
www.manaraa.com

University of Iowa University of Iowa 

Iowa Research Online Iowa Research Online 

Theses and Dissertations 

Summer 2014 

Photopolymerized materials and patterning for improved Photopolymerized materials and patterning for improved 

performance of neural prosthetics performance of neural prosthetics 

Bradley William Tuft 
University of Iowa 

Follow this and additional works at: https://ir.uiowa.edu/etd 

 Part of the Chemical Engineering Commons 

Copyright © 2014 Bradley William Tuft 

This dissertation is available at Iowa Research Online: https://ir.uiowa.edu/etd/1410 

Recommended Citation Recommended Citation 
Tuft, Bradley William. "Photopolymerized materials and patterning for improved performance of neural 
prosthetics." PhD (Doctor of Philosophy) thesis, University of Iowa, 2014. 
https://doi.org/10.17077/etd.lbif0oq0 

Follow this and additional works at: https://ir.uiowa.edu/etd 

 Part of the Chemical Engineering Commons 

https://ir.uiowa.edu/
https://ir.uiowa.edu/etd
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F1410&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=ir.uiowa.edu%2Fetd%2F1410&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.17077/etd.lbif0oq0
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F1410&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/240?utm_source=ir.uiowa.edu%2Fetd%2F1410&utm_medium=PDF&utm_campaign=PDFCoverPages


www.manaraa.com

 

 

PHOTOPOLYMERIZED MATERIALS AND PATTERNING FOR 

IMPROVED PERFORMANCE OF NEURAL PROSTHETICS 
 
 
 
 
 
 
 

by 

Bradley William Tuft 
 
 
 
 
 
 
 
 

A thesis submitted in partial fulfillment 
 of the requirements for the Doctor of 

 Philosophy degree in Chemical and Biochemical Engineering  
in the Graduate College of  

The University of Iowa 
 
 

August 2014 
 
 

Thesis Supervisor: Professor C. Allan Guymon 
 



www.manaraa.com

 

 

Graduate College 
The University of Iowa 

Iowa City, Iowa 
 
 
 
 

CERTIFICATE OF APPROVAL 
 

__________________________ 
 
 

PH.D. THESIS 
 

____________ 
 
 

This is to certify that the Ph.D. thesis of 
 

 
Bradley William Tuft 

 
 

has been approved by the Examining Committee 
for the thesis requirement for the Doctor of Philosophy 
degree in Chemical and Biochemical Engineering at the August 2014 graduation. 
 
 
Thesis Committee: ________________________________________ 

C. Allan Guymon, Thesis Supervisor 
 
 

________________________________________ 
Marlan Hansen 
 
 

________________________________________ 
Jennifer Fiegel 
 
 

________________________________________ 
Julie Jessop 
 
 

________________________________________ 
Eric Nuxoll



www.manaraa.com

 

ii 

 
To my dear Eve who fills my life with love, and to our wonderful children



www.manaraa.com

 

iii 

Let us have integrity and not write checks with our tongues which our conduct cannot cash. 
 

-Neal A. Maxwell, Meeting the Challenges of Today



www.manaraa.com

 

iv 

ACKNOWLEDGMENTS 
 

First, I sincerely thank Dr. Allan Guymon for his guidance and instruction 

throughout my graduate career. I couldn’t have asked for a better mentor and friend as a 

thesis advisor. Allan helped me to substantially improve my technical communication 

skills through his invaluable feedback on my writing and presentations. He has also 

provided a perfect balance between advising and encouraging project ownership 

throughout our time together which has strongly prepared me for success in future 

professional pursuits and research projects. His gentle, but persuasive, encouragement to 

apply for national fellowships and grants was instrumental in achieving some of the 

highlights of my graduate career. More could be, and indeed ought to be, said about his 

excellent mentoring but suffice it to say that I am profoundly grateful for his influence 

and I look forward to future correspondence with him through the years. 

I also cannot give enough praise about Dr. Marlan Hansen, his research acumen, 

or his invaluable input and contributions during our research collaboration. There really 

must be two of him to get so much accomplished in so short a time. His optimism and 

graciousness are infectious and made our frequent meetings something truly to look 

forward to which is no small thing to say about meetings. It has also been my privilege to 

work with very talented lab technicians and researchers in Dr. Hansen’s lab including 

Joseph Clarke, Linjing Xu, Jason Clark, Shufeng Li, Lichun Zhang, Kristy Truong, 

Andrew Erwood, and Alison Seline. I don’t hesitate to attribute much of the success of 

this project to their irreplaceable efforts. 

My thanks, too, for valuable contributions from fellow graduate colleagues 

including Soon Ki Kim, Brad Forney, Clint Cook, Brian Dillman, Kristan Worthington, 

Celine Baguenard, Todd Thorson, Jon Scholte, Jake McLaughlin, Braden Leigh, and 

Brian Green. Their input during research discussions has significantly benefited my 

project and their friendship and kindness have made the lab and the office enjoyable 



www.manaraa.com

 

v 

places to be. I thank Scott White, Austin Hangartner, Krystian Perez, and Stephanie 

McCoy for their valuable work as talented undergraduate researchers. Interacting with 

and supervising them was an incredible learning experience. The assistance and support 

from the secretaries in the Department of Chemical and Biochemical Engineering was 

always timely, friendly, and exceptional for which I thank Linda Wheatley, Natalie 

Potter, Wendy Meyers, and Katie Shnedler.  

I am grateful to Dr. David Britt for his willingness to take me into his lab as an 

undergraduate researcher with almost no research experience. His mentorship and 

recommendations, along with engineering training I received at Utah State University, 

were critical to my graduate career and in setting a course for my professional career. 

I thank my parents, Will and Julene Tuft, for their encouragement and their love. 

Their time and sacrifices have blessed my life, and my educational pursuits, 

immeasurably. I also thank Jim and Elaine Brickey, my father and mother-in-law, for 

their crucial help along the way, including the extended summer stay at their place during 

our transition to graduate school. 

Finally, I thank my dear wife, Eve, for her love and unwavering support as I have 

pursued my dreams. She continues to be a wonderful mother to our children as well as 

my best friend and confidant through whatever comes our way. 
 



www.manaraa.com

 

vi 

ABSTRACT 
 

Neural prosthetics are used to replace or substantially augment remaining motor 

and sensory functions of neural pathways that were lost or damaged due to physical 

trauma, disease, or genetics. However, due to poor spatial signal resolution, neural 

prostheses fail to recapitulate the intimate, precise interactions inherent to neural 

networks. Designing materials and interfaces that direct de novo nerve growth to spatially 

specific stimulating elements is, therefore, a promising method to enhance signal 

specificity and performance of prostheses such as the successful cochlear implant (CI) 

and the developing retinal implant.  

In this work, the spatial and temporal reaction control inherent to 

photopolymerization was used to develop methods to generate micro and nanopatterned 

materials that direct neurite growth from prosthesis relevant neurons. In particular, 

neurite growth and directionality has been investigated in response to physical, 

mechanical, and chemical cues on photopolymerized surfaces. Spiral ganglion neurons 

(SGNs) serve as the primary neuronal model as they are the principal target for CI 

stimulation. The objective of the research is to rationally design materials that spatially 

direct neurite growth and to translate fundamental understanding of nerve cell-material 

interactions into methods of nerve regeneration that improve neural prosthetic 

performance.  
A rapid, single-step photopolymerization method was developed to fabricate 

micro and nanopatterned physical cues on methacrylate surfaces by selectively blocking 

light with photomasks. Feature height is readily tuned from 100 nm – 10 µm by 

modulating parameters of the photopolymerizaiton including initiator concentration and 

species, light intensity, separation distance from the photomask, and radiation exposure 

time. Alignment of neural elements increases significantly with increasing feature 

amplitude and constant periodicity, as well as with decreasing periodicity and constant 



www.manaraa.com

 

vii 

amplitude. SGN neurite alignment strongly correlates (r = 0.93) with the maximum 

feature slope. Neurite alignment is compared on unpatterned, unidirectional, and 

multidirectional photopolymerized micropatterns. 

The effect of substrate rigidity on neurite alignment to physical cues was 

determined by maintaining equivalent pattern microfeatures, afforded by the reaction 

control of photopolymerization, while concomitantly altering the composition of several 

copolymer platforms to tune matrix stiffness. For each platform, neurite alignment to 

unidirectional patterns increases with increasing substrate rigidity. Interestingly, SGN 

neurites respond to material stiffness cues that are orders of magnitude higher (GPa) than 

what is typically ascribed to neural environments (kPa).  

Finally, neurite behavior at bioactive borders of various adhesive molecules was 

evaluated on micropatterned materials to determine which cues took precedence in 

establishing neurite directionality. At low microfeatures aspect ratios, neurites align to 

the pattern direction but are then caused to turn and repel from or turn and align to 

bioactive borders. Conversely, physical cues dominate neurite path-finding as pattern 

feature slope increases, i.e. aspect ratio of sloping photopolymerized features increases, 

causing neurites to readily cross bioactive borders. The photopolymerization method 

developed in this work to generate micro and nanopatterned materials serves as an 

additional surface engineering tool that enables investigation of cell-material interactions 

including directed de novo neurite growth. The results of this interdisciplinary effort 

contribute substantially to polymer neural regeneration technology and will lead to 

development of advanced biomaterials that improve neural prosthetic tissue integration 

and performance by spatially directing nerve growth.  
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CHAPTER 1 

INTRODUCTION 

 

Advances in biomaterials, micro- and nanofabrication, tissue engineering, cell and 

molecular biology, and biotechnology in the last six decades have enabled the 

development and rapid growth of a now burgeoning world medical device market with an 

estimated value of $286 billion in 2013.1 For most of the first implantable medical device 

applications, a primary concern centered on using materials that could replace or augment 

lost or impaired physiological function while remaining bioinert, i.e. mitigating 

deleterious host response such as chronic inflammation.2 For example, poly(methyl 

methacrylate) intraocular lenses were developed to treat patients with cataracts after Sir 

Harold Ridley observed that shards of the material were well tolerated in the eyes of 

aviators who were hit by debris from shattered plastic canopies of Spitfire fighter planes 

during World War II.3,4 As biomaterial scientists and tissue engineers have come to better 

understand key factors that dictate medical device performance, particularly regarding the 

crucial interface between the biological system and synthetic materials, the focus has 

shifted increasingly to bioactive surfaces and constructs that elicit favorable biological 

responses such as wound healing, osseointegration, directed cell growth, and controlled 

cellular differentiation.5-8 Because favorable physical and chemical interactions at the 

biointerface of the medical device often require location specific signaling, photo-

dependent processes such as photolithography and photopolymerization are increasingly 

exploited in biomaterial and tissue engineering studies and device fabrication due to their 

inherent spatial control.9-12 Accordingly, within the overlap between biomaterials science 

and photopolymerization technology lies substantial potential to develop advanced 

bioactive materials and constructs that meet challenging and complex treatment 

requirements which will save lives as well as improve the quality of life for millions.  
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This work develops and explores the use of photopolymerized materials and 

patterning methods to spatially direct as well as to test the pathfinding ability of de novo 

neurite outgrowth from neurons that are relevant to neural prostheses. Precisely directing 

neurites to specific electrodes would substantially increase the number of perceptual 

prosthesis signal channels which would greatly enhance device performance and improve 

the experience for the user.13-15 Photopolymerization is an ideal production platform for 

this work, and for biomaterial and tissue engineering applications generally, due to 

several unique advantages that differentiate it from traditional thermal and redox initiated 

polymerizations. These advantages include: 1) ultra-rapid hardening with some 

polymerizations reaching high conversion within fractions of a second; 2) no volatile 

organic solvents are required as viscosity of the system can be adjusted by varying 

monomer to oligomer ratios of the pre-polymer formulation; 3) excellent spatial control 

of the reaction as polymerization only occurs in areas irradiated with light; 4) temporal 

control afforded by controlled shuttering of the irradiation source; 5) many photo-initated 

polymerizations are carried out under mild (i.e. biocompatible) ambient conditions; and 

6) low energy consumption during polymerization and stable pre-polymer 

formulations.16,17   

Furthermore, photopolymerization represents one of the most rapidly expanding 

platforms for materials production. Photo-curing methodology has gained prominence in 

recent years for curing of polymer films in emerging applications in electronic and 

optical materials, adhesives, conformal coatings, and high-resolution rapid prototyping of 

3D objects.16,18-21 In addition to a wide variety of industrial applications, 

photopolymerization is emerging as a production platform of choice in biomaterials 

science with a well-established subfield in dental materials and restorations.22 A diverse 

array of photopolymers, including many methacrylates (MAs), exhibit excellent 

biocompatibility and serve as relatively bio-inert surfaces for in vitro and in vivo studies 

and clinical applications including tissue engineering and drug delivery.23-25 Final 
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material properties are readily tunable by modulating pre-polymer formulation and by 

altering photopolymerization parameters. For example, mechanical and surface properties 

and topographical textures can be tuned to mimic biological tissue.26-29 Physical 

characteristics of photopolymers are controlled by altering the material chemistry and the 

crosslinking density. Changing these factors alters material swelling capabilities, surface 

chemistry, wettability, mechanical strength, network architecture, and degradation time in 

accordance with the desired material properties.26,30,31 Crosslinking density and 

mechanical strength have shown particular importance in cell and neurite growth.32-34 

The unique advantages of photopolymerization outlined above are crucial to the 

studies presented in this work. The spatial and temporal control of photopolymerization 

was used to generate micro-and nano-patterned photopolymer surfaces that enabled 

contact guidance studies of de novo neurite pathfinding from spiral ganglion neurons 

(SGNs). SGNs are the primary target for cochlear implant (CI) stimulation and are 

located in the inner ear. Patterned substrates were fabricated by masking light exposure to 

alter local reaction kinetics across a substrate surface resulting in globally ordered 

topographic feature development. Chapter 4 represents a proof of concept study for the 

micropatterned photopolymerization strategy and illustrates general biocompatibility with 

inner ear neural tissue as well as significant contact guidance of neurite outgrowth from 

dissociated neurons as well as directed growth from intact neural tissue, i.e. inner ear 

explants cultured on micropatterned polymers.  

Chapter 5 explores the extent of SGN neurite alignment to uni-directional cues by 

altering microfeature spacing, amplitude, and feature slope transitions. SGN neurite 

alignment is compared to alignment from other neurons with supporting or glial cell 

alignment also being explored. Chapter 6 probes the neural pathfinding of SGN neurites 

on complex, multi-directional micropatterns with comparisons to uni-directional and 

unpatterned controls. In Chapter 7, micropatterned amplitudes and spacings are 

manipulated to be constant across a variety of compositional changes with varying cross-
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linking density in two co-methacryalte series to explore neurite pathfinding response to 

materials with varied stiffness. Finally, Chapter 8 explores the synergistic and 

antagonistic effects of physisorbed bioactive molecules on top of micropatterned 

photopolymerized polymers and their effects on neurite alignment. 

As an introduction to the work, this chapter reviews the necessary background 

information and technical literature pertinent to the presented topic of directing and 

characterizing neural pathfinding from prosthesis-relevant neurons in response to 

photopolymerized materials and bioactive patterning. The chapter is divided into six main 

sections. The first two sections provide conceptual background and history in 

biomaterials science and neural prosthetics with particular focus on cochlear implant 

history, function, and performance limitations. The next two sections overview strategies 

to enhance the signal resolution and performance of cochlear prostheses with emphasis 

on methods used to spatially control cellular outgrowth by both chemical and physical 

bioactive patterning. A fifth section expounds on photopolymerization methodology and 

illustrates research avenues for its use in biomaterials science and applications. Finally, a 

research overview and summary is provided in the last section regarding 

photopolymerized patterning and innear ear neural pathfinding in relation to 

micropatterns developed in this study.   

 

Biomaterials 

 

Biomaterials science is a relatively new discipline with the majority of its history 

and significant advances occurring primarily within the last six decades.35 While the 

primary focus of the field is materials science, including the development, control, and 

characterization of bulk and surface properties favorable to biological applications, the 

complexity of the challenges associated with the field require a high degree of 

interdisciplinary work involving mechanical engineering, computer aided design and 
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finite element analysis, cellular and molecular biology, surface science, composites 

technology, physiology, optics, and tissue engineering. Examples of the range of medical 

devices that fall within biomaterials science include cardiovascular stents and pumps, 

orthopedic applications including artificial joints and bone cement, dental materials, 

intraocular lens implants, artificial skin and wound dressings, sutures, neural prosthetics, 

and drug delivery systems.2,36 With such a broad array of devices and technologies that 

comprise a major part of the field, how might the term biomaterial be defined? One 

prominent and general definition provided during expansion of the field in the 1980’s is: 

 

“A biomaterial is a nonviable material used in a medical device, intended to 

interact with biological systems.”37 

 

All of the medical device examples given above fit within this concise and 

general biomaterial definition. However, it should be noted that ongoing advances in 

biomaterials science have made even this general definition too constricting. Many 

current biomaterial applications do not serve a direct medical function but are part of in 

vitro studies and quantitative analyses such as blood protein assays, diagnostic gene 

arrays, constructs for in vitro cell culture, and other biosensor and diagnostic studies.38,39 

Furthermore, substantial advances in tissue engineering and stem cell research in the last 

decade have made the “nonviable material” descriptor a moot point in this general but 

aging biomaterials definition. For example, many tissue engineering studies are 

increasingly moving towards technology that incorporates living cells and tissue into 

tailor-made constructs for eventual clinical applications.40,41 In light of these and other 

technological advances in the field, an even less restrictive definition would be: 

 

A biomaterial is any material that is intended to interact with a biological system. 
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Thus defined, the field almost becomes a tautology of its title word – biomaterials. 

Regardless of precise semantics, it is clear that biomaterials has a profound impact on 

human health, the global economy, and on a broad spectrum of technical fields that are 

part of interdisciplinary efforts and applications to address complex biological and 

medical challenges.  

While materials foreign to the human body have been used for thousands of years 

to address lost or impaired anatomical function (e.g. dental implants),42,43 the history of 

biomaterials science is generally understood to refer to modern synthetic materials that 

were developed with the advent and use of plastics in the mid-twentieth century. Many of 

the materials and technologies that began to see use in medical applications were 

originally developed for military efforts in World War II.3 Examples of early materials 

tested for medical use include nylon, urethanes, methacrylates, silicones, and metals such 

as titanium and stainless steel. Initial attempts with these materials during surgical 

operations were, essentially, high risk trials and were used as a last resort by physicians 

and surgeons when other options were exhausted.  

For example, Willem Kolff developed a creative, albeit rudimentary, artificial 

kidney consisting of wood slats, a 100 liter tub, and over 100 ft of cellulose sausage 

casing as a membrane for blood dialysis for patients who faced no other alternative than 

an unpleasant death that could take a month or more following kidney failure.44  Some of 

the first attempts at creating an artificial heart or a ventricular assist device used 

poly(vinyl chloride) and polyurethane.45,46 In addition to artificial organs, vascular grafts 

were developed using silk and nylon in the 1950’s and the first stents to prevent blood 

vessel occlusion following coronary angioplasty were made of stainless steel and 

developed in the 1980’s.47,48  

For most biomaterial applications in the mid-twentieth century, the primary goal 

for a material or device was simply to perform a function, such as enable dialysis of 

blood like a kidney or serve as a mechanical pump like a heart, while at the same time 
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remaining sufficiently inert, or bioinert, to prevent device failure. Because of the novelty 

of the materials and of the field, there was little if any information or prior consideration 

regarding the biocompatibility of the material. Effects of the body’s foreign material 

response on a device were often observed or documented after catastrophic failure.2 

Initial understanding of the key factors involved in the body’s response to foreign 

materials was extremely limited in the early history of modern biomaterials. Though, it 

should be noted that many of the early attempts with synthetic materials and devices 

under a medical and scientific environment that was not as heavily regulated as it is today 

were crucial to build the foundational concepts of biocompatibility and acceptable host 

response that so strongly inform current biomaterials research. 

 

Bioactive Materials 

The work of physicians and surgeons to save patient’s lives or their quality of life 

with new synthetic materials is the recognizable origin of modern biomaterials science. 

As the field developed and as factors dictating the response of biological systems to 

synthetic materials began to be elucidated, polymer chemists, materials scientists, and 

engineers and biologists of diverse technical backgrounds became increasingly involved 

in biomedical material development. This period of biomaterials history is often referred 

to as the 2nd or bioactive generation of biomaterials.35 Whereas the primary goal for 

initial biomedical materials was to achieve appropriate functional properties while at the 

same time preventing harmful interactions with the host, the focus of this new generation 

of biomaterials was to develop devices and constructs with engineered properties and 

cues that elicited specific, favorable biological interactions. A material is considered 

bioactive if it promotes desirable biological or cellular outcomes. 

One of the most successful avenues of research for the bioactive materials 

approach is the use of glasses, ceramics, and composites for orthopedic applications. 

Specific compositions of these materials were tailor-made to bond to bone by developing 
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an adherent interface with the biological system.49,50  The process is referred to as osseo-

integration and can result in an interface that in many cases has physical properties that 

are equal to or even greater than either the material itself or the bone tissue it is bound to. 

Osseo-integration was first illustrated using compositions of CaO, Na2O, SiO2, and P2O5 

in carefully tuned proportions.51 For these bioactive glass compositions three important 

relationships were discovered to create a surface that actively bonds with bone in an 

aqueous media: 1) there should be less than 60 mol% of SiO2; 2) high CaO and Na2O 

content increases activity; and 3) the ratio of CaO to P2O5 should be high. Interestingly, 

glasses that have very similar compositions but do not fall within a tight set of 

proportions do no not actively bond to bone. Adding as little as 3 wt% AL2O3 to a 

common bioactive silica glass composition completely prevents bonding to bone.49 The 

sensitive interplay between dynamic biological systems and materials for medical 

applications illustrates the complexity of biomaterials challenges but also highlights the 

broad impact the field has had on interdisciplinary work. This specific application of 

osseo-integration required engineers and materials scientists with experience in glass and 

ceramic chemistry as well as biologists and pathologists to evaluate biological response. 

In addition to bone-binding glasses and ceramics, a wide variety of materials have 

been designed and modified for favorable bioactive outcomes in biomaterials science 

applications. The evolution of cardiovascular stents used to prevent blood vessel 

restenosis following balloon angioplasty illustrates the importance of the bioactive rather 

than simply bioinert materials approach. As previously described, the first stents used to 

treat atherosclerosis, a condition in which the internal lumen of arteries are obstructed by 

buildup of plaques,  were made of stainless steel and silver solder points.47,48 The stent 

performed a crucial structural support function after widening of an arterial lumen with 

balloon angioplasty and the first stenting materials were considered bioinert in that they 

did not incite significant negative host response. However, with bare metal stents, up to 

50% of patients had treated vasculature undergo restenosis within six months of 
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percutaneous cardiovascular intervention procedures.52 Restenosis is complex, but it is 

believed that stent-tissue interactions interfere with vasculature healing and re-

endothelialization which leads to proliferation of smooth muscle cells, greater production 

of extra cellular matrix (ECM), and narrowing of the inner lumen leading to eventual 

occlusion.53 

To address the serious and potentially fatal complication of restenosis following 

balloon angioplasty and a stenting procedure, biomaterials scientist modified the 

‘bioinert’ bare wire stents with bioactive coatings consisting of degradable polymers 

impregnated with drugs that inhibit smooth muscle cell proliferation and ECM synthesis. 

Using drug-eluting stents (DES) has shown to be the most effective method to prevent 

restenosis events.54-56 For many DES, a polymer coating, which commonly consists of a 

mixture of polyethylene-vinal acetate and poly-n-butyl methacrylate, is imbued with 

drugs and coated on the stent’s metallic mesh. Effective and common drugs used in DES 

that inhibit proliferation of smooth muscle cells are rapamycin and paclitaxel.57-59 The 

drugs are released to the surrounding cellular environment either by diffusion through the 

polymer matrix coating, or by degradation of the film. Both diffusion and degradation for 

either delivery method are readily controllable by tuning cross-link density, proportion of 

hydrolitcally degradable groups in a network, and other material properties of the 

polymeric coating. 

For both the bioactive glass-ceramic and DES applications, multi-disciplinary and 

innovative solutions using existing technologies were developed to transition from a 

bioinert to a bioactive paradigm. Similar bioactivation technologies have been developed 

for many other avenues of biomaterials research which will be briefly mentioned here. 

Surface-bound protein passivation is one such bioactive material modification approach. 

It is well understood that materials implanted in the body are nearly instantaneously 

coated with proteins in the blood and interstitial fluids.60 Therefore, the biological system 

in contact with a synthetic material often interacts with and reacts to the adsorbed protein 
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layer rather than the surface of the material itself. These interactions dictate important 

cellular events such as cell survival, growth, and differentiation.61 Accordingly, one 

method of bioactivation intended to reduce negative aspects of foreign body response to 

implantable materials that has had mixed success is to passivate the surface of a device 

with proteins such as albumin.61,62 Albumin is the most prevalent protein in the blood and 

has been shown to significantly decrease the recruitment of phagocytes to a material 

surface compared to untreated controls which further mitigates foreign body response.63 

However, the coatings lack stability as pre-adsorbed albumin has been shown to be 

readily replaced by fibrinogen protein in the blood, and covalently bound albumin has 

also been shown to be degraded by leukocytes resulting in an increase of pro-

inflammatory components at the implant site.   

Hydrogels have also undergone a rapid evolution from a simple but thoroughly 

explored bionert platform of poly(ethylene glycol) matrices to carefully tuned three-

dimensional extracellular microenvironments incorporated with enzymes, hydrolytic 

groups, attachment peptides, chemo-attractive signaling, and proteolytic ligands that 

enable cell-determined network remodeling.64-67 Current synthetic hydrogel matricies 

continue as idealized biomaterial constructs which lack the chemical and spatial 

complexity of native ECM, but rapid advances in bioactive materials engineering and 

cellular microbiology may eventually strongly mimic the necessary microenvironment 

required for advanced tissue regeneration and even organ-specific morphogenesis.68 

Indeed, the rapid expansion of tissue engineering and its tremendous potential in medical 

applications is largely attributable to significant advances in the field of hydrogel 

research. Tissue engineering is an expansive topic and belongs to a third class of 

biomaterials referred to as bioregenerative rather than the bioinert or bioactive classes of 

materials already discussed. The reader is directed to several excellent review articles for 

an introduction.65,68-72 
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Related to hydrogel research, another significant development during the second 

generation of biomaterials science is the development of resorbable or biodegradable 

materials. Resorbable materials fulfill a functional, structural, or regenerative need for a 

given medical application and are removed either by hydrolytic degradation or by active 

cellular processes over time. Accordingly, the once distinct biology-material boundary is 

gradually eliminated which can prevent deleterious foreign body responses such as 

chronic inflammation or fibrosis. Material degradation is also advantageous in that no 

further surgeries are required to remove the device. Degradation rates are readily tuned 

by altering network chemistry, equilibrium swelling ratios, and cross-linking density. It 

should be noted that toxicity of the degradation products must be well established and 

that pre-mature failure of a device due to degradation must also be taken into account for 

these types of applications. Examples of widely used hydrolytic polymers include 

polyglycolic acid (PGA) and polylactic acid (PLA) with a range of properties available 

by varying the copolymer ratio of the two polymers. Biodegradable sutures are one 

example of a successful resorbable material and have been in clinical use since the 1960s. 

Controlled drug delivery is another important application of bioactive materials 

with demonstrated success and substantial potential for future medical treatments. It is 

also very strongly related to both hydrogel and resorbable materials research.73 

Controlled drug delivery systems (CDDSs) initially gained prominence due to their 

capacity to address two important pharmacological problems, namely: 1) location 

specific delivery of a drug, and 2) sustained therapeutic dose treatment.74 Drugs 

administered orally or injected intravenously circulate through the body’s vasculature 

requiring a hirer drug dose than necessary to produce a therapeutic effect for some 

conditions and can lead to complications. Similarly, sustained therapeutic dose treatment 

is ideal for many conditions rather than the cyclical dose levels that rise above a 

maximum desired concentration where side-effects are more likely to occur and then 

subsequently falling below a sufficient blood-plasma concentration of the drug to 
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produce any therapeutic effect. First generation CCDSs were designed with silicone drug 

reservoirs encased in membranes that controlled drug release kinetics.75 The membranes 

consisted of either silicone rubber or poly(ethylene-co-vinyl acetate) with the ‘zero-order’ 

rate of release being tuned by controlling the thickness of the membrane. Since the first 

devices developed in the 1960’s, CDDSs have been customized for a variety of 

applications including intrauterine devices (IUDs), vascular stent coatings, dermal 

patches, and ocular inserts. CDDSs have also miniaturized from macro-devices down to 

nano-scale particle or micelle carriers with an increasingly broad range of bioactive 

deliverables including traditional pharmacological agents, proteins and enzymatic 

treatments, gene therapy vectors, and nucleic acid-based drugs.2 Furthermore, CDDSs are 

now targeted to specific anatomical sites such as damaged vasculature, alveoli in the 

lungs, tumors, and subcutaneous injection sites.76   

As a final category of bioactive materials discussed in this section, and of 

particular relevance to the studies presented in this thesis, cellular outcomes including 

adhesion, spreading, alignment, and gene expression have been influenced and controlled 

using physical and mechanical material cues.28,77-82 Specifically, a variety of fabrication 

methods have been employed to create ordered micro- and nano-scale topographical cues 

to influence cell fate and material mechanical properties have been tuned to modulate 

microenvironmental properties to alter cell response. During development and 

regeneration, cells encounter a complex milieu of signals, including bioactive molecules 

and physical topographic cues of their surrounding environment to which they must 

respond to perform vital interactions and functions. Accordingly, biomaterials scientists 

have designed materials that exhibit physical or mechanical cues that effect meaningful 

biological outcomes for a given cellular niche. Previously, efforts to direct cellular 

outcomes typically relied on the use of chemically bioactive molecules. A major 

limitation of such strategies is that the bioactive molecules are inherently unstable 

complicating the production and practical use of biomaterials coated with micropatterned 
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bioactive molecules.2,35,60 To overcome these and other hurdles, materials scientists have 

begun to exploit the ability of imposed topography or mechanical property differences to 

influence cellular responses (Fig 1.1).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1. Neural tissue explant on a methacrylate polymer with micropatterned 
physical guidance cues. The explant body is found in the bottom right corner. NF200-
labeled neurites (yellow) extend radially from the explant and are subsequently induced 
to align to the pattern which is oriented along the horizontal plane. Anti-S100 antibody 
(green) and Hoechst (blue) label glial cells and their nuclei. See Chapter 4. 

 
 
 

For example, increased neurotrophin expression was observed by Schwann cells 

that were cultured on microgrooved chitosan and poly(D,L-lactide) compared to those 

grown on smooth substrates.83 Epithelial cells elongated and aligned on silicon oxide 

substrates that had ridge and groove depths as small as 70nm.84 Also, human gingival 

fibroblast cells showed modified gene expression and increased elongation and size on 
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microgrooved, titanium-coated substrates.77 Depending on the microfabrication method 

employed, pattern dimensions such as ridge width, groove depth, and pattern shape can 

be tuned to induce or strengthen desired cellular outcomes.85-87  

Beyond alteration of topographic features, mechanical properties of biomaterial 

substrates have recently been demonstrated to play a crucial role in final cellular 

outcomes.88,89 Similar to the movement induced by chemically repulsive or attractive 

cues referred to as chemotaxis, cellular movements based on interactions with mechanical 

cues were coined as ‘durotaxis’.90 Numerous tissue engineering studies show that cell 

fate is significantly influenced by the mechanical stiffness of its micro-environment. 

Migration and adhesion of endothelial cells, myoblasts, and osteoblasts were regulated by 

tuning substrate stiffness.91-93 Significantly, neurites from chick dorsal root ganglia grew 

longer down a stiffness gradient than up and were also longer than the control samples 

with no mechanical gradient.33 Dorsal root ganglion neurite extension rate has also been 

shown to inversely correlate to mechanical stiffness in agarose gels.94 Further, PC 12 

neurons displayed robust growth on harder substrates and were observed to have a 

softness threshold at which relatively little neurite growth was observed.95 

Additionally, cross-link density and mechanical strength directly influence 

differentiation pathways of stem cells,91 as well as growth, adhesion, and morphology of 

several cell-types, including neurons.91,96,97 Polymer platforms offer chemical diversity 

and allow for modulation of material stiffness based on concentration of multi-functional 

monomers (f ≥ 3), flexibility of monomers used (e.g. flexible long chain poly(ethylene 

glycol) versus rigid p-divinyl benzene), and on bulk material properties such as glass 

transition temperature (Tg) and crystallinity, which arise from intermolecular interactions. 

With significant and ongoing therapeutic developments in medical areas as 

diverse as joint replacements, artificial ligaments, cardiovascular stents, dialysis 

membranes, contact lenses, bioresorbable constructs, drug delivery systems, and neural 

prosthetics, it is clear that biomaterials science has a tremendous impact on human health, 
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a broad array of technical fields, and on the economy. The complexity of the challenges 

the science aims to address require considerable multidisciplinary effort in many sub-

disciplines of engineering, materials science, technology, and medicine. This section has 

provided a brief history of biomaterials dealing primarily with the advent and 

development of synthetic polymers in the mid-twentieth century. Biomaterials encompass 

such a wide array of devices and applications that the term can now be broadly defined as 

any material intended to interact with a biological system. The three main periods or 

biomaterial classifications were briefly described, namely: 1) bioinert materials which are 

intended to perform a specific function while also preventing or mitigating deleterious 

host responses; 2) bioactive materials which are targeted to elicit specific, favorable 

interactions with the biological system; and 3) bioregenerative materials which are aimed 

to regenerate completely functional replacement tissue. Particular emphasis was given on 

bioactive materials as they are most relevant to the work of directing and determining the 

pathfinding ability of de novo neurite growth from prosthesis-relevant neurons in 

response to bioactive material cues presented in this thesis.  

 

Neural Prosthetics 

 

Neural prostheses are devices that are engineered to meaningfully interact with 

the nervous system to replace or substantially augment motor and sensory functions of 

neural pathways that have been lost or damaged due to physical trauma, disease, or 

genetics.98-100 For sensory prostheses, such as the successful cochlear implant and the 

developing retinal implant, lost sensory function is compensated through use of an 

artificial sensor, i.e. microphone for auditory loss and cameras for visual impairment.14,15 

The artificial sensor then transmits the received signal to a computer chip that uses 

carefully developed algorithms to send a meaningful frequency signal to the prosthesis 

electrodes. Electrodes fire an electrical pulse to directly stimulate remaining healthy 
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nerve cells which causes a neural action potential that is transmitted to the brain and 

perceived as rudimentary sight or sound. For motor prostheses, the process is 

reversed.98,101 Sensory elements of the prosthesis are used to detect action potentials from 

proximal segments of the nervous system. The signal is processed through computing 

equipment and then meaningfully transmitted to distal portions of the peripheral nervous 

systems to effect muscle movement and control. Ongoing work in biomaterial science, 

neuroscience, and biomedical and tissue engineering aims to improve the performance of 

successful devices as well as to develop new devices that will treat an array of 

neurological trauma and disorders. 

For currently available or developing neural prostheses, a primary challenge that 

limits their performance is poor integration with the target tissue.15,102 In particular, 

neural prostheses are limited to providing few effective signal channels due to spatial 

signal resolution limitations which prevent precise stimulation of specific neural 

populations. If the interface between the patient and the device were improved to enable 

greater specificity in spatial stimulation, then significantly more effective signal channels 

would be available. Increasing the number of effective channels would simulate 

increasingly natural sensory and motor information which would significantly improve 

the quality of life for patients with neural prostheses. This section will focus primarily on 

the retinal and cochlear implants as sensory prostheses. However, because the nervous 

system is generally dependent upon signaling that is location specific, analogous signal 

resolution challenges are expected for all devices that interact with the nervous system. 

Precise spatial signal control will, therefore, be critical to achieve significant performance 

improvements in next-generation neural-prosthetics. 

 

Retinal Prosthesis 

Restoring a sense of sight to individuals with significant vision loss would have a 

remarkable impact on their quality of life and is of major interest to scientists in diverse 
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technical fields associated with neural prosthetics. Photoreceptor loss is a major 

contributor to severe vision impairment and is often attributable to retinitis pigmentosa 

(RP) and age-related macular degeneration (AMD) which are hereditary retinal 

degenerative diseases.103,104 Interestingly, similar to the cochlear implant which will be 

discussed in the next section, functional neural tissue that remains following the loss of 

photoreceptor cells can be triggered to fire action potentials via direct electrical 

stimulation from developing retinal neural prostheses (Fig 1.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2. Representation of an epi-retinal sensory prosthesis. An optical signal is sent 
from a camera to a microelectrode array attached to the surface of the retina. Electrodes 
directly stimulate remaining functional retinal neurons to simulate visual perception. 
Image courtesy of the Department of Energy, 2008. 
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Progress in retinal implants has mainly occurred in the past two decades with 

multiple types of devices that stimulate different regions of the visual pathway being 

considered.105-107 Various research groups outside the U.S. have even began initial human 

trials with implantable retinal prostheses. While important advances have been achieved 

within a relatively short time, considerable challenges remain regarding electrode design 

and stimulus parameters, retinal attachment methods, polymer coatings and packaging for 

biocompatibility, and mechanical property constraints.108 At present, retinal prostheses 

are not commercially available, as are cochlear implants, but a broadly successful device 

is expected to be developed within the near future. 

In a healthy eye, visible light is perceived via phototransduction through 

photoreceptor cells, or rods and cones, in the retina. The retina contains the primary 

sensory equipment of the eye and consists of multiple layers of cells including retinal 

ganglion cells, i.e. eye nerve cells, which ultimately carry a visual stimulus to the brain. 

A variety of anatomical structures in the visual pathway provide other critical 

functions.109 The cornea allows light to enter the eye and also enables focusing of an 

image onto the retina in conjunction with the eye’s lens. The sclera is the mechanically 

durable, white outer layer of the eye that protects internal structures. Most of the ocular 

volume between the cornea and the retina is filled with a clear gel called vitreous humor. 

RP and AMD cause death of photoreceptor cells as well as loss of other neuronal 

cells in the retina. However, up to 30% of retinal ganglion neurons and 80% of biopolar 

cells are viable that could be polarized via direct electrical stimulation.110 Retinal 

prostheses, therefore, serve as a type of bionic eye which enable visual simulation in the 

retina by bypassing the damaged photoreceptor cell layer which normally provides the 

phototransduction function necessary to transmute light stimulus into a neural action 

potential. The epiretinal and subretinal prostheses are two different approaches to 

accomplish retinal stimulation via electrical stimulus. Epiretinal prostheses, as shown in 
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Figure 1.3, are contained within the intraocular space and are in direct contact with the 

retina’s surface which places them adjacent to remaining retinal ganglion cells.111,112 For  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3. Representation of the elements of an epiretinal prosthesis within the 
intraocular space.2 

 
 
 

the subretinal approach, a gap between the photoreceptor layer and the retinal pigment 

epithelium is created and microelectrode arrays a placed in the new space to stimulate 

neuronal cells in the inner layers of the retina.113,114 Multiple types of subretinal 

approaches are being developed including optical-to-electrical signal amplification, 

photosensitive diode arrays, and neurotransmitter stimulation methods.115-117 Direct 

stimulation of the optic nerve is another approach that has been explored by various 

research groups to restore a sense of sight.118-120 However, because the optic nerve is a 

dense bundle of millions of neural processes extending from the retina it may be 

prohibitively difficult to realize any meaningful stimulation pattern. 



www.manaraa.com

20 

 

It is interesting to note the role of central nervous system image processing as a 

signal travels to the brain in the visual pathway. One recent study demonstrated that 

restoring limited vision capability did not occur immediately following implantation of a 

retinal prosthesis but gradually improved during months of experience with the device.107 

Similarly, the same central nervous system phenomenon occurs for cochlear implant 

patients which is a principal reason why early implantation in infants leads to 

significantly improved outcomes compared to later implantations. Crucial elements of the 

central nervous system and visual input pathway are still developing in relation to 

external signal input at a very young age and are more readily able to adapt and respond 

to the artificial signals from neural prostheses.  

In addition to electrical stimulation considerations, a prominent practical and 

safety concern is the mechanical design and properties of the portion of the implant that 

contacts the delicate retinal tissue. As previously mentioned, the retina is the sensory 

machinery of the eye and is a delicate multilayer tissue only 200 µm thick with a 

Young’s modulus down in the low kPa range.121,122 Due to the sensitivity of the tissue 

there is potential to easily damage the delicate layer by mechanical or chemical means. 

Accordingly, synthetic polymers have been used as a crucial biomaterial in mico-

electrode array design as their properties are readily tuned to meet challenging 

microcellular environmental needs. To prevent retinal tearing or damage, the polymer 

should exhibit an extremely low Young’s modulus to mimic that of the native retinal 

environment. By carefully tuning material properties, relatively safe implantation has 

been achieved with a variety of polymers used in other biomaterial applications.123 

Polyimide, parylene, and poly(dimethyl siloxane) (PDMS) have each been used to 

varying degree of success in the design and implantation of epiretinal prostheses.124 

While the material properties and biocompatibility of parylene and polyimide are suitable 

for the application, their mechanical strength can lead to cutting of the surface retinal 

tissue if produced as very thin sheets. Due to their excellent flexibility and viscoelastic 



www.manaraa.com

21 

 

behavior that can mimic retinal tissue at appropriate compositions, PDMS and PEG are 

often used to completely coat parts of the intraocular implantation including other 

polymeric pieces.125 

Though the epiretinal prosthesis has advanced significantly since its initial 

development, challenges remain which limit its effectiveness.105 Of particular relevance 

to this thesis work, is the unintended electrical excitation of neural tissue at the electrode-

tissue interface caused by spatial separation of the electrode array from the target retinal 

ganglion neurons. The resulting non-specific neuronal excitation precludes high 

resolution stimulation which ultimately limits the visual acuity that can be obtained with 

the prosthesis. The distance between the electrode array and the target neurons has been 

measured to be approximately 250 µm in thickness.126 Various research groups are 

developing the subretinal prosthesis approach, in part, to avoid or mitigate the effects of 

this limitation, as previously mentioned. An alternative strategy to improve spatial signal 

resolution would use a biomaterial and neural tissue engineering approach to precisely 

direct de novo neurite growth from the target neurons toward prosthesis electrodes. This 

type of gapless-interface stands to substantially increase the number of effective 

stimulatory channels which would greatly enhance device performance. The bioactive 

material gapless-interface approach will be covered in greater detail in the following 

sections.  

 

Cochlear Prosthesis 

The cochlear implant (CI) is the most successful neural prosthetic since the advent 

of modern biomaterials in the mid-twentieth century. Whereas the retinal implant’s main 

development and advancements have occurred within the last two decades without a main 

prosthetic being commercially available, the development of the CI began in the 1960’s, 

and was first commercially available in the early 70s. The CI is a sensory prosthesis that 

serves as a bionic ear to reconnect deaf patients with the auditory environment and 
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restore basic sound perception including voice comprehension. As of December 2012, 

324,000 patients have had their hearing partially restored with this successful neural 

prosthetic according to the Food and Drug Administration.  

The history of the CI’s development is a model of productive collaboration 

between academia, entrepreneurs, and industry to bring a promising concept from an idea 

to a fully realized product that improves quality of life and adds economic value. Initial 

development of what is now CI technology occurred in the 1960s and 70s, but the initial 

concept to electrically stimulate the nervous system was proposed in the early 1800s.127 

Electrical stimulation specifically of the auditory nerve was also investigated in the 1930s 

and 40s.128-131 The first rudimentary CI was a single electrode system that was implanted 

in two deaf individuals by Dr. William House.132 This system exhibited poor 

biocompatibility and led to medical complications but both patients indicated a sense of 

sound when electrical stimulation was applied. House later went on to collaborate with 

Jack Urban, an engineer, to develop what would ultimately become the first 

commercialized sensory prosthesis. The device was commercialized by 3M and approved 

by the US Food and Drug Administration in 1984.  

Other than the efforts by Dr. House and his first collaborators, efforts at 

universities in the US and Australia, along with industrial collaborations, further 

informed cochlear prosthesis technology leading to the successful CIs available today. 

For example, at Stanford University two research groups explored the use of multi-site or 

multi-channel stimulation to improve the current one electrode approach. Dr. Simmons 

developed a prosthesis with a group of six stainless-steel electrodes to be implanted in the 

modiolus of a deaf patient to stimulate the auditory nerve.133 Another Stanford group 

developed a very large scale integration (VLSI) processor as part of a multi-channel CI 

devise.134 The university began a collaboration with Biostem as an industrial partner in 

the early 1980s but the venture did not lead to commercially available prostheses. At the 

University of California, San Francisco, Michelson and coworkers developed a form-
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fitting device with both single and four-channel designs.135 The initial commercialization 

of the system through Storz was not successful but the design was later obtained by 

Advanced Bionics Corp. which is one of only two major CI manufacturers in the US. At 

the University of Melbourne in Australia, Clark and coworkers developed a 22-electrode 

CI system. The device was manufactured through a collaboration with Nucleus Limited 

which later led to the business spin-off named Cochlear. Cochlear is the current CI 

market leader commanding approximately 75% of the market. These and other efforts by 

multiple university research groups and businesses have enabled the growth and success 

of the world-wide CI market. Importantly, the success of the CI has laid a crucial 

foundation for the future growth and advancement of the field of neural prosthetics and of 

devices that interact with the nervous system generally. 

Prior to exploring how a CI works, as well as discussing its current limitations, it 

is first important to understand how sound is perceived in a healthy auditory pathway. 

Sound is a frequency of pressure waves moving through a medium such as air. The 

pressure waves are collected by the outer ear – the pinna – and transferred through the ear 

canal to the tympanic membrane or eardrum (Fig 1.4).136 The eardrum vibrates in sync 

with the frequency of the pressure waves. Three small connected bones, a hammer 

(malleus), an anvil (incus), and a stirrup (stapes), in the middle ear oscillate with the 

frequency of the sound to transfer the auditory signal to the inner ear. The bones and their 

flexible connections are important as they produce a mechanical advantage that allows 

the tympanic membrane to vibrate in air but also enables vibration of the comparatively 

dense fluid in the cochlea. This mechanical advantage is further reinforced by the large 

ratio of the area of the tympanic membrane in relation to the area of the foot plate of the 

stapes. Accordingly, the force of an auditory signal is amplified when transferred to fluid 

in the cochlea via the cochlear oval window. After a sound is collected by the outer ear 

and transferred and amplified through the instrumentation of the middle ear, it is passed 

to the inner ear where the frequency of the pressure waves will be transduced to  
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Figure 1.4. Schematic of the human ear. The outer ear and ear canal collect and channel 
sound waves to the middle ear. The instrumentation of the middle ear amplifies and 
transmits transmits and amplifies sound waves to the inner ear. The inner ear, which 
includes the sea-shell shaped cochlea, transduces the mechanical vibration of sound into a 
neurological signal to be processed by the brain. Image courtesy of NASA, 2010. 

 
 
 

electrochemical neural signals that the brain will interpret as a sound. Semicircular canals 

which are crucial to a sense of balance and the cochlea, which transduces mechanical 

vibrations into neural signals, make up the inner ear.  

The cochlea is a sea-shell shaped osseous structure in the inner ear. Three 

spiraling chambers extend the length of the cochlea from the base to the apex, the scala 

vestibule, scala media, and scala tympani (Fig 1.5). The fluid and the electrolytic 

concentration of the fluid in each spiral chamber are crucial to the electrochemical 

process that leads to firing of neural action potentials.136 The central chamber – scala 

media – houses the organ of Corti which contains the hair cells that enable 

machanotransduction of auditory signals.137 Spiral ganglion neurons (SGNs) connect or  
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Figure 1.5. Cross-sectional representation of the three spiral chambers that extend the 
length of the cochlea. Shown are the 1) scala media, 2) scala vestibule, 3) scala tympani, 
4) Reissner’s membrane, 5) basilar membrane, 6) tectorial membrane, 7) stria vascularis, 
8) spiral ganglion neurons (SGNs), and 9) osseous spiral lamina. The organ of Corti is 
housed in the scala media and is positioned directly on top of the basilar membrane.138 

 
 
 

synapse with the hair cells and are the primary neurons responsible for transmitting 

auditory information to the brain. The organ of Corti rests on the basilar membrane. 

Mechanical properties of the basilar membrane are ideally suited to enable perception of 

specific tones as different portions of the membrane oscillate or resonate maximally at 

different sound frequencies. This type of spatial organization is referred to as tonotopic or 

tone dependent organization and is crucial to the ear’s perception of a broad range of 

frequencies.136,139 An average human ear can detect sounds in the 50 Hz – 20 kHz range. 

Higher frequencies, or higher pitches, are detected at the base of the cochlea and the 

lowest frequencies are detected at the apex. As the basilar membrane oscillates it forces 
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the small extensions from the hair cells called cilia to contact and bend against the 

tectorial membrane (Fig 1.6). Bending of the cilia opens transmembrane ion channels 

allowing for depolarization of the cell leading to the firing of an action potential in the 

SGNs that synapse with the stimulated hair cells. This signal is then finally sent to the 

brain. The process of perceiving sound can be summarized as three main steps: 1) 

collection of sound (i.e. pressure waves) by the outer ear; 2) transmission and 

amplification of sound vibration by the equipment of the middle ear; and 3) transduction 

of the mechanical stimulus of sound into a neural signal via the instrumentation in the 

cochlea which is part of the inner ear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Depiction of the organ of Corti within the cochlea where mechanical 
vibrations of sound are transduced into neurological signals. Pictured are the 1) inner hair 
cells, 2) outer hair cells, 3) tunnel of Corti, 4) basilar membrane, 5) Habenula perforata, 
6) tectorial membrane, 7) Dieters’ cells, 8) space of Nuel, 9) Hensen’s cells, and 10) 
inner spiral sulcus.138  
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Having established the basics of the auditory pathway, we are now able to 

consider the function of CI prostheses as well as to discuss a current significant limitation 

to their performance. The CI has been commercially available for over 40 years and is by 

far the most successful neural prosthetic to date. CIs enable basic sound and speech 

comprehension for patients with severe or even complete sensorineural hearing loss.140 

Sensorineural hearing loss is usually caused by abnormality or death of the hair cells in 

the cochlea. Loss of the hair cells or of their function precludes the critical 

mechanotransduction step in the auditory pathway severely limiting or completely 

preventing auditory information from being sent to the brain via SGNs. If sensorineural 

hearing loss is not yet “severe to profound” it is treated with hearing aids which amplify 

the auditory signal sent to the inner ear to maximize the stimulation of remaining 

functional hair cells and SGN synapses.14  

Other types of hearing loss can be treated with alternative therapeutic solutions. 

For example, conductive hearing loss, which is a functional deficiency of the outer or 

middle ear to transmit sound to the inner ear, can be treated using a bone anchored 

hearing aid (BAHA).141,142 The BAHA functions by conducting sound frequencies 

through the bones in the skull to the healthy inner ear, thus effectively bypassing 

functional deficiencies in the outer or middle ear. For mild to moderate sensorineural 

hearing loss and for conductive hearing loss, function of the inner ear is satisfactory but a 

portion of the auditory pathway must either be amplified or bypassed to enable contact 

with the auditory environment. However, for severe to profound sensorineural hearing 

loss, there are no devices other than the CI which will improve auditory perception since 

the critical mechanotransduction step from an environmental vibration to a neural signal 

is missing due to nearly complete loss of hair cells or hair cell function.  

Accordingly, to enable basic sound perception for patients with severe to 

profound sensorineural hearing loss, the CI implant is designed to directly and 

meaningfully stimulate the inner ear nerve cells that remain following the loss of hair cell 
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function. As seen in Figure 1.7, the CI implant consists of several main parts including an 

microphone, external and internal signal processors, an internal cable, and the electrode 

array which is inserted into the cochlea via the round window. The microphone detects 

sound waves from the environment and transduces them into an electrical signal. The 

external and internal signal processors manipulate the electronic signal from the 

microphone to produce frequency and amplitude information to be sent to the stimulating 

electrodes. The processed signal travels through the internal cable to the electrode array, 

inserted into the cochlea during the implantation surgery.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.7. Representation of the cochlear implant (CI). The CI provides auditory 
perception to individuals with severe hearing loss and is currently the most successful 
neural prosthetic. Adapted from web reference.143 

 
 
 

Current electrode arrays are inserted up the scala tympani for proximity to SGNs. 

SGNs are the primary neurons responsible for auditory perception and are, accordingly, 
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the target neurons for stimulation by a CI prosthesis (Fig 1.8). To prevent central nervous 

system infection, which could lead to potentially fatal or debilitating meningitis, the 

electrode array should not disrupt the osseous wall of the modiolus where the SGNs are 

housed.144,145  The processed signal is then transmitted by an electric pulse from the 

electrode array to directly stimulate remaining healthy SGNs. Finally, SGNs transmit the 

auditory information to the brain. The CI is a remarkable success story in biomedical 

engineering and serves as a bionic ear for patients with severe to profound sensorineural 

hearing loss that could not otherwise contact their auditory environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.8. Cross-sectional representation of the cochlea. The CI electrode array is 
inserted up the scala tympani to maintain proximity to SGNs.146  
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Cochlear Implant Performance Limitation 

CIs restore or improve auditory perception for nearly all users. However, clinical 

performance of CIs has plateaued in recent years because the total number of usable or 

effective frequency channels is limited due to poor integration with the patient’s precise, 

spatially dependent tonal perception in the inner ear.14,15 Most recipients perform poorly 

with complex auditory tasks such as hearing in noise or music appreciation.147 As 

previously mentioned, the first CIs had a single electrode which enabled basic sound 

perception but poor voice comprehension since a large number of SGNs was stimulated 

simultaneously. Current prostheses are multi-channel systems which allow for 

stimulation of specific regions of SGNs within the cochlea which provides more effective 

stimulation channels. Increasing the number of effective channels has substantially 

improved sound perception and voice comprehension compared to the first rudimentary 

CI prostheses.148,149  

While the design and function of the prosthesis are crucial, a variety of patient 

factors also significantly impact the therapeutic effects on an individual’s auditory 

performance with the device including: duration of deafness, age of onset of deafness, 

age at implantation, duration of CI use, electrode placement during surgery, and the 

number of remaining healthy SGNs in the inner ear.148 However, following the 

development of multi-channel prostheses, the primary CI performance improvements in 

the last three decades that are not due to patient differences have come from progress in 

auditory signal processing algorithms and technology.14 It should be noted, however, that 

these advances are substantial, with CI patients scoring 20% on speech recognition tests 

in the 1980s up to 80% by the turn of the 21st century.150 However, performance plateaus 

in the last decade indicate that auditory performance is increasingly limited by the 

interface with the current CI design. 

Degeneration of SGN neurites following deafness likely contributes to the limited 

ability of CI recipients to understand complex auditory signals.151-153 Current electrode 
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arrays lie in the scala tympani and stimulate the SGN cell bodies or central fibers within 

the modiolus. One of the principal challenges to prosthesis integration and function that 

prevents further performance advances is non-specific excitation of SGNs due to 

electrical current spread in the cochlea. The distance between the stimulating electrodes 

and the neurons that they activate results in spread of the current, stimulation of SGNs 

over a broad frequency range, and significant interaction of adjacent channels.151,154,155 

Though current CIs have up to 24 distinct electrodes, a maximum of only 8 effective or 

perceptual channels are achieved with current CI technology.156 Thus, the tonotopic 

precision inherent to the auditory system is poorly exploited by the implant and limits 

patient auditory performance.147,157 Accordingly, increasing the number of effective 

signal channels provided by the prosthesis would substantially improve auditory 

performance outcomes for CI users as the device would make better use of the tonotopic 

spatial organization within the cochlea and the CNS auditory pathway.  

 

Strategies to Improve Cochlear Implant Performance 

 

To address current CI limitations that have led to a plateau in auditory 

performance in recent years, researchers are focusing on several strategies to improve the 

selectivity of SGN stimulation within the cochlea.14 Enhancing selectivity is anticipated 

to support a greater number of effective or perceptual signaling channels which in turn 

will improve auditory performance. One such strategy is to reduce the distance between 

the stimulating elements of the prosthesis and the sensory elements of the nervous system 

by positioning the electrode array as close as possible to the SGNs in the modiolus. 

Electrical signals have been shown to decay exponentially over short distances in the 

cochlea.158,159 Accordingly, a much lower current is required to cause an action potential 

in a neuron the closer its position to a stimulating electrode. By reducing the current 

required for neural excitation, a more refined pattern of stimulation could be achieved as 
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there would be less spread of current to cause non-specific excitation within the cochlea. 

Furthermore, while the selectivity of each electrode would be enhanced, electrode density 

could also be increased since the electrodes could be smaller and, therefore, stimulate 

smaller groups of neurons independently.  

The two largest CI manufacturers, Cochlear and Advanced Bionics, have 

developed prostheses with perimodiolar – i.e. modiolus enclosing or surrounding – 

electrode arrays to enhance signaling specificity and prosthesis performance.160,161 An 

electrode array is considered perimodiolar if it is situated very closely to the modiolus 

throughout the curvature of the cochlea and if the electrode contacts are directly faced 

towards the modiolus.162,163 As anticipated, evoked-potential recording illustrated that 

lower current thresholds were effective when the electrodes were placed in closer 

proximity to the SGNs.164 Unfortunately, there was no substantial improvement in speech 

perception for patients with perimodiolar implants despite the use of lower current 

thresholds.165 Two potential reasons that may prevent greater progress with perimodiolar 

implants are that the electrodes are still too far from the SGNs which prevents greater 

signal specificity and that longitudinal current spread in the scala tympani via the 

perilymph still causes non-specific signaling and channel interactions.14,166 

Another strategy to improve CI performance is to optimize the number and firing 

pattern of electrodes that are triggered at a given time. Two sub-fields within this strategy 

are to create favorable current super-positions that generate ‘virtual channels’ between 

electrodes and another is to attempt to avoid any channel cross-over by preventing 

electrodes that are near each other from firing at or near the same time.167,168 Both of 

these plans focus on electronic and computational methods to increase stimulatory 

specificity. For the virtual channel or current steering approach, channel interactions are 

deliberately produced by firing electrodes that are in close proximity to one another 

causing an overlap of stimulating current. Interactions depend on the direction and 

magnitude of stimulation from a given electrode in relation to other localized currents. It 
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has been illustrated that maximum excitation sites can be manipulated to occur between 

electrodes using the current steering technique.167  

However, determining which interactions are beneficial and which are 

problematic has proven difficult. Furthermore, while the site of maximal excitation can 

be shifted, the degree of non-specific neural excitation remains the same. That is, an 

effective channel at a different tonal location within the cochlea can be developed but 

proximate channels could not be simultaneously stimulated due to signal spread. The 

effective channels are essentially shifted but not improved. Furthermore, difficult 

electrical problems challenge this strategy as well since neural excitation does not 

necessarily occur in a smooth continuum between electrodes but has been shown to 

jump.169 Recent research efforts are underway to further focus the stimulating current 

during multi-electrode stimulation events. The phased array in this approach would, 

through substantial electrical interaction, produce carefully focused current profiles 

throughout the scala tympani. However, this method is also dogged by electrical and 

electrode design problems as the device would require more current during stimulation 

events and the number of electrodes would need to increases significantly to achieve 

sufficient current focusing channels. 

The reduced signal interaction method uses the opposite strategy of the current 

steering or focusing approach. In this method, speech processor algorithms are 

programmed to prevent electrodes in close proximity from firing at or near the same time 

to prevent current overlap at any given location along the length of the electrode array. 

Sufficient time is allowed between proximate firings to allow neural membrane charge up 

to dissipate.168 This method been applied commercially as speech processor technology in 

Cochlear Corporation’s CIs. The speech processor programming reduces the likelihood 

of simultaneous firing of adjacent electrodes that have been plotted to specific frequency 

bands within a given region of the cochlea. Though the approach has seen some success 

in improving auditory performance by reducing channel interactions, ultimately, the 
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number of effective channels remains constant which, again, rapidly leads to a plateau in 

possible prosthesis performance. 

Another strategy used to increase CI stimulatory specificity is to reduce 

longitudinal current spread during an electrode trigger event by reducing the volume of 

the conductive perilymph that surrounds the electrode array in the scala tympani. 

Perilymph is the electrolytic fluid which normally fills the scala tympani. Longitudinal 

current spread is viewed as the prime means by which non-specific SGN excitation 

occurs and, if prevented, could increase the number of effective or perceptual channels 

for a CI user. If electrical current could be directed radially towards the modiolus rather 

than spreading longitudinally along the scala tympani then it may increase specificity and 

substantially improve auditory performance.  

To displace perilymph and to position the electrode array in close proximity to the 

modiolus, a “positioner” is inserted into the scala media along with the internal cable 

during implantation. At least one report has shown that speech perception improved with 

the positioner than without it.170 Furthermore, recent evidence illustrates that space-filling 

electrode arrays which occupy most of the volume in the scala tympani in which they are 

inserted may increase signal specificity.171 However, due to differences in electrode 

design in this study, it is difficult to ascribe any improvements in auditory perception to a 

reduction in the volume of perilymph. Improvements could be due to the electrode design 

itself or to the positioning of the electrode array relative to the modiolus. In both 

perilymph displacing approaches, either incorporating an additional positioner piece or 

using a space-filling electrode array, the risk of intracochlear damage and post-surgical 

complications increases.172 

Finally, as a variation to the above mentioned strategy to reduce the distance 

between the electrode array and neural elements in the cochlea, there is lively interest in 

developing methods to promote the regrowth of the peripheral SGN neurites into close 

proximity, or even into contact, with the stimulating electrodes.13,153,173-176 SGN neurite 
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regeneration is promoted via a neurotrophin stimulus. This approach would more closely 

mimic the auditory pathway of a healthy ear in which SGN neurites synapse with hair 

cells some distance away from the modiolus. Significantly reducing the distance between 

the electrode array and neural processes stands to greatly increase the number of effective 

frequency channels and, hence, the quality of sound perception and voice comprehension 

for CI users. However, to be useful, neurite outgrowth must preserve the precise 

tonotopic spatial organization of the cochlea. Accordingly, a final application using this 

approach will likely require significant advances in tissue and neural engineering, 

sustained application of neurotrophic factors and other pharmacological actives, and 

development of bioactive polymers that enable and direct neurite outgrowth.  

In a healthy cochlea, SGNs receive trophic support from hair cells.177 The loss of 

hair cells in various types of sensorineural hearing loss generally leads to degeneration of 

SGNs due to lack of trophic support. Longer periods of deafness diminish positive 

outcomes with a CI prosthesis largely due to the described SGN degeneration.178 

Treatment with neurotrophic factors is known to prevent SGN degeneration and stimulate 

neurite outgrowth.179-181  However, outgrowth occurs as disorganized projections failing 

to recapitulate the spatial organization inherent to a healthy cochlea.182-184 Disorganized 

regeneration may actually reduce, rather than improve, the spatial fidelity and resolution 

of the electrical stimulation. Accordingly, the work presented in this thesis explores the 

possibility of using surface topographic features to precisely guide de novo SGN neurite 

growth (Fig 1.9). Micro- and nano-scale physical guidance cues are fabricated and tuned 

using the inherent spatial and temporal control of photopolymerization. As poor tissue 

integration represents a major limitation of nearly all neural prostheses (e.g. retinal 

implants), the results of these studies will not only inform efforts to improve CI 

performance but also carry broad implications for regenerative neuroscience and 

bioengineering. 
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Figure 1.9. Schematic of the spatially organized neural regeneration strategy. Directed 
SGN de novo neurite growth to specific electrodes will improve CI stimulatory 
specificity, lower current requirements, decrease problematic channel interactions, and 
enhance tonal perception. The cochlea is represented as if laid out from the base to the 
apex from left to right. SGNs and their neurites are represented by blue dots and blue 
lines, respectively. Neurite outgrowth is precisely directed by physical guidance cues. 
 
 
 

Methods to Direct Cell and Neurite Growth 

 

During tissue formation, development, and regeneration, cells encounter and must 

respond to a complex milieu of signals, including bioactive molecules and physical 

topographic cues of their surrounding microenvironment. Biomaterials scientists and 

biomedical engineers have designed or modified materials accordingly to mimic or 

synthesize micro- and nano-scale cues to elicit favorable cellular responses such as 

oriented cell outgrowth or directed stem cell lineage. This section provides a brief 

overview of research efforts aimed at directing cell and neurite growth through a variety 

of bioactive chemical or physical guidance cues. Particular emphasis is given to research 

that includes physical contact guidance cues, directed neurite outgrowth work, and 
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patterns developed via photomasked lithography, polymerization, or chemical 

functionalizaion.  

 

Chemical Cues 

The most crucial interactions between a biomedical device and its host, or 

between any biomaterial and a biological system, generally occur at the material-biology 

interface. Bulk properties of a biomaterial or tissue engineering construct also play 

important roles, particularly in load-bearing applications such as bone or joint 

replacement or cartilage repair.185,186 However, the ultimate performance of a device or 

material, and whether it is rejected by the body’s immune system, are largely determined 

by what the local cells ‘see’ or ‘feel’ in the forms of chemical or physical stimulus at the 

material surface. Due to significant advances in micro- and nano-fabrication technology 

and in surface characterization techniques, the capacity to specifically tailor and pattern 

environments for particular cellular niches and outcomes is expanding at a rapid pace. 

The variety of approaches being utilized to predictably alter material surface chemical 

properties is continually expanding and enables control of cellular behaviors such as 

migration, proliferation, stem cell differentiation, adhesion, pre-determined apoptosis, 

and intercellular communication.187 While it is beyond the scope of this introduction to 

detail each permutation of these methods, several broad categories for surface chemical 

modification are of particular importance and generally enable the other types of 

functionalization schemes. 

Microcontact printing (µCP) is likely the most well-known and widely explored 

method utilized to spatially control the chemical modification of a material surface.188,189 

A micropatterned stamp is inked with a bioactive molecule and then pressed against the 

substrate that is to be chemically patterned. µCP technology is enabled by 

photolithography methods developed by the electronics industry and is performed in 

conjunction with soft-lithography casting of an elastomer on an etched master template.  
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Figure 1.10. Schematic of the photolithography process. 1) A silicon wafer is first 
prepared by removing organic residues with an oxidizing agents such as reactive O2 
plasma and then chemically treated to promote photoresist adhesion. 2) Photoresist is 
spin-coated on the wafer surface and baked to drive off organic solvent. 3) The 
photoresist layer is selectively exposed to UV radiation through a glass-chrome 
photomask. 4) Positive photoresists become soluble upon UV exposure while negative 
photoresists crosslink and become insoluble when exposed to UV. Soluble regions are 
removed during a wash step leaving a pattern of photoresist whose thickness is based on 
parameters of the spin-coating step and the viscosity of the photoresist. 5) Reactive ion 
etching, or other dry etch methods, are employed to etch away the silicon substrate. 
Regions beneath photoresist remain protected. Photoresist is also etched away during this 
step but is designed to have a much slower etch rate than the silicon substrate. 6) 
Remaining photoresist is removed during a stripping or lift off step and the sample is 
further cleaned and prepared for future applications. 
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Traditional photolithography techniques are used to develop the master template 

(Fig 1.10). First, a silicon wafer is spin-coated with a photoresist and baked to harden the 

resist by solvent degassing. The photoresist-coated wafer is then brought into contact or 

close proximity with a quartz photomask. Quartz is used in place of soda lime glass since 

it has better ultra-violet (UV) transmission properties. A thin, reflective chromium pattern 

coats the photomask and can be configured in carefully planned geometric configurations 

using computer-aided design. The photoresist layer is then selectively exposed to UV 

light through the photomask. Depending on the type of photoresist, regions exposed to 

light will either become soluble (positive resist) or insoluble (negative resist). Following 

UV exposure, a subsequent lift-off process removes any soluble photoresist regions. The 

lift-off step is followed by an etching step, e.g. reactive ion etching, to control the depth 

of the features. Generally, the photoresist etches at a much slower rate than the 

underlying wafer which enables tuning of substrate topography based on the specific 

microfabrication recipe. Finally, a photoresist stripping step is used to remove any 

residual surface photoresist and the wafer is then thoroughly cleaned prior to use. It 

should be noted that the complexity of the surface can increase substantially if the 

process has multiple photoresist and etching steps.  

Following the fabrication of a micropatterned silicon master, an elastomeric 

material, typically poly(dimethyl siloxane) (PDMS) is cast and cured on top of the master 

template (Fig 1.11). The viscosity and surface tension of the pre-stamp formulation 

should be appropriate to enable conformal spread across micropatterned features. PDMS 

is popular since it is inexpensive, cures readily with heat after mixing, and remains 

flexible post-cure to enable conformal contact of the stamp on a target substrate. 

However, other agarose gels, alternative siloxanes, and poly-olefin plastomers have also 

been used as stamping materials.190-192 PDMS stamps can be further treated to add 

functionality. For instance, the stamps are commonly treated with reactive oxygen plasma 

to oxidize the surface, increasing the surface energy and facilitating adsorption of various  
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Figure 1.11. Depiction of the microcontact printing process. 1) A liquid prepolymer is 
cast over a master template which is usually a micropatterned silicon wafer fabricated by 
photolithography. 2) The liquid prepolymer conformally coats master template features 
and is cured in place to form a negative image elastomeric stamp. 3) Patterned stamps are 
inked via simple adsorption from solution. 4) The stamp is brought into contact with the 
substrate to be inked. 5) A spatial replica of the stamps raised features is inked on the 
substrate surface following removal of the stamp.  
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bioactive molecules. Furthermore, they can be treated with an immense variety of silane 

coupling agents with distinctive chemical moieties for applications as specific as 

immobilization of antibodies for high affinity protein binding methods.193 

While the micropatterned ‘soft’ stamp can be coated with an array of bioactive 

inks, the most common inks used to spatially direct cell and neurite growth by chemical 

cues use adhesion promoting proteins or smaller peptide sequences.188 Integrins are a 

crucial class of adhesive proteins expressed in the extra cellular matrix (ECM) around 

cells which facilitate cell-ECM interactions.194 Collagen, laminin, fibronectin, and 

vitronectin are common integrins found in the ECM as well as used in inks for 

microcontact printing. The bioactive ink, such as the choice of integrin, should match the 

targeted cellular niche – further highlighting the importance of multi-disciplinary work in 

biomaterials applications as materials scientists may need to work with biochemists and 

microbiologists to optimize the final ink composition.  

µCP, and its permutations, have enabled directed cellular patterning for a variety 

of cell types and have also enabled guided neural process growth. For example, 

endothelial cells are known to selectively adhere to squares and grid lines of fibronectin 

printed by µCP methods.195 Fibroblasts, which are common cells forming connective 

tissue in the body, only attach to and proliferate on adhesive peptide regions patterned 

with an RGD functionalized poly-L-lysine-g-poly(ethylene glycol) copolymer ink.196 

Interestingly, µCP has even been used to pattern (capture) Escherichia coli as part of a 

diffraction based optical bacteria detector.197 For neuronal cultures, laminin, another 

integrin protein, is used for µCP experiments to direct neural process growth and form 

controlled neural networks. For example, laminin was patterned via µCP at various node 

sizes and line widths to precisely position cells from a PCC7-MzN neural blastoma cell 

system and to induce directed cell differentiation.198 Micropatterned PDMS stamps with 

features 3 – 5 µm in width were also used to biofunctionalize polystyrene, glass, and 

silicon-oxide surfaces with the oligopeptide binding sequence of laminin to enable 
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formation of neural networks with hippocampal neurons.199 Hippocampal neural 

networks were also directed by µCP of polylysine-laminin conjugates.200 

Another prominent chemical patterning method for directed cell-material 

interactions, and one that is closely related to µCP, is microfluidic patterning. 

Microfluidic patterning follows the same steps as µCP but in place of using an 

elastomeric stamp to ink a surface with bioactive molecules, the micropatterned 

elastomer instead acts as a barrier to create channels through which a solution containing 

bioactive ligands can pass. The underlying substrate is subsequently coated with the 

bioactive solution only in regions where the fluid was allowed to flow (Fig 1.12). 

Complex patterns with multiple types of bioactives are 
 
 
 

 
 
 

Figure 1.12. Representation of the microfluidic patterning process. 1) An micropatterned 
stamp formed by photo and soft lithography is placed in contact with the substrate to be 
patterned. 2) An inking solution with the dissolved active agent is drawn through the 
microchannels formed between the stamp and the substrate. 3) The substrate is inked in 
the spatial pattern of the flow channels. 
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significantly easier to generate than when using µCP.201,202 Tuning of bioactive density is 

also more readily controlled, however patterns are limited to open flow channels. 

Microfluidic patterning can even be employed in tandem with µCP by first inking the 

elastomeric stamp before pressing the stamp to a substrate to create microchannels 

through which a solution with a different bioactive can flow.203 Microfluidics have been 

used to generate ligand gradients of permissive and inhibitory cues to direct neurite 

outgrowth from dorsal root ganglion neurons.204 Neurite extension is directed by both 

inhibitory chondroitin sulfate proteoglycan and permissive laminin gradient patterns. 

When the cues are presented simultaneously, neurite extension is controlled by the 

direction of the ligand gradients. Microfluidics have also been used to direct neurite 

growth from cortical neurons by supplying a constant netrin growth factor gradient in 

solution rather than by functionalizing a planar surface by adsorption.205 The physical 

microchannels normally used to direct bioactive solutions across a substrate in 

microfluidics are also known to direct neural process growth.206 More information on the 

state-of-the-art in microfluidic technology is available in an excellent review.207 

A significant drawback for both the µCP and microfluidic patterning methods is 

that adsorbed coatings exhibit poor stability due to week physicochemical interactions. 

Accordingly, covalent functionalization of bioactives on 2D surfaces and within 3D 

matrices has been developed to improve effectiveness and longevity of a chemically 

modified biomaterial. Microfluidics and µCP rely on the spatial control of photomasked 

exposure during a photolithography process to develop intricate patterns for substrate 

functionalization. Similarly, photo-functionalization methods are employed to covalently 

bind bioactive moieties to a synthetic material for improved stability (Fig 1.13.) 

For example, the peptide binding sequence in laminin was conjugated to 

benzophenone, which cleaves to form free radicals upon exposure to UV light, and was 

spatially patterned as a covalently bound gradient across a polymer surface by altering 

the scan speed of a Cd/HE UV laser.208 Similarly, diode lasers were used to covalently  
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Figure 1.13. Diagram of the photo-functionalization process. 1) An inking solution with 
the active agent is spread by capillary forces between a substrate and a photomask. The 
substrate is modified such that upon UV irradiation the active agent covalently binds to 
the surface. 2) The substrate is covalently modified with the active agent in the spatial 
pattern of the transparent regions of the photomask. 
 
 
 

bind a fluorophore conjugated-biotin and laminin binding sequence to a planar surface 

with high resolution spatial control to direct DRG neurite outgrowth.209,210 Furthermore, a 

photoactively derivatized chitosan surface was covalently modified with nerve growth 

factor using UV light and photomasking to spatially guide neural process growth from 

superior cervical ganglion neurons.211 An elegant two-photon photochemical 

functionalization scheme has also been employed to spatially pattern a variety of growth 

factors throughout the volume of a 3D hydrogel construct.212,213 

In addition to patterned chemical cues developed with µCP, microfluidic, and 

photo-functionalization methods, cells are also known to respond to the chemical 

properties of the synthetic material substrate. For example, recent work illustrates that 

surface wettability of low density polyethylene can be tuned via oxygen plasma exposure 

to improve 3T3 fibroblast proliferation.214 Additionally, murine chondrocytic and 
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sarcoma osteogenic cells were not able to proliferate on superhydrophobic surfaces while 

fibroblast cells thrived on the same surfaces.215 Furthermore, human umbilical endothelial 

cells show more robust adhesion, growth, and coverage on materials that were modified 

by plasma exposure to have an optimum water contact angle for endothelial cell 

proliferation.216 The bulk and surface biochemical properties of a material can also be 

modulated by conjugating polymer precursors with bioactive moieties, such as the small 

peptide chain integrin binding sequence RGD. Cell adhesion and proliferation are known 

to be enhanced by improving cell anchorage properties of a material with this 

method.25,217 Acrylate monomers, commonly used for photopolymerized materials, are 

readily conjugated to the amine terminus of an RGD sequence to enable this approach.218 

 

Physical Cues 

A major limitation to the chemical patterning methods for directed cell and 

neurite growth just discussed, and others which were not included,219 is that bioactive 

molecules are inherently unstable which significantly complicates the production and 

practical use of biomaterials patterned with bioactive molecules.35 The stability hurdle is 

particularly challenging for long-term implant applications.2 For example, because 

albumin is the most prevalent protein found in blood it has been frequently used in 

attempts to passivate a material surface towards the host immune system.62,220 However, 

other blood proteins such as fibrinogen and immunoglobulin can readily displace 

adsorbed albumin on a biomaterial surface. Indeed, even covalently bound albumin is 

unstable upon implantation as leukocytes degrade the attached protein into pro-

inflammatory components at the implant site.60 

To overcome these and other hurdles, biomaterials scientists and tissue engineers 

have begun to exploit the ability of material physical cues including surface topography 

and mechanical stiffness to influence a wide variety of cellular responses (Fig 

1.14.).80,81,221,222 For example, the cell shape of human gingival fibroblasts was  
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Figure 1.14. Examples of physical cues used to influence cellular outcomes. Courtesy of 
NIH Public Access, 2010. 
 
 
 

significantly modulated by micromachined grooves 3 µm in depth on titanium coated 

surfaces. Furthermore, the fibronectin transcriptional, post-transcriptional, and ECM 

secreted levels were over 2-fold higher on physical micropatterns compared to smooth 

substrata.223 Physical micropatterns were also shown to induce increased neurotrophin 

expression from Scwhann cells (SCs) that were cultured on microgrooved chitosan and 
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poly(D,L-lactide) (PLA) compared to those grown on unpatterned controls.83 Nano-pit 

topographies are known to reduce adhesion and spreading of human fibroblasts and to 

cause interaction and response from cell filopodia when fabricated as small as 35 nm in 

diameter.224,225 Human epithelial cells elongated on silicon oxide substrates that had ridge 

and groove depths as small as 70 nm.84 These contact guidance studies, along with many 

others, illustrate the significant potential to promote favorable neural outcomes such as 

directed process growth. 

The vast majority of research exploring cell-material interactions to physical 

guidance cues is centered on traditional photolithography technology.35,226,227 See the 

previous “Chemical Cues” section in this introduction as well as an informative review 

for detailed steps in the photolithography process to generate micro- and sub-micron 

features.219 Photolithography was explored and extensively developed with the advent 

and expansion of semiconductor manufacture within the electronics industry. It has also 

been increasingly employed for cellular and medicinal applications during the last two 

decades.187,228  One reason for the dominance of this particular production method for 

cell-material interaction studies is the superb spatial control enabled by the photomasking 

and etching steps during substrate production. Also, the technology is very well 

established and diversified due to its immense importance in fabricating semiconductor 

devices for the electronics industry. Many universities and research institutions have core 

micro- and nanofabrication facilities based on traditional photolithography and its 

derivatives and have fostered interdisciplinary research efforts to maximize the 

effectiveness of these centers. Other prominent methods that employ physical cues to 

direct cell behavior, particularly neurite outgrowth, but do not require the spatial control 

of photolithography include hollow nerve guidance conduits, intraluminal guidance 

structures, and electrospun micro- and nano-fibers.229-232 

Using hollow tubing for neural regeneration and repair was first proposed and 

demonstrated in the late 19th century using a hollow bone tube as the guidance 
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conduit.233 Since then, hollow nerve conduits have now become sufficiently established 

to serve as alternatives to nerve auto-grafts for repair of peripheral nervous system (PNS) 

defects less than 4 cm. However, auto-grafts remain the gold standard for repair since 

they provide the greatest functional recovery.234 Nerve conduits reduce scar tissue 

formation, limit myofibroblast ingrowth, direct regenerating peripheral processes towards 

distal targets, and enable accumulation of nerve growth factors in a tight volume which 

increases neuronal survival and neurite extension rate.235  

To improve neural regeneration and functional outcomes of nerve guidance 

conduits, researchers have modified the constructs with intraluminal guidance structures. 

The principal aim for including these features is to induce maximal uni-directional 

neurite outgrowth to span great distances representative of large nerve gaps. For example, 

a poly(glycoclic acid)-collagen nerve guidance tube was modified with laminin-coated 

collagen fibers which enabled regeneration across an 8 cm nerve gap.236 Collagen fibers 

have also been used to repair 2 – 3 cm nerve gaps without the presence of an outer 

conduit.237,238 Unfortunately, functional recovery was either not characterized or poor for 

these collagen fiber applications. A variety of fiber materials such as poly(L-lactide), 

poly(glycolic acid) and poly(acrylonitrile-co-methacrylate), as well as fiber diameters and 

packing densities have been explored in attempts to improve functional recovery 

outcomes.239-242 

In addition to the changes in cellular responses such as adhesion, gene expression, 

spreading, and proliferation induced by micro- and nano-scale topography, a major 

cellular outcome observed on physically patterned substrates is the alignment to 

anisotropic features. Polarization of a cell or alignment of a neurite is particularly 

prevalent in response to parallel ridge-groove morphologies. Micropattern dimensions 

such as ridge width, groove depth, and feature spacing can be altered during the 

fabrication process to tune the degree of the pattern’s influence.85-87 The mechanisms by 

which cells sense and transduce changes in the physical environment into specific cellular 
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responses remain largely unknown. Topography is believed to induce tension in the 

cytoskeleton and the cell membrane that is subsequently transduced by second messenger 

molecules to modulate cellular responses.243,244 Neurite alignment behavior to substrate 

topography is of particular significance to this work as it may enable spatial organization 

of neurites in a manner that dramatically improves prosthesis signal resolution and 

performance. 

Like a variety of other cell types, neurites are also strongly influenced by cell-

scale polymer surface morphology and often align to repeating micro- or nano-scale 

topographical stimuli. For example, axonal growth from sensory ganglia taken from adult 

mice showed significant directional growth on nano-patterned grooves of 

polymethylmethacrylate (PMMA).245 Neurites from PC 12 cells aligned to features 

ranging from 70 to 1900 nm in width and their neuritogenesis behavior changed 

markedly on features of various sizes.246 While process alignment generally occurs in the 

direction of anisotropic features, neurites are known to grow perpendicularly to 

microfeatures used for contact guidance studies.247 The terminus of a neurite extension 

from a neural soma or nerve body is referred to as the growth cone. The growth cone is a 

sensitive apparatus that interacts with environmental chemical and physical cues to 

inform and direct the de novo growth path of a developing neural process.248 Growth 

cones are known to integrate multiple cues that can be separated by time or space and can 

also respond to additive or competing cues.249 Understanding and precisely directing the 

pathfinding behavior of neural growth cones is crucial to the development of therapeutic 

solutions to nerve injuries and to overcoming neural prosthesis performance limitations. 

Neural process response to cell-scale topographies has been quantified on the 

basis of average neurite length, maximum neurite length, branch formation, and number 

of neurites formed per cell.250-252 Even greater emphasis has been placed on quantifying 

neurite alignment to anisotropic features, e.g. parallel ridge-groove morphologies.253,254 

For instance, neurite outgrowth has been characterized by grouping alignment data into 
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angular bins and demonstrating that the frequency of neurites which align to given 

topographical cues rises or falls based on feature dimensions.255,256 A Fourier-transform 

method has been devised to quantify alignment from an entire field of view of a neural 

network rather than from individual neuronal bodies.245 Neurite alignment has also been 

quantified in response to imposed glial cell-mimicking topography.257 A wide variety of 

groove widths and depths fabricated via photolithography are known to alter the degree 

of neural process alignment – often in a manner that depends on the neuronal 

type.81,253,255,258,259  

Beyond alteration of topographic features, mechanical properties of the polymer 

substrates may also affect neuronal behavior and neurite orientation.32,33,221,260  Similar to 

the movement induced by chemically repulsive or attractive cues referred to as 

chemotaxis, cellular movements based on interactions with mechanical cues were coined 

as ‘durotaxis’ by Lo et al.90  Numerous tissue engineering studies show that cell fate is 

significantly influenced by the mechanical stiffness of its micro-environment. Migration 

and adhesion of endothelial cells, myoblasts, and osteoblasts were regulated by tuning 

substrate stiffness.91-93  Significantly, neurites from chick dorsal root ganglia grew longer 

down a stiffness gradient than up , and were also longer than the control samples with no 

mechanical gradient.33 Balgude et al. demonstrated that neurite extension rate was 

inversely correlated to mechanical stiffness in agarose gels.94 Further, PC 12 neurons 

displayed robust growth on harder substrates and were observed to have a softness 

threshold at which relatively little neurite growth was observed.95 

Taken together, the alignment of neurites from a variety of neuronal types to 

designed topography and material mechanical cues inspire confidence that similar 

material strategies could be employed to improve the performance of neural prosthetics. 

Research in the last two decades illustrates a variety of methods to direct de novo neurite 

outgrowth including aligned microfibers, parallel micro- and nano-channel morphology, 

axonal conduits261, cyto-mimetic patterning, bioactive molecule patterning262-265, 



www.manaraa.com

51 

 

diffusion gradients of chemo-attractants, and electrical fields266. However, the principle 

focus of many of these studies is to induce neurites, particularly those of the sciatic nerve, 

to optimally extend in one direction to bridge large gaps typical of nerve injuries. Using 

similar guidance techniques may also be advantageous to address spatial resolution 

challenges at the neural-prosethetic interface by enabling spatial control of regenerative 

sensory neurites specific to the prosthesis. 

 

Photopolymerization of Biomaterials 

 

Photo-initiated polymerization and functionalization techniques represent 

attractive alternatives to traditional photolithography for the generation of chemically or 

physically patterned biomaterials for contact guidance. In general, direct 

photopolymerization or photo-functionalization of a bioactive material is fast, low cost, 

and readily tunable between each sample run whereas lithographically etched features 

require many more process steps, hazardous reagents, expensive microfabrication 

equipment, and different master templates for each desired feature height. Furthermore, 

photopolymerization is rapidly expanding as an effective, versatile, and environmentally 

friendly materials production platform. During the last two decades its use has expanded 

tremendously in a range of applications as diverse as thin film coatings,267,268 3D 

prototyping,269,270 optical lenses,271,272 photolithography,273,274 and microfulidics.275,276 

Recent studies also demonstrate the versatility of photopolymerization for a variety of 

biological applications. For example, photopolymerization can be performed under 

reaction conditions mild enough to co-encapsulate plasmid DNA and cells in a 

degradable, methacrylate hydrogel without compromising function of the plasmid DNA 

or viability of the encapsulated cells upon release.277 3D tissue-engineering scaffolds with 

a range of pore sizes and architectures are generated through a single, spatially controlled 

photopolymerization step in order to determine the effect of substrate geometry and 
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porosity on cell behavior and in vivo reaction.278 Moreover, a variety of high performance 

dental materials are cured by photo-crosslinking reactions.279,280 

In addition to the advantages just outlined, photopolymerization is ideal for 

bioactive material patterning due to its inherent spatial and temporal reaction control. 

Spatial control is achieved by selectively masking the pre-polymer formulation from 

initiating light and temporal control is afforded through shuttering of the light source at 

specific time increments. For a typical photo-initiated radical chain growth 

polymerization, a small concentration of photo-initiator in the pre-polymer formulation 

absorbs photons and undergoes bond cleavage that results in the generation of reactive 

free radicals.281 As an initiation step, the free radical species then react with electron rich 

double bonds on polymerizable moieties, e.g. (meth)acrylates, of the surrounding 

monomer which begins the polymerization. Figure 1.15 provides the basic structure of 

several classes of photoinitiators used in industry and academia. Propagation continues  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.15. Classes of common photoinitiators. Shown are generic structures for 1) 
benzoin derivatives, 2) benzyl ketals, 3) α-hydroxyalkylphenones, 4) acylphosphine 
oxides, and 5) α-aminoalkylphenones. 
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through polymerizable groups until the growing kinetic chain is terminated via 

recombination with another radical or through hydrogen abstraction and 

disproportionation. The rate of propagation for a typical radical chain polymerization is 

given in equation 1.1 
 

	                                            (1.1) 
 

where  is propagation rate,  is the propagation rate constant,  is the monomer 

concentration,  is the polymerization initiation rate, and  is the termination rate 

constant. For photoinitiated polymerization,  is described by equation 1.2 

 
2 1                                   (1.2) 

 

where 	is the efficiency of initiation,  is the incident light intensity,  is the molar 

absorptivity of the photoinitator at a given wavelength of light,  is the hickness of 

the system, and  is the photoinitiator concentration. Substituting equation 1.2 into 

1.1 yields the propagation rate for photopolymerization as shown in equation 1.3. 
 

	                                (1.3) 
 

 Because the rate of propagation for a photo-initiated polymerization depends on 

absorbance of light, local reaction speeds can be modulated across a substrate surface by 

selectively masking incident irradiation. Other advantages inherent to 

photopolymerization include: rapid reaction rate at room temperature, low energy input, 

mild reaction conditions, and chemical versatility of monomer systems.  

Accordingly, 2D and 3D biomaterials are readily patterned by controlling sample 

light exposure in both space and time. For example, a polyfluorene derivative was 

directly photopatterned on a poly(ethyleneimine) substrate by spatially controlling 
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crosslinking reactions prior to washing steps to generate cyto-adhesive and non-adhesive 

stripes.282 Sequential photopolymerization steps were employed to create trapping and 

sorting wells to isolate single cells based on imaged phenotype.283 Direct photopatterning 

methods have also been utilized to generate cytocompatible hydrogels with tunable 

degradation profiles284 and with controlled microarchitecture285 for tissue regeneration 

and cell encapsulation applications. Additionally, photopolymerization was used to 

surface functionalize polymeric substrates with immunosuppressive proteins to provide 

bioactive protection against activated T cells.286 Each of these studies illustrates and 

utilizes specific advantages inherent to UV curing for cellular applications including 

excellent temporal and spatial control, mild reaction conditions, and few process steps. 

Additionally, , a wide array of photopolymers exhibit excellent biocompatibility 

and serve as relatively bio-inert surfaces for in vitro and in vivo applications. 

Methacrylates (MAs) are commonly used in many photopolymerization studies and were 

among the first successful polymer systems to serve as functional biomaterials. Their 

biocompatibility was first demonstrated during the development of the intraocular lens4 

and has since been confirmed in contact lens applications,287 dental resins,288 cellular 

encapsulation,289 and bone cements.186 As such, MAs have become a materials platform 

of choice for many tissue engineering and drug delivery applications.23,25  

Beyond biocompatibility, photopolymer characteristics are readily manipulated to 

exhibit a range of mechanical, chemical, and surface properties that allow for design of 

materials tailored to suit intended biological interfaces.28,86,290,291 Physical characteristics 

of photopolymers can be controlled by altering the material chemistry and the 

crosslinking density. Changing these factors alters material swelling capabilities, surface 

chemistry, wettability, mechanical strength, network architecture, and degradation time in 

accordance with the desired material properties.30,31,291 Crosslinking density and 

mechanical strength have shown particular importance in cell and neurite growth.32-34 
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Research Summary 

 

The cochlear implant (CI) enables basic speech perception for individuals with 

profound hearing loss. Its success is one of the greatest accomplishments of the modern 

biomedical device and biomaterials era. However, the CI also illustrates difficult 

technical challenges associated with functional limitations of neural prosthetics. CIs 

enable basic speech perception by directly stimulating inner ear nerve cells with an 

electrical pulse that bypasses the damaged or non-functional mechanotransduction 

machinery of the inner ear. The most significant advances in CI technology since its 

initial development have been the shift to multi-channel devices followed by dramatic 

improvement in speech processor algorithms and electrode firing patterns. Unfortunately, 

clinical performance of the prosthesis has rapidly plateaued in recent years as current 

spread within the cochlea causes non-specific neuronal excitation and results in few 

perceptual channels for the user. As a result, CI patients struggle with complex auditory 

stimuli such as music appreciation, voice comprehension in environments with noise, and 

voice intonations. Reducing the distance between sensory elements of the nervous system 

and the electrode array of the prosthesis stands to greatly improve spatial signaling 

resolution of the device. Increasing spatial resolution would enable more perceptual 

channels and substantially improve the auditory performance of CI patients.  

For the proximate growth strategy to be effective, tone dependent spatial 

arrangement of auditory sensory elements must be preserved and will require directional 

control of regenerating neurites. Recent studies demonstrate that many cell types, 

including neural glia and neurons and their processes, can be spatially directed by 

topographical, stiffness, and chemical cues of a biomaterial surface. Accordingly, this 

work develops and explores the use of photopolymerized materials and patterning to 

spatially direct as well as to test the pathfinding ability of de novo neurite outgrowth from 

neurons that are relevant to the CI prosthesis. Ultimately, the understanding gained from 
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these studies regarding SGN cellular and neural process interactions with engineered 

guidance cues will be used for the larger goal of overcoming signaling limitations of the 

patient-implant interface of the CI neural prosthetic. As the nervous system is generally 

dependent on location specific signaling, analogous signal resolution limitations are 

anticipated for all devices that interact with the nervous system. Precise spatial signal 

control will, therefore, be critical to achieve significant performance improvements in 

next generation neural-prosthetics.  

The work is presented as five interrelated chapters. Significant advances in 

functional outcomes achieved with CIs will likely require neural engineering approaches 

to improve the prosthesis interface. Accordingly, as an initial proof of concept, survival 

and alignment of inner ear neural elements including spiral ganglion neurons (SGNs) and 

spiral ganglion Schwann cells (SGSCs) are evaluated on common methacrylate 

photopolymers in chapter 4. Direct photo-patterning of the methacrylate surface is also 

developed in this chapter. Alignment of SGN neurites is evaluated with both dissociated 

cultures and as neural tissue from inner ear explants. Chapter 5 significantly expands on 

this work by thoroughly exploring the extent of SGN neurite alignment to parallel line-

space gratings based on feature dimensions. The spatial and temporal control of 

photopolymerization are shown to enable significant surface feature modulation based on 

polymerization reaction parameters. Feature depth is readily controlled from the micro to 

nano-scale by tuning photoinitiator concentration, UV exposure time, and initiating light 

intensity. Microchannel width is controlled by photomask band spacing. Developing 

precise control of surface microfeatures enables careful probing of neurite response based 

on feature dimensions. Neurites alignment is evaluated on patterns with constant 

periodicity and increasing height as well as on micropatterns with constant amplitude but 

increasing periodicity. SGSC spatial orientation is also measured in tandem with SGN 

neurite outgrowth. Interestingly, neurite alignment is found to strongly correlate to 

feature slope that occurs between ridge-groove transitions. The alignment and cellular 
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behavior of a variety of neuronal and glial cell types are also evaluated as comparisons to 

inner ear neural elements. The research presented in these two chapters firmly establish 

that de novo neurite growth from inner ear SGNs can be directed by bioactive material 

physical cues and that photopolymerization enables facile control of a variety of surface 

patterns for contact guidance studies and for future clinical application. 

In chapter 6, the turning and pathfinding ability of neurites presented with 

multidirectional surface cues is explored as successful improvement of the neural 

prosthesis interface will likely require complex turning events. Understanding neurite 

pathfinding behavior in response to turning cues will enable development of bioactive 

materials that predictably orient nerve growth to spatially distinct electrodes. A repeating 

90° pattern is used to represent a topographic challenge on which to evaluate the turning 

capability and neural pathfinding of de novo neurite growth from SGNs. Uni-directional, 

i.e. parallel, micropatterns and unpatterned photopolymers serve as comparisons. 

Chapters 7 and 8 enlarge the scope of the work by investigating SGN neurite 

response to material mechanical and surface chemical properties, respectively. In chapter 

7, the reaction modulated microfeature control developed in previous chapters is 

employed to create micropatterns with identical amplitude and spacing across two 

methacrylate copolymer series. For each methacrylate series, crosslinking density is 

controlled by varying crosslinker content in the pre-polymer formulation. Neurite 

alignment is then evaluated on each polymer series to determine the effect of material 

stiffness on neurite alignment to topographical surface cues. Understanding neurite 

response to mechanical cues will inform material choice and design considerations, 

including material mechanical properties, when designing eventual clinical applications. 

In chapter 8, bioactive chemical borders are established on physical microfeatures to 

determine the strength of physical cues when neural growth cones are presented with 

conflicting cues. Neurite behavior is measured at biochemical borders as a cross, turn, 

stop, or repel event. Both the chemical borders and the physical patterns are shown to 
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significantly affect neurite outgrowth. Importantly, physical cues are illustrated to 

dominate neurite trajectory at sufficiently high micropattern feature frequencies. 
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CHAPTER 2 

OBJECTIVES 

 

 As methods to fabricate and characterize biomaterials and tissue engineering 

constructs with greater complexity and detail have advanced in the past three decades, 

research in these fields increasingly focuses on developing bioactive materials that drive 

favorable biological outcomes. For instance, the strategy to spatially control neurite 

outgrowth towards specific prosthesis electrodes has tremendous potential to drastically 

enhance the performance of neural prosthetics. Improving sensory prosthesis tissue 

integration in this manner will decrease problematic current spread that causes non-

specific neuronal excitation and will subsequently increase the number of perceptual 

channels available to a user. Added perceptual channels will, in turn, enable biological 

functional output that more closely imitates the precise spatial signaling of the native 

nervous system. Accordingly, this research explores photopolymer materials and 

patterning methods to develop systems with micro- and nano-scale cues that direct nerve 

growth and aid in elucidating neural pathfinding behavior. Predictably orienting de novo 

neurite growth from spiral ganglion neurons (SGNs), which are the target neurons for CI 

stimulation, has not been previously demonstrated. Developing photopolymerization 

methods to rapidly and directly generate cell-scale physical features will substantially 

expand systems and tools available for cell-material contact guidance research and for 

biomedical device modification and enhancement.  

Furthermore, understanding how photopolymerization parameters such as 

photoinitiator choice and concentration, crosslinker content, light intensity, and radiation 

exposure time influence feature formation will enable fabrication of tailor-made cues for 

specific cellular niches. As demonstrated in other cell-material action studies, biological 

systems are also known to respond to mechanical cues of synthetic biomaterial 

constructs. It will, therefore, be crucial to understand SGN neurite response to material 
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stiffness cues in relation to their alignment to physical features since final material 

properties of a future medical device could significantly affect neural pathfinding. The 

ultimate goal of the collaborative research presented in this thesis is to develop materials 

that predictably direct nerve growth to improve prosthetic performance and, thus, 

improve quality of life for patients with neural prostheses. Specific research objectives 

include to: 

   

1. Verify that topographic microfeatures can be directly fabricated via 

photopolymerization and that inner ear neural tissue, including SGN neurites 

and SGSCs, thrive on typical photopolymer materials and align to 

photopatterned physical cues. 

2. Control development and final morphology of micropattern features by 

modulating photopolymerization parameters to determine the extent of SGN 

alignment in relation to changes in feature spacing, height, and transitional 

slope. 

3. Explore and measure SGN neurite pathfinding and turning capability by 

challenging advancing neural growth cones with photopolymerized 

multidirectional cues and compare outgrowth behavior to unpatterned and 

unidirectional controls. 

4. Characterize the effects of material stiffness and surface polarity on SGN 

neurite alignment and behavior when neurons are cultured on photopolymers 

with identical physical cues but vary in composition and cross-link density. 

5. Examine the capability of micropatterned physical cues to direct SGN neurite 

outgrowth in the presence of biochemical border challenges. 

 

Completion of the first research objective (Chapter 4) will demonstrate the 

feasibility of the directed neural growth strategy on photopolymerized micropatterns. 
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Specifically, the survival and cellular behavior of SGSCs, dissociated SGNs, and inner 

ear tissue explants on various photopolymer compositions will be investigated to 

demonstrate biocompatibility of the photopolymer materials. Cellular behavior will also 

be quantified on materials with and without an adsorbed layer of laminin, an integrin 

binding peptide that facilities neuronal surface attachment. Next, micropattern surface 

cues will be developed on photopolymer surfaces by selectively masking light to alter 

local reaction kinetics throughout the polymerization. Directly photopatterning surface 

microfeatures through radiation curing stands in contrast to the multi-step and often 

expensive and time consuming process of etching silicon masters in traditional 

photolithographic applications. Micropatterns will be characterized by white light 

interferometry. Inner ear neural tissue will be tested on unpatterned and micropatterned 

substrates to determine alignment capability to photopatterned physical guidance cues. 

Neurite alignment to micropatterns will be explored and demonstrated for both 

dissociated neurons and for intact neural tissue. This objective serves as a proof-of-

concept study and establishes a research foundation upon which the remaining objectives 

are pursued.  

The second research objective (Chapter 5) will illustrate the sensitivity of SGN 

neurite pathfinding in response to physical features with varying widths, depths, and 

transitional slopes. After establishing that micropatterns can be directly generated by 

photopolymerization and photomasking in objective 1, the second research objective will 

substantially expand on this theme by illustrating the high degree of control over feature 

formation available by simple modulation of photopolymerization reaction parameters 

such as photoinitiator concentration, UV light intensity, radiation exposure time, and 

photomask band spacing. A range of channel amplitudes across several orders of 

magnitude will be generated for neurite contact guidance studies based on the inherent 

spatial and temporal control of UV curing and micropattern morphology will be 

characterized by scanning electron microscopy and white light interferometry. The 
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alignment behavior of multiple neuronal and glial cell types will be evaluated on various 

physical micropatterns as a comparison to SGN neurite and SG glial alignment. 

Correlation of neurite alignment to microfeature transitional slope will be established by 

measuring neurite alignment following image capture by immunofluorescence 

microscopy and characterizing feature transitions with atomic force microscopy. 

Realization of this research objective will inform the design of biomedical devices that 

have photopatterned physical features with appropriate dimensions for directed neurite 

growth. Precisely directing SGN growth in this manner will advance efforts to improve 

neural prosthetic tissue integration by enhancing the prosthesis interface. 

To rationally design a cochlear biomedical device with an interface which directs 

nerve growth to spatially specific electrodes, it will likely be necessary to determine 

pathfinding and turning behavior of de novo neurite growth from SGNs. Accordingly, 

accomplishing the third research objective (Chapter 6) will improve understanding of 

SGN neurite pathfinding and SGSC response in relation to multidirectional physical 

micropatterns to aid prosthesis interface design. As little is known about SGN neurite 

pathfinding in response to physical cues, a simple pattern of repeating 90° angles or 

directional cues will be utilized to explore SGN process response. Multidirectional 

patterns will be developed and controlled based on the photopolymerization methods set 

forth in the first and second research objectives. Moreover, SGN neurites on 

multidirectional micropatterns will be challenged with physical features shown to induce 

high degrees of alignment on unidirectional patterns as demonstrated in objective 2. A 

variety of neuronal and neurite behaviors will be characterized and compared on 

unpatterned, unidirectional, and multidirectional substrates including neuronal survival, 

neurite length, neurite branching, proportion of neurite outgrowth on raised or in 

depressed surface features, neurite turning, degree of microfeature crossing, and neurite 

segment alignment to the pattern direction. Developing methods to understand neural 

pathfinding and to guide de novo neurite growth to specific stimulatory elements will 
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enable design of innovative biomaterials that improve functional outcomes of devices 

that interface with the nervous system.  

Realization of the fourth and fifth research objectives (Chapters 7 and 8) will 

elucidate the effects of material mechanical properties on physical feature contact 

guidance and determine topographic feature dimensions that overcome conflicting 

biochemical border signals. Methacrylate thin-film stiffness will be modified by varying 

the cross-link density of the final material by either increasing the amount of cross-linker 

in the prepolymer formulation or by increasing the size of the spacer unit between cross-

links. Controlling photopolyermization parameters, as established in previous research 

objectives, will enable production of micropatterns with identical physical features on a 

variety of polymer compositions despite differences in reaction kinetics. Neurite response 

to material stiffness will be evaluated by characterizing and comparing SGN neurite 

alignment to unidirectional micropatterns on each polymer composition. Material 

stiffness will be measured by dynamic mechanical analysis. Because cells must respond 

to a variety of mechanical and chemical cues in their micro-environment or niche, it may 

be necessary to design physical guidance cues that overcome conflicting chemical cues. 

Accordingly, SGN neural process alignment will be evaluated on photopatterned 

materials that are coated with two distinct biochemical cues. Neurite alignment and 

behavior will be evaluated at the dynamic biochemical border to determine physical 

features that dominate neural process directional growth outcomes.  

Completion of these research objectives will identify the topographic features and 

material properties necessary for fabrication of scaffolds that can be used for future in 

vivo neural regeneration models including the design of enhanced neuron-prostheses 

interfaces. Furthermore, these studies will develop and substantially improve 

fundamental understanding of photopatterning technologies designed to guide 

regeneration of auditory nerve fibers to directly interface with CI electrodes. Thus, while 

each objective addresses fundamental questions on how cellular processes interact with 
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physical features in their microenvironment, they also provide a necessary foundation for 

translational clinical application. Precisely directed SGN process growth will greatly 

improve the ability of CIs to represent complex auditory signals and improve auditory 

performance for its user. The results will also inform efforts to improve the interface of 

other neural prostheses and nerve repair conduits with target tissue.  
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS 

 

The general materials and experimental procedures used to investigate neural 

pathfinding on photopolymerized physical guidance cues are outlined in this chapter. The 

first section introduces the photopolymerizable monomers, which consist mainly of 

methacrylates, and the photoinitators employed for generation of micropatterned polymer 

films. The next section describes the characterization of polymer samples with white light 

interferometry, scanning electron microscopy, atomic force microscopy, water contact 

angle goniometry, and dynamic mechanical analysis. The third section describes 

experimental procedures to culture target neural populations and the measurements used 

to evaluate their behavior on unpatterned controls and on photopatterned physical 

guidance cues. Neural behaviors examined include neuronal survival, neurite alignment 

and length, neurite branching, proportion of neurite outgrowth on raised or in depressed 

surface features, neurite turning, degree of microfeature crossing, and change in terminal 

angle relative to initial angle from the neuronal soma. Most neural behaviors were 

measured after fixing the cell culture with paraformaldehyde, staining neural tissue with 

cell-specific antibodies, and then visualizing the cells using immofluorescence 

microscopy. Captured fluorescence images were then evaluated using Image J software. 

Statistical analyses are briefly described in the final section. 

 

Materials and Sample Preparation 

 

Experiments to photopattern micro- and nano-scale physical guidance cues on 

polymer surfaces were performed with commercially available monomers and 

photoinitiators. Materials were used as received without further purification. Based on 

initial photopolymerization and cell-material interaction experiments, a system of hexyl 
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methacrylate (HMA, Aldrich) with 1,6-hexanediol dimethacrylate (HDDMA, Aldrich) as 

the crosslinker was used as the primary polymer platform for the majority of neurite 

alignment studies. The HMA-co-HDDMA system was used in each research objective for 

primarily two reasons: 1) it has been shown to support the attachment, survival, and 

growth of SGNs and spiral ganglion Schwann cells (SGSCs) under in vitro conditions 

based on experimental data and observations collected in our labs1,2 and 2) its 

micropattern development, including channel amplitude profile versus exposure time at 

given conditions, has been well developed in our lab enabling facile fabrication of similar 

uni- and multidirectional features for neural pathfinding comparisons. Weight ratio of the 

mono- to di- methacrylate monomers was varied depending on the research objective.  

When testing neurite response to material stiffness and surface polarity cues, 

poly(ethylene glycol) (PEGDMA, Aldrich, Mn = 600) with ethylene glycol  (EGDMA, 

Aldrich) was used as a relatively flexible and polar alternative platform. PEGDMA 

produces an elastic and soft polymer structure due to the flexible ether linkage and long 

linear chains (repeating ethylene glycol units) between crosslinks.3,4 Furthermore, the 

glass transition temperature (Tg) of PEGDMA is well below room temperature allowing 

for long range segmental motion of polymer chains which maintains the substrate in the 

rubbery region of the visco-elastic regime. Addition of EGDMA, which is a short chained 

version of PEGDMA with only one ethylene glycol repeat unit, results in higher cross-

linking density per unit volume in the polymer and will increase the material modulus. 

Conversely, HMA-co-HDDMA is a very stiff cross-linked polymer system that has a Tg 

well above room temperature.  Increasing the concentration of HMA, which has a 

functionality of two (f = 2) for linear chains, will decrease crosslinking density and yield 

less rigid materials. Using these two systems provided a wide range of mechanical 

stiffness characteristics, ranging from a very flexible and rubbery polymer to a very stiff 

and glassy polymer. Additionally, hexyl acrylate (HA, Aldrich), 1,6-hexanediol 

diacrylate (HDDA, Sartomer), and 2-hydroxyethyl methacrylate (HEMA, Aldrich) were 
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used for feature formation kinetics studies. 2,2-dimethoxy-2-phenylacetophenone 

(DMPA, BASF) and bis(acyl)phosphine oxide (BAPO) were used as photoinitiators. 

Monomer and photoinitiator chemical structures are shown in Figure 3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Chemical structures of monomers, silane coupling agent, and photoinitiators 
used in this work. Shown are (a) hexyl methacrylate, (b) 1,6-hexanediol dimethacrylate, 
(c) hexyl acrylate, (d) 1,6-hexanediol diacrylate, (e) 2-hydroxyethyl methacrylate, (f) 3-
tri(methoxysilyl)propyl methacrylate, and (g) 2,2-dimethoxy-2-phenylacetophenone. 

 
 
 

To prevent polymer delamination and facilitate cellular microscopy studies, 

polymer films were generated on methacrylated or functionalized glass slides (Fig 3.2). 

Standard microscope glass slides (2.54 cm x 7.62 cm x 0.1 cm) were functionalized with 
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the silane coupling agent 3-(trimethoxysilyl)propyl methacrylate (Aldrich). Prior to 

treatment with the coupling agent, slides were first cleaned and oxidized with O2 plasma 

for 3 min at 30 W RF power (PDC-001 Harrick Plasma Expanded Cleaner, Ithaca, NY) 

while under 300 mTorr vacuum. Following removal from the plasma chamber, slides 

were immersed in a 1/100 v/v solution of the silane coupling agent and n-hexane 

(Aldrich) overnight in a covered container at room temperature (~21°C). Each slide was 

then rinsed with fresh hexanes and dried in the fume hood before being placed in a sealed 

container. Functionalized slides were used immediately as a substrate for polymerization.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Schematic of glass substrate methacrylate procedure. Microscope slides were 
cleaned and oxidized with reactive O2 plasma and then treated with a methacrylated 
silane coupling agent. Glass slide methacrylation enabled covalent bonding of the 
photopolymerized thin-film to the supporting substrate and prevented polymer 
delamination during cell-material interaction studies. 

 
 
 

Photopolymerization of micropatterned polymer thin-films was performed with 

standard UV curing equipment in conjuction with photomasking techniques. Specifically, 

all methacrylate monomer mixtures were prepared with 1 wt% of DMPA as the 

photoinitiator unless otherwise specified. Copolymer compositions are represented as 

whole numbers (e.g. 40/60, 50/50) but each polymer fraction is 0.5 wt% less to account 

for the photoinitiator. A volume of 20 µL from pre-polymer formulations was pipetted 
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onto the center of a functionalized slide then covered with a 2.54 cm x 2.54 cm x 0.1 cm 

glass-chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) for parallel 

patterns or with a cut untreated glass slide of the same dimensions for unpatterned 

samples. Capillary forces caused the formulations to spread evenly under the 

photomasks. Photopolymerization was performed with a high-pressure mercury vapor arc 

lamp (Omnicure S1500, Lumen Dynamics, Ontario, Canada) at a 365 nm light intensity 

of 16 mW/cm2. Light intensity was measured with a Cole-Parmer Series 9811 radiometer. 

The curing module was equipped with an 8 mm aperture x 50 mm length beam 

homogenizing fused silica light pipe (Edmund Optics) and a collimating lens (RLQ-1, 

Asahi Spectra). Microfeature amplitude was tuned by shuttering UV radiation at specific 

times to prevent further initiation events resulting in rapid termination of the 

polymerization. Following the set exposure time, the photomask was removed from the 

polymer and the sample was washed with 95% ethanol (Aldrich) to remove residual 

surface monomer. Rinsed samples were then post cured for 10 min under the same light 

source and intensity to maximize monomer conversion without reducing surface channel 

amplitude due to trough back-filling.  

For bioactive border challenge experiments, photopatterned polymer substrates 

were sequentially coated with poly-L-ornithine (100 μg/ml) at room temperature and 10 

µg laminin (20 μg/ml, 0.5 ml in Hank’s Balanced Salt Solution, Life Technologies) at 4 

°C overnight. The laminin solution was removed by pipette and surfaces were washed 

three times. An equal volume of RIPA buffer containing 50 mM Tris-Hcl, 1% NP-40, 1% 

Triton X-100, 150 mM NaCl and 1 mM EDTA was applied to each slide to dissolve the 

adsorbed protein. A 96-well plate protein assay kit (Life Technologies) was used to 

quantify protein concentration according to the manufacturer’s protocol. Experimental 

samples and solutions of protein standards with known concentrations were pipetted into 

microplate wells and 1x dye reagent was added to each well, mixed, and incubated at 

room temperature for 5 min. Absorbance was measured by a microplate reader (Thermo 
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Max). A standard curve was generated using the absorption values from the protein 

standards. Protein concentration of the experimental samples was calculated based on the 

standard curve. Each condition was performed in triplicate and repeated three times. 
 

Polymer Characterization 

 

Photopatterned surface morphology was characterized primarily with white light 

interferometry with subsequent scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) characterization as needed. Micropattern feature spacing and depth 

were measured by white light interferometry (Dektak Wyko 1100 Optical Profiling 

System, Veeco) (Fig 3.3). Feature amplitude was measured as the difference between a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 Schematic of white light interferometer used to analyze photopatterned micro- 
and nano-scale physical guidance cues. A coherent beam is split with part of the beam 
going to the detector and another portion being reflected off the sample. Using the 
destructive interference of wave superposition, the detector takes a stack of images and 
puts them together to generate a depth profile. Image courtesy of Veeco Metrology. 
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maximum ridge value and an adjacent minimum groove value. For each composition and 

exposure time, average feature height was determined by measuring channel amplitude in 

nine different areas across the surface (n ≥ 3). Feature spacing or periodicity was 

measured as the distance between the highest points on adjacent ridges and was 

consistent with photomask band spacing. Measurements and 3D images were generated 

using Vision software associated with the instrument.   

Micropattern morphology of each composition was further characterized by 

scanning electron microscopy (SEM, S-4800, Hitachi) (Fig 3.4). Conductive silver paint   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4 Schematic of scanning electron microscope used to further characterize microfeature 
surface morphology and polymer cross sections. An electron beam is accelerated, focused, and 
then rastered across a substrate surface. Secondary electrons emitted by the sample are picked up 
by the microscope detectors and used to generate a three-dimensional image.5 

 
 
 

was applied to the bottom of glass substrates modified with micropattered methacrylate 

thin films for mounting on aluminum SEM stubs to acquire top-down images. For cross-

sectional images, a glass etcher was used to etch the sample on the side opposite the thin 
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polymer film and patterned polymers were then fractured and mounted vertically on 

specimen stages. The SEM specimen stage was rotated using automated stage and 

software controls. Each polymer surface was sputter coated with gold prior to 

examination by SEM. Electron accelerating voltage was set at 2 kV. 

Atomic force microscopy (AFM, Asylum Atomic Force Microscope, Asylum 

Research) was used to accurately assess the transitional slope between grooves and ridges 

on micropatterned polymers. A silicon-nitride microscope cantilever with a force 

constant of 46 N/m and a tuning frequency of 316.62 kHz was used. Samples were 

scanned at a rate of 5 µm/s with 512 points taken per scan line across 50 µm. X and Y 

position data were obtained from the instrument software from 2D profiles (n = 3) taken 

at different locations on pattern surfaces. Average and maximum slopes were calculated 

from profile data. 

Polymer thin film surface polarity was measured by water contact angle 

goniometry. Water contact angles were measured on unpatterned surfaces for each 

polymer composition using a sessile drop method at room temperature (~21° C) with a 

Ramé-Hart NRL 100-00 goniometer (Ramé-Hart Instrument Co.). For each composition, 

three samples were analyzed with repeats in six different spots for a total of 18 

measurements per composition. Drops of H2O were dispensed as 1 µL volumes.   

Dynamic mechanical analysis (DMA) was used to characterize polymer 

mechanical properties. Specifically, tensile tests were performed with a dynamic 

mechanical analyzer (DMA-Q800, TA Instruments) to measure the Young’s modulus of 

each composition as a measure of substrate rigidity encountered by neural tissue. 

Polymer specimens for tensile tests were prepared by injecting pre-polymer formulations 

between two untreated glass plates separated by 280 µm thick spacers and held together 

with clamps. The sample was then irradiated for 10 minutes using the same lamp and 

intensity used to fabricate micropatterned surfaces. Polymer bars, with dimensions of 25 

mm x 6.4 mm x 0.28 mm, were placed in a vertical film tension clamp for tensile tests. 
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Young's modulus was evaluated at 30° C using controlled force tensile mode with a 

designated force rate (0.5 N/m). The modulus was calculated using equation 3.1 using the 

slope of the stress-strain curve in the early linear regime (less than 5% strain) (n = 5): 

 

E = σ/ε                                                     (3.1) 

 

where E is the material modulus, σ is the stress, and ε is the strain.  

 

Cell Culture and Characterization 

 

Rats were used as the source for auditory neuron cultures to generate the 

neuronal, glial, and neural process data presented in this work. Rats serve as a primary 

source for spiral ganglia cultures due to a variety of important advantages.6-12 For 

example, they have relatively large cochleae which facilitates microdissection of spiral 

ganglia and their neural tissue is easy to maintain in culture. SGN yields are high 

compared to other mammalian models which aids in characterization and quantification 

of neural process and neuronal behavior. Furthermore, they possess many similarities to 

other mammalian species – including, most importantly, humans. Finally, due to their 

extensive use in the literature, using rat neural tissue in this work facilitates comparison 

of experimental results with other work and makes the results the most widely applicable 

to other studies.  

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.13,14 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, 
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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 culture slides.  

Polymer substrates attached to glass slides were first sterilized with 70% ethanol 

and UV irradiation and air-dried in a culture hood. Dissociated SG cultures from P3-5 rat 

pups were plated in 8 mm cloning cylinders placed on polymer surfaces with sterile 

silicon grease to seal the edges as previously described.10,15,16 Cultures were grown 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 Bottenstein 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.15,17 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, followed by Alexa 488 and Alexa 

546 conjugated secondary antibodies.15  Hoechst 3342 (10 µg/ml) was used for nuclear 

staining. Slides were cover slipped with ProLong Gold anti-fading reagent with DAPI 

(Life Technology) and sealed with nail polish. Digital epifluoresencent images were 

captured of the entire polymer surface using the scan slide application of Metamorph 

software (Molecular Devices, Silicon Valley, CA) on a Leica DMIRE2 microscope 

(Leica Microsystem, Bannockburn, IL) with a Leica DFC350FX digital camera.  

SGN cell survival was determined as before by counting the total number of 

viable SGNs per cloning cylinder.16 Only NF200-positive SGNs with non-pyknotic 

nuclei were considered viable. The total number of NF200-positive neurons with healthy 

nuclei was counted from the digital images for each polymer surface to determine SGN 

survival. The experiments were performed in duplicate and repeated at least three times. 
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Neurite length was determined by measuring the longest process of 100 randomly 

selected neurites from each slide 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. Number of 

branches extending from SGN neurites was determined by averaging the total number of 

neurite bifurcations, including bifurcation of branches, for 100 randomly selected neurites 

from each condition. 

Neurite alignment to micropatterned substrates was calculated using equation 3.2:  

 
	 	                                                  (3.2) 

where  is the alignment ratio,  is the total neurite length, and  is the aligned length 

in the pattern direction. Alignment to the pattern was defined as a ratio of unaligned 

length per neurite length.  was determined by measuring the distance from the 

neuronal cell body to the neurite terminus in a straight line in the direction of the 

micropattern (Fig 3.5). The pattern direction was set horizontally prior to measurements. 

The unaligned length per neurite length ratio is referred to as the alignment ratio 

throughout the text. A ratio close to zero represents a neurite that closely follows the 

pattern along its entire length. A wandering neurite, which does not strongly align to the 

pattern, has a high alignment ratio. To analyze neurite alignment on unpatterned 

substrates, aligned distance was arbitrarily measured directly along the horizontal plane. 

It is important to note that for research objectives 1 and 4 the alignment ratio was slightly 

different with TL/AL serving as the ratio and alignment asymptotically approaching 1 in 

place of 0.  

Dissociated dorsal root ganglion neuron (DRGN), trigeminal ganglion neuron 

(TGN), and cerebellar granular neuron (CGN) cultures were prepared by modification of 
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the SG culture method. Briefly, pooled DRG or TG from P3-5 rat pups were dissociated 

with 0.125% trypsin and 0.1% collagenase for 45 min at 37oC, followed by gentle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Representation of neurite alignment measurement. Neural processes are 
stained with fluorescent NF200 antibodies and captured by fluorescence microcopy. 
Image J is used to measure the total length of the neurite and the aligned length in the 
pattern direction which is always set horizontally. Neurite alignment is calculated as a 
ratio as described in equation 3.2. 
 
 
 

trituration through fire-polished glass pipettes. For CGN cultures, cerebellar cortices were 

collected from P3-5 rat pups, stripped of arachnoid membranes, and treated with 0.05% 

trypsin for 12 min at 37oC followed by gentle trituration. Astrocyte (AC) cultures were 

prepared and maintained from postnatal cerebral cortex according to the modification of a 

previously described method 18,19. All neurons were plated on polymer substrates coated 

with poly-L-ornithine (100 μg/ml) and laminin (20 μg/ml). TGN and DRGN cultures 

were maintained in Neurobasal-A medium with B-27 (Invitrogen) and nerve growth 

factor (NGF, 50 ng/ml). CGN cultures were maintained in Neurobasal-A medium with B-

27, 20 μM KCl and NGF 50 ng/ml. AC cultures were maintained as previously 

described18. Cultures were maintained in a humidified incubator with 6.5% CO2 and fixed 
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with 4% paraformaldehyde after 48 hr. For TG or DRG neurons, total neurite length was 

determined by averaging the length of six branches of each neuron for 100 neurons at 

each condition. Neuronal and neural process behavior was visualized by 

immunofluorescent microscopy and analyzed with Image J software. SG, TG, and DRG 

cultures were immunostained with anti-S100 and anti-neurofilament 200 (NF200) 

antibodies (1:400, Sigma–Aldrich) to label Schwann cells (SCs) and neurons, 

respectively15. CGN cultures were immunostained with anti-MAP2 (1:400, Cell 

Signaling) and anti-TAU1 (1:200, Cell Signaling) antibodies to label dendritic and axonal 

neurites, respectively. ACs were immunostained with anti-glial fibrillary acidic protein 

(GFAP) antibody (1:100, Sigma). Alexa 488 and Alexa 546 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). 

 SC and AC orientation was determined as previously described by drawing the 

outline of the cell using Image J software and fitting an ellipse to the cell outline.1 The 

angle made between the major axis of the ellipse and the pattern (θ) was measured in 

Image J as glial cell alignment (Fig 3.6). Glial cell alignment was measured from four 

independent wells on each polymer surface and was repeated three or more times.  

To determine the extent that micropatterns influenced neurite turning from inner ear 

tissue 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 () was calculated to quantify the extent of turning 

induced by the micropattern.  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. 
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For the multidirectional pattern study, neurite alignment was measured as a 

distribution of angles relative to the horizontal plane of 10 μm length neurite segments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Representation of glial cell alignment measurement. Schwann cells are 
stained with fluorescent S100 antibodies and captured by fluorescence microcopy. Image 
J is used to measure the angle made between the major axis of an elipse fitted around the 
cell relative to the pattern direction set horizontally.  
 
 
 

At least 50 primary neurites from immunolabeled images were traced in Image J for each 

condition and X-Y distance data were analyzed using Matlab software. The angle of each 

segment was calculated relative to horizontal 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. Strong alignment to the horizontal plane would be 

demonstrated by high population percentages in bins of 20° or less, while strong 

alignment to multidirectional patterns, i.e. repeating 90° angle steps, would be evidenced 

by high percentages around 45° alignment angles since the pattern was rotated 45° during 

imaging. SGSC alignment was determined as previously described by drawing the outline 

of the cell using Image J software and fitting an ellipse to the cell outline.1,2  
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Preference of SGN primary neurites for the depressed or raised features of the 

polymer surface was determined by individual measurement of neurite segments on each 

feature, summing the length of neurite, and calculating the percentage of primary neurite 

length on each feature. Lengths were measured from immunolabeled images using the 

measurement tool in Image J (NIH, Bethesda, MD).  Depressed and raised features were 

differentiated by scanning in the z-plane (vertical) with a Leica TCS SP5 confocal 

microscope. Percent length of primary neurites on depressed and raised features was 

averaged for at least 100 randomly chosen neurites from each condition.  

Neurite turning capability on multidirectional photopolymerized micropatters was 

measured using Image J primary neurite traces from immuo-fluorescent digital images 

that were captured as previously described.  Trace data, containing X-Y neurite distance 

coordinates, was analyzed by measuring the angle of consecutive 10 μm length neurite 

segments using Matlab. Neurite segment angle was measured relative to the horizontal 

plane. If three consecutive segments, i.e. 30 μm segment of the neurite, had a trajectory 

difference of at least 10° from the previous three consecutive segments then it was 

marked as a turning event. At least 50 neurites were scored for each pattern condition. 

 

Statistics 

 

Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, 

Chicago, IL). A two-tailed t-test was used to compare cellular alignment between 

unpatterned and patterned samples followed by a post hoc Mann-Whitney Rank Sum Test 

when normality criteria were not met. Multiple groups were compared by performing a 

one-way ANOVA followed by a post hoc Kruskal-Wallis analysis of variance on ranks 

and a Dunn’s Method multiple comparison procedure.  Results were considered 

statistically significant if p < 0.05. 
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CHAPTER 4 
 
 

MICROPATTERNED METHACRYLATE POLYMERS DIRECT  
 

SPIRAL GANGLION NEURITE AND SCHWANN CELL GROWTH1* 
 
 

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. 

___________________________________ 

* Clarke, J. C.; Tuft, B. W.; Guymon, A. C.; Hansen, M. R. Hear. Res. 2011, 278, 96-105. 
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Introduction 

 

Neural 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.2-4 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 channels due to interaction of nearby 

channels.5,6 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. 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.7-12 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.13-18 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.19,20 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.21-25 In addition to biochemical 

cues, many cellular processes including growth cones respond to three-dimensional 
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topographical features in the environment.26,27 Recently, patterned topographies have 

emerged as another method to direct cellular patterning such as axon growth.28,29 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.30 Their biocompatibility was first demonstrated during the 

development of the intraocular lens31,32 and has since been confirmed in contact lens 

applications,33 dental resins,34 cellular encapsulation,35 and bone cements.36 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.37 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.38 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.39 

Interestingly, specific surface topographic features such as those that could be 

formed via photopolymerization influence a variety of cellular responses including 
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alignment and growth of Schwann cells (SCs) and fibroblasts.40-42 SCs support and guide 

axon regeneration and regenerating SGNs closely align with SCs.43 Furthermore, 

micropatterning of biomolecules to direct SC orientation also enhances and guides dorsal 

root ganglion neurite growth.44  

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. 

 

Experimental 

 

Photopolymerization of Physical Guidance Cues 

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 4.1). Following polymerization the samples were rinsed copiously 

with 95% ethanol to remove residual monomer and allowed to air dry before use. 

Polymer topography was characterized with a Wyko NT 1100 optical profiling 

system (Veeco, Plainview, NY) with 20X and 50X objectives (Fig 4.3).  Nine channel 
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amplitude measurements were taken at random locations for each sample, and the 

average value was reported as the general amplitude of the substrate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1. 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. 

 
 
 

Spiral Ganglia Dissection and Culture 

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.45,46 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 



www.manaraa.com

110 
 

 

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.  

Dissociated SG cultures from P3-5 rat pups, prepared as previously described 

were plated in 8 mm cloning cylinders placed on polymer surfaces with sterile silicon 

grease to seal the edges.47-49 Cultures were grown 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.48-50 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, 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.47 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). Spiral ganglion 

explants, prepared by cutting each ganglion into 4 segments, were grown in similar 

conditions and fixed after 3-4 days of growth for immunofluorescent staining and 

analysis.  
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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.48 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 () was then measured in Image J. 

 

Determination of SGN Neurite Alignment to Patterns 

To determine the alignment of neurites to micropatterns in dissociated SG 

cultures, neurite length was measured in Image J as previously described.50 This 

measurement was then compared to the distance from the cell body to the nerve terminus 

in a straight line along the micropattern (Fig. 4.4A). 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. 4.4). 

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 () was calculated to quantify the extent of turning induced by the 
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micropattern (Fig. 4.8A).  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.  

 

Statistics 

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. 

 

Results 

 

MA Polymers Support SGN Survival and Neurite Growth 

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.51,52 Thus, we first assessed the ability of varied proportions of 

HMA and HDDMA polymer without micropatterns to support SGN survival and neurite 

growth (Fig 4.2). Polymer composition ranged from 20% - 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. 4.2B). There was no significant difference in SGN survival  
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Figure 4.2. 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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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. 4.2C). 

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.  

 

Photopatterning of Physical Guidance Cues 

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 25 

µm wide alternating bands (periodicity of 50 µm) that either transmit or reflect light, 

between the light source and monomer solution (Fig 4.1).  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 
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fabrication step (Fig 4.1). 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 4.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. 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. 

 
 
 

Micropatterned Polymers Direct SGN Neurite Growth 

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. 4.4A), similar to neurites on laminin coated slides.50  
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Figure 4.4. 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). 
 
 
 

By contrast, dissociated SGN neurites closely aligned with micropatterned 

HMA/HDDMA (Fig. 4.4B). 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 
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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. 

 

SGSC Alignment in the Absence of Neurites 

We noted close alignment of SGSCs with SGN neurites and with the pattern. 

Since growing SGN neurites closely align with SCs,53,54 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.48,49 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 () was then measured in Image 

J (Fig. 4.5). The mean ellipse angle was 42.1 ± 24.1 (mean ± SD) for SCs on unpatterned  
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Figure 4.5. Spiral ganglion Schwann cells, but not fibroblasts, align with micropatterns 
in the absence of neurites. A) Cell alignment was determined by measuring the angle () 
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). 
 
 
 

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. 4.5). Fibroblasts failed to align with patterned HMA/HDDMA. Thus, SCs 

and fibroblast behave differently on the micropatterned HMA/HDDMA polymers used 
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here implying that the ability of these micropatterns to induce cell alignment depends on 

cell-type.  

 

SGSCs Remain Aligned to SGN Neurites 

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  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6. 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. 
 
 
 

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 



www.manaraa.com

120 
 

 

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. 4.6). 

 

Turning of Neurites from SG 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 Figure 4.7, 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 4.7). 

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 

() illustrate the influence of the pattern on neurite growth (Fig. 4.8). If neurites grow 

radially and do not turn relative to the pattern, the  is low and does not correlate with 

the initial angle to the pattern. Turning of a neurite to parallel the pattern results in strong  
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Figure 4.7. 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  
 



www.manaraa.com

122 
 

 

Figure 4.7. Continued 
 
micropatterned MAs support SC outgrowth more favorably than S100-negative cells such 
as fibroblasts. 
 
 
 

correlation of the  with the initial angle. As shown in the scatterplots (Fig. 4.8), the 

extent of neurite turning (Δ) 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 4.8D). 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.  

 

Neurites Grow within Microchannel Grooves 

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 0.3 µm 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 whereas the grooves are the stripes that first appear in the stack 

with cellular labeling. As shown in Fig. 4.9, SGN neurites grew within the grooves of the 
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micropatterned HMA/HDDMA polymers. The darker stripes running horizontally across 

Fig. 4.9 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. 4.9). 

The NF200 positive neurite (red) remained in the groove. 

 

Discussion 

 

Significant further advances in cochlear implant technology will likely require 

tissue-engineering approaches to enhance the neural prosthesis interface.55 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.7 

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.39 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  
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Figure 4.8. 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 () 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. 

 
 
 

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 
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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.11,55 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.13-15,17,18,56 Consistent with our results, topographical microfeatures 

generated by physical stamps (e.g. PDMS) promote alignment of PC12 cell processes.57 

Further, a combination of microgrooves and laminin coating in the grooves acted 

synergistically to direct dorsal root ganglion neurite growth.56,57 Thus, impregnatation of 

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.10,22,23,58 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. 
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Figure 4.9. 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. 

 
 
 

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 
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seen in previous studies.59 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.18 

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.60,61 Indeed, efforts are underway to manipulate current electrode designs to 

limit fibroblast growth and subsequent encapsulation.60,62 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.   

 

Conclusions 

 

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. 
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CHAPTER 5 
 
 

PHOTOPOLYMERIZED MICROFEATURES CONTROL THE EXTENT OF  
 

SPIRAL GANGLION NEURITE AND SCHWANN CELL ALIGNMENT1* 
 
 

Cochlear implants (CIs) provide auditory perception to individuals with severe 

hearing impairment, however, their ability to encode complex auditory stimuli is limited 

due, in part, to poor spatial resolution caused by electrical current spread in the inner ear. 

Directing nerve cell processes towards target electrodes may reduce the problematic 

current spread and improve stimulatory specificity. In this work, photopolymerization 

was used to fabricate micro- and nano-patterned methacrylate polymers to probe the 

extent of spiral ganglion neuron (SGN) neurite and Schwann cell (SGSC) contact 

guidance based on variations in substrate topographical cues. Micropatterned substrates 

are formed in a rapid, single-step reaction by selectively blocking light with photomasks 

which have parallel line-space gratings with periodicities of 10 – 100 µm. Channel 

amplitudes of 250 nm – 10 µm are generated by modulating UV exposure time, light 

intensity, and photoinitiator concentration. Gradual transitions are observed between 

ridges and grooves using scanning electron and atomic force microscopy. Alignment of 

neural elements increases significantly with increasing feature amplitude and constant 

periodicity, as well as with decreasing periodicity and constant amplitude. SGN neurite 

alignment strongly correlates (r = 0.93) with maximum feature slope. Multiple neuronal 

and glial types orient to the patterns with varying degrees of alignment. The work 

presents a method to fabricate gradually-sloping micropatterns for cellular contact 

guidance studies and demonstrates spatial control of inner ear neural elements in response 

to micro- and nano-scale surface topography. 

___________________________________ 

* Tuft, B. W.; Li, S.; Xu, L.; White, S. P.; Hansen, M. R.; Guymon, C. A. Biomaterials 2013, 34, 42-54. 
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Introduction 

 

Neural prosthetics are intended to replace or substantially augment motor and 

sensory functions of neural pathways that have been lost or damaged due to physical 

trauma, disease, or genetics. Ongoing developments in the fields of neurobiology, 

materials science, and tissue engineering are enabling innovative device designs and 

modifications that may considerably expand the functional potential of such complex 

medical devices. However, much of this functional potential remains unrealized due to 

poor host tissue integration that significantly limits the performance of most neural 

prostheses.2  

 In particular, neural prosthetic performance is limited by low spatial signal 

resolution at the neural-electrode interface.3, 4 Consequently, prostheses fail to 

recapitulate the intimate, precise interactions inherent to neural networks and therefore 

fail to provide precise motor or sensory stimulation. For example, visual resolution 

provided by retinal prostheses is limited to few sensory pixels, at least in part, by 

electrical signal overlap caused by spatial separation of stimulating electrodes from the 

target neurons in the retina.4 Similarly, the cochlear implant (CI) enables basic auditory 

perception to individuals with severe hearing loss but provides limited tonal information 

due to comparable limitations in spatial signal control. For CIs, spatial limits to tonal 

fidelity occur due to electrical signal spread across the neural-electrode interface that 

excites neurons which are outside of the preferred area of stimulation. As a result, non-

specific signaling causes CI patients to struggle with complex auditory stimuli such as 

music appreciation, voice comprehension in environments with noise, and voice 

intonations.5, 6 Furthermore, because the nervous system is generally dependent upon 

signaling that is location specific, analogous signal resolution challenges are expected for 

all devices that interact with the nervous system. Precise spatial signal control will, 
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therefore, be critical to achieve significant performance improvements in next generation 

neural-prosthetics.  

To address spatial resolution challenges, significant research interest has focused 

on guiding sensory neurites to approach or even contact prosthesis electrodes.3, 7-13 

Spatial proximity to stimulating electrodes would allow for lower stimulation thresholds 

that would reduce problematic signal overlap, enable higher stimulatory specificity, and 

may lead to greater precision in both signal input and biological functional output. Recent 

research illustrates a variety of methods used to direct the outgrowth of regenerative 

neural processes, including aligned microfibers,14 parallel micro- and nano-channel 

morphology,15, 16 axonal conduits,17 cyto-mimetic patterning,18 bioactive molecule 

patterning,19-22 diffusion gradients of chemo-attractants,23 and electrical fields.24, 25 

However, the principle focus of many of these studies is to induce neurites, particularly 

those of the sciatic nerve, to optimally extend in one direction to bridge large gaps typical 

of nerve injuries. Similar guidance techniques may also be advantageous to address 

spatial resolution challenges at the neural-prosethetic interface by enabling spatial control 

of regenerative sensory neurites specific to the prosthesis.  

Among the various methods used to direct cell growth, controlling cell-material 

interactions based on surface topography, or contact guidance, is of particular interest due 

to the stability, reproducibility, and high degree of control over surface physical features 

via well-established micro- and nano-scale patterning techniques. Additionally, contact 

guidance is a versatile technique used to induce specific morphologies of multiple cell 

types, including epithelial cells,26 fibroblasts,27 stem cells,28 osteoblasts,29 as well as 

neuronal and glial cells.30 Epithelial cells elongate and align on silicon oxide substrates 

with ridge and groove depths as small as 70 nm.26 In addition to controlling cell 

morphology, contact guidance has been shown to regulate gene expression that may be 

advantageous for neural regeneration. For example, Schwann cells increase neurotrophin 

expression when cultured on microgrooved chitosan and poly(D,L-lactide) compared to 
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those grown on smooth substrates.31 Micropattern dimensions such as ridge width, 

groove depth, and pattern shape can be tuned to influence cellular outgrowth and spatial 

orientation as well.32, 33 Consequently, recent neural contact guidance studies inspire 

confidence that neuritic processes relevant to current or developing prosthetics, such as 

those of spiral ganglion neurons (SGNs) or retinal ganglion neurons, may be spatially 

oriented towards stimulating electrodes for increased signal specificity and enhanced 

prosthetic performance.   

 Accordingly, in this study, we show that photopolymerization enables facile and 

rapid generation of micro- and nano-patterned methacrylate substrates for contact 

guidance studies and also demonstrate the extent to which inner ear neural elements, 

namely SGN neurites and spiral ganglion Schwann Cells (SGSCs), spatially orient to 3D 

topographical cues. We have previously reported that SGNs and SGSCs adhere to and 

survive on copolymer methacrylates similar to those used for this study.34 Micropattern 

feature spacing is controlled using Ronchi rule optics with varied band-spacing as 

photomasks and feature amplitude is tuned by terminating the reaction at specific time 

increments to temporally arrest amplitudes as they develop throughout the reaction. 

Feature amplitude is also tuned by modulating photoinitiator concentration and UV light 

intensity. Gradually sloping features produced by this method stand in contrast to the 

majority of contact guidance studies which use lithographic procedures that produce 

features with very defined or vertical edges.31, 35 Variations in the extent of SGN neurite 

and SGSC alignment are demonstrated using gradually sloping, parallel ridge-groove 

patterns that have periodicities of 10 – 50 µm and amplitudes of 250 nm – 8 µm. 

Alignment behavior of astrocytes (ACs) as well as neurites from dorsal root ganglion 

neurons (DRGNs), trigeminal neurons (TGNs), and cerebellar granular neurons (CGNs) 

serve as glial and neuronal comparisons, respectively. The extent of neurite alignment is 

also shown to strongly correlate with maximum feature slope. 
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Experimental 

 

Photopolymerization of Micropatterned Substrates 

Standard 1 in x 3 in glass microscope slides were functionalized with a 

methacrylated silicon bonding agent to prevent delamination of polymer substrates from 

the glass during sample characterization and cellular studies. The slides were first treated 

under vacuum with O2 plasma for 3 min at 30 W RF power (PDC-001 Harrick Plasma 

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

chamber, the slides were immersed in a 1/100 v/v solution of 3-(trimethoxysilyl)propyl 

methacrylate (Aldrich) and n-hexane (Aldrich) overnight in a covered container at room 

temperature (~21°C). Upon removal, each slide was rinsed with fresh hexanes and 

allowed to dry in a fume hood before being placed in a sealed container. Functionalized 

slides were observed to have a slightly translucent appearance following the hexane rinse. 

The slides were immediately used as a substrate for polymerization when removed from 

the sealed container. 

Monomer mixtures of 40 wt% hexyl methacrylate (HMA, Aldrich) and 59 wt% 

1,6 – hexanediol dimethacylate (HDDMA, Aldrich) were prepared with 1 wt% of 2,2-

dimethoxy-2- phenylacetophenone (DMPA, BASF) as the photoinitiator unless otherwise 

specified. A sample volume of 20 µL was pipetted onto the center of a functionalized 

glass slide and was subsequently covered with a 2.54 cm x 2.54 cm glass-chrome Ronchi 

rule photomask (Applied Image Inc., Rochester, NY) for patterned samples, or with a cut 

untreated glass slide of the same dimensions for unpatterned samples. Pre-polymer 

formulations spread evenly under the photomasks due to capillary forces. Polymer 

samples were cured with a high-pressure mercury vapor arc lamp (Omnicure S1500, 

Lumen Dynamics, Ontario, Canada) and a 365 nm light intensity of 16 mW/cm2. The 

curing module had an 8 mm diameter liquid light guide that was equipped with an 8 mm 

aperture x 50 mm length beam homogenizing fused silica light pipe (Edmund Optics). A 
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collimating lens (RLQ-1, Asahi Spectra) was attached to the end of the light guide. UV 

radiation was shuttered at specific time. Following polymerization, photomasks were 

removed from polymer surfaces and samples were washed with 95% ethanol to remove 

all residual monomer. Samples were allowed to air dry before use. 

 

Topographic Characterization 

 Micropattern periodicity and absolute channel amplitude were measured by white 

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

amplitude was reported as the difference between the maximum ridge value and the 

adjacent minimum groove value. Average feature height was determined by measuring 

channel amplitude in nine different areas across each sample (n = 3 or more).  Periodicity 

was measured as the distance between the highest points on adjacent ridges and was 

consistent with photomask band spacing. 2D profiles and 3D images were generated 

using Vision software associated with the instrument.   

 Patterned polymer morphology was examined by scanning electron microscopy 

(SEM, S-4800, Hitachi). For top down images, patterned samples were mounted with the 

glass side down on aluminum SEM stubs using conductive silver paint. For cross-

sectional images, glass substrates and patterned polymers were fractured and then 

mounted vertically on specimen stages. The SEM specimen stage was angled using an 

automated stage and software controls to capture angled cross-sectional images. Prior to 

examination by SEM, each polymer surface was sputter coated with gold. Electron 

accelerating voltage was set at 2 kV.   

The slope between grooves and ridges was determined by atomic force 

microscopy (AFM, Asylum Atomic Force Microscope, Asylum Research). A microscope 

cantilever with a force constant of 46 N/m and a tuning frequency of 316.62 kHz was 

used. Samples were scanned at a rate of 5 µm/s with 512 points taken per scan line across 

50 µm. X and Y position data were obtained from the instrument software from 2D 
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profiles (n = 3) taken at different locations on pattern surfaces. Average and maximum 

slopes were calculated from profile data. 

 

Cell Culture and Immunostaining 

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

previously described.36, 37 Dissociated dorsal root ganglion neuron (DRGN), trigeminal 

ganglion neuron (TGN), and cerebellar granular neuron (CGN) cultures were prepared by 

modification of the SG culture method. Briefly, pooled DRG or TG from P3-5 rat pups 

were dissociated with 0.125% trypsin and 0.1% collagenase for 45 min at 37oC, followed 

by gentle trituration through fire-polished glass pipettes. For CGN cultures, cerebellar 

cortices were collected from P3-5 rat pups, stripped of arachnoid membranes, and treated 

with 0.05% trypsin for 12 min at 37oC followed by gentle trituration. Astrocyte (AC) 

cultures were prepared and maintained from postnatal cerebral cortex according to the 

modification of a previously described method.38, 39 All neurons were plated on polymer 

substrates coated 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). TGN and DRGN 

cultures were maintained in Neurobasal-A medium with B-27 (Invitrogen) and nerve 

growth factor (NGF, 50 ng/ml). CGN cultures were maintained in Neurobasal-A medium 

with B-27, 20 μM KCl and NGF 50 ng/ml. AC cultures were maintained as previously 

described.38 Cultures were maintained in a humidified incubator with 6.5% CO2 and fixed 

with 4% paraformaldehyde after 48 hr.  

SG, TG, and DRG cultures were immunostained with anti-S100 and anti-

neurofilament 200 (NF200) antibodies (1:400, Sigma–Aldrich) to label SCs and neurons, 

respectively.36 CGN cultures were immunostained with anti-MAP2 (1:400, Cell 

Signaling) and anti-TAU1 (1:200, Cell Signaling) antibodies to label dendritic and axonal 
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neurites, respectively. ACs were immunostained with anti-glial fibrillary acidic protein 

(GFAP) antibody (1:100, Sigma). Alexa 488 and Alexa 546 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). 

 

Characterization of Neurite and Glial Cell Alignment 

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). SGN total neurite length 

was determined from digital images by measuring the longest process of 100 randomly 

selected neurites from each condition using the measurement tool in Image J (NIH, 

Bethesda, MD) as previously described.40 For TG or DRG neurons, total neurite length 

was determined by averaging the length of six branches of each neuron for 100 neurons 

for each condition. Neurite alignment was calculated with a modification of our prior 

method.34 Briefly, the aligned length (AL) was determined by measuring the distance 

from the neuronal cell body to the neurite terminus in a straight line in the direction of the 

micropattern, which was always set horizontally prior to measurements. Alignment to the 

pattern was defined as the unaligned length per neurite length, or total neurite length (TL) 

minus the aligned distance (AL), divided by TL. The final unaligned length per neurite 

length ratio is represented as [(TL-AL)/TL] and is referred to as the alignment ratio in the 

text. A ratio close to zero represents a neurite that closely follows the pattern along its 

entire length. A wandering neurite, which does not strongly align to the pattern, has a 

high alignment ratio. To analyze neurite alignment on unpatterned substrates, aligned 

distance was arbitrarily measured directly along the horizontal plane. 

 SC and AC orientation was determined as previously described by drawing the 

outline of the cell using Image J software and fitting an ellipse to the cell outline.34 The 
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angle made between the major axis of the ellipse and the pattern (θ) was measured in 

Image J as glial cell alignment.  

 

Statistics 

Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, 

Chicago, IL). A two-tailed t-test was used to compare cellular alignment between 

unpatterned and patterned samples followed by a post hoc Mann-Whitney Rank Sum Test 

when normality criteria were not met. Multiple groups were compared by performing a 

one-way ANOVA followed by a post hoc Kruskal-Wallis analysis of variance on ranks 

and a Dunn’s Method multiple comparison procedure.  Results were considered 

statistically significant if p < 0.05. 

 

Results and Discussion 

 

Photopolymerization of Surface Patterned Substrates 

To generate micropatterns suitable for contact guidance studies of inner ear neural 

elements, Ronchi rule photomasks were used to spatially control the polymerization of a 

40 wt% hexyl methacrylate (HMA) and 59 wt% 1,6 – hexanediol dimethacrylate 

(HDDMA) mixture with 1 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA) as the 

photoinitiator (Fig 5.1). Ronchi rule optics, typically used for optical testing, have 

alternating transparent (glass) and reflective (chrome) bands of equal size which, during 

photopolymerization, direct light to areas intended for polymerization and block 

irradiation at adjacent areas (Fig 5.1A). Spatially controlling the UV irradiation in this 

manner varies polymerization speed locally in the substrate and leads to repeating, raised 

micro-scale physical features useful for cellular contact guidance studies. Ruling band 

size is used to control micro-feature width and frequency, with mask bands ranging from 

5 – 50 µm wide. Periodicity for this study is defined as the distance between two 
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repeating points while tracing a line normal to the bands and ranges from 10 – 100 µm, or 

double the band width.  
 
 
 

 
 
Figure 5.1. Schematic of photopatterning process. A) Photopolymerizable monomer is 
selectively exposed to UV light through a photomask resulting in raised microfeatures 
across the surface. B) A 2D profile is shown of a micropatterned HMA-co-HDDMA 
substrate with a 50 µm periodicity and a channel amplitude of 1 µm. Inset: 3D 
representation of a 100 μm2 area derived by white light interferometry. 
 

 
 

Fabricating micropatterns using photomasking techniques in conjunction with 

photopolymerization has also been leveraged for other biomaterial applications. For 

example, 3D hydrogels have been selectively functionalized with biochemical patterns 

(i.e. gradients) of defined magnitude and slope by using spatially controlled thiol-ene 

photopolymerization.41 Additionally, tissue engineering constructs have been fabricated 

with both micro- and macro-porous structure that is spatially tunable through 

photopolymerization.42 However, these studies used photomasks and 

photopolymerization to control chemical composition or structure of 3D matrices rather 

than to generate surface features for cell contact guidance. Polymer adhesion to glass 

substrates is facilitated by covalently bonding methacrylated silicon bonding agents to the 
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substrate glass via silanization.43-45 Free methacrylate moieties on the surface then form 

covalent bonds with the newly formed polymer during photopolymerization and prevent 

delamination events. 

During UV exposure, polymerization occurs rapidly under transparent bands that 

transmit most of the intensity from the light source. Under irradiated regions, polymer 

chain concentration increases while unreacted monomer concentration quickly decreases.  

Consequently, a local concentration gradient at the interface with masked regions 

develops for both species. Small molecule monomers diffuse rapidly down the 

concentration gradient and polymerize in the reactive region exposed to full light 

intensity. The net positive mass transfer to irradiated regions results in raised, micro-scale 

surface features. Masked regions still undergo polymerization but do so more slowly than 

unmasked areas. Polymerization under masked regions principally occurs due to angled 

diffraction of light as it passes through narrow (micro-scale) slits,46, 47 reflections from 

the glass substrate, and diffusion of propagating polymer chains into shadowed regions. 

Consequently, light intensity varies under masked regions and generally decreases, which 

also decreases the polymerization rate, as distance from the original transparent band 

increases. Larger, propagating polymer chains diffuse more slowly toward masked 

regions than do unreacted monomers to irradiated areas.  

As a result of the masked photopolymerization, a pattern of gradually sloping 

parallel micro-ridges and grooves of uniform width and amplitude rapidly develop across 

the entire substrate surface in a single fabrication step. White light interferometry was 

used to characterize the micropatterns, including measurements of channel amplitude and 

feature spacing, in both 2D and 3D (Fig 5.1B). As expected, the distance between 

repeating points, e.g. a ridge peak to an adjacent ridge peak, closely matches photomask 

periodicity. Channel amplitudes range from ~250 nm – 10 μm on HMA-co-HDDMA 

materials polymerized by this method depending on reaction parameters. Any residual 
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monomer under masked regions was removed by an ethanol wash following detachment 

of the photomask. 

Parallel ridges and grooves, or micro-channels, have been used in a wide variety 

of contact guidance studies, including those used for neurite outgrowth.48-51 Linear micro-

channels are advantageous because they are geometrically simple and facilitate pattern 

production and characterization as well as analysis of cellular behavior, particularly in the 

direction of the micro-features. However, the majority of parallel ridge-groove contact 

guidance studies use various lithographic techniques to fabricate micron and sub-micron 

features.31, 49, 52-56 The resultant pattern features have sharp zero-one transitions with a 

virtually infinite slope. As a contrast to zero-one features, generating micropatterns by 

photopolymerizing directly under a photomask leads to smooth, gradually sloping 

transitions between ridges and grooves.  
 
 
 

 
 

Figure 5.2. Representative SEM images of micropatterned HMA-co-HDDMA polymers. 
A-C) SEM images are shown of a pattern with a 50 µm periodicity and a channel 
amplitude of 8 µm. D-F) SEM images are shown of a pattern with a 10 µm periodicity 
and a channel amplitude of 1 µm. Top down view (A),(D); Cross-sectional view (B),(E); 
Angled cross-sectional view (C),(F). Note the gradual transitions between ridges and 
grooves.  
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To demonstrate gradually sloping transitions between ridges and grooves 

generated via photopolymerization and photomasking, and to confirm interferometric 

measurements, scanning electron microscopy (SEM) was used to further characterize 

patterned substrate morphology (Fig 5.2). Repeating features are seen across the entire 

substrate surface and vary in frequency based on photomask band spacing (Fig 5.2 A,D). 

Polymer film thickness is 18 μm and absolute channel amplitude changes as a percentage 

of the thickness according to reaction conditions such as photoinitator concentration and 

UV exposure time. The smooth transitions observed by SEM are likely to more 

realistically represent physical features of in vivo environments compared with sharp or 

abrupt features, and could be pertinent to contact guidance studies of other neural 

elements or for different cells (e.g. stem cells).  

Furthermore, because transitional slope can be adjusted by altering feature 

frequency or height, cellular behavior that is not apparent on zero-one patterns may be 

more readily observed and understood. For example, a critical feature slope may induce a 

desired cellular behavior, such as neurite alignment, gene expression, cell motility, or 

stem cell differentiation. Additionally, careful tuning of feature slope may facilitate 

studies aimed at identifying the mechanisms by which cells sense and respond to physical 

features. Such studies require the ability to inhibit or enhance pattern-induced cellular 

alignment by manipulating the underlying signaling events. Quantitative changes in 

alignment are more likely to be apparent on smooth transitions compared with zero-one 

patterns which have sharp physical features that dominate cellular morphological 

responses. Such an approach would enable targeted probing of contact guidance 

mechanisms.  

To investigate the extent of spiral ganglion Schwann cell (SGSC) and spiral 

ganglion neuron (SGN) neurite alignment to variations in surface topography, 

microfeature frequency and amplitude were tuned by varying photomask band spacing 

and by modulating photopolymerization reaction parameters, respectively (Fig 5.3).  
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Figure 5.3. Tuning of micropattern features by variations in photomask band sizing, light 
intensity, photoinitiator concentration, and UV exposure time. A) Feature frequency is 
controlled by photomask design. Amplitude profiles represent photomasks with 
periodicities of 100, 50, 33, and 10 µm. Maximum attainable amplitude is limited as 
periodicity (mask band size) decreases. B) Channel amplitude is controlled by varying 
initiating light intensity and UV exposure time. C) Channel amplitude is also tuned by 
varying photoinitiator concentration as well as UV exposure time. Periodicity for all trials 
in (B) and (C) is 50 µm. Each point indicates mean±SD. 
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Specifically, ridge and groove width, which also dictates pattern periodicity, was 

controlled by using Ronchi rule photomasks with band spacings of 5 – 50 μm. Faithful 

reproduction of band spacing was observed for all gratings. However, maximum 

attainable amplitude becomes more limited at smaller periodicities due to increasing 

diffraction angles of initiating radiation as band space narrows which increases 

polymerization in masked regions. Also, smaller reaction volumes beneath narrow high 

intensity bands decrease mass available for diffusion to reactive areas, thus, limiting 

maximum feature size (Fig 5.3A). For example, the maximum amplitude attained with a 

100 μm periodicity mask is approximately 11 μm compared to about 2 μm using a 10 μm 

periodicity mask. Furthermore, channel amplitude is generally lower at any given time 

increment for patterns polymerized under photomasks with smaller periodicities (i.e. 

more frequent bands). Therefore, to enable meaningful neurite alignment for comparison 

across multiple feature spacings, only periodicities of 10 µm or higher were used for cell 

studies.  

Micro-channel amplitude for the HMA-co-HDDMA system can be varied by 

almost two orders of magnitude from 250 nm – 10 µm through modulation of reaction 

parameters of the polymerization reaction (results are only shown for the 1 – 10 µm 

regime). Amplitudes smaller than 1 μm are readily generated with 10 μm periodicity 

masks but are not achieved even at long exposure times with masks that have a 50 μm 

periodicity or higher. However, generating sub-micron amplitudes for patterns with 

higher periodicities is achieved by increasing the spacing between the pre-polymer 

solution and the photomask.  

To demonstrate the effect of UV exposure time on channel amplitude, pattern 

samples were cured at controlled time increments (Fig 5.3). Temporal control of the 

polymerization is achieved by shuttering the initiating light source at specific time steps, 

which prevents further initiation events leading to rapid termination of propagating 

kinetic chains and, hence, a termination of the polymerization reaction. Temporal control 
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is crucial to pattern formation because it enables arrest of specific micropattern feature 

sizes as the reaction progresses. Channel amplitude steadily increases to a maximum 

amplitude as unreacted monomer continues to diffuse into irradiated regions with high 

reaction rates. At some point during the polymerization, grooves begin to backfill due to 

polymerization in masked regions. Continued irradiation subsequently leads to smaller 

and smaller amplitudes until a final amplitude is reached that is approximately 10% of the 

maximum amplitude. The final pattern is set as diffusion becomes significantly limited 

due to the vitrification of polymerization and the gelling effect of crosslinked networks. 

UV exposure time strongly correlates to channel amplitude under the described 

parameters (Fig 5.3). Patterned samples were either tacky or exhibited insufficient 

mechanical strength for characterization and cellular experiments if polymer conversion 

is too low, i.e. less than 40s exposure under the given conditions. The correlation between 

UV exposure time and final feature size demonstrates how quickly and readily multiple 

sizes, and subsequently slopes, of micro-features can be generated via this facile 

photopolymerization method.  

Modulation of initiating light intensity also serves as a method to control channel 

amplitude as well as to shift amplitude profiles to different UV exposure times due to 

changes in reaction rate (Fig 5.3B). For example, an increase in light intensity raises 

polymerization reaction rate and shifts final amplitude profiles to earlier polymerization 

times. At the highest intensity of 80 mW/cm2
, the maximum average amplitude decreases 

to approximately 7 µm compared to 8 µm when cured at a lower intensity of 8 mW/cm2. 

This decrease suggests that polymer gelation or vitrification may inhibit feature size at 

high reaction rates. Maximum attainable amplitude occurs at an exposure time of 60 s 

while curing with an 80 mW/cm2 light intensity which is 30 s faster than the UV 

exposure time required to reach maximum amplitude with an 8 mW/cm2 light intensity.   

To illustrate the effect of photoinitiator concentration on final channel amplitude, 

pre-polymer formulations were mixed with 0.1, 1, and 5 wt% DMPA with corresponding 
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reductions in both HMA and HDDMA wt% (Figure 5.3C). Similar to changes in light 

intensity, altering polymerization speed by modulating photoinitiator concentration also 

enables tuning of feature amplitude. For example, maximum average channel amplitude 

increases by 30% from 8 μm at 1 wt% photoinitiator to 11 μm at 0.1 wt% photoinitiator. 

While maximum amplitude increases with low photoinitiator concentration, exposure 

time to reach a maximum increases by 180% as concentration decreases from 5 wt% to 

0.1 wt%. The final channel amplitude at long exposure times is also lower for high 

DMPA concentrations at approximately 0.9 μm and 2 μm for 5wt% and 0.1 wt%, 

respectively. Furthermore, the entire amplitude profile broadens to larger time increments 

at low DMPA concentration. Similar broadening of the amplitude profile occurs while 

using a low (8 mW/cm2) irradiation intensity. Increases in feature amplitude at low 

photoinitiator concentrations support the observation that speed of reaction should be 

considered when targeting a specific feature size due to gelation constraints. Decreases in 

channel amplitude at UV exposure times above the maximum amplitude time step are 

likely caused by backfilling of masked regions. Continued diffusion of propagating 

species as well as generation of new active centers by diffracted as well as internally 

reflected light may enable masked or groove regions to polymerize, thus, resulting in a 

decrease of the final measured amplitude. Even with these differences, final channel 

amplitude is still about 10% of the maximum channel amplitude at high light intensity 

and long curing times (> 500 s). 

 

Alignment of Neuronal and Glial Cell Types  

Our labs have previously demonstrated robust growth of SGNs on unpatterned, as 

well as some alignment on patterned, HMA-co-HDDMA polymers similar to that used 

for this study.34 However, to determine if gradually sloping micro-channels induce 

general sensory neurite alignment, alternative sensory neuronal populations were cultured 

on patterned polymers as well as on unpatterned controls (Fig 5.4). Specifically, SGN 
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neurite alignment was compared to DRGN and TGN neurite alignment, which are also 

sensory neurons of the peripheral nervous system (PNS). Each neuronal population was 

cultured on a micropattern with a periodicity of 50 µm and channel amplitude of 3 µm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4. Neurite growth from dissociated SGNs (A),(B), DRGNs (C),(D), and TGNs 
(E),(F) on unpatterned (left column) and patterned (right column) HMA-co-HDDMA 
polymers. Neurite growth extends randomly on unpatterned substrates but aligns to 
topographic features on patterned substrates. Cultures were stained with anti-NF200 
antibodies. Micropatterned substrates have periodicities of 50 µm and channel amplitudes 
of 3 µm. The pattern is oriented horizontally. 
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As seen in Figure 5.4, de novo neurite growth for each sensory neuronal type 

extends randomly on unpatterned HMA-co-HDDMA which is analogous to neuritic 

process growth on laminin coated glass.40 Conversely, gradually sloping microchannels 

formed by the described photopolymerization method induce general neurite alignment 

among each neuronal population. SGN neurites strongly align to the pattern along the 

majority of their path length. SGNs show a typical monopolar or bipolar morphology in 

culture (i.e. one to two primary neurites). DRGNs and TGNs extend multiple primary 

neuritic processes which is also typical of their standard morphology. While neuritic 

processes from DRGNs and TGNs align to the micropattern, they do not align as strongly 

along the entire process length compared with SGN neurites. DRGN and TGN neurites 

initially extend radially from the soma on patterned substrates with apparently little 

sensitivity to the pattern direction. However, given sufficient distance, the majority of 

primary neurites turn and align to the pattern direction along the terminal portion of the 

neurite. 

For quantitative analysis, neurite alignment to the pattern was measured and 

expressed as an alignment ratio of unaligned length per length of neurite. Specifically, 

unaligned length is determined by subtracting aligned length (AL) from total neurite path 

length (TL). Aligned length was measured as distance traveled by the neurite only in the 

direction of the pattern. Pattern direction was always aligned horizontally during 

epifluorescent imaging. Consequently, AL for unpatterned substrates was measured as 

distance traveled solely in the horizontal direction. Unaligned length (TL - AL) is then 

divided by TL to yield unaligned distance per length of neurite, (TL - AL)/TL. An 

alignment ratio close to zero represents a neurite that strongly aligns to the pattern along 

its entire length while higher ratios represent neurites with a significant amount of 

unaligned length. 

To evaluate sensory neurite response to micropatterns, alignment was measured 

on unpatterned and patterned substrates using the previously described ratio (Fig 5.5).  
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Figure 5.5. Unaligned length per neurite length ratios (mean±SE) for multiple neuronal 
types cultured on unpatterned and patterned substrates. A) Neurite alignment from 
dissociated SGNs, DRGNs, and TGNs is statistically different on patterned substrates 
compared to unpatterned controls (*p < 0.005, Mann-Whitney Rank Sum test). SGN 
neurites align more strongly to the pattern than DRGN and TGN neurites (**p < 0.001, 
one way ANOVA). B) Dendritic neurite (MAP 2-positive) alignment from dissociated 
CGNs is statistically different on patterned substrates compared to an unpatterned control 
(*p < 0.005, Mann-Whitney Rank Sum test). However, axonal neurite (Tau-positive) 
alignment from dissociated CGNs is not statistically different (p = 0.135) from an 
unpatterned control. Micropatterns used for each neuronal culture have periodicities of 50 
µm and channel amplitudes of 3 µm. The number in each bar represents the number of 
neurites measured. Error bars represent standard error of the mean (SE). 

 
 
 

Differences between neuritic process alignment on unpatterned compared to alignment on 

patterned samples are significantly different for each sensory neuronal population. As 

observed from epifluorescent digital images, SGN neurites align more strongly to 

patterned substrates than neurites from DRGNs and TGNs. SGN neurites exhibited less 

than half of the unaligned length per length of neurite shown by the other sensory 

neurites. The alignment ratios of each type of sensory neurite on unpatterned substrates 

are not statistically different. Neurite alignment from cerebellar granular neurons (CGN), 

which are part of the central nervous system (CNS), was also evaluated. CGN MAP 2- 
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Figure 5.6. AC alignment on unpatterned and patterned substrates. A-B) ACs 
demonstrate typical morphology on unpatterend polymers. However, ACs elongate and 
align on patterned (B) polymers. C) The alignment angle (mean±SE) of ACs on 
unpatterned substrates is statistically different from the alignment angle on patterned 
substrates (*p < 0.005, Mann-Whitney Rank Sum test). The number in each bar 
represents the number of ACs measured. D) Representation of the cumulative percent of  
ACs at or below the angle relative to the pattern direction indicated in the x-axis. 55% of 
ACs align to the pattern (angle of 10° or less) and greater than 90% of ACs are within 
30° or less of the pattern direction. Micropatterns used for AC alignment have 
periodicities of 50 µm and channel amplitudes of 3 µm.  
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positive dendritic neurites align to patterned substrates and show random growth on 

unpatterned surfaces (Fig 5.5B). However, CGN Tau-positive axonal neurites do not 

significantly align to micropatterns of the given dimensions. While regenerative neurites 

from various neuronal types align to microfeatures, differences in neurite alignment 

indicate that specific neural populations, and even neural process types, respond to 

physical cues to varying degrees. 

Having previously demonstrated basic SGSC alignment on micropatterned HMA-

co-HDDMA polymers,34 astroycytes (ACs) from the CNS were cultured on unpatterned 

and patterned polymers as a glial cell alternative to determine if similar micro-features 

induce general glial cell alignment (Fig 5.6). AC cultures were prepared from P5 rat 

cerebral cortex and were plated on substrates coated with poly-lysine. ACs demonstrate 

typical morphology on unpatterned substrates. By contrast, ACs elongate and align in the 

direction of micro-channels on patterned samples with the same dimensions of 50 μm 

periodicity and 3 µm amplitude as used for neuronal studies. As described previously, 

SGSC and AC alignment to pattern features was evaluated by measuring the angle made 

between the major axis of a cell outline and the pattern direction (horizontal).34 Glial cells 

that made an angle of 10° or less with the pattern are considered aligned. The mean 

ellipse angle of ACs cultured on unpatterned polymers is almost three times the mean 

angle on patterned samples. As a population, 55% of ACs align (i.e. 10° or less) to 

microfeatures (Fig 5.6D) with a 50 µm periodicity and 3 µm amplitude, which is even 

greater than the 40% of SGSCs that align to similar features (Fig 5.7F). Interestingly, 

while ACs and SGSCs align to the described features, fibroblasts do not strongly align to 

features on a similar size scale.34 

 

Controlling the Extent of Neurite and Glial Alignment 

 Pattern shapes ultimately dictate the final direction taken by SGN neurites or 

SGSCs that orient to the micro-features. However, to evaluate the influence of channel 
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amplitude on the extent of SGN neurite and SGSC alignment, the cells were cultured on 

micropatterns with varied amplitude but constant periodicity (Fig 5.7). Specifically, 

SGSCs and dissociated SGNs were cultured on patterns with a constant periodicity of 50 

µm but with varying channel amplitudes of 1.0 ± 0.1, 3.1 ± 0.3, and 8.1 ± 0.8 µm, which 

will be referred to as 1, 3, and 8 µm, respectively. To tune channel amplitude, the 

irradiation source was shuttered at specific time intervals to temporally arrest the 

polymerization during pattern development. SGN neurite length does not appear to 

change with different amplitudes. In addition to maintaining similar average lengths, the 

spread of neurite lengths for SGNs cultured on patterned substrates with each amplitude 

shows no observable effect of channel amplitude on absolute SGN neurite length (Fig 

5.7B).  

Conversely, SGN neurite alignment increases significantly with increasing 

channel depth. SGN neurites have a low average alignment ratio of 0.045 on 8 µm deep 

channels, which is approximately three times more aligned than neurites on 1 and 3 µm 

amplitude samples with ratios of 0.16 and 0.13, respectively (Fig 5.7C). The low 

alignment ratio on 8 µm amplitude channels also indicates that the neurites strongly align 

to the pattern along their entire path length. Alignment along the length of a neurite may 

be crucial to preserve signal fidelity by limiting interaction with adjacent neurites since 

unaligned regions of a neurite are more likely to encounter other neurites. Furthermore, to 

limit inaccurate spatial signaling, it may be necessary to maintain tight control over a 

population of tens to thousands of neurites within a specific region. It is therefore 

important to note that greater than 90% of the SGN population cultured on the 8 µm deep 

channels exhibit alignment ratios of 0.10 or lower while 100% of the neurites produce 

alignment ratios less than 0.25. Approximately 60% of neurites on 1 µm and 70% on 3 

µm channels align fairly well to the pattern with a ratio of 0.15 or lower, however, a 

significant percentage remains with ratios higher than 0.30 (Fig 5.7D). While wandering 

neurites may align to the pattern throughout some of their length, a significant portion 
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Figure 5.7. SGN neurite and SGSC alignment on patterns with constant periodicity  
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Figure 5.7. Continued 
 
(50 µm) but varying amplitude.  A) SGN neurite length is not statistically different when 
cultured on patterns that have channel amplitudes of 1, 3, and 8 µm. B) Representation of  
the cumulative percent of neurites at or below the length indicated in the x-axis. The 
spread of neurite lengths for the population of SGN neurites is also not affected by the 
given channel amplitudes. C) SGN neurite alignment (mean±SE) increases significantly 
with increasing channel amplitude (*p <  0.001, one way ANOVA). SGN neurite 
alignment was measured as a ratio of unaligned length per neurite length, [(TL-AL)/TL]. 
Ratios that approach zero indicate the highest degree of alignment. D) Representation of 
the cumulative percent of neurites at or below the unaligned length per neurite length 
ratio indicated in the x-axis. 93% of the SGN neurite population cultured on 8 µm deep 
channels falls within a low unaligned length per neurite length ratio of 0.10 compared to 
39% and 50% on 1 and 3 µm channels, respectively. E) SGSC alignment (mean±SE) 
increases significantly with increasing channel depth (*p < 0.005, one way ANOVA). 
SGSC orientation was measured as the angle made between the pattern and the major 
axis of an ellipse fitted around the cell. F) Representation of the cumulative percent of 
SGSCs at or below the angle relative to the pattern direction indicated in the x-axis. 70% 
of SGSCs align (i.e. angle of 10° or less) to patterns with channels that are 8 μm in 
amplitude compared to 30% and 40% that align to 1 μm and 3 μm deep channels, 
respectively.  
 
 
 

may not track in the pattern direction which could ultimately lead to a loss of stimulatory 

specificity and resolution. Accordingly, microtopography fabricated for neurite alignment 

should be designed to quickly orient and maintain spatial control of neuritic processes 

along their entire length. 

Along with SGN neurite contact guidance, it may also be advantageous to 

develop an understanding of SGSC response to cell relevant physical features due to their 

close association with SGNs and their processes.34, 57, 58 For example, SGSCs closely 

associate with regenerative neurites in vitro and express neurotrophins such as BDNF and 

NT-3 that provide crucial trophic support to maintain SGN viability and support neurite 

growth.36, 57, 58 Accordingly, the extent of SGSC alignment in response to patterns with 

constant periodicity but varied feature amplitude was evaluated by co-culturing SGSCs 

with SGNs on micropatterned HMA-co-HDDMA polymers with 1, 3, and 8 µm channel 

amplitudes and 50 µm periodicity (Fig 5.7E,F). SGSC alignment was quantified by the 
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same method used for AC alignment. Similar to SGN neurite alignment, SGSC alignment 

to parallel line-space gratings with gradual slopes also significantly increases with 

increasing channel amplitude (Fig 5.7E). Taken as a population, the percentage of SGSCs 

that align within 10° to the pattern direction is 25%, 40%, and 70% for 1, 3, and 8 µm 

channels, respectively.  
 
 
 

 
 

Figure 5.8. DRGN neurite alignment on patterns with constant periodicity (50 µm) but 
varying amplitude. A) DRGN neurite alignment (mean±SE) increases significantly with 
increasing channel amplitude (*p <  0.005, one way ANOVA). DRGN neurite alignment 
was measured as a ratio of unaligned length per neurite length, [(TL-AL)/TL]. Ratios that 
approach zero indicate the highest degree of alignment. B) Dissociated neurite growth 
from DRGNs on a pattern with 8 µm deep channels and a 50 µm periodicity. DRGN 
primary neurites and their branches strongly align to the pattern direction on 8 µm deep 
channels compared to the spread of neurite growth near the cell body on 3 µm deep 
channels (Fig 5.4C). 

 
 
 

To verify if the change in neurite alignment in response to channel depth was 

specific to SGN neurites, DRGN neurite alignment was also evaluated on patterns with 

increasing micro-channel amplitude (Fig 5.8). It was previously noted that DRGN 

neurites had two times as much unaligned length per length of neurite compared to SGN 
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neurites on patterns with a 50 µm periodicity and a 3 µm depth. However, on patterns 

with an 8 µm channel amplitude and 50 µm periodicity, DRGN neurite alignment (ratio 

of 0.054) is not significantly different from SGN neurite alignment (ratio of 0.045) on the 

same features (Fig 5.8A). Additionally, DRGN neurites branch extensively as well as 

cross over pattern features several times at the proximal end of the neurite (i.e. near the 

soma) on patterns with a 50 µm periodicity and a 3 µm amplitude. However, DRGN 

primary neurites and their branches appear to be maintained within micropattern features 

due to strong alignment effects from physical surface cues on patterns with the same 

periodicity but deeper channels (8 µm). Therefore, while different neurons may respond 

to physical guidance cues to varying degrees at one size scale, they appear to exhibit 

similar guidance behavior after reaching a critical feature slope or amplitude. 
 
 
 

 
Figure 5.9. SGN neurite alignment on patterns with constant amplitude (1 µm) but 
varying periodicity. A) SGN neurite alignment (mean±SE) increases significantly with 
decreasing periodicity (*p <  0.005, one way ANOVA). SGN neurite alignment was 
measured as a ratio of unaligned length per neurite length, [(TL-AL)/TL]. Ratios that 
approach zero indicate the highest degree of alignment. B) Representation of the 
cumulative percent of neurites at or below the unaligned length per neurite length ratio 
indicated in the x-axis. 97% of the SGN neurite population cultured on patterns with a 10 
µm periodicity falls within a low unaligned length per neurite length ratio of 0.10 
compared to 63% and 49% on patterns with 33 and 50 µm periodicities, respectively.  
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To determine the effect of feature frequency, or periodicity, on the extent of 

neural process alignment, SGN neurite alignment was measured on patterns with a 

constant amplitude of 1 µm but with periodicities of 10, 33.3, and 50 µm (Fig 5.9). 

Micropattern periodicity is controlled using Ronchi rule photomasks with various band 

spacings, while consistent amplitude for various periodicities is achieved by controlling 

UV exposure time. SGN neurites are three times more aligned on patterns with a 10 µm 

periodicity compared to patterns with 50 µm periodicities (Fig 5.9A). Interestingly, SGN 

neurite alignment on a 10 µm periodicity and relatively shallow 1 µm amplitude pattern 

is not statistically different than their alignment on a 50 µm periodicity and 8 µm deep 

amplitude pattern. Additionally, over 95% of the population of SGN neurites cultured on 

patterns with a 10 µm periodicity but shallow amplitude of 1 µm fall below the low 

alignment ratio of 0.10 (Fig 5.9B). While approximately 60% of neurites on patterns with 

a 33.3 µm periodicity and 50% of neurites on patterns with a 50 µm periodicity also fall 

below a ratio of 0.10, there still remains a large percentage of the population that weakly 

aligns. The strong alignment observed on 1 µm amplitude samples with frequent features 

may be due to several contributing factors. Specifically, patterns that have smaller 

periodicities present more opportunities for a regenerative neuritic process to encounter a 

physical feature and orient to the pattern direction over a given distance than those with 

larger periodicities. Moreover, decreasing pattern periodicity while maintaining channel 

amplitude increases the slope magnitude between minimum groove depths and the 

adjacent maximum ridge heights.  Photopolymerization of micropattered topography is, 

therefore, a useful and facile method to determine cellular response to feature slope and 

spacing.  

 

Neurite Alignment on Nano-scale Features 

 Having determined that SGN neurites strongly align to shallow (1 µm) but 

frequent (10 µm) features, we next sought to determine, by extension, the extent to which 
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SGN neurites align to nano-scale (< 1 µm) and frequent features (Fig 5.10). Nano-scale 

features are fabricated by curing samples with long UV exposure times (> 100s) under 10 

µm periodicity masks. Narrower bands increase the angle of diffracted light and, 

therefore, increase polymerization under masked regions leading to greater backfilling 

and shallower features. Narrow band spacing also decreases reaction volume of each 

irradiated region which allows for less mass transfer to produce raised regions. Uniform 

and reproducible amplitudes of approximately 250 nm and 500 nm were generated using 

UV exposure increments of 300 s and 125 s, respectively. SEM confirms that overall 

polymer thickness remained constant (~18 µm) and that the pattern depth is only a small 

fraction of the film thickness from vertical examination based on cross-sectional imaging 

(Fig 5.10A,B). SGN neurites strongly align to patterns with channel amplitudes of 250 

nm and 500 nm and show random growth on unpatterned controls (Fig 5.10). 

Interestingly, SGN neurite alignment on 250 nm amplitude channels with a 10 µm 

periodicity was not statistically different from alignment on 8 µm amplitude channels 

with a 50 µm periodicity. As indicated by their low alignment ratio, regenerative SGN 

neurites on 250 nm deep channels align along their entire path length which is similar to 

SGN neurite alignment on channels with an 8 µm amplitude and 50 µm periodicity (Fig 

5.10C, D).  

Other neuritic processes, namely those from sympathetic and DRG neurons, also 

align to nano-scale line-space gratings (depth 300 nm, width 100 – 400 nm).16 However, 

the vertical slopes inherent to lithographic techniques contrast with the sloped transitions 

between ridges and grooves developed by photopolymerization in this study. In either 

case, both for SGNs and sympathetic neurons, neuritic growth cones that are several 

microns in diameter are sensitive enough to respond and align to features that are smaller 

by an order of magnitude. Accordingly, it is evident that nano-scale features should be 

considered for alignment of neurites for both in vitro contact guidance studies as well as 

for future applications intended to improve neural-implant interfaces. 
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Figure 5.10. SGN neurite alignment to nano-scale (<1 µm) features. A-B) Cross-
sectional SEM images demonstrate the depth of the pattern features compared to the 
thickness of the polymer film. C) SGN neurites strongly align to patterns with 10 µm 
periodicities and 250 nm and 500 nm amplitudes (*p < 0.005, one way ANOVA). D) 
SGN neurite growth extends randomly on unpatterned HMA-co-HDDMA polymers. E-
F) SGN neurite growth strongly aligns to patterns with 10 µm periodicity and 250 nm 
amplitudes (E) as well as to patterns with 50 µm periodicities and 8 µm amplitudes (F).  
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Figure 5.10. Continued 
 
Interestingly, there is no statistical difference (p = 0.369) between SGN neurite alignment 
on the patterns described in E and F.  Cultures were stained with anti-NF200 antibodies 
(D-F). The pattern is oriented horizontally. 
 
 
 

Correlation of Neurite Alignment to Microfeature Slope 

SGN neurite alignment improves as amplitude increases with constant periodicity 

and also improves as periodicity decreases with constant amplitude. In both cases, the 

slope grade that transitions between grooves and ridges also steepens. Accordingly, to 

determine if changes in neurite alignment correlate to feature slope, AFM was used to 

quantify the average and maximum slope that occur between groove minimums and 

adjacent ridge maximums of each pattern used for neurite contact guidance (Table 5.1).  
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As indicated in Table 5.1, average and maximum slope increase as channel amplitude 

increases for a given periodicity and neurite alignment correspondingly increases. Figure 

5.11 illustrates the correlation between neurite alignment and average feature slope as 

well as neurite alignment and maximum feature slope on a linear regression plot. Average 

slope between ridge-groove transitions moderately correlates with SGN alignment (r = 

0.67) but is not considered significant (p > 0.05). However, maximum slope strongly 

correlates with neurite alignment (r = 0.93) and is significant (p < 0.005). In fact, slope 

appears to be a much stronger predictor of alignment than either periodicity or amplitude.   
 
 
 

 
 
Figure 5.11. Linear regression correlation of SGN neurite alignment with average (A) 
and maximum slope (B) of groove-ridge transitions. SGN neurite alignment strongly 
correlates with maximum feature slope. 
 
 
 

Interestingly, an average diameter of an SGN growth cone is approximately 5 µm but 

features as small as 250 nm cause significant neurite contact guidance when maximum 

feature slope is sufficiently steep. Therefore, neurite alignment and subsequent spatial 
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control by physical cues may depend more strongly on feature contrast rather than on 

absolute feature height.  
 

Conclusions 
 

Spatially directing regenerative sensory neurites to stimulative prostheses 

elements may serve as a viable method to improve neural prosthetic performance 

including enhanced tonal resolution for cochlear implants. Accordingly, in this study we 

describe a facile photopolymerization method to fabricate tunable methacrylate 

micropatterns that align inner ear neural elements, namely, regenerative spiral ganglion 

neuron (SGN) neurites and spiral ganglion Schwann cells (SGSCs), based on physical 

surface cues. Gradually sloping micro- and nano-scale features generated by this method 

were tuned to investigate the extent of SGN neurite alignment in response to modulations 

in feature amplitude, frequency, and slope. Channel amplitude can be controlled from 

250 nm – 10 µm by modulating UV exposure time, initiating light intensity, and 

photoinitiator concentration, while pattern periodicity is regulated by grating dimensions. 

Glial cells as well as neurites from SGNs, DRGNs, TGNs, and CGNs align to the 

photopolymerized micropatterns, but alignment varies among cell types. Alignment of 

neural elements increases significantly with increasing feature amplitude as well as with 

decreasing periodicity. SGN neurites, which are typically several microns in diameter, 

also strongly align to patterns with nano-scale (250 and 500 nm) channel amplitudes and 

more frequent features. Furthermore, SGN neurite alignment strongly correlates (r = 

0.93) with maximum feature slope that can be tuned by feature amplitude and periodicity. 

This photopolymerization fabrication method serves as an additional surface engineering 

tool that enables investigation of cell-material interactions in response to slope of micron 

and sub-micron scale features. The research also informs efforts to direct nerve growth 

for improved performance of neural prosthetics that currently provide low stimulatory 

specificity due to spatial resolution challenges. 
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CHAPTER 6 
 
 

NEURAL PATHFINDING ON UNI- AND MULTIDRIECITONAL  
 

PHOTOPOLYMERIZED MICROPATTERNS1* 
 
 

Overcoming signal resolution barriers of neural prostheses, such as the 

commercially available cochlear impant (CI) or the developing retinal implant, will likely 

require spatial control of regenerative neural elements. To rationally design materials that 

direct nerve growth, it is first necessary to determine pathfinding behavior of de novo 

neurite growth from prosthesis-relevant cells such as spiral ganglion neurons (SGNs) in 

the inner ear. Accordingly, in this work, repeating 90° turns were fabricated as  

multidirectional micropatterns to determine SGN neurite turning capability and 

pathfinding. Unidirectional micropatterns and unpatterned substrates are used as 

comparisons. Spiral ganglion Schwann cell alignment (SGSC) is also examined on each 

surface type. Micropatterns are fabricated using the spatial reaction control inherent to 

photopolymerization with photomasks that have either parallel line spacing gratings for 

unidirectional patterns or repeating 90° angle steps for multidirectional patterns. Feature 

depth is controlled by modulating UV exposure time by shuttering the light source at 

given time increments. Substrate topography is characterized by white light 

interferometry and scanning electron microscopy (SEM). Both pattern types exhibit 

features that are 25 µm in width and 7.4 ± 0.7 µm in depth. SGN neurites orient randomly 

on unpatterned photopolymer controls, align and consistently track unidirectional 

patterns, and are substantially influenced by, but do not consistently track, 

multidirectional turning cues. Developing methods to understand neural pathfinding and 

to guide de novo neurite growth to specific stimulatory elements will enable design of  

___________________________________ 

* Tuft, B.; Hansen, M.; Guymon, C. ACS Appl. Mater Inter. 2014, http://dx.doi.org/10.1021/am501622a 
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innovative biomaterials that improve functional outcomes of devices that interface with 

the nervous system. 

 

Introduction 

 

The interface between a biomaterial and biological tissue is a complex, dynamic 

microcellular environment that dictates the ultimate performance of a clinical device or 

material. Continuing advances in materials science, micro- and nano-fabrication, and 

tissue engineering enable design of 2D and 3D constructs that allow researchers to probe 

and even drive specific cell-material interactions along this crucial interface.2 For 

example, many studies illustrate that stem cell phenotype can be manipulated by altering 

the material characteristics of the nascent environment.3-5 Further, biomaterial 

mechanical or chemical properties and surface morphologies can be tailored to address 

requirements of a given cellular niche to improve functional outcomes of the biomaterial. 

Because of the innate ability that neurons have to explore and respond to their 

microenvironment – via de novo neurite growth during development or regeneration – 

and due to their importance in sensory, motor, and autonomic functions, they are the 

focus of substantial effort in cell-biomaterial interaction studies.6-9 

In particular, a diverse array of methods is employed to direct the outgrowth of 

regenerative neural processes to span and repair damage in the peripheral nervous 

system. Nerve autographs remain the gold standard in clinical settings for these types of 

repairs, but recent advances in fabrication of multifaceted synthetic nerve conduits enable 

satisfactory neural regeneration and functional recovery even across large nerve gaps (> 

10 cm).9 Typical methods used to direct regenerative neurite outgrowth include: aligned 

microfibers,10 bioactive molecule patterning,11-14 parallel micro- and nano-channel 

morphology,15, 16 diffusion gradients of chemo-attractants,17 electrical fields,18 

intraluminal guidance structures,19 and oriented glial cells.20 The primary objective of 
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many neurite guidance studies is to effect maximal unidirectional outgrowth to bridge 

large gaps typical of nerve injuries. However, analogous neurite guidance techniques may 

also serve to address spatial resolution challenges that limit functional outcomes of neural 

prostheses by directing neurite growth to specific stimulatory elements.21-23  

Neural prostheses electrically stimulate neural tissue to restore or augment 

remaining motor and sensory functions of neural pathways that were lost or damaged due 

to disease or physical trauma. Partly due to spatial resolution limitations, prostheses fail 

to recapitulate the detailed interactions of neural networks and subsequently fail to 

precisely simulate motor and sensory signaling. For example, retinal prosthesis 

simulation is limited to a few sensory pixels due, in part, to electrical signal overlap 

among target neurons in the retina caused by spatial separation of stimulating electrodes 

from the neural tissue.23 The cochlear implant (CI), which is currently the only sensory 

prosthesis in routine clinical use, enables basic speech perception but suffers from 

comparable spatial signaling limitations. Nonspecific excitation of spiral ganglion 

neurons (SGNs) within the cochlea precludes simulation of high fidelity tonal 

information for the user. Subsequently, CI patients struggle with complex auditory 

stimuli such as voice comprehension in noisy environments and music appreciation.24, 25 

Driving regenerative neural processes into closer spatial proximity of specific 

stimulating electrodes would allow for lower current trigger thresholds that would reduce 

problematic signal overlap, enable higher stimulatory specificity, and perhaps lead to 

greater precision in both signal input and biological functional output.26-32 Moreover, 

since the nervous system depends on location specific signaling, similar spatial resolution 

limitations are anticipated for any device that interfaces with the nervous system. 

Consequently, determining neural pathfinding behavior in response to directional cues 

and precisely directing spatial regeneration will be crucial to realize the functional 

potential of next-generation neural prostheses.   
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Among the variety of methods reported to orient neurite outgrowth, directing cell-

material interactions using engineered surface topography is of particular interest due to 

the stability, reproducibility, and high degree of control over surface physical features 

inherent to the process. The most widely reported patterning techniques used to fabricate 

micro- and nano-scale actionable physical cues require a photopatterning step, i.e. 

radiative exposure through a photomask, during the process due to the excellent spatial 

reaction control afforded by masked light exposure. Typically, variations of traditional 

photolithography accompanied by subsequent soft lithography casting of an elastomer 

over patterned silicon masters constitute the primary fabrication methods for cell contact 

guidance studies.  

For example, electron-beam lithography was used to fabricate nano-scale ridge 

and groove topography that caused epithelial cells to elongate and align on silicon oxide 

substrates with depths as small as 70 nm.33 Soft lithography casting of 

poly(dimethylsiloxane) was used in conjuction with photolithography methods to 

generate microgrooved chitosan conduits that oriented Schwann cell growth and 

increased neurotrophin expression compared to smooth substrates.34 Further, photo- and 

soft lithography are used to generate master templates with variations in pattern shape, 

ridge width, and groove depth to influence cellular behavior and spatial outgrowth.35, 36.  

In place of traditional photo- and soft lithography patterning methods, direct 

photopatterning of 2D surfaces or 3D constructs via photo-functionalization or 

photocrosslinking reactions has emerged as a prominent alternative production platform 

for cell-material interaction studies. Patterning materials in this way avoids use of 

expensive or highly reactive reagents required for traditional photolithography methods 

and is often accomplished in fewer processing steps. For example, a polyfluorene 

derivative was directly photopatterned on a poly(ethyleneimine) substrate by spatially 

controlling crosslinking reactions prior to washing steps to generate cyto-adhesive and 

non-adhesive stripes.37 Sequential photopolymerization steps were employed to create 
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trapping and sorting wells to isolate single cells based on imaged phenotype.38 Direct 

photopatterning methods have also been utilized to generate cytocompatible hydrogels 

with tunable degradation profiles39 and with controlled microarchitecture40 for tissue 

regeneration and cell encapsulation applications. Additionally, photopolymerization was 

used to surface functionalize polymeric substrates with immunosuppressive proteins to 

provide bioactive protection against activated T cells.41 Each of these studies illustrates 

and utilizes specific advantages inherent to UV curing for cellular applications including 

excellent temporal and spatial control, mild reaction conditions, and few process steps.  

In this contribution, we evaluate the turning capability and neural pathfinding 

behavior of neurites extending from SGNs on photopolymerized, multidirectional 

micropatterns with repeating 90° turns. The repeating turns are used as a topographical 

challenge that is compared with neural outcomes on unidirectional micropatterns and 

unpatterned substrates. SGNs are the sensory elements of the inner ear that enable the 

sense of hearing and are the target neurons that are electrically stimulated by a CI 

prosthesis. As we have previously reported, physical micropatterns for neural pathfinding 

studies are fabricated via direct photopolymerization while microfeature height and 

directionality are modulated by controlling UV exposure time and by photomasking 

techniques, respectively.34, 42 SGN neurite response to each pattern type are characterized 

by total length, alignment of neurite segments, ratio of process path on depressed 

features, and number of turning points. Because spiral ganglion Schwann cells (SGSCs) 

play a crucial supportive role for SGN regenerative neurites,43 their alignment to each 

pattern type is also reported. Understanding neurite pathfinding behavior and developing 

methods to guide de novo neurite growth to specific stimulatory elements will enable 

design of innovative biomaterials that improve functional outcomes of devices that 

interface with the nervous system. 
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Experimental 

 

Uni- and Multidirectional Micropattern Fabrication 

Glass slides were used as substrates for thin-film micropatterned polymers to 

facilitate cellular microscopy studies. To prevent polymer delamination from the 

substrate, standard glass slides (2.54 cm x 7.62 cm x 0.1 cm) were surface functionalized 

with a methacrylated silane coupling agent. The slides were first cleaned and oxidized 

with O2 plasma for 3 min at 30 W RF power (PDC-001 Harrick Plasma Expanded 

Cleaner, Ithaca, NY) while under vacuum. Immediately following removal from the 

plasma chamber, the slides were immersed in a 1/100 v/v solution of 3-

(trimethoxysilyl)propyl methacrylate (Aldrich) and n-hexane (Aldrich) overnight in a 

covered container at room temperature (~21°C). After removal from the solution, each 

slide was rinsed with fresh hexanes and allowed to dry in a fume hood before being 

placed in a sealed container. Functionalized slides had a slightly translucent appearance 

following the hexane rinse. Methacrylated slides were used immediately after 

functionalization as substrates for polymerization.  

Pre-polymer mixtures of 40 wt% hexyl methacrylate (HMA, Aldrich) and 59 wt% 

1,6 – hexanediol dimethacylate (HDDMA, Aldrich) were prepared with 1 wt% of 2,2-

dimethoxy-2- phenylacetophenone (DMPA, BASF) as the photoinitiator. As shown in 

previous work, poly(HMA-co-HDDMA) supports attachment, survival, and growth of 

SGNs and SGSCs under in vitro conditions and works well for control and tuning of 

photopatterned physical guidance cues.42, 44 A volume of 20 µL was pipetted onto the 

center of a methacrylated slide which was then covered with a 2.54 cm x 2.54 cm x 0.1 

cm glass-chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) for 

parallel patterns, a repeating 90° angle mask (Nano-Fabrication Facility, University of 

Minnesota, MN) for angled patterns, or with a cut untreated glass slide of the same 

dimensions for unpatterned samples. Formulations spread evenly under the photomasks 
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due to capillary forces between the glass plates. Samples were cured with a high-pressure 

mercury vapor arc lamp (Omnicure S1500, Lumen Dynamics, Ontario, Canada) with 365 

nm at a light intensity of 16 mW/cm2. Light intensity was measured with a Cole-Parmer 

Series 9811 radiometer. The curing module was equipped with an 8 mm aperture x 50 

mm length beam homogenizing fused silica light pipe (Edmund Optics) and a collimating 

lens (RLQ-1, Asahi Spectra). Microfeature amplitude was controlled by shuttering UV 

radiation at specific times. After polymerization, photomasks were removed from 

polymer surfaces and samples were washed with 95% ethanol to remove all residual 

monomer. Samples were allowed to air dry before use. 

 

Uni- and Multidirectional Micropattern Characterization 

White light interferometry (Dektak Wyko 1100 Optical Profiling System, Veeco) 

was used to measure micropattern periodicity and absolute channel amplitude. Feature 

amplitude was reported as the difference between the maximum ridge value and the 

adjacent minimum groove value. Average feature height for a given polymerization 

condition was determined by measuring channel amplitude in nine different areas across 

each sample (n ≥ 3). Periodicity was measured as the distance between the highest points 

on adjacent ridges and was consistent with photomask band spacing. Measurements and 

3D images were generated using Vision software associated with the instrument.   

Micropattern morphology was further characterized by scanning electron 

microscopy (SEM, S-4800, Hitachi). Polymer samples were mounted on aluminum SEM 

stubs using conductive silver paint to acquire top-down images. For cross-sectional 

images, glass substrates and patterned polymers were fractured and then mounted 

vertically on specimen stages. The SEM specimen stage was angled using automated 

stage and software controls. Each polymer surface was sputter coated with gold prior to 

examination by SEM. Electron accelerating voltage was set at 2 kV.   

 



www.manaraa.com

179 
 

 

Cell Culture and Immunostaining 

Dissociated spiral ganglia (SG) cultures from P3-5 rat pups were prepared as 

previously described.45, 46 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 hr. SGNs were plated on polymer substrates coated 

sequentially with poly-L-ornithine (100 μg/ml) and laminin (20 μg/ml). To quantify SGN 

survival, cultures were fixed with 4% paraformaldehyde at 4 °C for 20 min, 

permeabilized and blocked with 5% goat serum, 2% BSA, 0.1% Triton X in phosphate 

buffered saline (PBS), and immunostained with anti-neurofilament 200 (NF200) 

antibodies (1:400, Sigma-Aldrich) at 37 °C for 2 hrs. Alexa 488 conjugated secondary 

antibody (1:800, Invitrogen) was used to detect the primary antibody immunolabeling at 

room temperature for 1 hr. Slides were cover slipped with ProLong Gold anti-fading 

reagent with DAPI (Life Technology) and sealed with nail polish. Digital 

epifluoresencent images were captured of the entire polymer surface using the scan slide 

application of Metamorph software (Molecular Devices, Silicon Valley, CA) on a Leica 

DMIRE2 microscope (Leica Microsystem, Bannockburn, IL) with a Leica DFC350FX 

digital camera. The total number of NF200-positive neurons with healthy nuclei was 

counted for each polymer surface to determine SGN survival. Experiments were 

performed in duplicate and repeated at least three times. 

Spiral ganglia cultures were immunostained with anti-S100 and anti-

neurofilament 200 (NF200) antibodies (1:400, Sigma–Aldrich) to label Schwann cells 

and neurons, respectively.45 Alexa 488 and Alexa 546 conjugated secondary antibodies 

(Life Technology) were used to detect primary antibody immunolabeling. Slides were 

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

Digital epifluorescent images were captured on a Leica DMIRE2 microscope (Leica 
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Microsystems, Bannockburn, IL) with Leica DFC350FX digital camera and Metamorph 

software (Molecular Devices, Silicon Valley, CA). Images of the entire well were 

captured using the scan slide feature in MetaMorph to eliminate imaging bias to short 

neurites. Spiral ganglion neuron (SGN) total neurite length was determined from digital 

images by measuring the longest process of 100 randomly selected neurites from each 

condition using the measurement tool in Image J (NIH, Bethesda, MD) as previously 

described.47 Number of branches extending from SGN neurites was determined by 

averaging the total number of neurite bifurcations, including bifurcation of branches, for 

100 randomly selected neurites from each condition.   

 

Characterization of Neurite Alignment 

Neurite alignment was measured as a distribution of angles relative to the 

horizontal plane of 10 μm length neurite segments. At least 50 primary neurites from 

immunolabeled images were traced in Image J for each condition and X-Y distance data 

were analyzed using Matlab software. The angle of each segment was calculated relative 

to horizontal 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. Strong alignment to the horizontal plane would be demonstrated by high population 

percentages in bins of 20° or less. Strong alignment to multidirectional patterns, i.e. 

repeating 90° angle steps, would be evidenced by high percentages around 45° alignment 

angles since the pattern was rotated 45° during imaging.   

SGSC alignment was determined as previously described by drawing the outline 

of the cell using Image J software and fitting an ellipse to the cell outline.42, 44 The angle 

made between the major axis of the ellipse and the pattern (θ) was measured in Image J.  

Preference of SGN primary neurites for the depressed or raised features of the 

polymer surface was determined by individual measurement of neurite segments on each 

feature, summing the length of neurite, and calculating the percentage of primary neurite 
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length on each feature. Lengths were measured from immunolabeled images using the 

measurement tool in Image J (NIH, Bethesda, MD).  Depressed and raised features were 

differentiated by scanning in the z-plane (vertical) with a Leica TCS SP5 confocal 

microscope. Percent length of primary neurites on depressed and raised features was 

averaged for at least 100 randomly chosen neurites from each condition.    

Neurite turns were measured using Image J primary neurite traces from immuo-

fluorescent digital images that were captured as previously described.  Trace data, 

containing X-Y neurite distance coordinates, was analyzed by measuring the angle of 

consecutive 10 μm length neurite segments using Matlab. Neurite segment angle was 

measured relative to the horizontal plane. If three consecutive segments, i.e. 30 μm 

segment of the neurite, had a trajectory difference of at least 10° from the previous three 

consecutive segments then it was marked as a turning event. At least 50 neurites were 

scored for each pattern condition. 

 

Statistics 

Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, 

Chicago, IL). A two-tailed t-test was used to compare cellular alignment between 

unpatterned and patterned samples followed by a post hoc Mann-Whitney Rank Sum Test 

when normality criteria were not met. Multiple groups were compared by performing a 

one-way ANOVA followed by a post hoc Kruskal-Wallis analysis of variance on ranks 

and a Dunn’s Method multiple comparison procedure.  Significance if p < 0.05. 

 

Results and Discussion 

 

Photopolymerization of Uni/Multidirectional Patterns 

To evaluate neural pathfinding behavior of SGN neurites, the inherent spatial and 

temporal control of photopolymerization were used to fabricate uni- and multidirectional 
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micropattern substrates for contact guidance studies. Spatial control is achieved by 

masking the pre-polymer formulation from initiating light and temporal control is 

afforded through shuttering of the light source at specific time increments. For a typical 

photo-initiated radical chain growth polymerization, a small concentration of photo-

initiator in the pre-polymer formulation absorbs photons and undergoes cleavage of a C-

C bond that results in the generation of reactive free radicals. For this particular system, 

2,2-dimethoxy-2-phenylacetophenone (DMPA) undergoes a Norrish type I reaction i.e. 

photochemical hemolysis of the alpha C-C bond of the ketone.48 The free radical species 

then react with electron rich C-C double bonds on methacrylate moieties of the 

surrounding monomer which initiates the polymerization reaction. Propagation continues 

through polymerizable methacrylate groups until the growing kinetic chain is terminated 

via recombination with another radical or through hydrogen abstraction and 

disproportionation. Because the rate of initiation for a photo-initiation reaction depends 

on absorbance of light, local reaction speeds can be modulated across a substrate surface 

by selectively masking incident irradiation. 

Accordingly, unidirectional parallel line-space gratings were made by masking 

the pre-polymer formulation with Ronchi rule optics that have alternating transparent 

(glass) and reflective (chrome) bands (Fig 6.1). Each band is a straight line with a width 

of 25 µm and extends across the entire length of the mask. Multidirectional, or angled 

patterns, were generated by masking the reaction with repeating reflective angles. 

Masking the photopolymerization reaction in this manner locally modulates 

polymerization kinetics49, 50 which results in micro-scale periodic raised and depressed 

features that match the width of the photomask bands. Surface depressions occur beneath 

reflective bands and raised features appear beneath transparent bands. Final thin film 

surface topography is composed of uniform, gradually transitioning microfeatures that  
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Figure 6.1. Schematic of micropattern fabrication process for neural pathfinding studies. 
A) Photopolymerizable monomer is selectively exposed to UV light through a photomask 
resulting in micropatterns across the substrate surface. B,C) Representation of transparent 
(white) and reflective (black) band size of the photomasks. D,E) White light optical 
profiling 3D images of parallel and 90° angled micropatterned HMA-co-HDDMA 
substrates representing 100 μm2 areas and channel amplitudes of 7 μm. 
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contrast with stark, on-off type features generated via multi-step lithographic etching 

methods.34, 42, 51 The gradual transitions between microfeatures are likely due to the 

diffraction of light as it passes through micro-scale photomask bands52, 53 and due to 

diffusion of monomer towards reactive regions as demonstrated in interference patterning 

holographic photopolymerization.54 Once the light source is shuttered, the reaction rate 

rapidly decreases as no new radicals are generated via photon absorption.55 Uni- and 

multidirectional micropatterns were measured and characterized by white light 

interferometry (Fig 6.1D-E). As expected, micropattern spacing closely matches 

photomask band spacing.  

For all substrates, the pre-polymer formulation consisted of a 40 wt% hexyl 

methacrylate (HMA) and 59 wt% 1,6 – hexanediol dimethacrylate (HDDMA) mixture 

with 1 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA) as the photoinitiator. In 

previous work, we demonstrated that poly(HMA-co-HDDMA) is sufficiently 

biocompatible to enable attachment, survival, and growth of SGNs under in vitro 

conditions.44 We also illustrated that the comethacrylate can be photopatterned and that 

microfeature dimensions of the system are readily tunable by modulating 

photopolymerization paramenters.42 

 

Reaction Controlled Feature Modulation 

Scanning electron microscopy (SEM) was used to characterize substrate 

morphology, and to confirm white light interferometric measurements (Fig 6.2). For 

unidirectional patterns, continuous, 25 µm wide parallel ridges and grooves run the 

length of the masked area with feature height remaining uniform across the surface. 

Multidirectional or repeating angle topographies also closely match micro-fabricated 

photomask band spacings with microfeatures spanning the entirety of the masked region. 

For both pattern types, photocured substrates have a film thickness of 18 µm and a 

feature depth approximately 40% of the total thickness at 7.4 ± 0.7 µm for the given 
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reaction conditions. Both patterns also have gradual transitions between raised and 

depressed features due to reactive species diffusion and diffraction of light during the 

photopolymerizaiton. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2. Representative SEM micrographs of micropatterned HMA-co-HDDMA thin 
films. A) A top-down view of a parallel or unidirectional micropattern with a 50 µm 
feature spacing and 7 µm amplitude . B) A tilted-cross sectional view of a parallel pattern 
demonstrating film thickness and gradual transitions between raised and depressed 
features. C,D) Top-down and tilted-cross sectional views of repeating 90° angle or 
multidirectional micropattern with a 7 µm amplitude. 
 
 
 

Smooth transitions between photopolymerized microfeatures stand in contrast to 

infinite slope type features generated via etching lithographic methods. Cell-material 

interaction studies on topographies fabricated by etching methods illustrate important cell 
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behavior such as polarization and alignment along the axis of parallel features, 

differences in alignment to identical microfeatures based on cell type, and sensitivity to 

nanotopographical noise. 56-58 However, patterns without sharp features are advantageous 

for some studies in that they more closely mimic native cellular niche morphologies. 

They may also be used in physical-biochemical cue combination studies to prevent 

domination of contact guidance cues over biochemical signaling events. The single step 

photopolymerization of micropatterns is also advantageous because it is fast, low cost, 

and readily tunable between each sample run whereas etched features require a much 

longer multi-step process, expensive reagents and microfabrication equipment, and 

different master templates for each desired feature height. Though, it should also be noted 

that direct, single step photopolymerization of micro- and nano-topography is limited in 

lateral feature resolution due to reactive species diffusion constraints and is also limited 

in ultimate feature depth based on monomer chemistry and reaction kinetics. Tuning of 

pre-polymer formulation viscosity, photoinitiator choice, irradiation source, and 

monomer chemistries may mitigate, but likely will not eliminate, these potential 

disadvantages.  

To compare neural pathfinding on both uni- and multidirectional patterns, 

microfeature amplitude was controlled by shuttering the photopolyermization reaction at 

specific UV exposure times (Fig 6.3). Polymerization rate rapidly decreases upon 

shuttering of the radiation source as no new radicals are formed to initiate propagation 

reactions and as existing radicals terminate by combination and disproportionation 

reactions. Temporal control of the reaction, thus afforded, enables kinetic trapping of 

specific microchannel amplitudes that allow for direct comparisons between pattern 

directionalities. To generate channel amplitudes of 7.4 ± 0.7 µm for both pattern types, 

UV light exposure was shuttered at 77 s and 85 s for unidirectional and multidirectional 

patterns, respectively. Under the given reaction conditions, parallel pattern amplitude 

ranged from approximately 1.3 µm to 8 μm and 90° angle pattern amplitude ranged from 
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2 μm to 9 μm. Amplitude profiles as a function of UV exposure time for both pattern 

types are very similar, with slight variations likely being attributable to differences in 

light diffraction patterns that alter incident light intensities locally at the substrate surface. 

Microfeature amplitude increase and subsequent decrease occur nearly symmetrically 

around a maximum amplitude UV exposure time step. Decreases in amplitude are likely 

due to backfilling of masked regions as reactive species diffuse into shadowed areas and 

as more photons are allowed to reach the area through light diffraction and internal 

reflectance within the system.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3. Channel amplitude is modulated by shuttering the UV light source at specific 
time increments. Feature depth for parallel and 90° angle patterns is similar at each 
exposure. Each point indicates mean ± SD.   
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Neurite Length and Branching 

To compare differences in neurite behavior on varied directional surface cues, 

dissociated SGNs were cultured on unpatterned controls, unidirectional (parallel) 

patterns, and repeating angle (90° angle) patterns. Neuronal survival, and neurite length  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4. SGN survival, total and primary neurite length (NL), and branching on 
unpatterned controls and on parallel and 90° angle micropatterns of HMA-co-HDDMA 
polymer substrates. A) SGN survival on unpatterned and micropatterned substrates 
normalized to a tissue culture plastic (TCP) control. B) Total and primary SGN neurite 
lengths are significantly shorter than corresponding lengths on parallel patterns and 
unpatterned controls (*p < 0.05, ANOVA). C,D) Significantly more branches per neurite 
length and per neurite on 90° angle patterns are observed compared to neurites on parallel 
patterns and unpatterned controls (*p < 0.05, ANOVA). Error bars represent standard 
error of the mean (SE). 
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and branching were examined as an initial comparison (Fig 6.4). SGN survival on 

unpatterned and micropatterned poly(HMA-co-HDDMA) is comparable to survival on a 

tissue culture plastic (TCP) control (p > 0.05). Further, no significant difference is 

evident between primary neurite length, i.e. the longest neurite from each neuron, on 

unpatterned controls compared to unidirectional micropatterns. Total neurite length, i.e. 

primary neurite length plus branch length, on unpatterned and unidirectional substrates is 

also similar.  

However, both primary and total neurite lengths are approximately 20% shorter 

on repeating angle patterns, relative to unpatterned and parallel pattern substrates. 

Neurites on multidirectional surfaces may be shorter due to the presentation of a higher 

density of potential encounters with feature edges to the advancing neural growth cone 

compared to fewer such encounters on smooth or unidirectional surfaces. Each encounter 

with a feature edge is likely associated with growth cone stalling and the underlying focal 

adhesion formation or removal and cytoskeleton rearrangement events which reduce the 

rate of neurite extension.59 

In addition to neurite length, SGN neurite branching also significantly differs on 

substrates with varied physical surface cues. The degree of branching per neurite and per 

100 µm of neurite length is lowest for SGNs cultured on unpatterned substrates. 

Branching increases on patterned surfaces, suggesting that growth cone encounters with 

pattern edges induce neurite branch formation. Neurite branching is highest on 

multidirectional features with a 52% increase in branches per neurite length compared to 

unpatterned controls. Interestingly, the neurite length and branching results taken together 

illustrate that neural processes behave differently on physical cues with varied 

directionality compared to unidirectional micropatterns even when all other experimental 

conditions are held constant including the spacing and amplitude of the physical guidance 

cues. 

 



www.manaraa.com

190 
 

 

Neurite Behavior on Uni/Multidirectional Substrates 

Developing precise spatial control of de novo neurite growth from neurons that 

are relevant to neural prosthetics, such as inner ear SGNs, will lead to enhanced 

prosthesis performance and improved functional outcomes for patients. Directing neurite 

growth in this manner will require multiple types of biologically actionable cues 

including biophysical cues that can either induce or inhibit neurite turning events. 

Accordingly, to compare neurite pathfinding ability on varied biophysical cues, SGNs 

were cultured on unpatterned, unidirectional, and multidirectional photopolymerized 

substrates (Fig 6.5). Qualitative immunofluorescence imaging illustrates that SGN neurite 

outgrowth extends randomly on unpatterned substrates with unpredictable turning events. 

Conversely, neurites on unidirectional patterns are observed to strongly orient to and 

grow parallel to the microfeature direction (horizontal) while exhibiting few if any 

turning events per neurite (Fig 6.5B).  

Interestingly, while SGN neurites on multidirectional patterns do not extend 

randomly, they also do not closely track the repeating sequence of 90° turning cues along 

a micropattern path despite encountering physical microfeatures that are comparable in 

width and depth to those of the unidirectional patterns (Fig 6.5C). Rather, extending 

neurites are often observed to align horizontally and elongate down the length of a feature 

path. It is interesting that the neurites extend in this fashion even though they must cross 

multiple feature transitions near the angle turning points. Furthermore, neurites on 

multidirectional patterns also turn much more frequently than on unidirectional substrates 

with the accompanying behavior of crossing over a sequence of microfeatures prior to 

realigning to the horizontal plane. These microfeature crossing events are rare in the case 

of neurite growth on unidirectional patterns, especially over multiple transitions.  

Qualitative SGN neurite aligment observations are further supported by 

sectioning equal lengths of neurite segments for all scored neurites and measuring their  
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Figure 6.5. SGN neurite alignment on variations in topographic cues. A-C) 
Immunofluorescent images of neurite growth from dissociated SGNs on unpatterned (A), 
parallel (B), and 90° angle (C) substrates. D-F) Distribution of SGN neurite segment 
angles relative to the horizontal plane on unpatterned (D), parallel (E), and 90° angle (F)  
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Figure 6.5 Continued. 
 
substrates. Regenerative neurite growth orients randomly on unpatterned substrates as 
evidenced by a nearly equal distribution of neurite segment angles relative to the 
horizontal plane. Neurites strongly align to unidirectional topographic cues with 70% of 
the neurite segment angles at or below 20° from the pattern direction. Neurites on 
repeating 90° angle patterns do not closely track multidirectional cues as demonstrated by 
the low incidence of 45° angle neurite segments. They do align somewhat to the 
horizontal plane, although with a broader distribution of angles than on parallel patterns. 
Dissociated cultures were stained with anti-NF200 antibodies. Micropatterned substrates 
have a channel amplitude of 7 µm.  

 
 
 

alignment angle relative to the horizontal plane (Fig 6.5D-F). Neurite segment angles (≤ 

90°) are binned as a percentage of the total neurite segments measured in 10° increments 

to represent overall alignment. SGN neurites on unpatterned polymer substrates extend 

randomly as demonstrated by the relatively equal distribution of neurite segment angles 

across the 0 - 90° spectrum of alignment. In contrast, neurite segment angles are much 

more frequent at low angles (i.e. < 20°) relative to horizontal on unidirectional, parallel 

feature micropatterns. Approximately 50% of the neurite segments are considered 

completely aligned to the pattern direction with an alignment angle of 10° or less and a 

full 72% of the neurite segment population is within the 20° angle population indicating 

significant alignment to pattern features. 

However, as previously mentioned, neurites on multidirecitonal substrates do not 

strongly track the repeating 90° angle patterns as evidenced by low incidence (~20%) of 

neurite segment angles in the 40° and 50° degree bins. Because the 90° angle features 

have been rotated 45° for imaging, it could be expected, assuming that neurite growth is 

strongly and consistently influenced by micropattern physical features on this size scale, 

that a significant incidence of neurite segment angles at or near 45° relative to the 

horizontal plane would be evident. Instead, a fairly equal distribution exists across all 

segment angles in the 30 - 90° population with a relatively high incidence (43%) of 
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neurite segments at or below 20° from the horizontal plane. Importantly, the parallel and 

repeating angle micropatterns used for both experiments are quite similar. In both cases 

the ridge and groove widths are 25 μm and the channel amplitude or feature height is 

approximately 7 μm. Polymerization was halted at similar time steps for both platforms 

by shuttering the UV light source yielding very similar groove-ridge transitions. All else 

being equal, it might be expected to see SGN neurites closely tracking the groove paths 

and, while perhaps not making exact 90° angle turns, there would still be a high incidence 

of 45° angle neurite segments tracking the groove path. It is clear that the neurite segment 

distribution does not match the random distribution seen on unpatterned polymer 

substrates, but that it more closely resembles neurite orientation on unidirectional 

platforms. However, despite the similarities in neurite alignment to unidirectional 

patterns, outgrowth complexity increases on multidirectional substrates as neurites are 

observed to change direction and to cross microfeatures significantly more than on 

comparable unidirectional feautres.   

To realize functional outcome improvements of neural prosthetics, it may be 

crucial to direct neurites to specific but separate areas that contain stimulating 

electrodes.21 While a variety of neural contact guidance studies demonstrate strong 

alignment to the long axis of parallel feature micropatterns, their use may be limited to 

applications that require significant unidirectional growth such as intraluminal patterning 

of nerve conduits to bridge nerve gaps.9 Appropriate turning events will be required to 

spatially segregate and then stimulate specific neurites or groups of neurites. 

Multidirectional patterns with repeating 90° turns in this work induced greater turning 

than unidirectional patterns, though neurites are not observed to turn at each encounter of 

a biophysical cue. Similar behavior occurs when neurites extend between appropriately 

spaced microposts.60-62 A lower density in directional changes per area or turns with 

wider angles may allow for more consistent guidance and predictable turning events 

throughout the length of a neurite. 
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Figure 6.6. SGSC alignment on variations in topographic cues. A-C) Immunofluorescent 
images of SGSCs on unpatterned (A), parallel (B), and 90° angle (C) substrates. D-F) 
Distribution of SGSC angles relative to the horizontal plane on unpatterned (D), parallel  
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Figure 6.6 Continued. 
 
(E), and 90° angle (F) substrates. SGSCs orient randomly on unpatterned substrates and 
align strongly to unidirectional topographic cues with 80% of the cell angles at or below 
20° from the pattern direction. SGSCs on repeating 90° angle patterns do not closely 
track multidirectional cues as demonstrated by the low incidence of 45° cellular angles. 
Dissociated cultures were stained with anti-S100 antibodies. Micropatterned substrates 
have a channel amplitude of 7 µm. 
 
 
 

Because glial cells are crucial to the proper function and survival of neuronal cells 

and because they support and direct neurite growth,45, 63, 64 the behavior and alignment of 

SGSCs was also measured and compared on unpatterned and uni/multidirectional 

micropatterns (Fig 6.6). SGSC alignment mirrors SGN neurite segment alignment. In this 

case, each scored SGSC was fit with an ellipse and the alignment was measured as the 

angle between the major axis of the ellipse relative to the horizontal plane. SGSCs orient 

randomly on unpatterned substrates and strongly align to parallel, unidirectional 

micropatterns with 82% of SGSCs having an alignment angle of 20° or less. As with 

SGN neurites on multidirectional platforms, SGSCs do not orient randomly as if on an 

unpatterned surface but more closely resemble horizontally aligned growth as seen on 

parallel micropatterns. Again, there is a much lower incidence of 45° alignment angles 

than would be expected if SGSCs closely tracked repeating 90° angle microfeatures.  

The percentage of neurite length in microfeature grooves and the number of 

feature crossings per neurite length were measured to further characterize differences in 

neural pathfinding on uni- versus multidirectional surface cues (Fig 6.7). The majority of 

regenerative SGN neurite length is found in depressed microfeatures (i.e. grooves) on 

both parallel and repeating angle micropatterns. Nearly 75% of all neurite length tracks 

surface depressions when SGNs are cultured on parallel feature micropatterns. A few 

neurites were even observed to turn 180° while remaining sequestered within micro-

grooves (Fig 6.7B). The quantified preference for depressed features is in contrast to 
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other research which observed neural processes preferentially growing on elevated 

features, however, the width of the features used were much narrower (i.e. < 1 µm) than 

the photopolymerized patterns used here.15 While the majority of neurite length on 90°  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.7. SGN percent neurite length in depressed microfeatures and feature crossing 
per neurite length on uni- and multidirectional topographic cues. A) The majority of SGN 
neurite length on both parallel and 90° angle patterns is located in the grooves (*p < 0.05, 
Mann-Whitney Rank Sum test). B,C) Immunofluorescent images of SGN neurite growth 
in groove microfeatures. D) SGN neurites crossed ridge-groove transitions significantly 
more on multidirectional patterns compared to unidirectional substrates (*p < 0.05, 
Mann-Whitney Rank Sum test). E,F) Immunofluorescent images of SGN neurites 
crossing ridge-groove transitions on various micropatterns. Dissociated cultures were 
stained with anti-NF200 antibodies. Micropatterned substrates have a channel amplitude 
of 7 µm. 
 
 
 

angle patterns is also found in surface depressions, the percent length in the depressions 

is still significantly less than that of neurites on unidirectional features. The difference is 
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likely due to the presentation of multiple directional cues to the advancing growth cone, 

which increases the number of potential guidance points, and ultimately leads to 

increased topographic feature crossings. 

A crossing event for this study is defined as the transition of the primary neurite 

from a raised or depressed microfeature to its corresponding opposite. Due to strong 

alignment on parallel microfeatures, SGN neurite crossing is, on average, very low with 

many neurites making only one or no feature crossings throughout the entirety of their 

length. Conversely, micro-feature crossings per neurite length on multidirectional 

patterns are significantly higher than on unidirectional patterns. Approximately three 

times the number of crossing events per length of neurite are observed on 

multidirectional micropatterns (Fig 6.7D-F). Therefore, despite microfeatures for both 

pattern types having nearly identical widths and depths, SGN neurite pathfinding does 

not consistently track every change in feature direction as pattern complexity increases. 

Rather, neurites appear to extend in a manner that minimizes turning events by growing 

either down the length of a groove path (i.e. horizontally) or directly over multiple feature 

transitions.  

The number of turns per neurite in response to topographic guidance cues was 

measured as a final comparison of SGN neurite pathfinding ability on uni- and 

multidirectional patterns and on unpatterned controls (Fig 6.8). Turns are defined as a 10° 

change in direction over three consecutive 10 μm length neurite segments relative to the 

previous three segments. Ultimately, the capacity to guide regenerative neurite growth to 

spatially specific stimulating elements will require strong adherence to engineered 

guidance cues and may include precision turning at specific points. SGN neurites turn 

over five times more on unpatterned substrates compared to unidirectional micropatterns. 

They also turn significantly more on unpatterned substrates compared to neurites on 

repeating angle features. The high degree of turning on unpatterned platforms supports 

the observation that neurite growth is random on unpatterned controls and results in 
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multiple instances of neural growth cone direction change and, thus, turning points for 

any given neurite (Fig 6.5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. Number of turns per SGN neurite on substrates with varied topography.  
SGN neurites turned significantly more on unpatterned surfaces compared to patterned 
substrates and on patterns that change direction compared to unidirectional morphologies 
(*p < 0.05, ANOVA).  
 
 
 

The comparatively low number of neurite turns on unidirectional patterns 

confirms the strong neural alignment data on parallel microfeatures and further supports 

the observation that there is little to no feature crossing for a given neurite on 

unidirectional guidance cues. However, while significantly more turning events are 

evident on multidirectional patterns compared to unidirectional physical guidance cues, 
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the neurites do not consistently track each 90° turn but can cross over multiple 

microfeatures before turning to align along portions of them along its path length.  

 

Conclusions 

 

Directing regenerative neural pathfinding with engineered surface cues to specific 

stimulatory elements will potentially improve the neural-prosthesis interface and lead to 

enhanced functional outcomes. In this work we present a versatile photopolymerization 

method to create an array of patterns that can be used to probe neural pathfinding ability 

of prosthesis-relevant neurons such as inner ear spiral ganglion neurons (SGNs). 

Microfeature shape and width are controlled through photomask design, and feature 

depth is tuned on the micron scale by altering reaction parameters of the 

photopolymerization. The pathfinding ability of SGNs was compared on unpatterned, 

unidirectional, and multidirectional micropatterns. Significantly more branching and 

shorter neurite length are observed on multidirectional patterns compared to unpatterned 

and unidirectional platforms. SGN neurites extend randomly on unpatterned 

comethacrylate platforms, orient along the axis of unidirectional micropatterns, and are 

significantly influenced by but do not strongly track guidance cues on repeating step 

multidirectional patterns. Spiral ganglion Schwann cells (SGSCs), which provide trophic 

support to SGNs, mirror the alignment behavior of SGN neurites on each pattern type. On 

both uni- and multidirectional patterns, the majority of the neurite pathlength is located in 

depressed surface features but significantly more feature crossing events occur on 

multidirectional surfaces. This work informs efforts to direct neurite growth to specific 

stimulatory elements for the purpose of improving functional outcomes of neural 

prosthetics. Precisely directing neurite growth in this manner will enable fabrication of 

next generation neural prosthetics with enhanced stimulatory specificity. 
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CHAPTER 7 
 
 

MATERIAL STIFFNESS EFFECTS ON NEURITE 
 

ALIGNMENT TO PHOTOPOLYMERIZED MICROPATTERNS  
 
 

Directing neurite growth into close proximity of stimulating elements of a neural 

prosthesis, such as a retinal or cochlear implant (CI), may enhance device performance 

and overcome current spatial signal resolution barriers. In this work, spiral ganglion 

neurons (SGNs), which are the target neurons to be stimulated by CIs, were cultured on 

photopolymerized micropatterns with varied matrix stiffness to determine the effect of 

rigidity on neurite alignment to physical cues. Micropatterns are generated on 

methacrylate thin film surfaces in a simple, rapid photopolymerization step by 

photomasking the pre-polymer formulation with parallel line-space gratings. Two 

methacrylate series, a non-polar HMA-co-HDDMA series and a polar PEGDMA-co-

EGDMA series, with significantly different surface wetting properties were evaluated. 

Equivalent pattern periodicity is maintained across each methacrylate series based on 

photomask band spacing, and feature amplitude is tuned to a depth of 2 µm amplitude for 

all compositions using the temporal control afforded by UV curing methodology. Surface 

morphology was characterized by scanning electron microscopy (SEM) and white light 

interferometry. All micropatterned films adsorb similar amounts of laminin from solution 

and no significant difference in SGN survival is observed when comparing substrate 

compositions. SGN neurite alignment significantly increases with increasing material 

modulus for both methacrylate series. Interestingly, SGN neurites respond to material 

stiffness cues that are orders of magnitude higher (GPa) than what is typically ascribed to 

neural environments (kPa). Understanding neurite response to engineered physical cues 

and mechanical properties such as matrix stiffness will allow development of advanced 
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biomaterials that direct de novo neurite growth to address spatial signal resolution 

limitations of current neural prosthetics. 

 

Introduction 

 

Matrix stiffness of native extracellular matrices (ECM) or synthetic matrices is a 

key biophysical cue that regulates cellular functions including migration, differentiation, 

spreading, and proliferation.1,2  For example, in a process referred to as durotaxis, NIH 

3T3 fibroblast cells are shown to preferentially migrate towards stiffer substrate on 

polyacrylamide sheets.3 The number and length of angiogenic sprouts from endothelial 

cells increases with increasing matrix stiffness which is independent of matrix density.4 

Furthermore, matrix elasticity  significantly affects the cell fate of naive mesenchymal 

stem cells with soft, stiffer, and rigid matrices delineating neurogenic, myogenic, and 

osteogenic cell lineages, respectively.5  

Neural processes are also known to sense and respond to biophysical cues 

including substrate elasticity. For example, primary spinal cord neural processes branch 

significantly more on softer polyacrylamide gels compared to stiffer matrices.6 

Additionally, neurites from chick dorsal root ganglia  grow significantly longer  down a 

stiffness gradient, i.e. harder to softer, than up the gradeitn in a 3D genipin crosslinked 

collagen gel.7 The behavior of neurons and their processes is of particular interest in cell-

material interaction studies, including interactions based on matrix stiffness, due to their 

significance in a host of physiological functions. Accordingly, an array of material 

modifications or micro-environmental controls have been developed to influence 

neuronal behavior, particularly regarding neurite outgrowth, including diffusion or 

patterning of bioactive agents,8-11  aligned physical features,11-16 and electrical fields17. 

These methods are often employed as a means to increase ultimate unidirectional 

outgrowth to bridge gaps representative of nerve injuries.18-21  
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Beyond applications intended to bridge nerve gaps, understanding and controlling 

the directionality of de novo neurite growth based on physical material cues may also 

enable significant functional improvements of current and developing neural prosthetics. 

Specifically, directing neural processes into closer spatial proximity of stimulating 

elements of retinal or cochlear implants (CI) may overcome current spatial signal 

resolution barriers and enhance prosthesis performance.22-26 Furthermore, spatially 

organized neural growth will likely be critical for high resolution performance of any 

future device that interfaces with the nervous system.  

In this work we investigate the effects of material mechanical properties, i.e. 

matrix rigidity, on spiral ganglion neuron (SGN) neurite alignment to topographical 

guidance cues. SGNs are nerve cells in the inner ear that are electrically stimulated by CI 

prostheses. In previous work we demonstrated that de novo neurite growth from inner ear 

SGNs is guided by photopolymerized micropatterns,27 that the extent of alignment can be 

tuned based on features dimensions,28 and that response to uni- and multidirectional cues 

varies significantly even when neurites are presented with similar topographic features.29 

For this study, micropatterned thin films of hexyl methacrylate (HMA) with 1,6-

hexanediol dimethacrylate (HDDMA) and poly(ethylene glycol) dimethacrylate 

(PEGDMA) with ethylene glycol dimethacrylate (EGDMA) are generated for neural 

alignment experiments using the spatial reaction control afforded via 

photopolymerization. Crosslink density is tuned for both methacrylate series to modulate 

matrix stiffness. Identical surface features are developed on each composition using the 

unique spatial and temporal reaction control afforded by photopolymerization.  

Developing advanced biomaterials that direct de novo neurite growth will require an 

improved understanding of neuron-material interactions, including response to substrate 

stiffness, to improve the spatial signal resolution of existing and future prostheses. 
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Experimental 

 

Fabrication of Patterned Films with Varied Matrix Rigidity 

Methacrylate thin films were polymerized on functionalized glass slides to 

prevent polymer delamination and facilitate cellular microscopy studies. Standard 

microscope glass slides (2.54 cm x 7.62 cm x 0.1 cm) were functionalized with the silane 

coupling agent 3-(trimethoxysilyl)propyl methacrylate (Aldrich). Prior to treatment with 

the coupling agent, slides were first cleaned and oxidized with O2 plasma for 3 min at 30 

W RF power (PDC-001 Harrick Plasma Expanded Cleaner, Ithaca, NY) while under 300 

mTorr vacuum. Following removal from the plasma chamber, slides were immersed in a 

1/100 v/v solution of the silane coupling agent and n-hexane (Aldrich) overnight in a 

covered container at room temperature (~21°C). Each slide was then rinsed with fresh 

hexanes and dried in the fume hood before being placed in a sealed container. 

Functionalized slides were used immediately as a substrate for polymerization.   

All mixtures of hexyl methacrylate (HMA, Aldrich) with 1,6-hexanediol 

dimethacylate (HDDMA, Aldrich) and poly(ethylene glycol) dimethacrylate (PEGDMA, 

Aldrich, Mn = 600) with ethylene glycol dimethacrylate (EGDMA, Aldrich) were 

prepared with 1 wt% of 2,2-dimethoxy-2- phenylacetophenone (DMPA, BASF) as the 

photoinitiator. Copolymer compositions are represented as whole numbers (e.g. 40/60, 

50/50) but each polymer fraction is 0.5 wt% less to account for the photoinitiator. 20 µL 

of pre-polymer solutions were pipetted onto the center of a functionalized slide then 

covered with a 2.54 cm x 2.54 cm x 0.1 cm glass-chrome Ronchi rule photomask 

(Applied Image Inc., Rochester, NY) for parallel patterns or with a cut untreated glass 

slide of the same dimensions for unpatterned samples. Capillary forces caused the 

formulations to spread evenly under the photomasks. Photopolymerization was carried 

out with a high-pressure mercury vapor arc lamp (Omnicure S1500, Lumen Dynamics, 

Ontario, Canada) at a 365 nm light intensity of 16 mW/cm2. The curing module was 
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equipped with an 8 mm aperture x 50 mm length beam homogenizing fused silica light 

pipe (Edmund Optics) and a collimating lens (RLQ-1, Asahi Spectra). Light intensity was 

measured with a Cole-Parmer Series 9811 radiometer. Microfeature amplitude was tuned 

by shuttering UV radiation at specific times thereby preventing further initiation events 

and resulting in rapid termination of the polymerization. Following the set exposure time, 

the photomask was removed from the polymer and the sample was washed with 95% 

ethanol to remove residual surface monomer. Rinsed samples were then post-cured for 10 

min under the same light source and intensity without the photomask and under ambient 

conditions to maximize monomer conversion without reducing surface channel amplitude 

due to trough back-filling. 

 

Topographical Characterization 

Micropattern feature spacing and depth were measured by white light 

interferometry (Dektak Wyko 1100 Optical Profiling System, Veeco). Feature amplitude 

was measured as the difference between a maximum ridge value and an adjacent 

minimum groove value. For each composition and exposure time, average feature height 

was determined by measuring channel amplitude in nine different areas across the surface 

(n ≥ 3). Feature spacing or periodicity was measured as the distance between the highest 

points on adjacent ridges and was consistent with photomask band spacing. 

Measurements and 3D images were generated using Vision software associated with the 

instrument.   

Micropattern morphology of each composition was further characterized by 

scanning electron microscopy (SEM, S-4800, Hitachi). Conductive silver paint was 

applied to the bottom of glass substrates modified with micropattered methacrylate thin 

films for mounting on aluminum SEM stubs to acquire top-down images. For cross-

sectional images, a glass etcher was used to etch the sample on the side opposite the thin 

polymer film and patterned polymers were then fractured and mounted vertically on 
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specimen stages. The SEM specimen stage was rotated using automated stage and 

software controls. Each polymer surface was sputter coated with gold prior to 

examination by SEM. Electron accelerating voltage was set at 2 kV. 

 

SGN Culture, Survival, and Neurite Length 

Polymer substrates attached to glass slides were sterilized with 70% ethanol and 

UV irradiation and air-dried in a culture hood. Micropatterned surfaces were then coated 

sequentially with poly-L-ornithine (100 μg/ml) at room temperature and laminin (20 

μg/ml) at 4 °C overnight. The following day, dissociated spiral ganglion (SG) cultures 

from P3-6 rat pups were prepared as previously described.30,31 Dissociated cultures were 

plated with equal volumes of the cell suspension and maintained in a humidified 

incubator with 6.5% CO2  for 48 hrs. The cultures were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with N2 additives, insulin, 5% fetal 

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

(BDNF, 50 ng/ml).  

SGN cultures were fixed with 4% paraformaldehyde at 4 °C for 20 min, 

permeabilized and blocked with 5% goat serum, 2% BSA, 0.1% Triton X in phosphate 

buffered saline (PBS), and immunostained with anti-neurofilament 200 (NF200) 

antibodies (1:400, Sigma-Aldrich) at 37 °C for 2 hrs, as previously described.30 Alexa 

488 conjugated secondary antibody (1:800, Invitrogen) was used to detect the primary 

antibody immunolabeling at room temperature for 1 hr. Slides were treated with ProLong 

Gold anti-fading reagent with DAPI (Life Technology) and sealed with nitrocellulose. 

Digital epifluoresencent images were captured of the entire polymer surface using the 

scan slide application of Metamorph software (Molecular Devices, Silicon Valley, CA) 

on a Leica DMIRE2 microscope (Leica Microsystem, Bannockburn, IL) with a Leica 

DFC350FX digital camera. The total number of NF200-positive neurons with healthy 

nuclei was counted from the digital images for each polymer surface to determine SGN 
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survival. The experiments were performed in duplicate and repeated at least three 

different times. Neurite length was determined by measuring the longest process of 100 

randomly selected neurites from each slide using the measurement tool in Image J (NIH, 

Bethesda, MD) as previously described.32   

 

Material Surface Chemistry and Laminin Adsorption 

Polymer substrates were sequentially coated with poly-L-ornithine (100 μg/ml) at 

room temperature and 10 µg laminin (20 μg/ml, 0.5 ml in Hank’s Balanced Salt Solution, 

Life Technologies) at 4 °C overnight. The laminin solution was removed by pipette and 

surfaces were washed three times. An equal volume of RIPA buffer containing 50 mM 

Tris-Hcl, 1% NP-40, 1% Triton X-100, 150 mM NaCl and 1 mM EDTA was applied to 

each slide to dissolve the adsorbed protein. A 96-well plate protein assay kit (Life 

Technologies) was used to quantify protein concentration according to the manufacturer’s 

protocol. Experimental samples and solutions of protein standards with known 

concentrations were pipetted into microplate wells and 1x dye reagent was added to each 

well, mixed, and incubated at room temperature for 5 minutes. Absorbance was measured 

by a microplate reader (THERMOmax, Molecular Devices). A standard curve was 

generated using the absorption values from the protein standards. Protein concentration of 

the experimental samples was calculated based on the standard curve. Each condition was 

performed in triplicate and then repeated at three different times. 

Water contact angles were measured on unpatterned surfaces for each polymer 

composition using a sessile drop method at room temperature (~21° C) with a Ramé-Hart 

NRL 100-00 goniometer (Ramé-Hart Instrument Co., Mountain Lakes, NJ). For each 

composition, three samples were analyzed with repeats in six different spots for a total of 

18 measurements per composition. Drops of doubly distilled H2O were dispensed as a 1 

µL volume. 
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Neurite Alignment on Patterns with Varied Matrix Rigidity 

Tensile tests were performed with a dynamic mechanical analyzer (DMA- Q800 

DMA TA Instruments) to measure the Young’s modulus of each composition as a 

measure of substrate rigidity encountered by neural tissue. Polymer specimens for tensile 

tests were prepared by injecting pre-polymer formulations between two untreated glass 

plates separated by 280 µm thick spacers and held together with clamps. The sample was 

then irradiated for 10 min using the same lamp and intensity used to fabricate 

micropatterned surfaces. Polymer bars, with dimensions of 25 mm x 6.4 mm x 0.28 mm, 

were placed in a vertical film tension clamp for tensile tests. Young's modulus was 

evaluated at 30° C using controlled force tensile mode with a designated force rate (0.5 

N/m). The modulus was calculated from the slope of the stress-strain curve in the early 

linear regime (less than 5% strain) (n = 5). 

Neurite alignment to micropatterns was measured by determining the ratio 

(TL/AL) of the total neurite length (TL) to the aligned length (AL). AL is defined as the 

distance in a straight line along the direction of the micropattern (set horizontally) from 

the cell body to the nerve terminus. Neurites that closely follow the pattern have a ratio 

close to unity (1). Wandering neurites that do not strongly align to the pattern have higher 

ratios. For each sample, neurite alignment was measured for 100 randomly selected 

SGNs. 

 

Statistics 

Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, 

Chicago, IL). Groups were compared by performing a one-way ANOVA followed by a 

post hoc Kruskal-Wallis analysis of variance on ranks and a Dunn’s Method or Tukey 

Test multiple comparison procedure.  Results were considered statistically significant if p 

< 0.05. 
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Results and Discussion 

 

Matching Feature Amplitude for Different Chemistries 

The spatial control inherent to radiation curing was used to generate micro-scale 

biophysical cues suitable for neural process contact guidance. Specifically, pre-polymer 

methacrylate monomer and photoinitiator mixtures were selectively exposed to UV 

irradiation through photomasks which have alternating reflective and transparent 25 µm 

wide bands (Fig. 7.1). Photomasking the reaction in this way enables modulation of local  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.1. Photopolymerization of micropatterns on methacrylate thin film surfaces. A) 
UV exposure of the pre-polymer formulation is selectively blocked with a photomask to 
alter local reaction kinetics on the surface that result in raised or depressed microfeatures. 
B) 2D profile of a 50/50 PEGDMA-co-EGDMA ridge-groove-ridge transition generated 
by white light interferometry. C) 3D representation of a micropatterned methacrylate 
surface formed during a masked photopolymerization. All patterns used for this study 
have a 50 µm periodicity and a channel amplitude of 2 µm. 
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reaction kinetics which leads to formation of a global micropattern across the substrate 

surface. We have previously demonstrated that this size scale is relevant to spiral 

ganglion neurons (SGNs), their processes, and associated glial cells.28 Furthermore, hair 

cell spacing within the cochlea is also within the feature spacing range which is relevant 

for future application to improve patient integration with a cochlear prosthetic.33 

While under UV exposure, the photoinitator absorbs high energy photons and 

undergoes photolysis which generates reactive free radicals that initiate polymerization. 

Polymerization occurs rapidly under transparent bands that transmit full incident light 

intensity from the source resulting in raised polymer ridges. Polymerization still occurs at 

some distance below reflective bands due to light diffraction, reflections within the 

reaction vessel, and diffusion of reactive species. However, regions directly below 

reflective bands do not undergo polymerization as insufficient photons reach the area to 

facilitate initiation events and reaction and diffusion constraints prevent reactive species 

from migrating deep into shadowed regions. As a result, a pattern of parallel micro-ridges 

and grooves of uniform width and amplitude rapidly develop across the substrate surface 

in a single fabrication step. The glass substrates used were first oxidized with O2 plasma 

and treated with a methacrylated silane coupling agent to improve thin film adhesion and 

prevent polymer delamination during neurite microscopy studies. 

Many cell-contact guidance studies for neurons and other cell types use 

microfeatures generated directly by photolithography or indirectly via soft lithography 

casting over etched silicon masters.34,35 For example, human corneal epithelial cells were 

shown to align to and migrate in the direction of nanotopography generated by X-ray 

lithography and reactive ion etching.36 Bovine aortic endothelial cells exhibited contact 

guidance to micropatterned polyacrylamide gels that were fabricated via soft lithography 

on a patterned silicon master template.37 Furthermore, in an effort to produce cartilage 

tissue engineering constructs that yield superior mechanical properties of the resultant 

tissue, micropatterned collagen-glycosaminoglycan membranes were generated using a 
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combination of photolithography and softlithography to direct mesenchymal stem cell 

growth and ECM formation.38 As an alternative patterning method, direct micropattern 

fabrication by photopolymerization presented here is advantageous as it requires one 

principle reaction step, few reagents, and simple and inexpensive equipment. By contrast, 

generation of micropatterns by photolithographic methods often requires a multistep 

process, hazardous reagents, and expensive substrates and processing equipment. 

Furthermore, creating a range of gradually transitioning features with direct 

photopolymerization enables tailored probing of cell contact guidance behavior in 

response to simultaneous physical and chemical guidance cues. Sharp features generated 

with traditional photolithography would likely dominate cellular interactions which may 

mask the effects of bioactive signaling on cellular behaviors. However, it should be noted 

that the direct photopolymerization method cannot reach the level of complexity afforded 

by multistep addition or removal processes available in photolithographic methodology.39 

It is, therefore, an additional and advantageous tool to be utilized for the rapid and facile 

development of surface active substrates for cell-material interaction studies.  

To determine if SGN neurite response to matrix stiffness is system dependent, 

photopolyermized micropatterns were generated on the surface of various compositions 

of two different methacrylate platforms (Fig. 7.2). The HMA-co-HDDMA system is a 

relatively non-polar material with HDDMA serving as the crosslinker. As HDDMA 

content increases crosslinking density increases which stiffens the material including the 

physical microfeatures generated at the substrate surface. The PEGDMA-co-EGDMA 

system, by contrast, has a higher surface energy and is more wettable due to repeating 

polar ether linkages between polymerizable methacrylate moieites on high molecular 

weight PEGDMA monomers. Both monomers in the PEGDMA-co-EGDMA system 

undergo crosslinking within the network. However, crosslinking density decreases with 

increasing PEGDMA content due to larger spacing between polymerizable groups, and 

hence, fewer crosslinks per unit volume. 
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For both methacrylate systems, changes in diene concentration and monomer 

chemistry alter polymerization kinetics which directly affects the formation of 

microfeatures on the substrate surface as a function of time. Consequently, the temporal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2. Chemical structures of the monomers used for micropattern fabrication. 
Shown are (a) hexyl methacrylate (HMA), (b) 1,6-hexanediol dimethacrylate (HDDMA), 
(c) polyethylene glycol dimethacrylate (PEGDMA, Mn = 600), and (d) ethylene glycol 
dimethacrylate (EGDMA). 

 
 
 

control enabled by photopolymerization, i.e. simple shuttering of the irradiation source at 

specific exposure times, is crucial to create comparable microfeatures on materials with 

different monomer chemistries. For a typical radical chain photopolymerization, 

shuttering the light source in this manner prevents generation of new radical species for 

initiation events which significantly precludes further polymerization. Utilizing the 

temporal reaction control thus afforded, specific feature amplitudes were kinetically 

captured that develop at different exposure times for each composition to create 

comparable identical microfeatures on each polymer composition (Fig. 7.3). 
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Figure 7.3. Micropattern feature height is tuned by modulating UV exposure time as 
determined by white light interferometry. A) HMA-co-HDDMA amplitude profiles for 
various compositions and exposure times. Maximum channel amplitudes are similar but 
occur at earlier polymerization times with increased diene concentration. B) PEGDMA-
co-EGDMA amplitude profiles for various compositions and exposure times. Maximum 
amplitudes occur early in the reaction due to rapid vitrification caused by polymerization 
of high molecular weight PEGDMA monomers. Final amplitudes level off at a similar 
height of approximately 1.5 µm for both series. Each composition was masked with a 50 
µm periodicity glass-chrome photomask and was mixed with 1 wt% DMPA as the 
photoinitiator. Error bars represent standard deviation (SD). 
 
 
 

For example, under the given photopolymerization conditions, a microfeature 

amplitude of 2 µm for the HMA-co-HDDMA series occur at approximately 93 s, 105 s, 

and 114 s for 20, 30, and 40 HMA wt% compositions, respectively. Accordingly, 

microfeature amplitude for all compositions was tuned by modulating UV exposure time 

based on the reaction kinetics of pre-polymer formulations to generate comparable 

micropatterns. For HMA-co-HDDMA polymers, the amplitude development profile 

shifts to higher polymerization times with decreasing crosslinker content. However, for 

the PEGDMA-co-EGDMA system, the amplitude profile, including UV exposure time at 

the maximum amplitude and the subsequent leveling off at a lower amplitude, occurs at 

much earlier polymerization times due to rapid onset of system vitrification caused by 
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polymerization of high molecular weight PEGDMA monomer. As a result, exposure 

times required to reach a microfeature target amplitude of 2 µm were much shorter than 

for the HMA-co-HDDMA system at 40 s, 74 s, and 95 s for 35, 50, and 75 wt% 

PEGDMA, respectively. It should be noted for both methacrylate systems that 2 µm 

amplitude features were targeted with UV exposure times that occurred after maximum 

amplitude exposure times. Under the given reaction conditions, polymer conversion prior 

to generation of a maximum amplitude is generally insufficient to yield mechanically 

robust surfaces for microfeature characterization or contact guidance studies. Following 

the initial cure to develop 2 µm amplitude microfeatures, all samples received a 10 min 

post-cure under the same exposure conditions but without the photomask to maximize 

methacrylate conversion within the film. 

SEM was used to confirm white light interferometry measurements and to enable 

a more detailed comparison of micropattern morphology of each methacrylate 

composition (Fig. 7.4). The temporal control of photopolymerization was utilized to 

generate identical 2 µm amplitude features for all compositions to allow simple 

comparisons of neurite behavior between systems based on material mechanical 

properties rather than on microfeature dimensions. Microfeature band spacing of ridges 

and grooves for all compositions closely matches the periodicity of transparent and 

reflective bands of the photomask with ridge-ridge spacing on the polymersurface 

occurring 50 µm apart. Furthermore, SEM cross-sectional images demonstrate that 

polymer film thickness, surface micropatterns, and feature transitions are nearly identical 

for each composition. The microfeature similarities for different polymer chemistries 

indicate that final surface morphology is strongly shaped by constraints of the 

photopolymerization including light diffraction and reactive species diffusion 

considerations. Accordingly, neurite alignment to topographic features would be 

expected to be nearly identical if only the dimensions of the physical cues, but not the 

mechanical properties of the substrate, are considered as contact guidance factors. 
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Figure 7.4. Representative top down (TD) and cross-section (CS) scanning electron 
micrographs of micropatterned polymer surfaces of each methacrylate composition. 
 
 
 

Material Surface Chemistry and Protein Adsorption 

To isolate the effect of matrix rigidity on neurite alignment to physical 

micropatterns, we first quantified HMA-co-HDDMA and PEGDMA-co-EGDMA surface 

wettability and adsorbed protein content to determine their contribution, if any, to 

differences in neural behavior (Figs. 7.5 and 7.6). Unpatterned thin films for each 
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methacrylate composition were photopolymerized using the same reaction conditions as 

outlined for micropatterned substrates. In place of a photomask, plain glass slides were 

cut to similar dimensions as the photomasks and used to enable absorption of full incident 

light intensity across the entire thin film area. Following removal of residual surface 

monomer with an ethanol wash, unpatterned polymer surface polarity was quantified by 

measuring water contact angles using a sessile drop method (Fig. 5). For the HMA-co-

HDDMA series, the surface becomes slightly more hydrophobic with increasing HMA 

content with static water contact angles of 73.8° ± 1.1, 76.7° ± 1.6, 79.2° ± 1.4 for 20, 30, 

and 40 wt% HMA, respectively. However, while the contact angle difference between the 

20 and 40 wt% HMA compositions is significant, it is unlikely that such a small absolute 

change in surface polarity, i.e. ~5° water contact angle change, would lead to significant 

differences in neural behavior on the surface. For example, endothelial and epithelial cell 

adhesion on OH, COOH, and NH2 terminated self-assembled monolayers does not 

significantly change within a 5° range, but does change significantly with larger 

differences (e.g. 20 – 80°) in surface wettability.40 Furthermore, it was illustrated that 

iridium oxide substrates with a relatively broad distribution of surface energies are 

suitable for both insect and vertebrate neuronal growth.41 

Similar to the HMA-co-HDDMA system, surface polarity does not substantially 

change across the PEGDMA-co-EGDMA series with static water contact angles of 48.3° 

± 2.9, 49.5° ± 1.8, and 49.4° ± 2.5 for 35, 50, and 65 wt% PEGDMA, respectively. While 

little to no change in surface polarity occurs for a given series, a significant difference in 

surface polarity is observed when comparing both series. The PEGDMA-co-EGDMA 

series is significantly more polar, i.e. wettable, with average static water contact angles 

~30° lower than those on the HMA-co-HDDMA series. Both polymer series have surface 

polarities that are known to support cellular adhesion and survival.42,43 The two 

platforms, therefore, provide surfaces with substantially different chemical properties but 
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identical microfeature dimensions on which to probe neurite response to material 

stiffness in relation to topographic cues. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7.5. Static water contact angle on unpatterned methacrylate substrates. Surface 
polarity increases slightly with increasing HMA concentration for the HMA-co-HDDMA 
series with a 5° difference between the 20 and 40 wt % compositions. No statistical 
difference in contact angle is observed across the PEGDMA-co-EGDMA series. The 
PEGDMA-co-EGDMA series is substantially more polar and wettable with an average 
contact angle 30° lower than the other methacrylate series (* p < 0.05 one way ANOVA, 
Dunn’s Method). Error bars represent SD. 
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In addition to substrate polarity, the amount of adsorbed laminin on each 

composition was also measured to determine its potential effects on neural outcomes 

including survival, neurite length, and neurite alignment (Fig. 7.6). Laminin is an 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.6. Laminin adsorption on methacryalte thin films. Laminin adsorption is no 
different on non-polar HMA-co-HDDMA substrates compared to polar PEGDMA-co-
EGDMA substrates. The glass control adsorbed less laminin from solution than did 
methacrylate films. (*p < 0.05 one way ANOVA, Tukey Test). Error bars represent 
standard error of the mean (SE). 
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extracellular glycoprotein that facilitates neuronal adhesion, survival and neurite 

growth.44 Glycoproteins are polypeptides, i.e. proteins, that have covalently attached 

oligosaccharide side chains. A complex variety of pendant groups populate the main 

polypeptide chain which include aliphatic, polar, and charged groups for electrostatic 

interactions at neutral pH. Pendant surface moieties largely determine interfacial 

interactions with material surfaces which can vary based on material chemical 

properties.45 However, even with the substantial disparity in surface polarity between the 

two methacrylate platforms, no significant difference in the concentration of adsorbed 

laminin is observed. Furthermore, adsorbed protein content for each composition across a 

given series is also nearly identical.  

Protein adsorption on varied thin film compositions is likely similar for several 

reasons. For example, both surface types are moderately wettable, i.e. 40 – 70° water 

contact angle, so it is probable that sufficient protein-surface interactions occur with 

either series to facilitate adhesion. Additionally, while the surface polarity between the 

two series is substantially different, the functional groups presented by each material are 

quite similar. Both series present aliphatic backbones of polymer chains that make up the 

crosslinked network along with polar ester bonds from polymerizable methacrylate 

groups. The main difference in polarity between the two series is due to the presence of 

repeating polar ether bonds between crosslinks in the PEGDMA-co-EGDMA platform. 

Approximately ten percent of the laminin in solution remains adsorbed to micropatterned 

methacrylate platforms following rinsing steps which is similar to but slightly higher than 

the amount adsorbed on the glass control. The increase is likely due to greater 

hydrophobic interactions between the protein and the polymer surface compared to the 

interactions with a highly polar glass substrate. Laminin function is not compromised 

following surface adsorption as verified by the healthy outcomes of dissociated neuronal 

cultures on each composition indicating active surface protein. With little to no change in 

surface polarity across either series, and because adsorbed functional laminin content for 
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each composition is similar, a more direct comparison of stiffness effects on neurite 

alignment to physical features can be realized. 

 

SGN Survival and Neurite Length on MA Platforms 

Dissociated SGNs were cultured on a series of methacrylate substrates with varied 

matrix stiffness in the MPa to GPa range to compare neuronal and process behavior. 

Matrix stiffness is modulated by varying crosslink density by either increasing 

crosslinker concentration in the HMA-co-HDDMA series or by tuning spacing between 

crosslinks based on high molecular weight monomer concentration in the PEGDMA-co-

EGDMA series. As an initial comparison of neural behavior, SGN survival was 

quantified on a tissue culture plastic (TCP) control and on each micropatterned 

methacrylate thin film composition (Fig. 7.7). The TCP control and polymer substrates 

were coated with poly-L-ornithine and laminin to facilitate neuronal adhesion. For both 

TCP and unpatterned methacrylate polymers, de novo neurite growth extended randomly 

across the substrate surface (Fig 7.7A-C). SGN survival on micropatterned methacrylate 

substrates is comparable to survival on the TCP control. Furthermore, SGN survival is 

not significantly different on HMA-co-HDDMA compared to PEGDMA-co-EGDMA 

substrates or between substrates of the same series but with varied matrix stiffness (Fig. 

7.7 D). Similar survival and culture behavior outcomes for SGNs on each methacrylate 

composition facilitate comparisons of neural behaviors, including neurite length and 

alignment in response to physical cues, without potential complications in accounting for 

unhealthy neurons or irregular morphologies. No trend or correlation is observed between 

SGN survival and methacrylate matrix rigidity under the range of stiffness studied. 

To further compare neurite behavior in response to varied matrix stiffness, SGN 

neurite length was quantified from dissociated neuronal populations cultured on 

micropatterned polymers for each methacrylate composition (Fig. 7.8). Comparable 

microfeature spacing and depth is developed for each methacrylate composition using the 
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spatio-temporal control of photopolymerization. Specifically, feature spacing is 

controlled by photomasking the pre-polymer formulation during UV exposure. All  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.7. SGN survival on unpatterned TCP and methacrylate thin films. A-C) 
Immunofluorescent images of de novo neurite growth from dissociated SGNs illustrate 
random neurite outgrowth on unpatterned TCP (A) and on unpatterned HMA-co-
HDDMA (B), and PEGDMA-co-EGDMA (C) films. No significant difference in SGN 
survival is observed when cultured on HMA-co-HDDMA substrates compared to 
PEGDMA-co-EGDMA substrates. SGN survival on polymer substrates is also similar to 
survival on a tissue culture plastic (TCP) control (p = 0.125, one way ANOVA). Error 
bars represent SE. 

 
 
 



www.manaraa.com

226 
 

 

compositions were selectively blocked with photomasks that had repeating 25 µm 

reflective – 25 µm transmissive bands, or a 50 µm periodicity. The widths of 

photopolymerized microfeatures for all compositions closely match photomask band  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8. SGN neurite length on micropattered methacrylate thin films. Neurite length 
is significantly shorter on PEGDMA-co-EGDMA substrates compared to HMA-co-
HDDMA substrates. The average difference in length between the two series is 40 µm. 
No significant difference in neurite length is observed between the TCP control and 
polymer substrates (*p < 0.05, one way ANOVA, Dunn’s Method). Error bars represent 
SE. 
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spacing as observed by interferometry and SEM. The temporal control of 

photopolymerization was utilized to generate identical 2 µm amplitude features for all 

compositions to allow simple comparisons of neurite behavior between systems based on 

material mechanical properties rather than on microfeature dimensions. 

Similar to neuronal survival, no significant difference is observed between neurite 

length on TCP compared to neurite length on each polymer composition. SGN survival 

and neurite length results further illustrate that the photopolymerized methacrylate 

platforms are amenable to neuronal cultures and that no substantial deviations from 

typical dissociated SGN culture behavior occur. Furthermore, neurite length on varied 

compositions of a given series are also similar indicating that matrix rigidity does not 

significantly influence the rate of neurite outgrowth, at least for the range of stiffness 

studied. 

Other studies have reported differences in neurite length based on mechanical 

properties of the culture material in certain stiffness ranges. For example, neurites from 

PC12 cells are longer on stiff PDMS substrates (1.72 MPa) compared to soft substrates (5 

kPa) during the first five days of culture.46 On the other hand, dorsal root ganglia grow 

longer neurites in very soft (0.5 kPa) elastin-like polypeptide hydrogels compared to 

stiffer (2 kPa) gels.47 Furthermore, neurite outgrowth is longer from neuroblast Neuroa-

2A cells on stiff matrices (800 kPa) compared to softer substrates (200 kPa).48  However, 

each of these studies examines neural response to materials that are orders of magnitude 

less rigid, i.e. kPa range, than those examined here. Neurite length may not be 

significantly influenced after reaching a certain threshold of material stiffness.49 

Additionally, neurite length response to matrix stiffness may also be dependent on 

neuronal type. 

While no substantial difference in neurite length is observed between the TCP 

control and either methacrylate series, neurite length is significantly different when 

directly comparing both polymer platforms. On average, neurites are approximately 40 
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µm longer on the HMA-co-HDDMA substrates compared to PEGDMA-co-EGDMA 

substrates when maintained under the same culture conditions for the same length of 

time. Neurite length differences can likely be attributed to increased interactions of 

advancing neural growth cones on PEGDMA-co-EGDMA polymers compared to the 

HMA-co-HDDMA series. Because the two polymer series have significantly different 

surface polarity it is possible that laminin, while adsorbing at similar surface 

concentrations (Fig. 7.6), is presented in a more favorable orientation for trans-membrane 

receptor binding which increases neurite-substrate interactions and may slow outgrowth. 

Alternatively, changes in ECM organization and cell membrane response to material 

surface energy alone may be sufficient cause for the observed difference in neurite 

length. 

  

Neurite Alignment on Patterns with Varied Matrix Rigidity 

To determine the effect of rigid matrix stiffness on neurite alignment to physical 

cues, the crosslink density of each methacrylate platform was modulated while 

microfeature periodicity and amplitude were maintained across each composition. For the 

HMA-co-HDDMA series, matrix stiffness increased by raising the concentration of the 

dimethacrylate monomer – HDDMA – which increases the crosslink density of the 

network (Fig. 7.9A). However, increasing the concentration of the diene also increases 

the polymerization rate and leads to faster onset of gelation which alters microfeature 

formation time. Accordingly, UV exposure time must be adjusted to enable targeting of 

specific microfeature amplitudes for each composition (see Fig. 7.3). Following the 

photomasked exposure and subsequent ethanol wash, all micropatterned samples were 

treated with a 10 min post cure to maximize double bond conversion under the given 

reaction conditions. While maintaining equivalent microfeature spacing and amplitude 

for each HMA-co-HDDMA composition, SGN neurite alignment to micropattern features  
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Figure 7.9. Modulus and SGN neurite alignment on the HMA-co-HDDMA series. A) 
Material modulus significantly increases with increasing crosslinker concentration (*p < 
0.05 one way ANOVA, Tukey Test). Error bars represent SD. B) SGN neurite alignment 
on micropatterned HMA-co-HDDMA substrates. Neurite alignment significantly 
increases (i.e. alignment ratio TL/AL decreases) with increasing substrate stiffness (*p < 
0.05 one way ANOVA, Dunn’s Method). C) Representative immunofluorescent image of 
SGN neurite growth on micropatterned HMA-co-HDDMA polymers. Neurite outgrowth 
orients to the pattern direction which is set horizontally during alignment measurement. 
Error bars represent SE. The micropattern for each composition has a 50 µm periodicity 
and a 2 µm amplitude.  
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significantly increases with increasing matrix stiffness (Fig. 7.9B). Specifically, 

micropattern periodicity and amplitude were tuned to 50 µm and 2 µm respectively using 

the spatial and temporal control inherent to photopolymerization. Furthermore, 

topographic features for each polymer composition, including feature transitions, were 

demonstrated by SEM to be nearly identical for both methacrylate series (Fig. 7.4). 

Modulation of photopolymerization parameters to precisely tune topographic features for 

each composition enables direct comparison of neurite contact guidance behavior based 

on material mechanical properites. Neurite alignment ratios (TL/AL) approaching unity 

indicate substantial alignment to the pattern direction along the entire length of the 

neurite while higher ratios are indicative of greater wandering or random growth. For an 

average neurite that is 225 µm in length for the HMA-co-HDDMA series, the neurite 

would travel an extra 30 µm of unaligned distance, i.e. outgrowth that is not in the 

direction of the micropattern features, on the softest substrate with an alignment ratio of 

1.32 compared to the stiffest substrate with a neurite alignment ratio of 1.18.  

Because both monomers in the PEGDMA-co-EGDMA system undergo 

crosslinking reactions, tuning of matrix stiffness is realized by modulating the ratio of the 

high molecular weight PEGDMA monomer relative to the low molecular weight 

EGDMA monomer (Fig. 7.10A). EGDMA has the same structure as the larger PEGDMA 

monomer but has only one ethylene glycol repeat unit whereas PEGDMA monomer used 

for this study has ten repeat units on average. With more flexible ether repeat units 

between polymerizable moieties, i.e. methacryaltes, there are fewer crosslinks per unit 

volume which significantly reduces the material modulus. Material modulus for the 

PEGDMA-co-EGDMA system ranged from a maximum of 1901 ± 97 MPa to a 

minimum of 649 ± 35 MPa for 35 and 75 wt% PEGDMA compositions, respectively. 

Again, though microfeatures were maintained at equivalent periodicity and amplitude for 

each composition based on the spatio-temporal reaction control afforded by 
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photopolymerization, SGN neurite alignment is substantially improved on the stiffest 

substrate compared to the softest substrate (Fig 7.10B). 

For many biomaterial applications that consider matrix stiffness, it is often 

deemed ideal to match the material modulus to that of the native tissue.50-54 This 

approach is particularly appropriate for tissue engineering applications which aim to 

develop scaffolds that enable regeneration of healthy and functional tissue. For example, 

isolated embryonic cardiomyocytes are shown to overstrain and stop beating on rigid 

substrates, beat but do little work on soft materials, and optimally striate and transmit 

contractile work on substrates that match the stiffness of native matrices.52 Potential stem 

cell treatments are also substantially affected by material mechanical properties as their 

lineage-specific differentiation has been repeatedly linked to matrix stiffness.55-60 Further, 

load bearing applications such as cartilage tissue engineering require appropriate 

mechanical properties, i.e. similar to previously lost or damaged tissue, for successful 

mechanical function and integration.53,61 However, our results demonstrate that some 

biomaterial applications, such as promoting spatial organization of de novo neurite 

growth, require careful consideration of material mechanical property effects on cellular 

behavior even when the material modulus is several orders of magnitude removed from 

native matrix stiffness of the target tissue. Part of the physical and biomechanical signals 

presented to neural growth cones during development and regeneration following injury 

likely include interactions with high modulus native matrices of bone, i.e. GPa range, or 

other dense connective tissues that are crucial to formation of spatially organized neural 

networks.62,63 For example, SGN growth cones extend through the bony modiolus and 

along the osseous spiral lamina to reach the organ of Corti. While the exact mechanisms 

by which different cell types integrate biophysical cues remain unknown, it is evident that 

SGN neurites sense matrix stiffness on materials that are much more rigid than central 

neural environments (e.g. brain or spinal cord) and that their alignment to biophysical 

cues substantially changes based on substrate rigidity.64-66 
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Figure 7.10. Modulus and SGN neurite alignment on PEGDMA-co-EGDMA series. A) 
Material modulus significantly decreases with increasing large PEGDMA monomer 
content (*p < 0.05 one way ANOVA, Tukey Test). Error bars represent SD. B) SGN 
neurite alignment on micropatterned PEGDMA-co-EGDMA substrates. Neurite 
alignment significantly increases (i.e. alignment ratio TL/AL decreases) with increasing 
substrate stiffness (*p < 0.05 one way ANOVA, Dunn’s Method). C) Representative 
immunofluorescent image of SGN neurite growth on micropatterned PEGDMA-co-
EGDMA polymers. Neurite outgrowth orients to the pattern direction which is set 
horizontally during alignment measurement. Error bars represent SE. The micropattern 
for each composition has a 50 µm periodicity and a 2 µm amplitude. 
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Conclusions 

 

This work illustrates that neurite alignment to physical micropatterns is 

significantly affected by the matrix stiffness of the underlying network. Specifically, for 

both the non-polar HMA-co-HDDMA and polar PEGDMA-co-EGDMA series, SGN 

neurite alignment significantly increases with increasing material stiffness. Interestingly, 

neurites respond to changes in matrix stiffness that are orders of magnitude higher than 

what is reported for tissue stiffness in a native neural environment. SGN survival is 

comparable on both methacrylate series but neurite length is significantly shorter on the 

polar PEGDMA-co-EGDMA substrates. Furthermore, photopolymerization is 

demonstrated as a powerful tool to fabricate readily tunable microfeatures across a 

variety of methacrylate compositions based on the spatial and temporal control of UV 

curing. Our results add to efforts aimed to enhance neural prosthetic performance by 

improving spatial signaling resolution and are also applicable to neural pathfinding and 

cell-material interaction applications. 
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CHAPTER 8 
 
 

BIOCHEMCAL BORDER CHALLENGES TO NEURITE  
 

ALIGNMENT ON PHOTOPOLYMERIZED PHYSICAL MICROPATTERNS  
 
 

Developing neurites must respond to a variety of biophysical and biochemical 

cues in their micro-environment or niche to reach target cells for meaningful synapse. 

Utilizing both types of cues to precisely direct de novo neurite growth to specific 

electrodes of a neural prosthesis may improve neural tissue integration and significantly 

improve device performance. In this work, bioactive chemical borders are established on 

photopolymerized physical microfeatures to determine the strength of physical cues when 

neural growth cones are presented with conflicting cues. Physical micropatterns are 

fabricated using the photomasking techniques to spatially control photoinitation events of 

the polymerization. Temporal control of the reaction is utilized to form microfeatures 

with the same amplitude across a range of feature frequencies or periodicities. Spiral 

ganglion neuron (SGN) and trigeminal neuron (TGN) neurites serve as neural process 

models. Neurite behavior is measured at biochemical borders as cross, turn, stop, or repel 

events. Both the chemical borders and the physical patterns are shown to significantly 

affect neurite outgrowth. Importantly, physical cues are illustrated to dominate neurite 

trajectory at sufficiently high micropattern feature frequencies. Designing prosthesis 

interfaces with physical cues that induce spatially organized neurite outgrowth even in 

the presence of conflicting biochemical cues will likely be necessary for in vivo 

applications with inherent biochemical signaling. 
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Introduction 

 

Neural sensory prostheses, such as the successful cochlear implant (CI) and the 

developing retinal implant, are designed to meaningfully interact with the nervous system 

to replace or substantially augment lost sensory function. Sensory simulation is achieved 

through use of an artificial sensor, i.e. microphone for auditory loss and cameras for 

visual impairment, followed by direct electrical stimulation of remaining healthy nerve 

cells by an electrode array.1,2 The firing pattern of the prosthesis electrode array is 

controlled by computer algorithms to selectively modulate nervous system stimulation 

which alters the final signal transmitted to the brain.  

While current neural prostheses provide rudimentary sensory information, such as 

basic audio or visual perception, their performance is substantially limited by poor 

integration with the target neural tissue.1,3 In particular, sensory neural prostheses are 

constrained to providing few effective signal channels due to spatial resolution 

limitations which prevent precise stimulation of specific neural populations. For example, 

electrical current spread in the cochlea results in non-specific excitation of inner ear 

spiral ganglion neurons (SGNs) and limits tonal information provided by the CI 

prosthesis.2 Limited tonal simulation results in poor audio performance in environments 

with noise and poor music perception.4-6 Current CI electrode arrays lie in the scala 

tympani and stimulate the SGN cell bodies or central fibers within the modiolus. The 

distance between the stimulating electrodes and the neurons that they activate results in 

stimulation of SGNs over a broad frequency range and significant interaction of adjacent 

channels.4,7,8 Though current CIs have up to 24 distinct electrodes, a maximum of only 8 

effective or perceptual channels are achieved with current CI technology.9  Thus, the tone 

dependent, or tonotopic, spatial organization inherent to the auditory system is poorly 

exploited by the implant and limits patient auditory performance.10,11 Accordingly, 

increasing the number of effective signal channels provided by the prosthesis would 
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substantially improve auditory performance outcomes for CI users as the device would 

make better use of the tonotopic spatial organization within the cochlea.  

To improve tissue integration and enhance the stimulatory specificity of neural 

prostheses, there is lively interest in developing methods to promote regrowth of the 

sensory neurites into close proximity, or even contact, with the stimulating electrodes.5,12-

16 Precisely directing neurites to specific electrodes in this manner would substantially 

increase the number of available perceptual signal channels, which would greatly 

enhance device performance and improve user experience.1,2,16 To be useful, neurite 

outgrowth must preserve the precise spatial organization of the nervous system such as 

the tonotopic neural organization in the cochlea.17-19 To meaningfully direct neural 

processes, biomaterials scientists and biomedical engineers have designed or modified 

materials with chemical or physical micro and nanoscale patterning that guide neurite 

outgrowth. For example, diode lasers were used to covalently bind a fluorophore 

conjugated-biotin and laminin binding sequence to a planar surface with high resolution 

spatial control to direct dorsal root ganglion neurite outgrowth.20,21 Microcontact printing 

was used to biofunctinoalize polystyrene, glass, and silicon-oxide surfaces with the 

oligopeptide binding sequence of laminin to spatially direct the formation of hippocampal 

neuronal networks.22   

Because favorable cellular interactions at the interface between a biological 

system and a material often require location specific signaling, photo-dependent 

processes such as photolithography and photopolymerization are increasingly exploited 

in biomaterial and tissue engineering studies and device fabrication due to their inherent 

spatial control.23-26 Utilizing the reaction control afforded by photo-initiation, our labs 

previously demonstrated that SGN neurites are directed by photopolymerized 

microtopographic features and that the extent of neurite alignment strongly correlates 

with physical feature transitional slope.27,28 Furthermore, the consistency of SGN neural-

pathfinding to microfeatures of specific dimensions was shown to depend on pattern 
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complexity.29 In addition to physical surface features, SGN neurite alignment to induced 

topographies is modulated by the matrix stiffness of the synthetic biomaterial. 

While significant progress has been made to induce de novo neurite outgrowth 

from remaining SGNs following deafness, meaningfully directing neural process 

extension in vivo remains a significant obstacle to the proximate growth strategy for 

improved prosthesis performance.17,19,30,31 During tissue formation, development, and 

regeneration, cells – including neurons and their extending neurites – encounter and must 

respond to a complex milieu of biochemical and biophysical signals in their surrounding 

microenvironment.32-38 Because chemical or physical cues in the native environment may 

induce counterproductive neural outgrowth, it may be necessary to design guidance cues 

that overcome conflicting directional signals.  

Accordingly, in this work, SGN neural process alignment is evaluated on 

photopatterned materials that are modified with distinct biochemical cues and borders. 

Neurite alignment and behavior is evaluated at the dynamic biochemical border to 

determine physical guidance cues that dominate neural process directional growth 

outcomes. Dissociated SGNs and trigeminal neurons (TGNs) were cultured on 

photopolymerized micropattern substrates coated with two species of bioactive molecules 

and neurite outgrowth and pathfinding behavior is characterized at the biochemical 

border between the species. Bioactive species utilized in the work include: laminin, an 

integrin binding glycoprotein that facilitates neuronal adhesion and process outgrowth; 

tenascin-C (TnC), an adhesion modulating glycoprotein that can modify cellular adhesion 

by binding molecules of a cell’s extra cellular matrix; and EphA4 which is a protein 

kinase important in cell adhesion and migration as well as in neurite guidance. The 

adsorbed biochemicals form a distinct border across each sample and neurite alignment is 

characterized at the border as cross, stop, turn, and repel behavior. SGN neurites readily 

cross from EphA4-Fc coated regions to laminin coated areas on all pattern types, but the 

extent of crossing for a given neuronal population significantly increases with increasing 
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feature frequency. Neurites from SGNs and TGNs are also observed to cross a laminin-

TnC biochemical border when confronted with sufficiently strong physical guidance 

cues. However, the border between laminin and TnC generally serves as a repulsive cue 

that neurites do not readily cross on wider feature spacings. Importantly, biochemical 

directional cues are shown to be readily overcome when physical guidance cues are 

designed to have sufficiently narrow spacing at a given amplitude of 1.5 µm. Designing 

prosthesis interfaces with physical cues that induce spatially organized neurite outgrowth 

even in the presence of conflicting biochemical cues will likely be necessary for in vivo 

applications with inherent biochemical signaling. 

 

Experimental 

 

Physical Patterns for Biochemical Border Studies 

Methacrylate thin films were polymerized on functionalized glass slides to 

prevent polymer delamination and facilitate cellular microscopy studies. Standard 

microscope glass slides (2.54 cm x 7.62 cm x 0.1 cm) were functionalized with the silane 

coupling agent 3-(trimethoxysilyl)propyl methacrylate (Aldrich). Prior to treatment with 

the coupling agent, slides were first cleaned and oxidized with O2 plasma for 3 min at 30 

W RF power (PDC-001 Harrick Plasma Expanded Cleaner, Ithaca, NY) while under 300 

mTorr vacuum. Following removal from the plasma chamber, slides were immersed in a 

1/100 v/v solution of the silane coupling agent and n-hexane (Aldrich) overnight in a 

covered container at room temperature (~21°C). Each slide was then rinsed with fresh 

hexanes and dried in the fume hood before being placed in a sealed container. 

Functionalized slides were used immediately as a substrate for polymerization.   

All mixtures of hexyl methacrylate (HMA, Aldrich) with 1,6-hexanediol 

dimethacylate (HDDMA, Aldrich) and were prepared with 1 wt% of 2,2-dimethoxy-2- 

phenylacetophenone (DMPA, BASF) as the photoinitiator. Copolymer compositions are 



www.manaraa.com

245 
 

 

represented as whole numbers (e.g. 40/60, 50/50) but each polymer fraction is 0.5 wt% 

less to account for the photoinitiator. 20 µL of pre-polymer solutions were pipetted onto 

the center of a functionalized slide then covered with a 2.54 cm x 2.54 cm x 0.1 cm glass-

chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) for parallel patterns 

or with a cut untreated glass slide of the same dimensions for unpatterned samples. 

Capillary forces caused the formulations to spread evenly under the photomasks. 

Photopolymerization was carried out with a high-pressure mercury vapor arc lamp 

(Omnicure S1500, Lumen Dynamics, Ontario, Canada) at a 365 nm light intensity of 16 

mW/cm2. The curing module was equipped with an 8 mm aperture x 50 mm length beam 

homogenizing fused silica light pipe (Edmund Optics) and a collimating lens (RLQ-1, 

Asahi Spectra). Light intensity was measured with a Cole-Parmer Series 9811 

radiometer. Microfeature amplitude was tuned by shuttering UV radiation at specific 

times thereby preventing further initiation events and resulting in rapid termination of the 

polymerization. Following the set exposure time, the photomask was removed from the 

polymer and the sample was washed with 95% ethanol to remove residual surface 

monomer. Rinsed samples were then post-cured for 10 min under the same light source 

and intensity without the photomask and under ambient conditions to maximize monomer 

conversion without reducing surface channel amplitude due to trough back-filling. 

 

Physical Micropattern Characterization 

Micropattern feature spacing and depth were measured by white light 

interferometry (Dektak Wyko 1100 Optical Profiling System, Veeco). Feature amplitude 

was measured as the difference between a maximum ridge value and an adjacent 

minimum groove value. For each composition and exposure time, average feature height 

was determined by measuring channel amplitude in nine different areas across the surface 

(n ≥ 3). Feature spacing or periodicity was measured as the distance between the highest 

points on adjacent ridges and was consistent with photomask band spacing. 
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Measurements and 3D images were generated using Vision software associated with the 

instrument.   

Micropattern morphology of each composition was further characterized by 

scanning electron microscopy (SEM, S-4800, Hitachi). Conductive silver paint was 

applied to the bottom of glass substrates modified with micropattered methacrylate thin 

films for mounting on aluminum SEM stubs to acquire top-down images. For cross-

sectional images, a glass etcher was used to etch the sample on the side opposite the thin 

polymer film and patterned polymers were then fractured and mounted vertically on 

specimen stages. The SEM specimen stage was rotated using automated stage and 

software controls. Each polymer surface was sputter coated with gold prior to 

examination by SEM. Electron accelerating voltage was set at 2 kV. 

 

SGN and TGN Culture 

Polymer substrates attached to glass slides were sterilized with 70% ethanol and 

UV irradiation and air-dried in a culture hood. Micropatterned surfaces were then coated 

sequentially with poly-L-ornithine (100 μg/ml) at room temperature and laminin (20 

μg/ml) at 4 °C overnight. The following day, dissociated spiral ganglion (SG) cultures 

from P3-6 rat pups were prepared as previously described.39,40 Dissociated cultures were 

plated with equal volumes of the cell suspension and maintained in a humidified 

incubator with 6.5% CO2  for 48 hrs. The cultures were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with N2 additives, insulin, 5% fetal 

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

(BDNF, 50 ng/ml).  

SGN cultures were fixed with 4% paraformaldehyde at 4 °C for 20 min, 

permeabilized and blocked with 5% goat serum, 2% BSA, 0.1% Triton X in phosphate 

buffered saline (PBS), and immunostained with anti-neurofilament 200 (NF200) 

antibodies (1:400, Sigma-Aldrich) at 37 °C for 2 hrs, as previously described.39 Alexa 
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488 conjugated secondary antibody (1:800, Invitrogen) was used to detect the primary 

antibody immunolabeling at room temperature for 1 hr. Slides were treated with ProLong 

Gold anti-fading reagent with DAPI (Life Technology) and sealed with nitrocellulose. 

Digital epifluoresencent images were captured of the entire polymer surface using the 

scan slide application of Metamorph software (Molecular Devices, Silicon Valley, CA) 

on a Leica DMIRE2 microscope (Leica Microsystem, Bannockburn, IL) with a Leica 

DFC350FX digital camera.  

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

previously described39,41. Trigeminal ganglion neuron (TGN) cultures were prepared by 

modification of the SG culture method. Briefly, pooled TG from P3-5 rat pups were 

dissociated with 0.125% trypsin and 0.1% collagenase for 45 min at 37oC, followed by 

gentle trituration through fire-polished glass pipettes.   

 

Measurement of Neurite Behavior at Biochemical Borders  

To characterize SGN and TGN neural outgrowth at biochemical borders, neurite 

responses were categorized into four distinct behaviors: cross, turn/parallel, repel, and 

stop. Neurites that extend greater than 10 µm past the border after approaching it from 

the opposite side are scored as a cross (Fig 8.2A). Processes that reach and then 

subsequently reorient to align with the direction of the border are scored as turn/parallel 

(Fig. 8.2A). A neurite is scored as repel if it reaches the border and reverses back in the 

same direction, and as stop if it does not cross, turn, or repel after encountering the 

biochemical border 

 

Statistics 

Statistical analysis was performed using SigmaStat 3.5 software (Systat Software, 

Chicago, IL). Groups were compared by performing a one-way ANOVA followed by a 
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post hoc Kruskal-Wallis analysis of variance on ranks and a Dunn’s Method or Tukey 

Test multiple comparison procedure.  Results are statistically significant if p < 0.05. 

 

Results and Discussion 

 

Biochemical Borders on Micropatterned Polymers 

To determine topographic feature dimensions that overcome contrary biochemical 

signaling, and to investigate the role of bioactive adhesion molecules on neurite 

alignment to physical micropatterns, biochemical borders of laminin, EphA4, and 

tenascin C were developed on photopolymerized topographies (Fig 8.1). Our labs 

previously demonstrated photopolymerization as an effective method to fabricate and 

tune topographic guidance cues appropriate for neural process contact guidance.27-29  

Specifically, pre-polymer formulations are exposed to UV light through a photomask. 

The formulations contain low concentrations of photoinitiator that absorbs UV light and 

subsequently undergoes photolytic cleavage to generate reactive free radical species. 

Radicals then react with methacrylate monomers, which are the precursor repeat units of 

the polymer chains. After reacting with a methacrylate monomer, the reaction propagates 

by continuously adding monomer units to form large polymer chains as well as crosslinks 

between chains resulting in a solid macromolecular network. 

Selectively exposing the pre-polymer formulation to UV irradiance through a 

photomask inhibits local initiation events which slows polymerization rates beneath 

reflective bands of the mask. Consequently, raised features develop beneath transparent 

bands and surface depression form beneath reflective bands yielding a globally patterned 

substrate useful for cell-material interaction studies. For these studies, a photomask with 

parallel reflective and transparent bands was used to generate anisotropic ridge-groove 

topography to orient spiral ganglion neuron (SGN) and trigeminal neuron (TGN) neurite 

outgrowth. Feature repeat frequency, or periodicity, is controlled by the band spacing of 
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the photomask. Parallel micropattern periodicity is defined as the distance between repeat 

bands on the photomask, e.g. the start of one reflective band to the start of the next.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1. Fluorescence images of biochemical borders on unpatterned and 
micropatterned HMA-co-HDDMA polymers. Shown are chemical borders of laminin 
(red) and ephrin A4 (green) on unpatterned (A) and micropatterned (B) substrates, and of 
laminin (red) and tenascin C (no stain) on unpatterned (C) and micropatterned (D) 
substrates. The represented micropatterns have dimensions of 50 µm periodicity and 1.5 
µm amplitude (B) and 20 µm periodicity and 1.5 µm amplitude (D). Borders were 
established by placing coverslips adjacently over respective protein solutions on polymer 
substrates. The yellow line in (A) and (B) is an artefact from mixed fluorescence at the 
border. 
 
 
 

While feature periodicity is altered by photomask band spacing, feature depth or 

amplitude is precisely controlled on the micro- and nano-scale by modulation of 

photopolymerization parameters.28 Because of light diffraction and reactive species 
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diffusion constraints, surface feature amplitude varies at a given irradiance exposure time 

for each periodicity. Accordingly, the temporal control of the photoinitation event that is 

achieved by simple shuttering of the UV light source was used to generate 1.5 ± 0.2 µm 

amplitude features for each pattern periodicity. Unpatterned controls are generated by 

exposing photopolymer formulations to UV light beneath glass slides cut in the same 

dimensions as the photomask but devoid of reflective chrome plating. 

Following the generation of unpatterned or micropatterned methacrylate thin-

films, adsorbed biochemical borders are created on the surface to investigate their role in 

neurite pathfinding on physical guidance cues. To create biochemical borders, equal 

volumes of solutions with different bioactive species, e.g. one solution containing laminin 

and the other containing EphA4, are separately deposited on a methacrylate polymer 

surface. A glass coverslip for each solution is placed on the dispensed volume in such a 

way as to cover half of the polymer film while aligning adjacently to the other coverslip. 

Bioactive species solutions subsequently spread across the surface due to capillary forces 

between the glass coverslip and the methacrylate thin-film. A portion of the solubilized 

biochemical concentration from the solution remains adsorbed to photopolymer 

substrates following multiple wash steps as evidenced by immunofluorescence 

microscopy (Fig 8.1). Only a slight bleed was observed between coverslips for a given 

bioactive species indicating that the advancing growth cone of a neural process 

encounters a true chemical border rather than a gradient transition between the two 

bioactive species (Figs 8.1A,B). The adhesion modulating bioactive molecules used in 

this study all adsorb readily to unpatterned methacrylate films and also evenly coat 

photopatterned topography (Fig 8.1B,D).   

To characterize SGN and TGN neural outgrowth at biochemical borders, neurite 

responses were categorized into four distinct behaviors: cross, turn/parallel, repel, and 

stop (Fig. 8.2). Neurites that extend greater than 10 µm past the border after approaching 

it from the opposite side are scored as a cross (Fig 8.2A). Processes that reach and then 
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subsequently reorient to align with the direction of the border are scored as turn/parallel 

(Fig. 8.2A). Interestingly, neurites which grow parallel to the border in this manner must 

continue to cross multiple physical guidance cues oriented perpendicularly to the 

biochemical border. A neurite is scored as repel if it reaches the border and reverses back 

in the same direction, and as stop if it does not cross, turn, or repel after encountering the 

biochemical border (Fig 8.2) Previous work with photopolymerized micropatterns shows 

strong neurite alignment on features that are sufficiently steep.28 In this study, a relatively 

shallow feature amplitude of 1.5 µm was chosen as it would induce aligned neurite 

growth but still allow for neural process directional changes upon the encounter of 

biochemical signaling. Specifically, the physical neurite guidance stimulus is designed to 

be sufficiently weak to prevent masking of the influence that bioactive species have on 

neurite alignment to the micropatterns. 
 
 
 

 
 

Figure 8.2. Immunofluorescence images of TGNs on photopolymerized methacrylate 
polymers. The images represent neurite behaviors quantified at biochemical borders on 
micropatterned substates. A-C) Neurite cross, turn/parallel (A), repel (B), and stop (C) 
behaviors are shown. The biochemical border between laminin and tenascin C is 
represented as a yellow dashed line. Regions coated with laminin and tenascin C are 
demarcated with a yellow L and T, respectively. Dissociated TGNs are stained with 
fluorescent anti-NF200 antibody (red). Immunofluorescence of adsorbed biochemical is 
not shown to facilitate identification of neurite behavior. The pattern for each image is set 
horizontally and has a periodicity of 20 µm and a channel amplitude of 1.5 µm. 
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SGN Neurite Behavior at Laminin-EphA4 Borders 

To investigate the role of adhesion modulating biomolecules on neurite guidance, 

dissociated SGNs were cultured on unpatterned and micropatterned thin-films that were 

coated with laminin and EphA4 (Fig 8.3). The temporal and spatial control of 

photopolymerization were utilized to generate micropatterns that have a channel 

amplitude of 1.5 µm and a periodicity ranging from 10 to 50 µm based on photomask 

band spacing. Micropatterned HMA-co-HDDMA was subsequently coated with laminin 

on one half of the substrate and with EphA4 on the other half using the coverslip method 

previously discussed. Laminin is an extra cellular matrix (ECM) glycoprotein present in 

all connective tissue of the body that facilitates cellular adhesion by binding to trans-

membrane integrins which anchor the cell to its surface.42-44 EphA4 is expressed in the 

developing cochlea and has been identified as a chemo-repulsive signal to SGN neurite 

outgrowth unless expression of the adhesion mediating ephrin-B2 and –B3 is inhibited.45 

The expression of EphA4 is greatest from cells along the osseous spiral lamina which is 

significant as SGN neurites must pass this through this region to provide afferent 

innervation of hair cells in the organ of Corti.46,47 Due to the significant influence of 

EphA4 on de novo SGN neurite growth, it is important to understand how it affects 

neurite alignment to physical cues as both types of signals are likely involved in inner ear 

histogenesis. Furthermore, understanding its effects on neurite alignment to topographical 

guidance may enable the use of EphA4 in patterning applications that direct the 

development of neural networks or spatially organize neural process outgrowth to 

improve tissue integration of neural prostheses. It may also be advantageous to identify 

topographic features that overcome repulsive biochemical cues in the native neural niche 

to prevent problematic disruption of spatially directed neurite growth.  

After coating the photopolymerized micropattern polymers with both laminin and 

EphA4, dissociated SGNs were cultured on the substrate surface for 72 hrs in 

neurotrophic media. SGNs were stained with fluorescent NF200 antibody to enable 
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characterization of outgrowth behavior at the biochemical border between laminin and 

EphA4 for both unpatterned and micropatterned polymers. SGN neurite outgrowth on 

unpatterned substrates extends randomly on both laminin and EphA4 coated regions (Fig 

8.3A). Though EphA4 has previously been identified as a repulsive cue, dissociated 

SGNs cultured solely on the EphA4 coated region displayed robust in vitro culture 

behavior and neurite outgrowth with no obvious visual differences between SGNs 

cultured on the laminin coated region. In contrast to wandering SGN neurite growth on 

unpatterned substrates, neural processes strongly aligned to parallel ridge-groove 

topographies generated by photopolymerization with the greatest alignment occurring on 

patterns with the narrowest feature spacing, i.e. low periodicity (Fig 8.3B,C). 

SGN neurites that originate on the laminin coated side and encounter the laminin-

EphA4 border on unpatterned polymers extend across the border to the EphA4 side only 

31% of the time demonstrating the chemo-repulsive influence of EphA4(Fig 8.3D). The 

proportion of neurites crossing from the laminin coated to EphA4 coated regions 

increases significantly when SGNs are presented with mild physical guidance cues. 

Speicifically, when SGNs are cultured on 50 µm periodicity and 1.5 µm amplitude 

parallel ridge-groove patterns the neurites are induced to cross the biochemical border to 

the EphA4 side 20% more often than on the unpatterned substrates with a frequency of 

nearly 50%. It should be noted that the aspect ratio, i.e. height divided by width, of the 50 

µm periodicity pattern is extremely low indicating that de novo neurite growth is quite 

sensitive to even subtle changes in surface topography. A slight increase in biochemical 

border crossing is observed when using increasingly narrow features with both 33 µm 

and 20 µm periodicity patterns inducing 56% of the neurites that encounter the border 

from the laminin side to the EphA4 side. Interestingly, a substantial increase in 

biochemical border crossing is observed when neurites are challenged with a 10 µm 

periodicity pattern. Nearly 90% of the SGN neural processes cross to the EphA4 surface 
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Figure 8.3. SGN neurite crossing behavior at the biochemical border between laminin 
(Lam) and EphA4 on micropatterned polymer substrates. A-C) Immuno-fluorescence  
images of dissociated SGNs cultured on unpatterned (A), 50 µm periodicity (P50) (B), 
and 20 µm periodicity (P20) (C) parallel micropattern substrates. SGNs are stained with 
fluorescent NF200 antibody. The biochemical border is marked with a dashed yellow line 
and the laminin and EphA4 sides are marked with a yellow L or E, respectively. D-F) 
Proportion of scored neurites that cross the biochemical border from laminin to EphA4 
(D), from EphA4 to laminin (E), from laminin to laminin (F), and from ephrin A4 to 
ephrin A4. SGN neurites cross the biochemical border significantly more when cultured 
on patterns with narrow features (i.e. low periodicities) compared to unpatterned 
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Figure 8.3. Continued. 
 
substrates and wide features. Neurites are much more likely to cross from ephrin A4 
coated substrate to a laminin coating than from laminin to ephrin A4 even on unpatterned 
surfaces. All patterned substrates have a microfeature amplitude of 1.5 µm. 
 
 
 

from the laminin surface while influenced by microfeatures that are more frequent and 

steep compared to larger periodicity patterns. The strength of the EphA4 repulsive signal 

can be expressed or represented as the 70% of neurites it prevents from crossing the 

border on unpatterned polymers. Furthermore, the strength of the underlying physical cue 

is represented by the difference between the proportion of neurites that cross on the 10 

µm periodicity compared to the unpatterned control for a guidance strength of 56%. 

These results inspire confidence that physical cues can be designed to overcome strong 

chemo-repulsive cues that could disrupt spatially organized neural regeneration for in 

vivo applications. Moreover, EphA4 could also be used in conjunction with physical cues 

to strengthen the alignment affect. 

The bioactive function of laminin and EphA4 becomes more apparent when 

comparing SGN process behavior encountering the biochemical border in the reverse 

order, i.e. from the EphA4 to the laminin coated region (Fig. 8.3E). When comparing 

neurite populations on unpatterned surfaces a clear preference for laminin adhesion is 

observed. For SGN neural processes that reach the biochemical border from the EphA4 

coated side, 68% readily cross without any other additive guidance cue which is a nearly 

40% increase in neurite crossing compared to the opposite transition on unpatterned 

substrates. As seen with the laminin to EphA4 transition, micropatterns with relatively 

wide but shallow features increase neurite crossing by approximately 10 – 12% with no 

significant differences in neurite crossing between the 50, 33, and 20 µm periodicity 

patterns. An even greater proportion of neurites are induced to cross the biochemical 

border when presented with a 10 µm periodicity pattern. It appears that the guidance 
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strength of the physical pattern is not diminished by either bioactive signal presented at 

the biochemical border as 90% of the neurite population cross the border while 

approaching it from either side.  

To determine if the observed neurite behavior was due to the bioactive function of 

either laminin or EphA4 at the biochemical border rather than random process growth, 

SGN neurite behavior was characterized at arbitrary borders made on regions coated with 

only one bioactive species, i.e. a laminin to laminin or EphA4 to EphA4 border (Fig 

8.3F,G). Accordingly, the neuronal soma and the entire length of the SGN neurite were 

on regions coated only with laminin or EphA4. In both cases, the most striking difference 

between neurite behavior at the biochemical border of laminin and EphA4 and laminin-

laminin and EphA4-EphA4 borders occurs on unpatterned methacrylate thin films. The 

neurite proportion crossing the biochemical border between the two bioactive species is 

less than 50% whereas on borders with the same species on either side greater than 90% 

of the neurites readily cross.  

The crossing proportion slightly increases at both borders when neurites are 

presented with topographical guidance cues. The increase is attributed to greater 

incidence of neurite growth in a direction that is perpendicular to the biochemical border 

which increases the chances that a neural process will be observed to cross. It should also 

be noted that the largest proportion of neurites to cross from laminin to EphA4 or its 

reverse is 90% whereas the largest proportion of crossing neurites on laminin-laminin and 

EphA4-EphA4 borders is 97% and 99%, respectively. For all border types, the highest 

incidence of neurite crossing occurs on 10 µm periodicity micropatterns. It is likely that 

the observed 10% discrepancy between hetero and homogenous bioactive species borders 

is due to chemo-repulsion from the adhesion modulating molecules. Even when 

extending from the repulsive EphA4 cue to the adhesive laminin cue, neurites are less 

likely to cross the biochemical border than on homogenous transitions. 
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In addition to neurite crossing behavior at biochemical borders, neurite turn, repel, 

and stop responses further elucidate neural pathfinding behavior when processes are 

presented with physical guidance cues of various strengths (Fig 8.4). For example, the 

remaining 70% of neurites that do not cross the biochemical border on unpatterned, 

laminin coated substrates are observed to split relatively evenly between the described 

turn, repel, and stop behaviors (Fig 8.4A). By contrast, SGN neurites that are presented  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4. Non-crossing SGN neurite behavior at the biochemical border between 
laminin (Lam) and ephrin A4 (EphA4) on micropatterned polymers. A,B) Proportion of 
scored neurites that exhibit turn/parallel, repel, and stop behaviors when approaching the 
biochemical border starting from the laminin (A) and ephrin A4 (B) sides, respectively. 
All patterned substrates have a microfeature amplitude of 1.5 µm.  
 
 
 

with physical guidance cues are much more likely to be repelled by or to stop at the 

border compared to unpatterned controls. The trend to repel or to stop at the border on 

micropatterned substrates increases with increasing feature frequency for neurites that 

originate on the laminin coated side (Fig 8.4A). As previously mentioned, the guidance 

strength of the photopolymerized topographic cues increases with decreasing pattern 



www.manaraa.com

258 
 

 

periodicity as evidenced qualitatively by immunofluorescence images (Fig. 8.3A-C) and 

quantitatively by increased SGN neurite crossing of repulsive biochemical cues (Fig 

8.3D,E). The relative increase in the proportion of neurites that is repelled or stopped at 

border on micropatterned substrates is, therefore, most likely due to the inhibition of 

neurite turning on physical guidance cues. In other words, significant reduction of turning 

behavior increases the relative percentage of neurites for the other scored behaviors. 

Interestingly, for almost all pattern types as well as unpatterned samples, the most 

common SGN neurite behavior, other than crossing, is to stop after encountering the 

biochemical border. It is unclear whether the observed stop behavior is due to an actual 

arrest in neurite outgrowth or if advancing neural growth cones are induced to pause at 

the biochemical border before transitioning to cross, turn, or repel behavior. A pause or a 

lag-time in neurite outgrowth at the bioactive border would lead to more frequent capture 

of the neurite terminus there during immunofluorescence microscopy and increase the 

frequency of the neurite stop characterization. However, if the rate of neurite growth is 

not decreased at the border then the actual stop behavior is the most common neural 

process outcome other than crossing. Stopping de novo neurite outgrowth at spatially 

specific electrodes is identified as a significant obstacle to improving neural prosthetic 

performance and tissue integration.1,2 Accordingly, designing material interfaces with 

biochemical stopping cues that work in conjunction with topographic patterning may 

potentially provide the necessary guidance as well as stopping signals if appropriately 

designed for a given neural niche.  

The proportion of SGN neurites that do not cross from the EphA4 to the laminin 

coated side is significantly smaller than the proportion that does not cross the opposite 

transition (Fig 8.4B). Accordingly, SGN neurite proportions for this group are all below 

20%. Even for the small proportion of non-crossing neurites that meet the biochemical 

border from the EphA4 side, stopping behavior is still the most common response. For 

Unpatterned samples and for patterns with periodicities between 20 and 50 um, the 
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frequency of stopping behavior doubles from around 5% to 10% or higher. It is likely that 

a higher incidence of stop behavior would be observed on patterns with a 10 um 

periodicity if there wasn’t such a large proportion (> 90%) that were induced to cross the 

border due to the guidance strength of the topographic surface features. SGN non-

crossing neurite behavior was not scored on homogeneous chemical borders as the vast 

majority of neurites ( > 95%) are observed to cross the border leaving prohibitively few 

neurites to be scored for other behaviors. 

 
SGN Neurite Behavior at Laminin-TnC Borders 

To further elucidate the role of adhesion modulating biomolecules on neurite 

guidance, and to compare neurite process growth when presented with two cues that are 

not identified as chemo-repulsive, dissociated SGNs were cultured on unpatterned and 

micropatterned polymers coated with laminin and tenascin-C (TnC) (Fig 8.5). TnC, like 

laminin, is a modular or mosaic glycoprotein expressed in the ECM that moderates 

cellular adhesion.44 TnC also resembles fibronectin, another ECM adhesion modulating 

protein, in that over half of the macromolecule consists of fibronectin type III repeat 

units. Fibronectin and TnC are also colocalized in many tissues, but TnC expression is 

usually uniquely restricted compared to other adhesion moderators.48 TnC is known to be 

expressed transiently during development of organs and the nervous system.49,50 The 

restricted and highly regulated expression of TnC has incited significant research interest 

in delineating its role in cell migration and differentiation, cell-cell interactions, and in 

tissue development.  

Precise micropattern morphology was fabricated for laminin-TnC border 

experiments using the temporal and spatial control of photopolymerization as previously 

discussed for fabrication of substrates used in laminin-EphA4 studies. Briefly, feature 

depth was again tuned to an amplitude of 1.5 µm by controlling UV exposure time, and 

the same periodicity range of 10 to 50 µm was developed by utilizing photomasks with 
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the same band spacing to facilitate neurite behavior comparisons with laminin-EphA4 

results. Unpatterned and micropatterned HMA-co-HDDMA polymers were subsequently 

coated with laminin on one half of the substrate and with TnC on the other half using the 

adjacent coverslip method. Due to the importance of TnC in during histogenesis, and 

specifically during development of the nervous system, it will likely be significantly 

important to determine its effects on the spatial organization of de novo neurite 

outgrowth. In particular, as neural prosthetics exhibit poor tissue integration with 

remaining neural networks, using or overcoming biochemical cues from adhesion 

modulators such as laminin, EphA4, TnC will likely be part of future device designs that 

precisely guide the neural outgrowth towards specific stimulating elements of a 

prosthesis.  

After coating the photopolymerized micropattern polymers with both laminin and 

TnC, dissociated SGNs were cultured on the substrate surface for 72 hrs in neurotrophic 

media. SGNs were stained with fluorescent NF200 antibody to enable characterization of 

outgrowth behavior at the biochemical border between laminin and TnC for both 

unpatterned and micropatterned polymers. Initial, qualitative observations of SGN neural 

process outgrowth illustrate similar trends seen for neurite extension on substrates 

modified with laminin-EphA4 chemical borders. Namely, process outgrowth spreads 

randomly on unpatterned, photopolymerized methacrylate substrates coated either with 

laminin or with TnC (Fig 8.5A). Further, SGN neurite direction became increasingly 

aligned with anisotropic uni-directional microfeatures as pattern periodicity decreased 

(Fig 8.5B,C). Also like the laminin-EphA4 system, SGN soma and neural processes 

appear healthy and similar whether growing solely on laminin or TnC coatings following 

in vitro culture.  

However, in contrast to observed behavior on laminin-EphA4 substrates, SGN 

neurite crossing of the laminin-TnC border, originating from the laminin coated side, is 

substantially lower for both unpatterned and patterned substrates (Fig 8.3D,E and Fig 
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8.5D,E). The proportion of neurites that transitions across the biochemical border on 

unpatterned substrates is 10% lower than that seen for laminin to EphA4 transitions. Only 

21% of SGN neurites that originate on laminin coated substrate cross to the TnC coated 

region. Furthermore, neurite crossing of laminin-EphA4 borders increases substantially 

when dissociated SGNs are cultured on 1.5 µm amplitude and 50 µm periodicity 

photopolymerized topographic guidance cues – going from a 31% cross rate to nearly 

50%. Remarkably, SGNs presented with the same microfeature dimensions exhibit only a 

4% average increase, which is not statistically significant, in crossing of the biochemical 

border when transitioning from laminin to TnC. The proportion of SGN neurite crossing 

of the laminin-TnC border remains lower than 40% on both 33 and 20 µm feature 

periodicities, though the trend of increased border crossing at narrower periodicities 

becomes evident on 20 µm periodicity micropatterns. The guidance strength of 

topographical surface cues is even more evident on 10 um periodicity features as greater 

than 60% of neurites which reach the laminin-TnC border are induced to cross despite the 

strength of the biochemical border that prevents crossing on patterns with wider features 

and on unpatterned controls. While TnC has many similarities with other adhesion 

modulating ECM proteins such as laminin and fibronectin, it is apparent that its function 

to moderate cellular adhesion is functionally quite different than direct adhesion 

promoters of a similar modular protein class.9 Interestingly, TnC appears to affect neural 

adhesion in such a way to act as a stronger chemo-repulsive cue than EphA4 which has 

previously been demonstrated as a known repulsive cue to SGN process outgrowth.45  

SGN neurites cross from TnC to laminin coated regions significantly more than 

going from laminin to TnC (Fig 8.5D,E). However, the difference in neurite crossing is 

only observed for physically patterned samples. On unpatterned substrates, the extent of 

SGN neurite biochemical border crossing is nearly identical with 21% of neurites making 

the transition. With the widest periodicity micropattern, and therefore the weakest 

physical guidance strength, neurite crossing proportion increases nearly two fold to 37% 
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Figure 8.5. SGN neurite crossing behavior at the biochemical border between laminin 
(Lam) and tenascin C (TnC) on micropatterned polymer substrates. A-C) Immuno-
fluorescence  images of dissociated SGNs cultured on unpatterned (A), 50 µm periodicity 
(P50) (B), and 20 µm periodicity (P20) (C) parallel micropattern substrates. SGNs are 
stained with fluorescent NF200 antibody. The biochemical border is marked with a 
dashed yellow line and the laminin and tenascin C sides are marked with a yellow L or T, 
respectively. D-F) Proportion of scored neurites that cross the biochemical border from 
laminin to tenascin C (D), from ephrin A4 to laminin (E), from laminin to laminin (F), 
and from ephrin A4 to ephrin A4. SGN neurites cross the biochemical border 
significantly more when cultured on patterns with narrow features (i.e. low periodicities)  
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Figure 8.5. Continued. 
 
compared to unpatterned substrates and wide features. Neurites are much more likely to 
cross from ephrin A4 coated substrate to a laminin coating than from laminin to ephrin 
A4 even on unpatterned surfaces. All patterned substrates have a microfeature amplitude 
of 1.5 µm. 

 
 
 

which did not occur for neurite making the opposite transition. Moreover, the proportion 

of neurites that cross from TnC to laminin coated substrate on 33 and 20 µm periodicity 

patterns is also significantly higher at 45% and 53% compared to 27% and 39% 

respectively for laminin to TnC transitions. The trend demonstrating the increasing 

guidance strength of the underlying physical cues is more readily discernable for TnC to 

laminin crossing as the average neurite proportion that extends across the border 

increases with each decrease in pattern periodicity. While SGN neurites are increasingly 

likely to cross from TnC to laminin coated substrate with narrower features, it is 

noteworthy to observe that the proportion of SGN neurites that are induced to cross the 

biochemical border by 10 µm periodicity patterns is nearly the same (~60%) for laminin 

to TnC crossings as for the opposite transition. Therefore, TnC does not necessarily act as 

a repulsive cue per se as initially implicated by the laminin-TnC results. Rather, TnC may 

sufficiently alter intracellular biochemical signaling as to strongly inhibit the transition of 

the neural growth cone either going to or from TnC coated regions. 

The strength of the biochemical repulsive signal at the laminin-TnC border can be 

expressed or represented as the 80% of neurites it prevents from crossing on unpatterned 

polymers. Similarly, the guidance strength of the underlying surface topography is 

represented by the difference between the proportion of neurites that cross on the 10 µm 

periodicity compared to the unpatterned control for a guidance strength of approximately 

40% approaching the biochemical border from either direction. As with the laminin-

EphA4 results, these data engender confidence that micropattern topography can be 
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devised to overcome chemical cues that may prevent spatially organized neurite growth 

for improved neural prosthetic tissue integration.  

Culture of dissociated SGNs on TnC alone does not substantially alter neurite 

pathfinding behavior as evidenced by cross results on homogeneous TnC-TnC borders 

(Fig 8.5F). SGN neurites cross the homogenous border with a frequency greater than  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.6. Non-crossing SGN neurite behavior at the biochemical border between 
laminin (Lam) and tenascin C (TnC) on micropatterned polymers. A,B) Proportion of 
scored neurites that exhibit turn/parallel, repel, and stop behaviors when approaching the 
biochemical border starting from the laminin (A) and tenascin C (B) sides, respectively. 
All patterned substrates have a microfeature amplitude of 1.5 µm.  

 
 
 

90% for all patterned conditions and for unpatterned controls. As with laminin-laminin 

and EphA4-EphA4, the proportion of neurites that cross TnC-TnC borders increases for 

SGNs presented with anisotropic photopolymerized guidance cues. For 33, 20, and 10 

µm periodicity patterns SGN neurite crossing reaches an average of 99% indicating that 

TnC does not interfere with neural process growth cone guidance response to physical 

features. 
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Along with neural process crossing behavior at the laminin-TnC biochemical 

border, investigating neurite turn, repel, and stop responses increases understanding of 

SGN neurite pathfinding behavior when challenged with physical guidance cues (Fig 

8.6). As previously described, the most common neurite behavior besides crossing for the 

laminin-EphA4 system is stopping at the biochemical border. However, for laminin-TnC 

coated substrates, the most common neurite response, for all substrates other than 10 um 

periodicity patterns, is not to cross. This behavior is particularly evident on unpatterned 

substrates as 45% out the remaining 60% of non-crossing neurites turn to parallel the 

pattern when reaching the biochemical border from the laminin coated side. Similarly, 

from the TnC coated side, 38% out of the remaining 60% of non-crossing neurites also 

turn to parallel or align to the biochemical border.  

Even the majority of non-crossing SGN neurites challenged with physical 

guidance cues on 50 and 33 µm periodicity turns at and aligns to the direction of the 

laminin-TnC border for neurites originating on the laminin side (Fig 8.6A). For the 20 

and 10 µm periodicity patterns, the neurite behavior appears to be random as there are 

even distributions between turn, repel, and stop responses. SGN neurites that meet the 

TnC-laminin border from the the TnC side do not exhibit any behavioral trends, other 

than the high proportion of turning on unpatterned and 33 µm periodicity samples, as the 

neurite distribution spreads relatively evenly among the characterized responses (Fig 

8.6B).  

The significant tendency for SGN neurites to stop at the biochemical border on 

laminin-EphA4 coated substrates is markedly diminished on laminin-TnC borders (Fig 

8.4 and Fig 8.6).  While stops still occur in at least 10% of the neurite population for each 

type of substrate, the proportion of neurite stops for each population does not make up the 

largest non-crossing proportion for any condition. Contrasted with EphA4 coated 

substrates, TnC either does not cause the proposed pause in neurite growth that leads to 

increased capture stopping behavior, or it does not arrest neural process extension as may 
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be occurring with EphA4. The strong disruption in SGN neurite crossing of the 

biochemical border, even for neurites on effective physical guidance cues, suggests that 

transitioning from either bioactive species to the other on laminin-TnC substrates is a 

significant obstacle for advancing neural growth cones. Substantial increases in neurite 

turning and repeling behavior compared to neurite stopping further support this 

observation as neurites that turn or repel remain anchored to whichever adhesion 

modulator on which they originated. 

 

TGN Neurite Behavior at Laminin-TNC Borders 

SGNs are the target neural element to be stimulated by the cochlear prosthesis. 

Due to their importance in neural prosthetics, their pathfinding behavior in relation to 

biophysical and biochemical cues is the principal focus of these studies. To determine 

whether SGN pathfinding behavior is typical for other neuronal types and to verify if the 

demonstrated results are more broadly applicable to other neural pathfinding work, 

dissociated trigeminal neurons (TGNs) were also cultured on unpatterned and 

micropatterned substrates modified with laminin-TnC borders as a comparison to SGNs 

(Fig 8.7). Qualitative observations of TGN neurite outgrowth by immunofluorescence 

microscopy demonstrate similar neural pathfinding behavior as SGN neurite growth on 

laminin-TnC coated unpatterned and photopatterned polymer films (Fig 8.7A-C). 

Specifically, TGN neurite extension proceeds randomly on unpatterned HMA-co-

HDDMA films on both laminin and TnC coated areas (Fig 8.5A). Further, on uni-

directional photopolymerized micropatterns, TGN neurite extension increasingly parallels 

microfeature anisotropy as pattern periodicity decreases (Fig 8.7B,C). Like SGNs on 

EphA4 or TnC, TGN neural processes and cell bodies are observed to exhibit normal in 

vitro culture behavior while adhered solely to either laminin or TnC coated regions. 

TGN neurite crossing behavior at the biochemical border of laminin and TnC on 

both unpatterned and physically patterned polymer substrates strongly resembles SGN 
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neural pathfinding (Fig 8.5 D,E and Fig 8.7 D,E). The substantial similarities observed 

between the two neuronal types indicate that SGN neural process pathfinding behavior in 
 
 
 

 
 

Figure 8.7. TGN neurite crossing behavior at the biochemical border between laminin 
(Lam) and tenascin C (TnC) on micropatterned polymer substrates. A-C) Immuno-
fluorescence  images of dissociated SGNs cultured on unpatterned (A), 50 µm periodicity 
(P50) (B), and 20 µm periodicity (P20) (C) parallel micropattern substrates. TGNs are 
stained with fluorescent NF200 antibody. The biochemical border is marked with a 
dashed yellow line and the laminin and tenascin C sides are marked with a yellow L or T, 
respectively. D-F) Proportion of scored neurites that cross the biochemical border from 
laminin to tenascin C (D) and from tenascin C to laminin (E). TGN neurites cross the 
biochemical border significantly more when cultured on patterns with narrow features 
(i.e. low periodicities) compared to unpatterned substrates and wide features. All 
patterned substrates have a microfeature amplitude of 1.5 µm.  
 

 
 

response to both biochemical and biophysical cues, as presented in this work, informs 

and enables future work aimed to spatially direct de novo neurite outgrowth. On 
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unpatterned methacrylate substrates, TGN neurites do not readily cross the laminin-TnC 

border from either bioactively coated side. Though, the frequency to cross over to the 

laminin side is higher than the reverse transition with 28% and 19% crossing, 

respectively.  

As observed for SGN neurite extension, the extent of TGN neurite crossing of the 

biochemical border increases substantially as neurites are presented with physical 

guidance cues. However, the weakest physical cue, a 50 µm periodicity pattern and a 1.5 

µm amplitude provides only negligible change with a 4% and 2% increase in neurite 

crossing proportion when originating on either laminin or TnC coated sides, respectively. 

TGN neurite crossing of the laminin-TnC border remains lower than 40% on both 33 µm 

and 20 µm feature periodicities except for TGN neurites originating on the TnC coated 

side on 20 µm periodicity substrates. As the topographical surface guidance strength 

increases on 10 µm periodicity patterns, the majority of TGN neurites are induced to 

cross the laminin-TnC border when reaching it from either side. Similar to SGN 

behavior, 10 um periodicity features cause approximately 60% of neurites that encounter 

the border to cross despite the strength of the biochemical border that prevents crossing 

on patterns with wider features and on unpatterned controls. The observation that TnC, 

while similar to other ECM adhesion modulators, has unique function when moderating 

neural process adhesion is further confirmed by the strong repulsive behavior observed 

for both SGN and TGN neurite outgrowth (Fig 8.5 and Fig 8.7).  

TGN neurites cross from TnC to laminin coated regions significantly more than 

going from laminin to TnC (Fig 8.7D,E). The proportion of neurites that cross from TnC 

to laminin coated substrate on 33 and 20 µm periodicity patterns is significantly higher at 

37% and 46% compared to 32% and 38% respectively for laminin to TnC transitions. 

Though TGN neurites more readily cross from TnC to laminin coated regions, there 

appears to be a sufficiently strong repulsive biochemical cue as to allow only 60% of 
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neurites to cross the border when approaching from either direction in spite of the 

favorable transition to laminin coated substrate.  

Biochemical border repulsive signal strength at the laminin-TnC transition for 

TGN neurites can be expressed as the 70 – 80% neurite proportion that  are prevented 

from crossing on unpatterned substrates (Fig 8.7D,E). Furthermore, maximum 

topographical surface contact guidance strength is represented by the difference between 

the proportion of neurites that cross on the 10 µm periodicity patterns compared to 

unpatterned controls for a guidance strength of 44% and 35% for neurites on the laminin 

and TnC coated sides, respectively. The similarities of TGN crossing behavior with SGN 

crossing behavior on the same topographically patterned and bioactively coated 

substrates supports the conclusion that photopolymerized topographies can be designed to 

overcome contrary biochemical signals that could disrupt spatially organized neurite 

growth aimed to improve neural prosthetic tissue integration. 

TGN neural process crossing behavior at laminin-TnC biochemical borders is 

observed to strongly match SGN neurite crossing behavior on the same topographies and 

bioactive species. To further explore TGN neural pathfinding behavior, and to compare it 

to observed SGN neural outgrowth, non-crossing TGN neurite responses were measured 

as turn, repel, and stop responses when challenged with both biochemical and biophysical 

guidance cues (Fig 8.8). Due to the repulsive strength of the laminin-TnC border 

presented to TGN neurites, neurite crossing behavior does not describe the majority of 

neurite behavior unless TGNs are cultured on patterns with the strongest physical 

guidance cues (Fig 8.7D,E). Like SGN neurites, on unpatterned substrates and on 

micropatterns with weak guidance strength the most prominent TGN neurite behavior is 

to turn and align to the border direction. Great than 40% align to the border, rather than 

cross, for neurites that approach the border from the laminin side and greater than 30% 

behave similarly when reaching the biochemical transition from the TnC side (Fig 8.8). 

The 10% discrepancy in turning is likely due to increased favorability of TGN neuronal 
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adhesion to laminin compared to TnC. However, the chemo-repulsive affect is substantial 

for unpatterned substrates and for pattern that have topographic cues with weak guidance 

strength as less than 30% of neurites cross for either condition and approaching the 

border from either direction.  
 
 
 

 
 

Figure 8.8. Non-crossing TGN neurite behavior at the biochemical border between 
laminin (Lam) and tenascin C (TnC) on micropatterned polymers. A,B) Proportion of 
scored neurites that exhibit turn/parallel, repel, and stop behaviors when approaching the 
biochemical border starting from the laminin (A) and tenascin C (B) sides, respectively. 
All patterned substrates have a microfeature amplitude of 1.5 µm.  
 
 
 

Even the majority of non-crossing SGN neurites challenged with physical 

guidance cues on 50 and 33 µm periodicity turns at and aligns to the direction of the 

laminin-TnC border for neurites originating on the laminin side (Fig 8.6A). For the 20 

and 10 µm periodicity patterns, the neurite behavior appears to be random as there are 

even distributions between turn, repel, and stop responses. SGN neurites that meet the 

TnC-laminin border from the the TnC side do not exhibit any behavioral trends, other 

than the high proportion of turning on unpatterned and 33 µm periodicity samples, as the 
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neurite distribution spreads relatively evenly among the characterized responses (Fig 

8.6B). TGN neurites are also observed to have a relatively random distirubtion of scored 

non-crossing neurites behaviors other than the increase in turn and parallel behavior as 

observed for SGN neurites also on laminin-TnC substrates. Accordingly, only SGN 

neurites on laminin-EphA4 substrates are observed to show a marked increase in stopping 

behavior as physical pattern guidance strength increases. However, the proportion of 

neural processing stopping behavior does make up a larger percentage for TGN 

populations than for SGN populations on the same cues.  

 

Conclusions 

 

As cells are known to respond to an assortment of physical as well as biochemical 

cues in their micro-environment, research presented in this work also elucidates 

appropriate physical microfeature dimensions which induce SGN neurite alignment 

across conflicting biochemical directional cues. Dissociated SGNs and trigeminal 

neurons (TGNs) were cultured on photopolymerized micropattern substrates coated with 

two species of bioactive molecules and neurite outgrowth and pathfinding behavior was 

characterized at the biochemical border between the species. Bioactive species utilized in 

the work include: laminin, an integrin binding glycoprotein that facilitates neuronal 

adhesion and process outgrowth; tenascin-C, an adhesion modulating glycoprotein that 

can modify cellular adhesion by binding molecules of a cell’s extra cellular matrix; and 

ephrin A4 which is a protein kinase important in cell adhesion and migration as well as in 

neurite guidance. The adsorbed biochemicals formed a distinct border across each sample 

and neurite alignment was characterized at the border as cross, stop, turn, and repel 

behavior. SGN neurites readily crossed from ephrin A4 coated regions to laminin coated 

areas on all pattern types, but the extent of crossing for a given neuronal population 

significantly increased with increasing feature frequency. Neurites from SGNs and 
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trigeminal neurons were also observed to cross a laminin-tenascin C biochemical border 

when confronted with sufficiently strong physical guidance cues. However, the border 

between laminin and tenascin C generally served as a repulsive cue that neurites did not 

readily cross on wider feature spacings. Importantly, biochemical directional cues were 

shown to be readily overcome when physical guidance cues were designed to have 

sufficiently narrow spacing at a given amplitude of 1.5 µm. Designing prosthesis 

interfaces with physical cues that induce spatially organized neurite outgrowth even in 

the presence of conflicting biochemical cues will likely be necessary for in vivo 

applications with inherent biochemical signaling. 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

 

 Use of synthetic organic polymers for medical applications and devices has grown 

rapidly since their initial development in the early to mid-twentieth century. Many 

synthetic materials are now identified as part of an expanding biomaterials science field 

which is increasingly multi-disciplinary and which substantially impacts the economy 

and human health. Due to significant progress in micro- and nanofabrication, tissue 

engineering, materials science, cell and molecular biology, and biotechnology, scientists 

and engineers now design material constructs and devices that address increasingly 

complex medical challenges. In particular, bioactive materials, or materials that are 

specifically designed to drive favorable biological interactions, show tremendous 

potential to save or improve quality of life for millions. The research presented in this 

thesis explores photopolymer materials and patterning methods to develop bioactive 

systems with physical cues that direct nerve growth and aid in elucidating neural 

pathfinding behavior.  

Specifically, the spatial and temporal control of UV were used to generate and 

control the development of micro- and nanoscale physical cues across a substrate surface 

for neural process contact guidance studies and applications. Precisely directing de novo 

neurite growth in this manner will lead to substantial improvement of sensory-prosthesis 

performance due to enhanced signaling resolution and specificity. Spatially controlling 

photochemical initiation events was shown to alter local polymerization kinetics which 

yielded controllable surface topography. Furthermore, inner ear neural tissue, including 

SGN neurites and SGSCs, were demonstrated to thrive on photopolymerized 

methacrylate materials and to align to photopatterned physical cues. The extent of neural 

alignment was demonstrated to strongly correlate with microfeature dimensions which 

were readily tuned by altering photopolymerization reaction parameters. SGN neurite 
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pathfinding and turning capability was explored by developing multidirectional 

topographic cues using similar methods to fabricate unidirectional patterns. To 

investigate neurite pathfinding in response to material mechanical properties, two series 

of methacrylate copolymers were used with variations in crosslink density to alter 

substrate stiffness while micropattern feature dimensions were held constant across each 

series using the reaction controlled feature modulation developed in previous research 

objectives. Finally, neural pathfinding behavior was investigated with bioactive border 

challenges adsorbed to the surface of photopatterned materials and physical features were 

elucidated which overcome opposing surface chemical cues. The ultimate goal of this 

work is to substantially enhance neural prosthetic performance by developing bioactive 

materials which precisely direct nerve growth to improve the sensory-prosthesis 

interface. The work presented in this thesis significantly advances this goal.  

 Methacrylates were used as a model polymer platform for neural contact guidance 

studies as they have shown excellent biocompatibility in a variety of medical 

applications. Robust spiral ganglion neuron (SGN) and spiral ganglion Schwann Cell 

(SGSC) growth was observed on a series of hexyl methacrylate (HMA) and 1,6-

hexanediol dimethacrylate (HDDMA) polymers with or without laminin coating 

illustrating the biocompatibility and suitability of photopolymerizable materials for 

neural contact guidance studies. To generate microfeatures across the methacrylate 

copolymer surface, a photomasking reaction method was developed to alter local reaction 

kinetics throughout the polymerization. Rapidly and directly generating cell-scale 

physical features with this method substantially expands systems and tools available for 

cell-material contact guidance research and for biomedical device modification and 

enhancement. Neuritogenesis, or new neurite growth, neurite length, and neuronal 

morphology were similar on each polymer composition and on substrates with or without 

laminin coatings. Furthermore, the results illustrate that the same topographic features 

which direct SGN neurite growth also promote alignment of SGSCs in the absence of 
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neurites suggesting that both neural and glial elements respond to similar microfeatures. 

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. These results demonstrate that inner ear 

neural tissue, which is critical to cochlear implant (CI) function, thrives on photopolymer 

materials, that the spatial and temporal control of photopolymerization can be utilized to 

generate physical micropatterns for neural pathfinding applications, and that SGN 

neurites and SGSCs align to micro-scale topographical cues.  

Having demonstrated the efficacy of the photopatterning method to generate 

physical micropatterns for neural contact guidance, the degree of control over pattern 

formation was explored by modulating photopolymerization parameters such as 

photoinitiator choice and concentration, UV light intensity, radiation exposure time, and 

photomask band spacing. Depending on pattern periodicity, a range of channel 

amplitudes across several orders of magnitude can be generated for cell-material contact 

guidance applications. White light interferometry serves as a rapid and non-destructive 

means to characterize surface topography generated with the photopatterning method. 

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) confirm white 

light interferometry analysis and enable detailed characterization of thin-film cross 

sections and microfeature transitional slopes.  

Using reaction controlled feature modulation of topographic features enabled 

detailed probing of the extent of neural alignment to physical cues based on width, 

height, and transitional slope. Specifically, SGN neurite and SGSC alignment was shown 

to increase significantly with increasing feature amplitude and constant periodicity and 

with decreasing periodicity at constant amplitude. SGN neurites, which are typically 

several microns in diameter, were also demonstrated to strongly align to patterns with 

nanoscale (250 and 500 nm) channel amplitudes. Neurites from multiple neuronal types 

and a variety of glial cells from both the central and peripheral nervous system were 
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shown to align to photopolymerized micropatterns. However, alignment was not the same 

for each neural type indicating that features would likely need to be tuned for a given 

cellular niche and biomedical application. Importantly, microfeature transitional slope 

was identified as a crucial neurite guidance characteristic as the degree of SGN neurite 

alignment very strongly correlates (r = 0.93) to this dimension. The versatility of 

photopolymerization enables fabrication of a variety of specific topographies that will 

facilitate identification of features most critical for neurite guidance. Such features may 

ultimately be used to improve the neural prosthesis interface in future neural prosthetic 

technology.  

 Rationally designing a bioactive surface that improves tissue integration of a 

neural prosthetic will likely require an interface that redirects regenerative nerve growth 

towards spatially specific electrodes. Accordingly, the photopatterning method developed 

in this research was used to fabricate multidirectional mircopatterns to evaluate SGN 

neural pathfinding and turning capability. Understanding of SGN neurite pathfinding and 

SGSC response in relation to multidirectional physical micropatterns will likely aid in the 

ultimate design of an improved prosthesis interface. Microfeature shape and width are 

controlled through photomask design, and feature depth is readily tuned on the micron 

scale by altering reaction parameters of the photopolymerization. The pathfinding ability 

of SGNs was evaluated on repeating 90° patterns and compared to behavior on 

unpatterned, and unidirectional micropatterns. SGN neurites extend randomly on 

unpatterned surfaces and strongly align to and consistently track unidirectional patterns. 

Interestingly, when presented with multidirectional cues of the same width and height as 

those of the unidirectional pattern, SGN neurites are substantially influenced by, but do 

not consistently track, repeating turns. Rather, neurite extension is observed to avoid 

turning events even to the extent of crossing over multiple feature transitions which is 

rarely seen on unidirectional patterns. SGSCs which provide trophic support to SGNs, 

mirror the alignment behavior of SGN neurites on each pattern type. On both uni- and 
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multidirectional patterns, the majority of the neurite pathlength is located in depressed 

surface features but significantly more feature crossing events occur on multidirectional 

surfaces. These results improve understanding of SGN neural pathfinding in relation to 

physical guidance cues and inform efforts to direct neurite growth towards specific 

stimulatory elements. Developing methods to understand neural pathfinding and to guide 

de novo neurite growth to specific stimulatory elements will enable design of innovative 

biomaterials that improve functional outcomes of devices that interface with the nervous 

system. 

As demonstrated in a variety of cell-material action studies, biological systems, 

including neuronal cells, are also known to respond to mechanical cues of synthetic 

biomaterial constructs. It will, therefore, ultimately be crucial to understand neurite 

response to material mechanical properties in relation to their alignment to physical 

features since final material properties of a medical device could significantly affect 

neural pathfinding. To determine the effects of material mechanical properties on 

physical feature contact guidance, methacrylate thin-film stiffness was modulated across 

two copolymer series by varying the cross-link density of the final material by either 

increasing the amount of cross-linker in the prepolymer formulation or by increasing the 

size of the spacer unit between cross-links. Controlling photopolymerization parameters, 

as established in previous research objectives, enabled production of micropatterns with 

identical physical features on a variety of polymer compositions despite differences in 

reaction kinetics due to differences in monomer chemistry or changes in prepolymer 

formulation. The tensile modulus of each composition was measured with dynamic 

mechanical analysis as a relative measure of rigidity for contact guidance studies. SGN 

neurite aligment is shown to increase significantly to physical microfeatures as matrix 

rigidity increases. 

For many biomaterial applications that consider matrix stiffness, it is often 

deemed ideal to match the material modulus to that of the native tissue. This approach is 
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particularly appropriate for tissue engineering applications which aim to develop 

scaffolds that enable regeneration of healthy and functional tissue – particularly for load 

bearing applications such as cartilage tissue engineering. Remarkably, the results from 

this research demonstrate that some biomaterial applications, such as promoting spatial 

organization of de novo neurite growth, require careful consideration of material 

mechanical property effects on cellular behavior even when the material modulus is 

several orders of magnitude removed from native matrix stiffness of the target tissue. Part 

of the physical and biomechanical signals presented to neural growth cones during 

development and regeneration following injury likely include interactions with high 

modulus native matrices of bone, i.e. GPa range, or other dense connective tissues that 

are crucial to formation of spatially organized neural networks. For example, SGN 

growth cones extend through the bony modiolus and along the osseous spiral lamina to 

reach the organ of Corti. While the exact mechanisms by which different cell types 

integrate biophysical cues remain unknown, it is evident that SGN neurites sense matrix 

stiffness on materials that are much more rigid than central neural environments (e.g. 

brain or spinal cord) and that their alignment to biophysical cues substantially changes 

based on substrate rigidity. 

This work illustrates that neurite alignment to physical micropatterns is 

significantly affected by the matrix stiffness of the underlying network. Furthermore, 

photopolymerization is demonstrated as a powerful tool to fabricate readily tunable 

microfeatures across a variety of methacrylate compositions based on the spatial and 

temporal control of UV curing. These results add to efforts aimed to enhance neural 

prosthetic performance by improving spatial signaling resolution and are also applicable 

to neural pathfinding and cell-material interaction applications. 

As cells are known to respond to an assortment of physical as well as biochemical 

cues in their micro-environment, research presented in this work also elucidates 

appropriate physical microfeature dimensions which induce SGN neurite alignment 
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across conflicting biochemical directional cues. Dissociated SGNs and trigeminal 

neurons (TGNs) were cultured on photopolymerized micropattern substrates coated with 

two species of bioactive molecules and neurite outgrowth and pathfinding behavior was 

characterized at the biochemical border between the species. Bioactive species utilized in 

the work include: laminin, an integrin binding glycoprotein that facilitates neuronal 

adhesion and process outgrowth; tenascin-C, an adhesion modulating glycoprotein that 

can modify cellular adhesion by binding molecules of a cell’s extra cellular matrix; and 

ephrin A4 which is a protein kinase important in cell adhesion and migration as well as in 

neurite guidance. The adsorbed biochemicals formed a distinct border across each sample 

and neurite alignment was characterized at the border as cross, stop, turn, and repel 

behavior. SGN neurites readily crossed from ephrin A4 coated regions to laminin coated 

areas on all pattern types, but the extent of crossing for a given neuronal population 

significantly increased with increasing feature frequency. Neurites from SGNs and 

trigeminal neurons were also observed to cross a laminin-tenascin C biochemical border 

when confronted with sufficiently strong physical guidance cues. However, the border 

between laminin and tenascin C generally served as a repulsive cue that neurites did not 

readily cross on wider feature spacings. Importantly, biochemical directional cues were 

shown to be readily overcome when physical guidance cues were designed to have 

sufficiently narrow spacing at a given amplitude of 1.5 µm. Designing prosthesis 

interfaces with physical cues that induce spatially organized neurite outgrowth even in 

the presence of conflicting biochemical cues will likely be necessary for in vivo 

applications with inherent biochemical signaling.    

Future research strategies aimed towards the ultimate goal of improved neural 

prosthetic performance will include both 2D and 3D approaches for spatially organized 

neural process outgrowth. To advance 2D approaches, elucidating the effects of monomer 

chemistry and polymerization kinetics on physical feature formation will potentially 

broaden both the variety of photopolymerizable materials and the range of feature 
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dimensions and shapes available for neural and cellular contact guidance applications. 

For example, in this work photopatternable systems consisted predominantly of small 

monomer, network forming methacrylates which propagate via radical chain growth. The 

resultant networks are highly crosslinked, brittle systems that remain in a glassy state 

below their glass transition temperature (Tg) at physiological temperatures (~37° C). 

Modulating monomer chemistry, crosslinker content, polymerization mechanism, and 

oligomer to monomer ratios will dramatically affect final material properties of 

photopatterned biomaterials contact guidance research. A systemic investigation of 

methacrylate monomer chemistries could include a range of aliphatic chain spacer 

lengths in dimethacrylate crosslinkers, as well as inclusion of other functional groups 

such as hydroxyl or amino groups that can participate in hydrogen bonding. For instance, 

poly(2-hydroxylethyl methacrylate) consists of linear chains but has some physical 

properties similar to crosslinked networks due to extensive hydrogen bonding within the 

system. Inclusion of other functional groups will also substantially alter polymerization 

kinetics which may yield useful advantages in either material chemical and mechanical 

properties or in pattern formation such as steeper transitions or deeper features. 

Furthermore, methacrylate or acrylated oligomers with an assortment of molecular 

weights and functionalities could be included to significantly alter both final material 

properties as well as reaction kinetics during photopolymerization. Oligomers may be 

particularly important for a final free-standing device that does not rely on the 

mechanical stability of glass substrates as were used for many of the in vitro studies 

presented in this research. Furthermore, many biomaterial and tissue engineering studies 

have demonstrated favorable biological outcomes when using natural biopolymers such 

as collogen, hyaluronic acid, and chitosan. Accordingly, natural biopolymers could be 

functionalized with photopolymerizable moieties to enable photopattterning of bioactive 

cues that direct cellular outcomes.  
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  Previous results demonstrate that pattern formation is significantly affected by 

changes in photopolymerization parameters such as initiating light intensity, UV 

exposure time, and photoinitiator concentration. To expand on this work, reaction 

kinetics should be monitored for a variety of systems, including suggestions for changes 

in polymer formulation given above, to determine the effects of reaction kinetics on final 

pattern formation. Photopolymerization kinetics can be monitored and characterized by 

photo-differential scanning calorimetry (Photo-DSC) as has previously been done in our 

lab. Identifying key chemical and kinetic factors that impact feature formation will 

substantially augment the degree of control available over pattern development which 

will enhance neural contact guidance research and applications. A statistical design of 

experiments (DOE) strategy is recommended for formulation and kinetics work as it 

would significantly reduce the number of experiments required to yield crucial response 

space directional indicators to enable generation of target physical properties and surface 

guidance cues.  

Previous results from this research show that SGN neurites consistently align to 

and track parallel or unidirectional microfeatures of appropriate dimensions. However, 

SGN neurites do not consistently align to or track multidirectional turning cues that have 

the same feature dimensions.  It is unclear why de novo neurite growth did not more 

closely follow these cues. To determine the degree of attainable neurite turning in 

response to physical guidance cues, a series of patterns could be developed with varying 

feature angle widths using the photopatterning method explored in this work. 

Furthermore, reaction modulated feature control developed in this work could expand the 

range of feature periodicities and amplitudes tested in parallel with changes in angle 

width to identify key parameters that predictably redirect or turn neurite outgrowth. 

Along with angled neurite directional changes, there may also be methods to generate 

either curved features or posts to enable spatial redirection of regenerative neural 

processes. For example, a pattern with cell scale quarter circle features may more readily 
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effect 90° directional changes than stark 90° steps as were used in previous work. The 

neural pathfinding studies described here would be facilitated by working with a 

nano/micro fabrication center that has experience in designing photomasks. Pathfinding 

studies would be further enhanced by expanding the range of biomaterials and 

microfeature dimensions available through changes in system chemistry and 

polymerization kinetics as outlined here.  

Many of the contact guidance studies conducted in this work focused primarily on 

identifying features and parameters that yield high degrees of neurite alignment to 

parallel microfeatures. However, the work would advance significantly if de novo neurite 

outgrowth could be directed in such a way as to enable spatially specific excitation 

testing. For example, a neural tissue explant or a group of dissociated neurons could be 

cultured at one end of a photopatterned material. Physical cues would orient extending 

neurites towards a microelectrode array with spatially distinct electrodes that could be 

fired independently. As the neurites approach the electrode array, they would encounter 

specifically designed directional cues such as angles, curves, or posts that disrupt 

unidirectional alignment and direct them to spatially specific electrodes. Neuronal 

excitation could then be measured and correlated with firing of distinct electrodes. If 

successful, this experiment, though conducted in vitro, would demonstrate a critical 

proof-of-concept result for improved neural prosthetic interface work and would also 

represent a crucial advance in the research. However, both the design of micropatterns 

that direct spatially distinct neurite growth and the real time monitoring of neuronal 

excitation will be challenging.  

Another 2D strategy that exploits the unique spatial and temporal reaction control 

of photo-chemistry is to covalently functionalize material surfaces with bioactive species 

for neural guidance studies. Preliminary work in our lab demonstrates that laminin, an 

integrin binding protein found in the majority of connective tissue, can be covalently 

immobilized on acrylate polymer surfaces through thiol-acrylate chemistry. Laminin, or a 
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variety of other adhesion promoting proteins or oligomeric peptides, are bound to the 

surface through free thiols on cysteine amino acid groups. Using photo-initiated and 

orthogonal chemistry, such as thiol-ene reactions, could also be used to create patterns 

with different chemical properites, such as surface energy, in place of using bioactives. 

For example, fluorinated polymers are well known to inhibit protein adhesion which also 

prevents cellular adhesion. A fluorinated mono-functional thiol could be covalently 

bound to a polymer with remaining surface acrylate or ‘ene’ groups in spatially directed 

patterns to chemically guide neurite outgrowth. Interestingly, this approach would enable 

investigation of neural pathfinding in response to both chemical and physical guidance 

cues as the photo-functionalization step could be performed in series with a substrate that 

is already patterned with induced topography. Chemical cues, whether bioactive such as 

oligomeric peptides or as simple small molecule modifications, could be oriented as 

additive or destructive to physically induced neural process alignment. 

While 2D neurite guidance strategies will yield important fundamental 

understanding regarding photopatterning and neurite pathfinding, it is likely that 3D 

constructs will be necessary for final in vivo biomedical devices that enhance neural 

prosthetic performance. To approach or even contact distinct electrodes on a cochlear 

prosthesis array, SGN neurite growth must extend through the osseous spiral lamina into 

the scala tympani where the array is placed. The scala tympani is a hollow canal that 

extends the length of the cochlea. As SGN neurites may exit the osseous spiral lamina at 

different locations, it may be prohibitively difficult to place a micropatterned but planar 

construct in the canal in a way that meaningfully supports and directs neurite outgrowth. 

A three-dimensional construct which is also patterned through the unique reaction control 

of photo-chemistry will likely be more practical and efficacious. However, it should be 

noted that one potential method to employ a patterned 2D micropatterned substrate within 

the scala tympani would be to use a patterned conduit like those used in peripheral nerve 

repair. However, rather than being patterned on the inner lumen, the pattern would be 
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curved around the outer diameter of the conduit and would be placed in contact or very 

close proximity to the osseous spiral lamina.   

As detailed in Chapter 1, hydrogels are used increasingly in biomaterial and tissue 

engineering applications due to their tissue-like water content and the capacity that 

materials scientists have to tune their properties to mimic microcellular niches. Designing 

a hydrogel that supports and spatially directs SGN neurite outgrowth from the osseous 

spiral lamina to distinct CI electrodes will likely be more feasible to improve the 

prosthesis interface than trying to manipulate a patterned 2D surface to fit the same 

purpose. Realizing the objective of improving the CI interface using a 3D matrix will 

require a multi-step process with many potential research directions. First, inner ear 

neural tissue should be cultured on and in hydrogels with a range of properties and 

network densities. The distinction between being on or in the hydrogel may be important 

since SGN neurites will not initially be in the hydrogel upon exiting the osseous spiral 

lamina but will need to begin growing through the matrix towards spatially distinct 

electrodes after making contact with it. Accordingly inner ear tissue explants should be 

cultured on the surface of a hydrogel to explore initial neurite penetration of the gel. 

Immunofluorescence staining combined with confocal fluorescence microscopy will 

facilitate characterization of gel penetration. This process may have multiple iterations as 

not all hydrogels will have the same physical or chemical properties. Each gel will have 

variations in water uptake, transport properties, mechanical stiffness, and porosity which 

will affect both the health of the neural tissue as well as the ease of migration through the 

gel for extending neurites.  

In addition to culture on the gel surface, explants or dissociated neurons could 

also be encapsulated in hydrogels by placing them in an aqueous solution with a water 

soluble photoinitiator and pre-polymer formulation. Upon irradiation, a network rapidly 

forms in the aqueous media entrapping the cells or neural tissue in a synthetic polymer 

matrix in a process referred to as photo-encapsulation. Photo-encapsulation has already 
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been shown to have low cytotoxicity under appropriate reaction conditions. 

Encapsulating neural tissue in this way would allow for investigation of neural 

pathfinding behavior through matrices with a variety of material properties and 

porosities.  

In conjunction with initial in vitro investigation of neural tissue on and in a 

variety of hydrogel materials, development of a 3D construct appropriately shaped for 

insertion in the scala tympani would be essential. To design such a construct, accurate 

physical models of the cochlea would need to be used to develop a casting model to 

fabricate hydrogels with appropriate physical dimensions. This process may first require 

accurate physical representation of animal cochleae such as that of the murine inner ear. 

After fabrication of a mold of appropriate shape and size, hydrogels with various physical 

properties and swelling ratios would be developed for insertion into the scala tympani of 

the cochlea. It is likely that the hydrogel will have a teardrop-like shape similar to the 

scala tympani and that it will not be at its equilibrium swelling ratio for initial insertion. 

The hydrogel will initially be partially dehydrated to facilitate insertion through the round 

window in the cochlea and would then expand with gentle hydrodynamic pressure to fill 

the volume of the scala tympani. The gel should make contact with the osseous spiral 

lamina to immediately support any exiting SGN neurites, but the pressure the construct 

exerts on the osseous spiral lamina should be sufficiently low as to avoid trauma that 

could lead to damage and infection.  

Once a suitable hydrogel has been determined for cochlear insertion, an electrode 

array, or array mimic, could also be encapsulated in the gel in such a way that upon gel 

swelling the electrodes are perimodiolar, i.e. hug or surround the modiolus, but are 

spaced far enough away from the osseous spiral lamina to prevent damage. The hydrogel 

matrix between the spiral lamina and the electrodes would serve as the directing agent to 

guide de novo SGN neurite growth to the electrodes. If neurite growth were successfully 

directed to CI electrodes in this manner it would likely substantially increase the number 
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of perceptual channels available which would improve their auditory performance. 

Accomplishing this objective will likely require collaboration with scientists with 

expertise in histology to examine cochleae following experimental implantations as well 

as with researchers that have experience with electrical neural stimulation to test the 

efficacy of the method. 

Guiding SGN neurite growth through the gel to electrodes will also be a 

significant challenge. Several studies demonstrate that neurites can be induced to extend 

up a concentration gradient of nerve growth factors called neurotrophins. One way to test 

this idea for inner ear neural tissue would be encapsulate inner ear tissue explants in an 

optimized hydrogel system and pass a gentle flow of a solution that contains neurotrophin 

through the gel. It is anticipated that neurites would initially extend radially from the 

explant in all directions but would be induced to turn up the neurotrophin gradient. 

Indeed, to induce de novo neurite growth from SGNs that no longer synapse with 

cochlear hair cells will require neurotrophin stimulation. One strategy to provide nerve 

growth factors would be to genetically modify SGSCs to overproduce neurotrophins. 

SGSCs normally provide trophic support of SGNs in the inner ear so it is likely that their 

behavior and outcomes will be a significant part of the research. Modifying SGSCs to 

overproduce nerve growth factors has previously been demonstrated. Photo-

encapsulation would enable spatial separation of native neural tissue from genetically 

modified SGSCs. SGSCs could be injected in one side of the vessel just prior to 

encapsulating the system and would develop a gradient of neurotrophin through the 

hydrogel. After several days of culture the cells would be fixed with paraformaldehyde 

and immunostained with fluorescent anti-NF200 and anti-S100 antiobodies to observe 

neurite outgrowth directionality. It is anticipated that neurite growth will extend toward 

the genetically modified SGSCs.  

A final device made with this approach would encapsulate an electrode array in a 

hydrogel shaped like the scala tympani with concomitant encapsulation of genetically 
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modified SGSCs injected near the electrodes immediately before photoencapsulation. 

The gel would not yet be at its equilibrium water uptake allowing for insertion into the 

scala tympani. Once in the scala tympani the gel would swell bringing the SGSCs and 

electrodes in very close proximity to the osseous spiral lamina behind which the 

remaining SGNs are housed. Neurotrophins from the insert would stimulate de novo 

neurite growth from the SGNs which would penetrate the osseous spiral lamina and come 

in contact with the synthetic hydrogel construct. Neurites would then penetrate the gel 

and be guided by a soluble nerve growth factor gradient towards spatially distinct 

electrodes. 

An alternative or additive neurite alignment strategy to the soluble neurotrophin 

gradient approach is to exploit the spatial and temporal reaction control of 

photopolymerization to selectively functionalize the 3D hydrogel matrix supporting 

neurite outgrowth. For example, hydrogel monomers could be modified either with a 

pendant attachment group between polymerizable moieties or monofunctional 

polymerizable groups, e.g. mono-(meth)acrylate, could be synthesized with an 

attachment group for future functionalization of the hydrogel. Following the initial 

hydrogel formation, groups throughout the 3D matrix would remain for sequential 

functionalization steps.  

One example of the spatially controlled covalent modification method would be 

to functionalize methacrylate and dimethacrylate monomers with a pendant thiol for 

future thiol-ene orthogonal photo-chemistry. A dimethacrylate would be modified with a 

pendant thiol between the polymerizable groups. Thiol radicals do not readily react with 

methacrylates which would ensure their availability following the initial 

photopolymerization step. After the thiol modified methacrylate hydrogel has been 

photopolymerized, it could be swollen in an aqueous media that contains a bioactive 

functionality bound to an ‘ene’ that is reactive towards thiols such, e.g. RGD vinyl or 

allyl ether. RGD is a three amino acid sequence responsible for integrin binding on 
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various adhesion proteins and facilitates neuronal and neural process attachment and 

survival. The gel could then be exposed to UV light through a photomask to generate 

channels of RGD functionalized matrix throughout the gel. Neural tissue would then 

preferentially attach to and follow an adhesion channel specifically designed in the gel. 

Many other photochemical schemes and bioactive modifications could be derived from 

this method. Again, matrix material modification may work synergistically with modified 

SGSCs which provide trophic support and chemical guidance cues for neurite outgrowth. 

The work presented in this thesis significantly advances research objectives aimed 

to improve neural prosthetic signaling specificity and performance. Specifically, the work 

demonstrates the efficacy of photopolymerization as a versatile production platform for 

direct fabrication of physical guidance cues for cell and neural contact guidance studies 

and applications. Photopatterned feature dimensions such as periodicity, amplitude, and 

transitional slope were identified as crucial parameters to precisely control the extent of 

directed neurite outgrowth. Furthermore, modulation of photopolyermization parameters 

was shown to enable tight control over physical surface features at the micro- and nano-

scale. Particular emphasis is given to research outcomes for neural elements of the inner 

ear which are crucial to cochlear prosthesis performance. Important relationships were 

also established between neurite alignment to physical cues and the underlying material 

mechanical properties as well as adsorbed surface bioactive species. Fundamental 

understanding developed from the completion of this research regarding neural 

pathfinding to various environmental physical cues serves as a foundation for 

development of devices and constructs for in vivo neural regeneration models including 

the design of enhanced neuron-prostheses interfaces. 
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