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Abstract

Cochlear Implants (CIs) suffer from limited tonal resolution due, in large part, to spatial separation 

between stimulating electrode arrays and primary neural receptors. In this work, a combination of 

physical and chemical micro-patterns, formed on acrylate polymers, are used to direct the growth 

of primary spiral ganglion neurons (SGNs), the inner ear neurons. Utilizing the inherent temporal 

and spatial control of photopolymerization, physical micro-grooves are fabricated using a 

photomask in a single step process. Biochemical patterns are generated by adsorbing laminin, a 

cell adhesion protein, to acrylate polymer surfaces followed by irradiation through a photomask 

with UV light to deactivate protein in exposed areas and generate parallel biochemical patterns. 

Laminin deactivation was shown increase as a function of UV light exposure while remaining 

adsorbed to the polymer surface. SGN neurites show alignment to both biochemical and physical 

patterns when evaluated individually. Competing biochemical and physical features patterns were 

also examined. The relative guiding strength of physical cues was varied by independently 

changing both the amplitude and the band spacing of the micro-grooves, with higher amplitudes 

and shorter band spacing providing cues that more effective guide neurite growth. SGN neurites 

aligned to laminin patterns with lower physical pattern amplitude and thus weaker physical cues. 

Alignment of SGNs shifted towards the physical pattern with higher amplitude and lower 

periodicity patterns which represent stronger cues. These results demonstrate the ability of 

photopolymerized micro-features to modulate alignment of inner ear neurites even in the presence 

of conflicting physical and biochemical cues laying the groundwork for next generation cochlear 

implants and neural prosthetic devices.
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Introduction

The effectiveness of neural prosthetic devices, such as the cochlear or developing retinal 

implants, relies on successful integration with host tissue.1,2 While rudimentary 

sensorineural function can be restored using these devices, complex information cannot be 

effectively relayed largely due to separation between stimulating electrodes and neural 

receptor cells.3,4 For example, cochlear implant electrodes in the scala tympani are 

positioned hundreds to thousands of micrometers from the spiral ganglion neurons (SGNs), 

the target receptor neurons, which contributes significantly to signal broadening and overlap. 

This spatial separation dramatically limits the number of distinct independent channels a 

patient can discern and thereby reduces the frequency resolution provided by the implant. 

Thus, cochlear implants do not effectively recapitulate the precise tonotopic organization of 

the native cochlea. By decreasing the distance applied currents must traverse to stimulate 

SGNs, the number of independent perceivable tones can be significantly increased thereby 

improving cochlear implant resolution.

Strategies to close this gap in neural prosthetic devices have focused largely on engineering 

cellular cues that direct the outgrowth of neurites. In native environments, neural cells 

respond to a multitude of cues which help determine spreading, morphology, gene 

expression, and alignment.5 In particular, micro- and nano-scale surface features and their 

effect on cell proliferation and orientation has been the topic of numerous studies.5–8 For 

example, epithelial cells were found to elongate and align along patterns of grooves and 

ridges as small as 70 nm on silicon oxide substrates, whereas smooth substrates resulted in 

rounded cells, showing the impact of topography on cell morphology.9 Adult mouse dorsal 

root and sympathetic ganglia neurite growth showed alignment to nano-grooves with 

amplitudes as low as 100 nm when cultured on polymethylmethacrylate.10 Groove depth and 

spacing were also found to significantly influence neurite alignment of dorsal root ganglia 

seeded on poly-D,L-lactic acid and poly(lactide-co-glycolide) substrates.11 Our lab has also 

shown that neurite alignment correlates strongly to the maximum slope of gradually 

transitioning micro-grooves fabricated using photopolymerization.12,13 Therefore, substrate 

topography plays a critical role in directing the regeneration of neural processes and surface 

cues will likely be useful in guiding neurites towards stimulatory elements.

Biochemical signals also play an integral role in directing cell growth. Extracellular matrix 

(ECM) proteins, such as laminin or fibronectin, have been used to influence axon outgrowth.
14–16 These ECM proteins can be patterned by micro-contact printing where a protein (or 

biomolecule) is adsorbed or “inked” onto a micro-patterned PDMS stamp. The stamp is then 

pressed against a surface, which only transfers the protein onto regions contacting the 

substrate.17 When cells interact with the chemical patterns on the substrate, cell-substrate 

interactions are favorable/unfavorable in regions containing protein, resulting in extension 

and alignment of neural processes parallel to or on biomolecule patterns. For example, 

Juncker et al. showed that fibroblasts seeded onto poly(ethylene glycol) (PEG) surfaces 

containing 10 μm wide fibronectin parallel stipes extended down the length of the protein 

pattern and avoided interactions with the bare PEG substrate.18 Micro-contact printed 

surfaces have also been effective in understanding the pathfinding of neurites. Offenhäuser et 
al. showed that neurites closely followed a grid-like pattern of laminin and ECM proteins on 
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a polystyrene background.19 Extending axons were observed making 90 degree turns at 

branch points in similar grid-like patterns showing the effectiveness of biochemical markers 

in directing neural processes.20,21

In native neural environments, both physical cues (topographical) and biochemical cues 

(proteins, growth factors, etc.) promote and direct axon outgrowth. Neural response to 

physical5 or chemical22–25 cues have been extensively studied independently, but their 

synergy or antagonism is rarely examined in a single system. Recent research showed that 

embryonic hippocampal neuronal axons navigated a topographically complex environment, 

providing pronounced directional selectivity.26 While this study provides insight into the 

neural response to a combination of physical and chemical cues, it did not explore the 

hierarchal relationships when chemical or physical cues present conflicting cues.

Understanding the interaction of chemical and physical cues that govern neurite pathfinding 

will provide vital information for regenerative therapies. The ability to engineer materials 

that can direct neurites, even in the presence of competing cues, will be necessary for future 

advances in neural prosthetic tissue engineering. In this work, we investigate the effects of 

competitive photogenerated topographical (surface micro-grooves) and biochemical 

(laminin) cues in directing the regrowth of SGN neurites. We demonstrate the precise 

control over chemical and physical patterns that allows us to finely dissect the contribution 

of these divergent stimuli. These aspects of neurite pathfinding have not yet been 

independently examined using SGN neurites. Biochemical patterns are generated using a 

novel technique where laminin is adsorbed onto acrylate polymer surfaces followed by 

illumination through a photomask to deactivate protein functionality in exposed regions. 

Additionally, gradually sloping micro-grooves were fabricated through photopolymerization 

and used as physical cues to guide neural processes. We have previously reported that SGN 

neurites and other cell types align to these photopolymerized patterns, but have yet to 

examine SGN neural response to a combination of physical and biochemical cues.12,27 

Accordingly, perpendicular biochemical and physical cues were generated to test the ability 

of each cue to guide SGN neurites. The strength of physical cues is increased by decreasing 

the periodicity or increasing the channel depth.12 Evaluation of SGN neurite response to 

competing cues demonstrates the ability of both chemical and physical stimuli to disrupt or 

direct the alignment of neurites to specific patterns.

Materials/Methods

Functionalization of glass slides

Functionalized glass slides were prepared in order to prevent delamination of acrylate 

polymers using methods reported previously.12 Briefly, standard 2.54 cm x 7.62 cm glass 

microscope slides were exposed to oxygen plasma for 3 min at 30 W RF power (PDC-001 

Harrick Plasma Expanded Cleaner, Ithaca, NY). Immediately following removal from the 

chamber, the slides were immersed in a 1 v/v % solution of 3-(methoxysilyl)propyl 

methacrylate (Sigma) in hexanes (Sigma) overnight. The samples were washed with fresh 

hexanes after being removed from the solution and dried in a fume hood. The functionalized 

glass slides were then stored in a sealed container until use.
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Physical micro-pattern substrate fabrication and characterization

Monomer solutions of 40 wt. % hexyl acrylate (HA, Sigma), 59 wt. % hexanediol diacrylate 

(HDDA, Sartomer), and 1 wt. % 2,2-dimethoxy-2-phenylacetophenone (DMPA, BASF) as 

the photoinitiator were used for all samples. A 20 μL volume of monomer solution was 

pipetted onto a functionalized glass slide and covered with a 2.54 cm x 2.54 cm glass-

chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) or piece of glass cut to 

the same dimensions. The samples were then illuminated with UV-light using a mercury 

vapor arc lamp (Omnicure S1500) at an intensity of 8 mW/cm2 measured at 365 nm. The 

light was shuttered at variable times in order to attenuate polymerization and generate 

channels of different depth as previously described.12 After polymerization, the photomask 

(or glass) was removed and the cured polymer was copiously rinsed with ethanol to remove 

residual monomer. The resulting micro-patterned polymers were dried and stored in a sealed 

container until use.

The absolute amplitude and periodicity of the micro-patterned polymers was characterized 

through white light interferometry (Dektak Wyko 1100 Optical Profiling System, Veeco). 

Periodicity was measured as the distance between minimum points in the pattern and was 

found to replicate the periodicity of the photomask used. The amplitude was the distance 

between minimum groove value and the adjacent maximum ridge value. Nine regions were 

measured from each sample and the average amplitude was reported.

Biochemical patterning and characterization

Acrylate polymers were biochemically patterned with the cell adhesion protein laminin and 

photodeactivation. A 40 μL volume of laminin (Sigma) in PBS (50 μg/mL) with 0.05 wt % 

2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone (HEPK, Ciba), a 

photoradical generator, was pipetted onto acrylate polymers. A 2.54 cm x 2.54 cm 

photomask or glass slide was then placed on the solution allowing even distribution across 

the surface. The sample was illuminated for 50 seconds with UV-light using a mercury vapor 

arc lamp (Omnicure S1500) at intensity of 16 mW/cm2 as measured at 365 nm. The 

photomask was then removed and the surface was washed with PBS and stored in PBS until 

use.

Relative levels of protein adsorption and protein micro-patterns were determined using 

immunofluorescence. After protein application or patterning, the samples were rinsed three 

times with PBS followed by a blocking buffer solution being applied to block the areas 

unoccupied by laminin for 30 min at room temperature. Anti-laminin rabbit polyclonal 

antibody (ab30320, 1:400, Sigma, Full length native protein isolated from mouse EHS 

tumor) was applied to the samples overnight at 4o C. The substrates were then rinsed 3 times 

with PBS and an Alexa488 conjugated secondary antibody (1:1000, ThermoFischer) was 

applied for 1 hour at room temperature. The samples were washed 3 times with PBS and 

coverslips were applied before epifluorescent imaging. Digital epifluorescent images were 

captured on a Leica DMIRE2 microscope (Leica Microsystems, Bannockburn, IL) with 

Leica DFC350FX digital camera and Metamorph software (Molecular Devices, Silicon 

Valley, CA). Images were taken at each sample irradiation time and gray-scale 

measurements were used to evaluate relative fluorescence intensity in Image J software 
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(NIH, Bethesda, MD). All samples were made in triplicate and five representative images 

were taken for each condition.

Spiral ganglia cell culture and neurite guidance determination

Dissociated spiral ganglion (SG) cultures from P3–5 rat pups were prepared as previously 

described.28,29 All polymer substrates without laminin patterns were coated uniformly with 

poly-L-ornithine (100 μg/mL) and laminin (20 μg/mL). SGN cultures were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with N2 additives, 5% fetal 

bovine serum, neurotrophin-3 (NT-3, 50 ng/ml) and brain derived neurotrophic factor 

(BDNF, 50 ng/ml). Cultures were maintained in a humidified incubator with 6.5% CO2 and 

fixed with 4% paraformaldehyde after 48 h.

SG cultures were immunostained with anti-neurofilament 200 (NF200) antibodies (1:400, 

Sigma) to label neurons, respectively.28 Alexa 488 conjugated secondary antibodies 

(Invitrogen) were used to detect primary antibody immunolabeling. Slides were cover 

slipped with ProLong Gold anti-fading reagent with DAPI (Life Technology).

Determination of neurite progression

Alignment of neurites to the physical and biochemical micro-patterns was evaluated as 

previously described.30 Briefly, a distribution of angles relative to the horizontal plane of 10 

μm length neurite segments were counted. Neurites from immunolabeled images were traced 

in ImageJ for each condition and X−Y distance data were analyzed using Matlab software. 

The angle of each segment was calculated relative to horizontal (physical pattern) and all 

neurite angles were then binned in 10° segments from 10−90°. Random outgrowth would be 

evidenced by a relatively equal distribution among all angle bins. Neurites aligned to 

horizontal plane would be demonstrated by high population percentages in bins of 20° or 

less.

Results and discussion

Photopolymerization and micro-groove fabrication

Our lab has shown photoolymerization to be an effective method in creating micro-grooves 

for directing cell growth on (meth)acrylate-based polymers.12,13,15,27,30,31 To form these 

patterns, a monomer solution is sandwiched between a glass substrate and photomask with 

alternating transparent and opaque bands. Collimated UV-light is then used to rapidly 

polymerize the sample. The light-induced reaction occurs most rapidly in regions directly 

below transparent bands, causing gelation of the monomer solution along the full path 

length. Polymerization also occurs in shadowed regions, but to a lesser extent, primarily due 

to growing polymer chain diffusion, diffracted and reflected light. Consequently, ridges are 

formed under transparent bands and grooves emerge under opaque regions. Furthermore, 

effective irradiation intensity, sample cure time, photoinitiator concentration, and photomask 

band spacing can be altered to achieve user-defined channel amplitudes and repeating 

feature frequency.12 In the current study, a hexyl acrylate (HA) and 1,6-hexanediol 

diacrylate (HDDA) mixture with 2,2-dimethoxy-2-phenylacetophenone (DMPA) as 

photoinitiator was used as an analog of previously studied polymers. This formulation was 

Leigh et al. Page 5

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chosen because of ready control of the substrate topography and inherent substrate stiffness. 

The topography including channel depth and periodicity can be easily modulated. By 

changing cure time, light intensity, and photoinitiator concentration the depth of the 

channels are easily tuned as described previously.12 Channel periodicity was determined by 

the photomask pattern used to generate the microchannels. In addition, these substrates are 

relatively stiff. Previous results also show that higher modulus materials guide SGN neurite 

growth more effectively.31 Polymer topography, specifically channel amplitude and 

periodicity, was confirmed by white light interferometry using an optical profiling system.

To increase the biocompatibility of synthetic materials, proteins can be applied to 

hydrophobic and hydrophilic biomaterial surfaces.32 Laminin, a cell adhesion protein, is 

often adsorbed onto biomaterial surfaces to increase cell attachment and control the neural 

response to a given material.33–35 Exposure of laminin to UV light results in inactivation of 

the functional protein.36 In this study, laminin is patterned using UV-light to deactivate the 

protein functionality including cell adhesive properties to spatially control neural response 

and adhesion. Accordingly, laminin is adsorbed onto the polymer surface by allowing a 

laminin-containing solution to contact the substrate, followed by illumination of the 

substrate through a photomask with 50 μm periodicity parallel bands (Figure 1). As UV light 

is absorbed by the protein or photoradical generator (HEPK), highly reactive radicals react 

with adjacent chemical bonds of the protein and other molecules in solution. The change in 

chemical bonds is believed to alter protein structure, folding, and binding affinities of 

integrins, antibodies, and enzymes.37–40 Furthermore, these rearrangements may alter the 

ability of SGN neurites and spiral ganglion Schwann cells to bind to cell adhesion motifs, 

ultimately affecting the affinity of the cells to the substrate.41

To quantify the changes in protein with illumination time, immunofluorescence of the 

protein was measured at variable illumination times. We used a polyclonal antibody that 

would bind multiple epitopes of the protein. Changes in binding of primary antibody to the 

adsorbed laminin indicates that alterations are occurring to throughout the protein structure 

which, in turn, causes a change in affinity for the antibody. In Figure 2A, intact laminin 

stripes are detected by immuofluorescent labeling (green) and appear as the vertically 

stretching bands. Areas exposed to UV-light, and thus deactivated, are represented by the 

dark bands found between the green stripes. The ability to selectively deactivate laminin in 

specific patterns not only on smooth substrates, but also onto surfaces containing 

topographical features, such as sloped features or grooves, offers a distinct advantage over 

other patterning methods such as micro-contact printing techniques. Using micro-contact 

printing, for example, proteins can only be printed in areas that come into direct contact with 

the inked stamp.17,42 Consequently, proteins cannot be effectively transferred in depressions 

on a surface, such as micro-grooves, where the stamp would not be able to contact the 

substrate. Using this photodeactivation process, laminin can be selectively deactivated on 

grooves, ridges, and sloped features to form a continuous laminin pattern along complex 

topographies as shown in Figure 2B. The stripes of active laminin, indicated by 

immunoreactivity, can be seen extending vertically while the physical pattern is visible 

stretching horizontally. The active laminin stripes are clearly visible on both ridges and 

grooves of the perpendicular physical pattern, confirming continuity of the biochemical cue.
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To understand protein response to UV exposure and determine the potential added effect of a 

photoradical generator, laminin solutions with and without HEPK were applied to polymer 

surfaces and illuminated with UV light at varying time intervals (Figure 3). Immunostaining 

was used to quantitatively assess laminin photodeactivation after irradiation followed by 

visualization using epifluorescence microscopy. Five representative images from the sample 

surface were taken and the relative fluorescence of these images was quantified using gray-

scale measurements in Image J software. Exposure to UV light significantly decreases the 

relative fluorescence of adsorbed laminin stained with antibody (Figure 3). This trend is 

observed for HEPK-containing and HEPK-free samples, however HEPK-containing 

substrates were observed to bleach more quickly. After illumination for 50 s, the 

fluorescence of samples with HEPK decreased almost three times greater than those without 

HEPK (a decrease of 78% relative fluorescence compared to 36% relatively fluorescence). 

Photoradical generating molecules produce radicals upon the absorption of a photon. Thus, 

the number of radical species in the solution increases with HEPK. The number of events 

that could alter protein structure likely cause accelerated photodeactivation with systems 

containing HEPK. After 50 seconds, the HEPK samples reached a minimum in fluorescence 

and thus maximum deactivation. In contrast, samples without HEPK present continue to 

decrease after 50 seconds until reaching a minimum of around 40 percent relative 

fluorescence. The HEPK effectively accelerates the rate of photodeactivation without 

altering the maximum deactivation of the protein likely due to the free radicals generated by 

the photocleavage of HEPK. These radicals likely change protein structure by reacting with 

amino acids on the protein surface, which can potentially alter molecular connectivity, 

protein structure, and folding. Further, the protein release from the surface was evaluated 

and showed no statistically significant decrease with illumination time (Supplemental, 

Figure S1).

Alignment of SGN neurites

While decreases in intensity using immunofluorescence were observed, these decreases are 

not a direct measure of the binding affinity for cells. To determine the effect of UV-induced 

changes on neural cellular response, the alignment of SGN neurites to laminin patterned 

onto acrylate polymer surfaces was evaluated. SGN neurite alignment was quantified along 

active laminin stripes by sectioning each neurite into 10 μm long segments. The angle of the 

line connecting the endpoints of each segment from the horizontal was then measured 

(Figure 4). Sectioning the entire length of the neurite into segments enables evaluation on 

how the neurite extends along the full path length and determines the degree to which the 

physical or chemical cues guide neurite pathfinding. Alignment angles were categorized into 

10 degree increments between zero and ninety degrees, with 0 degrees set as the horizontal 

direction and 90 degrees set as the vertical direction (laminin pattern direction). SGN 

neurites were cultured onto acrylate polymers containing a 50 μm periodicity laminin pattern 

and compared to a uniformly-coated control. As shown in Figure 5A, neurites grow 

randomly on unpatterned polymer surfaces, as neurites are observed extending in multiple 

directions. In contrast, SGN neurites seeded onto the laminin patterned substrates show a 

distinct preference for the vertical active laminin stripes (Figure 5B). Interestingly, the 

neurites grew almost exclusively on active laminin regions, confirming that the decrease in 

immunoreactivity also reflects decreased protein activity for cell adhesion.
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Quantification of neurites grown on uniformly laminin coated substrates showed no 

directional preference with the percentage of segments being evenly distributed between all 

angle groups (Figure 5C). In contrast, SGN neurites grown on laminin patterned surfaces 

showed strong alignment to the 90 degree active laminin stripes with over 70 percent of the 

segments aligned (within 20 degrees of the laminin pattern) and over 55 percent strongly 

aligned (within 10 degrees of the laminin pattern) (Figure 5D). For uniformly-coated 

polymers, less than 20 percent of the neurite segments were within 20 degrees of the vertical 

pattern, demonstrating the stark contrast between the patterned and uniformly-coated 

samples. These results indicate that laminin, patterned using this photodeactivation method, 

can be used to effectively guide inner ear neurite extensions.

SGN neurite alignment to competing patterns of varying periodicity

Natural neural outgrowth responds to multiple cues. It is therefore important to understand 

how SGN neurites respond to a combination of biochemical and physical cues as would be 

encountered in vivo. Therefore, understanding the relative contribution from physical and 

chemical patterns to guiding neural processes will help develop novel tissue engineering 

techniques to improve the resolution of neural prosthetics. Competing physical and 

biochemical guidance patterns will serve as a means to understand the ability of each 

guidance cue in directing neurite pathfinding and overcoming a conflicting cue. Using 

gradually sloping photopolymerized micro-features, the relative guidance or strength of a 

physical patterned can be modulated by varying either the channel amplitude or the pattern 

periodicity (frequency).12 Previous experiments in our lab have shown increases in 

alignment of SGN neurites with higher amplitude and decreasing periodicity of strictly 

physically patterned substrates.12 Thus, the physical surface features can be tuned to induce 

changes in neurite response to a given topography.

To evaluate how SGN axons respond to these stimuli in competition, polymer microgrooves 

were fabricated with different periodicity and constant amplitude, followed by 

perpendicularly patterning 50 μm periodicity laminin stripes on the surface. To demonstrate 

the change in alignment behavior when applying the laminin stripes, uniformly laminin 

coated samples were tested with identical periodicity and amplitude. The periodicity of the 

physical micro-patterns was varied between 20 (strong cue), 33 (moderate cue), and 50 μm 

(weak cue) all with 1.5 μm amplitude. Alignment of neurites to the 20 μm periodicity 

uniformly-coated laminin sample is seen in Figure 6A, with many neurite segments 

following the horizontal physical pattern. In contrast, the 20 μm periodicity substrate with a 

perpendicular laminin pattern, showed a disruption of neurite alignment to the physical 

pattern. Many neurite segments are observed originally following the vertical laminin pattern 

then switching to follow the horizontal physical pattern and vice versa (Figure 6B). As the 

periodicity of the physical pattern increased and the strength of physical cue concomitantly 

decreased, neurites showed a lower degree of alignment to the physical pattern in both the 

uniformly laminin coated substrates as well as the perpendicularly laminin patterned 

competing cues. For the perpendicularly patterned substrates, neurites tended to follow the 

laminin stripes to a greater extent as the periodicity was increased to 33 and 50 μm (Figure 

6C, 50 μm periodicity depicted).
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Quantification of neurite alignment is shown in Figure 7. Similar to our previous 

observations with SGN neurites grown on uniformly coated micro-patterns,12 alignment 

decreased with increasing periodicity of the physical pattern (Figure 7A-C). For the 20 μm 

periodicity substrate with uniform laminin, almost 60 percent of the neurite segments were 

aligned to the physical pattern, quantitatively demonstrating the ability of this low 

periodicity cue to guide neurites (Figure 7A). As this periodicity increased to 33 μm, fewer 

neurite segments aligned to the micro-pattern with less than 30 percent of the neurite 

segments aligned within 20 degrees of the pattern (Figure 7B). The 50 μm periodicity proved 

to be a very weak cue with a nearly random distribution of segment alignment (Figure 7C). 

For these samples, less than 30 percent of the neurite segments were within 20 degrees of the 

physical pattern, showing comparable alignment to physically unpatterned and uniformly 

laminin coated substrates. By increasing the periodicity of the physical pattern the neurite 

segments considered to be aligned decreased by approximately one third from a 20 μm to a 

50 μm periodicity pattern.

By introducing a conflicting laminin pattern, the distribution of neurite segments shifted for 

each physical pattern. For the 20 μm physical pattern with perpendicular active laminin 

regions, neurites did not align to any specific angle (Figure 7D) with a nearly random 

distribution of roughly 10 percent of the neurite segments for each angle. However, there 

were slightly fewer neurite segments found between 40 and 50 degrees than the lower or 

higher angles, suggesting a greater number of neurite segments were found following either 

the physical or biochemical pattern. As the strength of the physical cue was weakened by 

increasing the periodicity to 33 μm, the neurite segments shifted to align to the laminin 

pattern, as observed in Figure 7E. Using these conditions, the distribution favored higher 

angles, indicating a moderate degree of alignment along the biochemical pattern.

At the weakest physical cue, neurite segments shifted to follow the laminin stripes strongly 

with roughly two thirds found within 20 degrees of the laminin pattern (Figure 7F). For 

these conditions, the neurites appear to be unaffected by the physical pattern and strictly 

follow the biochemical cue. Because the 50 μm periodicity uniformly laminin coated sample 

induced very weak alignment to the physical pattern (Figure 7C), it is not surprising that the 

neurites cultured on the 50 μm perpendicularly patterned samples strongly follow the 

biochemical cue. These observations demonstrate that the laminin micro-pattern generated 

from the photodeactivation process can be used to disrupt the alignment of SGNs to weak 

and intermediate physical patterns as observed for the 33 μm and 50 μm periodicity physical 

patterns. However, the laminin pattern could not induce SGN neurites to strictly follow the 

biochemical cue, as evidenced by the 20 μm periodicity pattern, where many neurite 

segments followed either or both physical and biochemical patterns.

SGN neurite alignment to competing patterns of varying amplitude

Channel amplitude can be used as an additional means to alter the strength of a 

topographical cue, with increasing depth leading to significantly enhanced alignment.11,12,43 

Accordingly, micro-pattern amplitudes were varied as an additional method to evaluate 

neurite pathfinding with competitive cues. Polymer micro-grooves with a 50 μm pattern 

periodicity were fabricated with amplitudes of 3 μm (intermediate cue) and 8 μm (strong 
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cue) in addition to a perpendicular 50 μm periodicity laminin pattern. A weak physical cue 

of 1.5 μm amplitude was discussed previously. To demonstrate the ability of the biochemical 

cue to disrupt neurite pathfinding to the micro-grooves, physically patterned samples with 

uniformly coated laminin were also used. As previously shown, neurite alignment to the 

physical pattern on the uniformly laminin coated controls increased with increasing 

amplitude and many observable neurites turned to follow the horizontal physical pattern 

(Figure 8A, 8 μm amplitude depicted).12 Conversely, neurites grown on substrates with 

weaker physical cues showed disruption of the alignment to the physical pattern as observed 

in Figure 8B. Quantification of the neurite orientation on the uniformly coated controls 

showed an increase in alignment to the physical pattern with increasing amplitude (Figure 

8C, E). At 3 μm amplitude, over 40 percent of the segments are aligned within 20 degrees of 

the physical pattern (Figure 8C). This percentage increased to almost 70 percent with the 8 

μm amplitude substrates (Figure 8E) suggesting a significant increase in strength of the 

physical pattern. When the perpendicular biochemical cue is added, the alignment along the 

physical pattern is disrupted. For the 3 μm amplitude substrate with perpendicular laminin, 

neurite alignment favors higher angles, or following the biochemical stripes with over half of 

the neurite segments aligning to the laminin pattern (Figure 8D). As the amplitude is 

increased to 8 μm, many neurite segments were weakly aligned to either the physical or the 

biochemical pattern. The fewest number of neurites were found between 50 and 60 degrees 

with just over 2 percent of the total segments (Figure 8C). The neurites also followed the 

physical pattern (lower angles) slightly more with a higher percentage of neurites segments 

found between 0–20 degrees than between 70–90 degrees. In this system, neurites encounter 

both a strong physical cue and a strong chemical cue, which is indicated by a higher 

percentage of the neurite segments found following either the physical pattern (low angles) 

or chemical pattern (high angles). Even with strong physical cues (either more frequent 

and/or deeper micro-grooves) neurites growth and alignment is significantly influence by the 

chemical cue patterns.

Conclusion

Spatial control of neurite regeneration from sensory neurons stimulated by neural prosthetics 

may serve as a viable method to improve resolution for many devices, such as the cochlear 

implant. In this work, we report on a facile method to pattern laminin onto 

photopolymerizable acrylate polymers. Illuminating adsorbed laminin through a photomask 

deactivates protein to form active protein patterns in unexposed areas. The photodeactivation 

process described herein was shown to decrease binding of laminin to antibodies, while 

leaving the protein adsorbed to the surface. SGN neurites cultured on 50 μm periodicity 

active laminin stripes strongly aligned to the pattern. Perpendicular competing biochemical 

and physical cues were used to examine the neural response and pathfinding of neurites 

cultured on substrates with a combination of cues. At weak and intermediate physical cues, 

SGN neurites aligned more closely to the laminin pattern. When cultured on micro-patterns 

with stronger guidance cues, SGN neurite alignment to the laminin pattern was disrupted 

showing no distinct preference tp e either cue. These findings demonstrate that physical 

and/or biochemical cues can be used to align neurites and even overcome competing cues, 
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which may be necessary for directing neurite in vivo when neurons encounter conflicting 

cues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Schematic depicting the photodeacivation and patterning process. A protein solution is 

applied to an acrylate polymer and illuminated with UV-light through a photomask. Exposed 

protein is deactivated resulting in an active protein pattern in shadowed regions.
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Figure 2: 
Epifluorescent images of the laminin patterned substrates. A) 50 μm vertical laminin pattern 

on a smooth acrylate polymer substrate. Active laminin stripes are represented by green 

bands where dark bands represent photodeactivated areas. B) Laminin patterned onto a 

physically patterned acrylate polymer (50 μm periodicity and 1.5 amplitude). The protein 

pattern is shown vertically and the physical pattern runs horizontally. Both images were 

visualized using immunofluorescent imaging. The physical pattern observed in B is 

detectable due to autofluorescence of the polymer.
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Figure 3: 
Characterization of the photodeactivation process. Relative fluorescence of the laminin as a 

function of illumination time with and without photoinitiator. The fluorescence decreases 

over time with photoinitiator increasing the photobleaching process.
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Figure 4: 
Schematic demonstrating the angle quantification method used to evaluate neurite 

alignment.
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Figure 5: 
SGN alignment on laminin patterned and uniformly-coated substrates. A) Epifluorescent 

image of neurites grown on uniformly-coated smooth polymer substrates. B) Epifluorescent 

image depicting neurites grown on a vertical laminin patterned smooth surface. Many 

neurites are observed following the vertical pattern in response to the laminin stripes. C) 

Angle quantification of neurites grown on uniformly-coated smooth polymer substrates 

(n=417). D) Angle quantification of neurites seeded onto smooth substrates containing a 

vertical laminin pattern (n=261). The box in the top left corner of the histograms represents 

the pattern present for the quantification (green stripes for the vertical laminin pattern).
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Figure 6: 
Neurites from dissociated SGN grown on: (A) a uniformly laminin coated 20 μm periodicity, 

1.5 μm amplitude physical pattern, (B) a 20 μm physical pattern with an amplitude of 1.5 μm 

(strong physical cue) and a perpendicular 50 μm laminin pattern and (C) a 50 μm physical 

pattern with an amplitude of 1.5 μm (weak physical cue) and a perpendicular 50 μm laminin 

pattern. The physical pattern is oriented horizontally and the laminin pattern vertically. 

Cultures were stained with anti-NF200 antibodies.
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Figure 7: 
Quantification of SGN neurites grown on patterned substrates with variable periodicity. The 

top row of histograms are the quantification of SGN neurites cultured on physically 

patterned substrates with a uniform coating of laminin with the periodicities of 20 μm (A, 

n=21), 33 μm (B, n=133) and 50 μm (C, n=405). The bottom row of graphs represents the 

quantification of SGN neurites cultured on physically patterned substrates containing a 

perpendicular 50 μm laminin pattern with the periodicities of 20 μm (D, n=391), 33 μm (E, 

n=229) and 50 μm (F, n=319). Periodicity increases from left to right as the strength of the 

physical cue decreases. The box in the top left corner of each histograms represents the 

pattern present for the quantification (green stripes for the vertical laminin pattern and black 

stripes for the horizontal physical pattern).
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Figure 8: 
Quantification of SGN neurites grown on patterned substrates with variable amplitude. 

Epifluorescent images of neurites grown on (A) uniformly laminin coated 50 μm periodicity 

and 8 μm amplitude physically patterned and (B) perpendicularly patterned laminin on a 50 

μm periodicity and 8 μm amplitude physical pattern. The top row of histograms represents 

the quantification of SGN neurites seeded on substrates with a uniform coating of laminin 

and amplitudes of 3 μm (C, n=135) and 8 μm (E, n=158). The bottom row of histograms 

represents the quantification of SGN neurites seeded on substrates with a 50 μm 

perpendicular laminin pattern and amplitudes of 3 μm (D, n=175) and 8 μm (F, n=217). The 

box in the top left corner of each histograms represents the pattern present for the 

quantification (green stripes for the vertical laminin pattern and black stripes for the 

horizontal physical pattern). Cultures were stained with anti-NF200 antibodies.
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