected every
0.3µm beginning in the unpatterned area of the polymer and continuing through the
thickness of the pattern (typically ~3 µm). In these stacks, it is easy to distinguish the ridges
from the grooves since the ridges appear as acellular stripes lacking S100 immunoreactivity

Clarke et al. Page 7

Hear Res. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



whereas the grooves are the stripes that first appear in the stack with cellular labeling. As
shown in Fig. 9, SGN neurites grew within the grooves of the micropatterned HMA/
HDDMA polymers. The darker stripes running horizontally across Fig. 9 denote acellular
regions, which represent ridges. The NF200 positive neurite remained in the cell-filled
groove between ridges. This point is also illustrated in a stack of images rotated to view
down the x-axis through the depth of the channels (Fig. 9). The NF200 positive neurite (red)
remained in the groove.

4. Discussion
Significant further advances in cochlear implant technology will likely require tissue-
engineering approaches to enhance the neural prosthesis interface (Pettingill et al., 2007).
Use of defined substrate patterns has recently emerged as a potential tool to precisely control
patterns of neural growth and circuitry. Here we leveraged the biocompatibility of MA
polymers coupled with our ability to induce stable microchannels by photopolymerization to
begin to explore the response of SGNs and SGSCs to specific topographical features. Our
results demonstrate the ability of SG explants and dissociated cultures to survive and grow
on various polymethacrylate substrates both with and without laminin extracellular matrix
coating. These results are consistent with the well-established biocompatibility of MA
polymer systems. Further, our data indicate that SGNs tolerate changes in the monomer
proportions without substantial impact on survival or neurite outgrowth. This broad
biocompatibility with neural cells may prove advantageous in future application by allowing
engineers to maximize the physical characteristics of a potential polymer without
compromising the tissue interface (Brors et al., 2002).

In addition to biocompatibility, MAs are useful for cellular studies that require control of
spatial features since they readily undergo photopolymerization in the presence of a
photoinitiator (Bryant et al., 2007). The spatial and temporal control afforded by
photopolymerization, in addition to its mild reaction conditions make it a facile fabrication
method to generate designed microtopographic features for the study of cellular response
and alignment to patterned polymer substrates. Furthermore, process parameters such as
light intensity and photoinitiator concentration of this single fabrication step can be modified
to create a range of channel widths, depths, and curvatures that may be tailored to elicit
varied cellular responses. For example, the width of the parallel micro-ridges and grooves
can be modulated by varying the periodicity or band spacing of the photomasks. Moreover,
topographic features such as total ridge amplitude and ridge-groove curvature can be
manipulated by the temporal control enabled by photopolymerization in the form of total
light dosage to the substrate or duration of light application. This spatial and temporal
control will allow future investigations to develop and characterize critical topographic
features that guide SGN neurite growth and SC alignment in order to improve the neural
interface.

Enhancement of the CI prosthesis neural interface will likely require regrowth of peripheral
SGN axons towards a stimulating electrode in an organized, radial pattern reflecting the
normal afferent cochlear innervation (Pettingill et al., 2007; Roehm et al., 2005). Our results
demonstrate a strong influence on SGN neurite guidance provided by micropatterns.
Previous studies found that laminin patterned stripes result in SC alignment and hence
enhanced neurite regeneration (Branch et al., 2001; Branch et al., 1998; Gustavsson et al.,
2007; Miller et al., 2001; Oliva et al., 2003; Schmalenberg et al., 2005). Consistent with our
results, topographical microfeatures generated by physical stamps (e.g. PDMS) promote
alignment of PC12 cell processes (Foley et al., 2005). Further, a combination of
microgrooves and laminin coating in the grooves acted synergistically to direct dorsal root
ganglion neurite growth (Foley et al., 2005; Miller et al., 2001). Thus, impregnatation of
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micropatterned methacrylate polymers with one or more species of bioactive molecules may
further enhance SG neurite regeneration and provide additional directional cues.

In contrast to the sharply defined microfeatures generated by physical stamps, the
photopolymers used here provide unique gradually sloped, shallow channeled characteristics
that nevertheless induced SGSC alignment and SG neurite guidance in both explants and
dissociated cultures. Further studies shall elicit the manner and order in which they align.
The SG neurite growth cone could be influenced by the subtle topographical changes in the
center of the channel, or it could respond to the channel walls, inducing a directional change
back to the center of the trough as the neurite meanders within the confines of the channel.

Alternative strategies to guide neurite regeneration include the use of soluble factors
(Richardson et al., 2009; Wise et al., 2005; Wise et al., 2010; Wittig et al., 2005). These
present potential hurdles in the context of CIs, such as maintaining a precise concentration
gradient of bioactive molecules in the direction of the CI electrode and the need to maintain
bioactivity and stability through the production process. The use of physical cues overcomes
many of these potential limitations.

Regeneration of functional auditory nerve fibers will likely require appropriate myelination;
significantly, we found that the same topographic features that direct SGN neurite growth
also promote alignment of SGSCs in the absence of neurites suggesting that both neural and
glial elements respond to similar microfeatures. Given the ability of SCs to promote and
direct axon regeneration, this influence of the topography on SGSCs could certainly enhance
the guidance cues for SG neurites provided by micropatterns as seen in previous studies
(Hsu et al., 2007). In the case of dissociated SGN cultures, one could imagine the SGSCs
adjacent to SGN cell bodies aligning with the pattern prior to SG neurite regeneration. This
would result in experimental conditions seen in previous studies in which substrates covered
with SCs aligned with laminin stripes directed neurite growth (Schmalenberg et al., 2005).
The tendency of neurites and SCs to remain aligned to one another even when not
conforming to the direction of the micropattern further highlights the significance of the
mutual influence these cells exert on each other.

In contrast to SCs, we found that fibroblasts in the SG cultures did not align to the
micropattern. The micropattern’s directing effect on SGSCs and neurites but not on
fibroblasts could translate into a clinical advantage. CI performance can be limited by
fibrous encapsulation resulting in increased impedence and subsequent increased current
requirements (Paasche et al., 2009; Tykocinski et al., 2005). Indeed, efforts are underway to
manipulate current electrode designs to limit fibroblast growth and subsequent encapsulation
(Paasche et al., 2009; Rebscher et al., 2008). We observed SGSCs and SG neurite growth
outpacing fibroblasts across the polymer surface. Future in vivo experiments will reveal the
impact of this effect on fibrous encapsulation.

These results demonstrate the overall compatibility of MA polymers with cells derived from
the SG and the profound influence of topographic microfeatures to differentially direct
growth of these cells. The versatility of photopolymerization to create a variety of specific
topographies will allow future studies to identify those features most critical for axon
guidance. Such features may ultimately prove helpful in improving the neural prosthesis
interface in future CI technology.

Research Highlights

- Methacrylate polymers support spiral ganglion neuron survival and neurite
growth, even in the absence of extracellular matrix proteins.
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- Photopolymerization creates highly reproducible micropatterns in
methacrylate polymers.

- Photo-induced micropatterns strongly direct SGN neurite growth and spiral
ganglion Schwann cell, but not fibroblast, alignment.

- SGN neurites typically grow within the grooves of micropatterned
methacrylate polymers.

- The use of micropatterned surfaces to direct axon regeneration may lead to
improved spatial resolution provided by cochlear implants.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of a photopatterning process. (A) Monomer solution is spread over a glass
substrate. UV light passes through the mask photoinitiating the system. (B) Monomer that is
exposed to UV polymerizes quickly and forms ridges while monomer in shadowed regions
polymerizes slowly to form grooves between ridges.
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Figure 2.
SGN survival and neurite growth on HMA/HDDMA unpatterned polymer with and without
laminin. (A) Dissociated SG cultures grown on 20%HMA/80%HDDMA (left) and
80%HDDMA/20%HMA (right) and immunostained with anti-NF200 (red) and anti-S100
(green) antibodies. Scale bar=250 µm. The top row represents cultures on laminin-coated
polymer and the bottom row represents cultures on polymers without laminin coating. (B)
SGN survival on indicated MA polymer composition with or without laminin coating.
Legend indicates percent of HMA in HMA/HDDMA mixture. Neurons were cultured in
three cloning cylinders for each condition with laminin coated glass used as control.
Experiments were repeated in triplicate and survival was determined relative to control for
each set of cultures. The average number of viable neurons counted across all controls was
521 +/− 258 (mean+/− SD) per well. There was no statistically significance difference in
neurite survival among the different conditions (p=0.306, one way ANOVA). (C) SGN
neurite length on indicated MA polymer composition with or without laminin coating.
Legend indicates percent of HMA in HMA/HDDMA mixture and “n” represents the number
of neurites measured in each condition. There was no statistically significance difference in
neurite length among the different conditions (p=0.608, one way ANOVA)
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Figure 3.
Examples of a multicolor 3D (left) and graphical (right) schematic derived by interferometry
characterizing photopolymerized microridges in methacrylate polymers with channel depth
of ~1.8 µm.
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Figure 4.
Dissociated SGN neurite growth on unpatterned or patterned HMA/HDDMA. (A&B)
Dissociated SG cultures grown on unnpatterned or patterned HMA/HDDMA and
immunostained with anti-NF200 antibody. Neurite growth on unpatterned polymer is
random whereas neurites on micropatterned polymers parallel the pattern. (C) Drawing
represents measurement of neurite length as well as the measurement of cell body to nerve
terminus parallel to the pattern used to assess the extent of neurite alignment to pattern. (D)
Mean (+/− SD) ratios of neurite length to end-to-end distance for neurites on unpatterned or
patterned HMA/HDDMA are significantly different by Student’s unpaired two-tailed t-test
(p<0.001).
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Figure 5.
Spiral ganglion Schwann cells, but not fibroblasts, align with micropatterns in the absence of
neurites. (A) Cell alignment was determined by measuring the angle (θ) of an ellipse fitted
to the major axis of the cell relative to the pattern. (B) Histogram of orientation angle for
SCs and fibroblasts on patterned or unpatterned polymers (n=354, 300 and 76 for SC on
patterned polymer, SC on unpatterned polymer and fibroblasts on patterned polymer
respectively). Over 75% of SCs on patterned polymer were oriented within 30 degrees to the
pattern. The difference in alignment of SCs on patterned polymers vs SC’s on unpatterned
polymers and fibroblasts on patterned polymers was significant (p<0.001, ANOVA with
post-hoc Dunn’s Method).
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Figure 6.
Spiral ganglion Schwann cells remain closely associated with neurites even when they are
not in line with the pattern. Dissociated SG culture on patterned HMA/HDDMA and
immunostained with anti-NF200 (red) and anti-S100 (green) antibodies. Arrows denote SCs
aligned with neurites that fail to follow the pattern, which is parallel to the horizontal plane.

Clarke et al. Page 19

Hear Res. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Spiral ganglion explant on patterned HMA/HDDMA polymer. (A) The explant body is
outlined with a dashed red line on the bottom right corner. NF200-labeled neurites (yellow)
extend initially from the explant in a radial fashion and are subsequently induced to turn
parallel to the pattern which is oriented along the horizontal plane. Anti-S100 antibody
(green) and Hoechst (blue) were used to label SCs and nuclei respectively. Notably, there
are several S100-negative cell nuclei clustered close to the explant, as exemplified in the
higher magnification images below. (B) White arrowheads indicate S100-negative cell
nuclei. (C) Image taken further away from the explant (~ 200 µm) demonstrating that all
nuclei are associated with S100-positive cells. The micropatterned MAs support SC
outgrowth more favorably than S100-negative cells such as fibroblasts.
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Figure 8.
Micropatterned HDDMA induced turning of SGN neurites from SG explants. (A) The initial
neurite angle relative to the pattern was compared to the angle change from initial to
terminal segment (Δθ) to determine the extent of turning by neurites in patterned and
unpatterned polymer environments. (B–D) Scatterplots of SGN neurite growth on glass (B),
unpatterned HDDMA (C) and HDDMA with micropaterning (D) demonstrate that neurite
growth on micropatterned HDDMA has a direct correlation between the initial angle to the
pattern and the angle change between the initial and terminal neurite segment.
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Figure 9.
SGN neurite grow within the microgrooves of patterned HMA/HDDMA. (A) Section of
confocal z-stack from SG culture immunostained with anti-S100 (green) and anti-NF200
(red) antibodies. The neurite grows within the groove, demonstrated as a cellular stripe
between acellular ridges. Scale bar=50 µm. (B) Ninety degree rotation of the stack to allow
viewing down the x-axis. The grooves are evident as the regions with thicker S100 labeling
compared with the ridges. The neurite (red) remains confined to the groove region. Scale
bar=3 µm.
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