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ABSTRACT 

 Cochlear implants (CIs) help to restore basic auditory function in patients who are deaf or 

have profound hearing loss. However, CI patients suffer from limited voice and tonal perception 

due to spatial separation between the stimulating CI electrode and the receptor spiral ganglion 

neurons (SGNs). Directed regeneration of proximate SGN axons may improve tonal performance 

and implant fidelity by decreasing the spatial separation between the CI electrode and the neural 

receptor. Additionally, fibrous scar tissue formation on the surface of implanted electrodes 

further decreases tonal perception through current attenuation and spreading resulting in late-

term hearing loss. Thus, designing surfaces that induce favorable responses from neural tissues 

will be necessary in overcoming signal resolution barriers. In this work, the inherent spatial and 

temporal control of photopolymerization was used to functionalize surfaces with topographical 

and biochemical micropatterns that control the outgrowth of neural and other cell types. First, 

laminin, a cell adhesion protein was patterned using a photodeactivation process onto 

methacrylate polymer surfaces and was shown to direct the growth of spiral ganglion neurons 

(SGN), the primary auditory neural receptors. These protein patterns could even overcome low 

amplitude/high periodicity competing topographical cues. Additionally, glass substrates were 

patterned with linear zwitterionic polymers and fibroblasts, astrocytes, and Schwann cells all 

showed dramatically decreased cell adhesion on 100 µm precocity patterns. Further, SGN 

neurites showed excellent alignment to these same patterns. Next, poly(dimethyl siloxane) 

(PDMS) was coated with a crosslinked zwitterionic thin film using a single step 

photografting/photopolymerization process to covalently bind the hydrogel to PDMS. These 

coated surfaces showed dramatically lower levels of protein, cell, and bacterial adhesion. Finally, 

zwitterionic hydrogels were strengthened by changing the concentration of poly(ethylene glycol) 
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diacrylate (PEGDA) and 2-hydroxyethyl methacrylate (HEMA) in the formulation. The direct 

relationship between changing zwitterionic hydrogel formulation to strengthen the hydrogel and 

the anti-fouling properties were established. The fundamental understanding and design of 

cochlear implant materials described herein serves as a foundation for the development of next 

generation neural prosthetics.  
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PUBLIC ABSTRACT 

 Cochlear implants (CIs) help to restore basic auditory function in patients who are deaf or 

have profound hearing loss. However, CI patients suffer from limited voice and tonal perception 

due to spatial separation between the stimulating CI electrode and the receptor spiral ganglion 

neurons (SGNs). Directed regeneration of proximate SGN axons may improve tonal performance 

and implant fidelity by decreasing the spatial separation between the CI electrode and the neural 

receptor. Additionally, fibrous scar tissue formation on the surface of implanted electrodes 

further decreases tonal perception through current attenuation and spreading resulting in late-

term hearing loss. Thus, designing surfaces that induce favorable responses from neural tissues 

will be necessary in overcoming signal resolution barriers. In this work, the inherent spatial and 

temporal control of photopolymerization was used to functionalize surfaces with topographical 

and biochemical micropatterns that control the outgrowth of neural and other cell types. First, 

laminin, a cell adhesion protein was patterned using a photodeactivation process onto 

methacrylate polymer surfaces and was shown to direct the growth of spiral ganglion neurons 

(SGN), the primary auditory neural receptors. These protein patterns could even overcome low 

amplitude/high periodicity competing topographical cues. Additionally, glass substrates were 

patterned with linear zwitterionic polymers and fibroblasts, astrocytes, and Schwann cells all 

showed dramatically decreased cell adhesion on 100 µm precocity patterns. Further, SGN 

neurites showed excellent alignment to these same patterns. Next, poly(dimethyl siloxane) 

(PDMS) was coated with a crosslinked zwitterionic thin film using a single step 

photografting/photopolymerization process to covalently bind the hydrogel to PDMS. These 

coated surfaces showed dramatically lower levels of protein, cell, and bacterial adhesion. Finally, 

zwitterionic hydrogels were strengthened by changing the concentration of poly(ethylene glycol) 

diacrylate (PEGDA) and 2-hydroxyethyl methacrylate (HEMA) in the formulation. The direct 
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relationship between changing zwitterionic hydrogel formulation to strengthen the hydrogel and 

the anti-fouling properties were established. The fundamental understanding and design of 

cochlear implant materials described herein serves as a foundation for the development of next 

generation neural prosthetics.  
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CHAPTER 1: INTRODUCTION 

As healthcare markets and the number of medical procedures expand, the demand for 

materials that interface well with host tissue has increased. The worldwide medical device 

industry was valued at over $300 billion in 2016 and is expected to continue to grow to over 

$400 billion by 2019.1 This industry includes a broad range of materials with various intended 

interactions with host tissue ranging from dental resins, which require high stiffness and 

excellent adhesion to bone, to neural prosthetics, which require intimate communication between 

stimulating electrodes and target neurons. The added complexity and variety of applications have 

prompted an increasing demand on materials scientists to push the boundaries for micro- and 

nano-materials innovation.2–4 For example, nanoparticles have been engineered to increase 

loading and delivery of a drug for targeted applications.5 Further, the surface of nanoparticles can 

be functionalized to increase blood circulation times.6,7 An additional example is the addition of 

micro- and nano-topography to a surface that can control cell-material interactions and   

growth.8–10 The function of current medical devices relies heavily on decades of innovation in 

biomaterials research. Implantable medical devices are an essential part of a modern medical 

practice, and they have saved many lives and improved the lives of many others. Herein, a brief 

history of biomaterials and their applications and common biomaterials used today will be 

explored. Second, an introduction to the foreign body response to implantable materials will be 

discussed. Cochlear implants will then be discussed. Finally, the goal for improving cochlear 

implants using photopolymerized biomaterials will be addressed. 

1.1 BIOMATERIALS 

 The majority of growth in the biomaterial and medical device industry has taken place 

within the last 70 years. Before this time, biomaterials and implantable devices as we now know 
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them were nonexistent. During this relatively short time, the industry has expanded to include 

medical devices such as joint replacements, intraocular lenses, feeding tubes, dental implants, 

pacemakers, renal dialyzers, stents and urinary catheters to name a few.11 The advent of such a 

diverse group of materials with a variety of mechanical, chemical, biological, optical and 

adhesive properties has ushered in a new era of materials science engineering. The distinct set of 

challenges faced by engineers and scientists in developing materials that interact with biological 

systems requires a multidisciplinary approach. Achieving a desired function from a biomaterial 

often demands expertise in the fields of chemistry, chemical engineering, materials science, 

mechanics, surface science, bioengineering, biology, and medicine.11 Furthermore, devices often 

require input from ethics groups, government-regulated standards, and entrepreneurs.  

1.1.1 History 

 The history of biomaterials can be traced back to almost 2,000 years ago (with some 

historians dating sutures back at least 32,000 years).12–14 Most of these early implanted materials 

had little chance at success largely due to the lack of knowledge regarding infection and bodily 

response to a foreign material. One of the first reports of the modern era for an implantable 

material was observed by British ophthalmologist Harold Ridley in the late 1940s.15 He observed 

shards of canopy plastic unintentionally imbedded in the eyes of pilots of Spitfire and Hurricane 

fighter planes incurred during World War II. He noted that the implanted plastic, made from 

poly(methyl methacrylate) (PMMA), seemed to heal without any adverse reaction from the body. 

For many of the pilots, the fragments remained in place for years following the war. The 

conventional wisdom of the time was that the body would not tolerate foreign implanted objects. 

His observation that the implanted fragments had healed in place without any long-term 

inflammatory response led him to conclude that the plastic was “tolerable” to the body. Today 
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we would now call the healing of an implanted object without any damage to the surrounding 

tissue “biocompatible” or “bioinert.”11,13,16 These findings were perhaps the first observations of 

“biocompatibility” in the modern era and were crucial to the development of future implantable 

materials. His work and innovation later 

led to the invention of the modern-day 

intraocular lens (Figure 1.1), which has 

revolutionized the treatment for 

individuals suffering from cataracts.15 

 The advancement of biomaterials 

from the work of Ridley was only the 

beginning of innovation and biomedical 

device implantation. For example, in 1952, a fortuitous discovery was made by Per Ingvar 

Brånemark, a Swedish physician and researcher. He implanted a metal cage into a rabbit to 

observe healing reactions.17 The cage was made from titanium and was screwed into the bone for 

several months. After the experiment was complete, he observed that the titanium was tightly 

integrated to the bone. Dr. Brånemark’s work was groundbreaking for the fusion of metals to 

bone and he termed the process “osseointegration.” Today most dental and orthopedic implants 

are made from titanium and its alloys. A further advance in biomaterials built upon prior 

knowledge of osseointegration in 1961 when Dr. John Charnley developed the first successful 

hip joint replacement.18 His device used an ultrahigh molecular weight polyethylene ball cup, 

which proved much more effective than previous attempts using metal or acrylic materials.19 

Charnley’s innovation with hip replacement materials led to the development of a total knee 

replacement in 1971, pioneered by two surgeons, Frank Gunston and John Insall.20  

 

Figure 1.1. A modern intraocular lens. Photo 
courtesy of the Macular Degeneration Association. 
(macularhope.org) 
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 Throughout most of history, renal failure meant certain death, with no viable treatment. 

In 1943, Willem Kolff, a young Dutch physician, built a drum dialyzer using cellulose sausage 

casing as the membrane.21 His device was only partially successful until he later took the idea to 

the United States in 1960.22 Kolff’s innovation in dialysis, along with many others, led to the 

first dialysis center being opened in Seattle WA in 1962.23 The development of coronary stents 

was also a major breakthrough in vascular health. The first arterial stent was implanted by Dr. 

Andreas Gruntzig in 1977 which allowed coronary atherosclerotic blockages to be opened 

without the need for open chest surgery.24,25 Coronary arterial stents are now implanted in well 

over 1.5 million people annually.13 Another example of a life-saving biomaterial is the 

pacemaker. While other researchers had designed portable pacemakers, it was Wilson 

Greatbatch, an engineer, and cardiologist W.M. Chardack who developed the first fully 

functional implantable pacemaker in 1972.26,27 The device was encased in epoxy to prevent 

inactivation by leakage of bodily fluids into the electronics.  

 Up until the early 1960s, biomaterials were largely fabricated from off-the-shelf materials 

that happened to be compatible with bodily fluid/tissue. The new generation of materials has 

entered an era of engineered materials tailored for specific applications and has ventured away 

from using commodity materials as the basis for device fabrication. The onset of such a diverse 

group of devices interacting with various tissues, fluids, and cellular environments has ushered in 

the use of materials with a variety of mechanical properties and chemistries. Many applications 

require a high modulus material, such as a dental implant or joint replacement, while others must 

be flexible and soft such as a contact lens or urinary catheter. The following section will give a 

brief overview and history of the various polymeric biomaterials used in current medical devices. 
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1.1.2 Silicones 

 Poly(dimethyl) siloxanes (PDMS) are often referred to as silicones. Due to their unique 

and diverse material properties, they have found widespread use in health care. Silicones 

maintain excellent biocompatibility (non toxic) and biodurability (resistance to degradation).28 

Their unique physical properties include low surface tension, hydrophobicity, and chemical and 

thermal stability. These characteristics make silicones one of the most highly used polymers in 

the medical device industry. Chapter 6 will discuss in depth the coating of PDMS to tune the 

biological response. 

While silicone-based materials have been studied for many years, it wasn’t until the early 

1940s when Eugene Rochow of General Electric (GE) pioneered the direct scale-up process of 

silicones using silicon and methyl chloride.29 Rochow commented on the low toxicity of the 

silicones, but never proposed their use for biomedical applications. In 1946, researchers from the 

University of Toronto and Manitoba coated syringes, needles, and vials with 

methylchlorosilane.30 Upon rinsing the substrates, the surface hydrolyzed to form a hydrophobic 

silicone coating. This surface treatment gave a coating that resisted blood clotting for many 

hours. Soon after the coating of needles, syringes, and blood collection vials became common-

place, and silicone coatings are still used today for the same applications.28 Silicone elastomers 

have also found a prominent place in the biomedical device industry. In 1946, Dr. Frank Lahey 

gave the first report of silicone elastomers being implanted in humans when he discussed his 

implantation of these materials for bile duct repair.31 Further work in the field was conducted by 

Dr. DeNicola who implanted an artificial urethra using the same silicone tubing used by Lahey. 

After fourteen months of implantation, there was no evidence of any rejection of the material 

from the body.32 These early innovations in silicone-based materials led to substantial interest in  



www.manaraa.com

6 

 

Figure 1.2. Silicone wound dressing. Photo courtesy of Elkem Silicones. 

designing materials for health-care applications. By 1959, the Dow Corning Corporation was so 

flooded with research requests from physicians and scientists that they founded the Dow Corning 

Center for Aid to Medical Research to supply silicone-based materials for research purposes. 

Currently, silicone-based biomaterials are used in a variety of applications including orthopedics, 

catheters, drains, shunts, cochlear implants, extracorporeal equipment, wound dressings (Figure 

1.2), and aesthetic implants to name a few.28  

1.1.3 Polyurethanes 

 Polyurethanes (PU) represent a diverse group of materials due to their structure/property 

relationship and their compatibility with biological systems. Utilizing the structure property 

relationship of PUs, one can design polymers ranging in materials properties from engineering 

polymers to those mimicking soft tissue.33 They can be stiff (high modulus) and elastic (low 

modulus) and everything in between. Further, PUs demonstrate very good long term mechanical 

properties when exposed to dynamic or static loads, and as a result have use in many long-term 
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applications. It is therefore unsurprising that PUs have found a strong place in biomedical 

applications.  

The development of other biomaterials (PVC, fluoropolymers, polyethylene, natural 

rubber, and silicones) occurred prior to the widespread use of PUs. Thus, many initial findings 

and applications of PUs for biomedical applications went unnoticed. A paper published in 

Science in 1967 by Boretos and Pierce describing the use of “BiomerTM,” a PU elastomer for 

biomedical applications, garnered interest from the scientific and medical communities.34 This 

segmented polymer had been available for several years already from Ethicon Inc. A second 

paper published four years later by Boretos and Pierce confirmed the blood compatibility of 

BiomerTM, reporting positive results after two years in blood-contacting applications.35 In the 

years that followed, BiomerTM gained wide acceptance due to its high modulus and tensile 

strength,36 physiological acceptability,37 high blood tolerability,38 hydrolytic stability,39 and 

implantation stability.40 While BiomerTM was withdrawn from the market in 1991, it was 

instrumental in the advancement and general acceptance of PU materials and their compatibility 

with blood and tissue. Today PU materials are still used extensively in the biomedical industry 

including catheter and general purpose tubing, hospital bedding, surgical drapes, wound 

dressings, as well as in a variety of injection molded devices.33 The most common use is in short-

term implants. 

1.1.4 Teflon® 

 Poly(tetrafluoro ethylene) (PTFE or Teflon®) is a fluorocarbon, which is chemically inert 

to most substances. The hydrophobic and non-stick properties are the most well-known 

characteristics of this unique polymer, but it also maintains low coefficients of friction, 

biological inertness, corrosion resistance, heat resistance, electrical and thermal insulation, and 
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non-biodegradibility. It is these advantageous properties that have led to the use of Teflon® in 

biomedical applications. Gore-Tex®, a porous form of Teflon®, and similar expanded forms of 

PTFE are used in vascular grafts, surgical meshes, ligament and tendon repair.41–45 

 The discovery of PTFE happened serendipitously in 1938 when Roy Plunkett was 

working with the gas tetrafluoroethylene (TFE) for refrigerant applications.46 When examining a 

TFE gas cylinder, Plunkett stumbled upon the polymerized form of the gas (PTFE). The Teflon® 

trademark was coined by Chemours, and the first products were sold commercially starting in 

1946. In 1969, Bob Gore discovered that, when heated and stretched, PTFE forms a porous 

membrane (Gore-Tex®). This porous membrane was particularly useful because it allows the 

body’s own tissues to grow through the material. These advantages are the reason PTFE has 

become the leading synthetic vascular graft materials and is also used in numerous other 

applications.41,47 

1.1.5 Methacrylates 

Methacrylates represent a group of polymers used for biomaterial applications requiring a 

rigid structure. Their stiffness can be attributed to the high degree of crosslinking and high glass 

transition temperatures. Methacrylate polymers have a characteristic α-unsaturated ester that 

allows them to be radically polymerized across the double bond. As mentioned previously in the 

introduction, poly(methyl methacrylate) (PMMA) was the material discovered in the eyes of 

World War II fighter pilots years after implantation.15 As Ridley noted, polymerized 

methacrylates are biologically inert and can be implanted without significant adverse reaction.48 

Methacrylate polymers are often used in applications that require in situ polymerization. In 

particular, bone cements, composed of PMMA, are used for fixation of implants in various 

orthopedic applications.49 These types of applications require that the resin be applied while in 
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liquid form and polymerized in place to conform to a specific geometry. Additionally, due to 

their radical polymerization, methacrylate monomers can be photopolymerized, an aspect that is 

particularly pertinent to this work. This process allows methacrylates to be polymerized with the 

temporal and spatial control of a photoinitiated reaction. These advantages have allowed 

methacrylates to be used almost exclusively in the resins for tooth fillings.50 A more descriptive 

introduction to photopolymerization will be discussed later in this chapter. Methacrylates can 

also be used in soft tissue applications. For example poly(ethylene glycol) (PEG) (meth)acrylate 

and hydroxy ethyl methacrylate (HEMA) derivatives have been studied as hydrogels for tissue 

engineering.51,52  

While this is not an all-inclusive list of polymeric biomaterials, it provides an overview 

for many of those most commonly used in medical devices and implants. It is important to note 

that, as the understanding of biological systems evolves, the cell-material understanding and 

engineering will continue to develop. As our understanding of cell-surface receptors, growth 

factors, nuclear control of protein expression, stem cells, and gene delivery continues to 

progress, so will the necessity to develop new materials that interact appropriately with the body. 

While the advances to the current materials are significant and instrumental in current 

biomedical device function, considerable room for growth remains in understanding and 

engineering the response to an implantable material. This bodily response will be discussed in 

detail in the following section. 

1.2 THE FOREIGN BODY RESPONSE 

 Implantation of a biomaterial, prosthesis, or medical device into a host results in injury to 

tissue or organs.53 This initial perturbation from homeostasis leads to a cascade of events that 

elicit wound healing. This process is designed to digest and/or remove any foreign material, 
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followed by repair and regeneration of the damaged tissue.54 When the implanted material is 

non-digestible, such as a medical device or prosthesis, it cannot be phagocytosed and removed. 

The disruption in the bodily response to digest the foreign object leads to encapsulation of the 

material with a dense layer of fibrotic connective tissue.55,56 This bodily reaction to an implanted 

material has been called the foreign body response or foreign body reaction (FBR). For the 

purpose of this work, the FBR to non-biodegradable materials, or materials that will not degrade 

over time and are intended to be implanted long-term, will be addressed. This bodily response is 

of particular importance to implantable materials that require transport of biomolecules such as 

proteins to and from the implanted material. For example, an implantable blood glucose monitor 

will foul shortly after exposure to host blood and proteins which will terminate function of the 

device.57–59 The deleterious effects that the FBR has on the function of neural prosthetic devices 

such as a cochlear implant are of particular importance.60 Neural prosthetics rely on intimate 

communication between a stimulating electrode or electrode array and receptor neurons. This 

communication is achieved by way of electrical current transmitted through the host fluid. When 

a dense avascular capsule is formed on the surface of a neural prosthetic, the transport of 

electrical current is also disrupted and communication between the electrode and the receptor 

neurons can be detrimentally impacted.61 The effect of the FBR on cochlear implant devices will 

be discussed in more detail later in this chapter. In this section, a description of the FBR will be 

discussed including the biological cascade of events and the important time scales leading up to 

encapsulation of an implanted device. 

 The blood-material interactions of an implanted material are intimately linked with the 

inflammatory response. In fact the early response to injury involves mainly blood and 

vasculature.53,62 An early inflammatory response is activated by damage or injury to vascularized 
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connective tissue. Immediately following implantation of a material, proteins, blood cells, and 

other biomolecules found in the blood stream come into contact with the surface of the implant. 

From a wound healing perspective, the early deposition of these biomolecules on a biomaterial 

surface is considered provisional matrix formation. The provisional matrix consists of fibrin, 

inflammatory products, inflammatory cells, and endothelial cells.63 The formation of this 

provisional matrix occurs within minutes to hrs following implantation of a medical device. In 

particular, the adsorption of proteins, such as fibronectin, laminin, proteoglycans collagens is 

considered the first step in the FBR.64–66 These initial events initiate the repair process which 

involves the recruitment of inflammatory cells and fibroblasts.55 

 The sequence of events occurring after the initial adsorption of proteins and other small 

molecules in the host fluid is illustrated in Figure 1.3. Neutrophils are inflammatory cells that are 

the first to travel to the site of an infection. They help fight the infection by digesting bacteria 

and releasing enzymes that kill them. Neutrophils are a type of white blood cell, and their initial 

intensity is high. The presence of neutrophils is diminished within hrs to days after the initial 

response. A second initial responding cell type is mononuclear leukocytes, which have a similar 

function to neutrophils in that they have a digestive role in inflammation. Their initial intensity is 

also high after which they quickly differentiate into macrophages, the cells principally 

responsible for normal wound healing in the FBR. These macrophages have much longer 

lifespans, remaining at the implant site for days to months and are recruited to digest the foreign 

material. Because implants are typically not biodegradable, the macrophages are unable to digest 

the implant. When phagocytosis is not possible the macrophages become frustrated and fuse 

together and form foreign body giant cells, which release inflammatory cytokines and induce  
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fibroblast adhesion.16,67–70 These foreign body giant cells may remain adhered to the implant 

surface for the lifetime of the implant. 

 Once the foreign body giant cells have formed, fibroblasts quickly adhere to the surface 

and begin forming the framework of connective tissue.55 Fibroblasts are a type of cell that 

synthesizes collagen and the extracellular matrix. They are instrumental in the wound healing 

process and are also the most common cells of connective tissue. Once the fibroblasts are 

adsorbed onto the biomaterial surface, they quickly begin to form a network of cells and fuse 

together to form a fibrous capsule around the implant.16 The process of encapsulating a 

biomaterial after implantation lasts about three weeks. This encapsulation permanently isolates 

the device and often renders the implant less effective or even nonfunctional due to lack of 

transport to and from the surface. Thus, developing strategies to address the FBR from a 

 

Figure 1.3. The temporal variation in the acute inflammatory response, chronic inflammatory 
response, granulation tissue development, and foreign body reaction to implanted 
biomaterials. Adapted from reference 55. 
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materials standpoint has the potential to significantly impact the biomedical device industry and 

healthcare in general.  

 Engineering materials that resist the FBR has the potential to dramatically improve the 

effectiveness and the long-term stability of a wide variety of neural prostheses. For example, 

cochlear implant users have the potential to achieve greater perception of complex auditory 

stimuli such as speech understanding in background noise and music appreciation. Retinal 

prostheses may provide significantly greater resolution of visual images while central nervous 

system prostheses, e.g. deep brain stimulators, could provide more precise activation of targeted 

neural populations. The materials innovations described herein stand to dramatically improve the 

function and stability of numerous other medical implants (e.g. intraocular lenses, arterial stents, 

heart valves, orthopedic implants, among others) by enhancing integration and preventing 

fibrosis. 

1.2.1 Mitigating the Foreign Body Response 

 Compatibility of a biomaterial with host tissue has significant implications and can vary 

widely based on the chemistry and geometry of an implanted device.16 Many materials, while 

non-toxic, elicit a significant FBR and as such can cause challenges integrating with host tissue. 

For example, PDMS materials are known to induce a significant FBR and ultimate encapsulation 

with fibrous tissue.71 However, the addition of a hydrophilic group such as a PEG or zwitterionic 

material to the PDMS surface can dramatically reduce the adsorbed biomolecules associated with 

the FBR.72–74 The two materials engineering approaches which have been demonstrated to be the 

most effective in reducing fibrosis on implant surfaces are 1) fabricating porous materials with 

defined pore size16,75 and 2) the use of hydrophilic polymers that resist protein and other 

biomolecule adsorption that lead up to the FBR.64,76,77 Significant advances in these innovations 
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in biomaterials science have occurred in the last two decades. One interesting approach was 

largely pioneered by Buddy Ratner at the University of Washington with his development and 

characterization of porous materials with a monodistributed mesh size.16,75,78 Another approach 

of altering material chemistry to reduce the FBR has been investigated by many individuals64,79 

with the most notable advances from Dr. Shaoyi Jiang and his work with zwitterionic 

materials.76,80 

 The advances in engineering the pore size of a material to alter the FBR occurred as early 

as 1973. During this time, it was demonstrated that materials in the solid form and materials in 

the porous state will heal differently when implanted. The porous materials were shown to 

increase the number of blood vessels around the implant.81 While many papers were published 

on the subject in the following years, the relationship between the pore size and the healing 

response was never clearly characterized. In the early 1990s, the University of Washington set 

out to better establish this relationship. Researchers there developed a new set of materials with 

uniform pore size, spherical shape, and an interconnected network. This advancement led to the 

characterization that pores in the 30-40 µm range healed with excellent blood vessel growth and 

little fibrosis.78,82,83 Further, it was found that the FBR was mitigated independent of the material 

used to fabricate the porous implant. 

 The second approach, engineering polymers that prevent the adsorption of biomolecules 

that lead to the FBR, is a focus of this work and will thus be discussed in greater detail. The 

overall goal of these studies, and perhaps the most widely used method to characterize the ability 

of a material to resist the FBR, is to mitigate the initial steps leading up to an immune response 

(i.e. nonspecific protein adsorption).84 Strategies to engineer these types of materials have 

focused largely on hydrophilic polymers that are either neutral in charge or weakly negative. 
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Numerous polymers have been investigated including acrylamides, polysaccharides and most 

commonly derivatives of PEG.85,86 PEGylation, as it has been called, refers in general to the 

functionalization of a surface or particle with PEG in order to decrease interactions with a 

biological environment.87 While these approaches have been successful in mitigating nonspecific 

protein adsorption in vivo, the implants will ultimately still become encapsulated in fibrotic 

tissue after implantation.88  

 More recently, zwitterionic materials have emerged as an excellent alternative to 

PEGylation.89,90 The term zwitterion comes from the German word zwitter meaning hybrid and 

the word ion.91 A zwitterion describes a molecule composed of two or more functional groups of 

which at least one has a positive and one has a negative electrical charge, but the net charge of 

the entire molecule is zero (Figure 1.4). Because they contain a positive and a negative charge, 

they are also referred to as inner salts. Zwitterionic materials are unique in that they maintain 

excellent hydrophilicity while retaining a net neutral overall charge. Due to the charged groups, 

they are more hydrophilic than their PEG-based counterparts. 

 Using zwitterions to mitigate fouling was inspired by the external surface of mammalian 

cell membranes, which contain phospholipids bearing a zwitterionic headgroup.92 These 

phospholipids contain the zwitterionic group phosphoryl choline, which contains a negatively 

charged phosphate group and a positively charged ammonium group. Examples of other 

common zwitterionic materials are shown in Figure 1.4. The three most well studied zwitterions 

are phosphoryl choline, sulfobetaine, and carboxybetaine derivatives. While all three zwitterions 

have shown decreases in protein and other biomolecule adsorption, the sulfobetaine and 

carboxybetaine derivatives have shown more promising performance and are the focus of this 

work.64,65,93 
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 The research into zwitterionic materials has focused on two main areas: resisting the FBR 

and on more general nonfouling and resisting protein/biomolecule adsorption at interfaces. While 

these two general approaches are linked and have many similar features, there are some 

fundamental differences. For example a zwitterion that resists the FBR will also prevent 

nonspecific protein and other biomolecule adsorption.94 However, resisting the FBR has more 

stringent requirements than simple nonadhesive properties.95 Ideally, the material must not 

activate platelets.96 The complex and transient milieu of biomolecules encountered by materials 

in vivo requires a higher standard for nonfouling. Thus, resisting the FBR and a nonfouling 

surface have different requirements. 

 The ability for zwitterionic materials to resist nonspecific adsorption of proteins and other 

biomolecules stems from their ability to strongly bind water. This hydrophilicity is due to the 

presence of charged groups. Four generally accepted explanations for the ability of zwitterionic 

materials to resist nonspecific protein adsorption are:65 (1) surface energy mechanisms, (2) water 

structure, (3) excluded volume (steric) effects, and (4) ion-coupled driving forces. The surface 

energy mechanism (1) can be described by the surface of a material maintaining sufficient 

 

Figure 1.4. Zwitterionic functional groups and one zwitterated siloxane. Adapted from 
reference 65. 
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hydration that it is in a similar state to bulk water. Thus, no free energy can be gained by 

replacing a protein/water interface with a protein/surface interface by adsorption.94,97 Simply 

stated, a surface with low interfacial energy with water should discourage adsorption driven by 

interfacial energy change. The water structure argument (2) can be described by zwitterionic 

materials tightly binding water molecules in a hydrogen-bonded network. Disrupting this 

hydrogen-bonded network of water comes with a high energy cost and is reflected in a large 

water cohesive energy density.98,99 This theory has been supported by molecular-level analysis of 

zwitterionic and other nonfouling materials.100  

The excluded volume (steric) effect (3) describes a surface with a superhydrophilic 

diffuse surface.97 The steric forces of compressing a hydrophilic, uncharged polymer brush of a 

given thickness grafted to a 

surface contribute to the 

resistance of a particle from 

invasion.101,102 Finally, the ion-

coupled driving (4) force 

describes the electrostatic effects 

that contribute to a nonfouling 

surface. A surface must not only 

be hydrophilic, but it also must 

maintain a net neutral overall 

charge. For example, silica is 

strongly hydrophilic with a 

contact angle around 0o, yet 

 

Figure 1.5. Cartoon representing the resistance to 
nonspecific protein adsorption. Upper: An anionic surface 
attracts positively-charged regions on a protein facilitating 
protein adsorption. Lower: A zwitterionic surface has 
minimal ionic interactions with a protein and high 
hydration prevents the nonspecific adsorption of protein to 
the surface. Adapted from reference 65 
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charged, and protein is strongly adsorbed onto this surface.103 Proteins maintain charges on their 

surface where local patches of positive and negative charges can be found. Figure 1.5 depicts the 

electrostatic attraction of a negatively charged surface to a protein with localized positive 

charges. Therefore an electrostatic attraction between a charged surface and local charges found 

on protein surfaces contribute to protein adsorption. In contrast, a zwitterion maintains no 

electrostatic attraction, and thus no energetic driving force for water/ion displacement on the 

zwitterionic surface is present.65,66 Whatever the reasons that allow the repulsion of protein, 

zwitterionic materials are effective at mitigating biomolecule adsorption. 

1.2.2 Zwitterionic Polymer Fabrication 

 As previously mentioned, two zwitterionic polymers, sulfobetaine and carboxybetaine, 

are a primary focus of this work. The most widely studied form of these zwitterions is the 

methacrylate (carboxybetaine methacrylate (CBMA) and sulfobetaine methacrylate (SBMA)) 

and methacrylamide analogs. These reactive methacrylates allow convenient polymerization of 

the zwitterionic monomers to yield a polymer with a carbon backbone and zwitterionic side 

groups.76 Due to the methacrylate/methacrylamide group, radical polymerization can be used to 

generate polymers. Functionalizing surfaces with linear polymers containing no crosslinks, also 

called polymer brushes, have been investigated for creating antifouling surfaces.104,105  

Two general types of grafting processes are used for functionalizing surfaces with 

polymer brushes: grafting to and grafting from. The grafting to process involves generating a 

polymer in solution with subsequent binding to the substrate surface. The reactive polymers can 

be synthesized via conventional polymerization techniques such as radical, ionic, and other 

copolymerization methods. One major advantage of this approach is that the polymer can be 

thoroughly characterized prior to the grafting process. For example, Jiang et al. synthesized a 
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CBMA and SBMA polymer with pendant dopamine groups which could be subsequently grafted 

to a variety of polymeric and metal surfaces.106,107 They further demonstrated the ability of these 

coatings to reduce nonspecific protein adsorption and characterized the dependence of fouling on 

polymer particle size. While the grafting to process is effective for functionalizing substrates 

with a zwitterionic polymer, the grafting from method has also been investigated.  

The grafting from process involves covalently attaching an initiator for polymerization on 

the surface of a substrate which is then reacted with monomer in the solution and a polymer is 

then generated from the surface. The polymerization using the grafting from method often 

involves incorporating agents that control the polymerization. Surface initiated atom transfer 

radical polymerization (SIATRP) is a common approach which utilizes a bromine initiator 

immobilized on a substrate surface. A copper bromide catalyst in the solution controls the rate of 

polymerization from the surface to generate covalently grafted polymer brushes of uniform 

molecular weight and densely grafted surface.108,109 Further, the thickness of the polymer brushes 

can be easily tailored by altering polymerization times.73 Zwitterionic polymers generated using 

this technique have shown excellent resistance to nonspecific protein adsorption. For example, 

Jiang et al. reported both SBMA and CBMA polymer brushes grown on gold surfaces using 

SIATRP having ultralow nonspecific protein adsorption (9.1 and 0.4 ng/cm2 respectively) from 

100% blood plasma. 64,110 Further, various other surfaces have been functionalized using this 

method including glass,111 metal,64,109 and polymer73 substrates. 

 Zwitterionic polymers can also be polymerized to form a hydrogel network.112,113 To 

achieve network formation, a crosslinking agent must be incorporated. Early work fabricating 

zwitterionic hydrogels used non-zwitterionic crosslinkers such as poly(ethylene glycol) 

diacrylate (PEGDA) or N,N′-methylenebis(acrylamide) (MBA).58,113,114 While the crosslinking 
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agent was used at relatively low concentrations, it could potentially disrupt the antifouling 

properties of the hydrogel material. Further, higher modulus (more densely crosslinked) 

materials cannot be achieved without significantly changing the zwitterionic chemistry of the 

hydrogel. Recently, Jiang et al. reported on a zwitterionic dimethacrylate crosslinker based on 

the carboxybetaine analog.112 Using this crosslinker, they were able to synthesize hydrogels with 

an order of magnitude increase in modulus without changing the zwitterionic nature and fouling 

properties of the material. Perhaps most important to this work, Jiang et al. reported the 

implantation of carboxybetaine hydrogels, formed using this same crosslinker, into a mouse 

model for three months. Upon extraction and histological analysis of the tissue surrounding the 

implant, excellent compatibility with the surrounding tissue was observed and no signs of 

fibrosis were present.80 Further, the zwitterionic hydrogels promoted angiogenesis in the 

surrounding tissue.  

 The ability of zwitterionic materials to prevent the adsorption of biomolecules even in 

complex media gives them promise for use in biomedical and engineering applications. This 

inherent antifouling characteristic has led to various studies including glucose sensing in 100% 

blood serum,58,113 antigen detection in complex media,115 and prolonging the blood circulation 

time of coated drugs6 among others.89,116 Zwitterionic polymers are not only able to achieve an 

ultra-low fouling surface, but they are capable of resisting the FBR in vivo.80 This advantage 

makes zwitterion-based materials uniquely suited for applications that involve implantation and 

prolonged use in the body. Fibrotic tissue formation on implant surfaces, including CIs and other 

neural prosthetics, may decrease the effectiveness of these devices.61 Due to the emphasis of this 

work on improving CI materials, the following section will discuss CIs, their history, function 

and the areas for improvement. 
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1.3 COCHLEAR IMPLANTS 

Cochlear implants have revolutionized the treatment of deafness and severe hearing loss. 

Just over 50 years ago, no viable treatment for these conditions was available. The development 

of the CI has allowed individuals suffering from sensorineural hearing loss to perceive speech 

and even communicate with ease using a cell phone. To date, the CI remains the only viable 

treatment for auditory communication rehabilitation for individuals suffering from sensorineural 

hearing loss. Cochlear implants function by perceiving sound through a behind-the-ear 

microphone which processes the sound 

into a digital signal and encodes the signal 

into a radio frequency (Figure 1.6).117 The 

digital information is then transmitted to 

an internal portion of the implant lying 

just under the skin behind the ear which 

decodes the signal into electrical current 

and sends the information to an electrode 

array positioned inside the cochlea.118,119 

The cochlea is a spiral shaped organ 

primarily responsible for the perception of 

sound and has channels that allow 

resonance of different frequency sound in 

specific regions of the organ. Higher 

frequency sound resonates near the base of 

the cochlea (20 kHz or greater) and lower 

frequency sound is perceived at the apex 

 

Figure 1.6. Diagram of cochlear implant speech 
processing. (1) A microphone located on the 
behind-the-ear sound processor unit processes, 
codes, and sends the tonal information via 
transcutaneous radiofrequency link to the (2) 
implanted receiver-stimulator package. The data 
are then sent to (3) the electrode array. The spiral 
ganglion cell populations are then stimulated by 
an applied current at various positions along (4) 
the cochlea (auditory nerve) to simulate hearing. 
(Photo provided courtesy of Cochlear Americas, 
© 2011 Cochlear Americas.) 
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(up to 20 Hz). The electrode array lies in a channel called the scala tympani located on the outer 

wall of the cochlea, which directly stimulates the auditory nerve with an applied current (Figure 

1.7). The information is then relayed to the central nervous system where the brain perceives the 

applied current as sound. The tonotopic organization of the cochlea enables an electrode array to 

simulate different perceptual “tones” by stimulating electrodes positioned in different areas of 

the scala tympani (Figure 1.7). Through this stimulation process, CI patients perceive multiple 

tones and experience hearing. 

1.3.1 History 

 The first report of auditory perception by electrical stimulation was recorded by 

Alexander Volta in the early 1800s.120 His account describes connecting each pole of a battery to 

a metal probe and inserting the probes into opposing ears. Upon application of current, he 

described the sensation as a “jolt to the head” followed by a “crackling” or “bubbling” sound.120 

Years later in 1855, Duchenne de Boulogne stimulated the cochlea using an alternating current 

and described the sound as buzzing, hissing, and ringing.121 Further, the experiment also 

stimulated multiple other non-auditory pathways including a metallic taste sensation.122 In 1930, 

Wever and Bray recorded electrical signals that closely resembled the sound wave function in a 

feline cochlea, which led many to believe that auditory perception could be restored through 

electrical stimulation.123 The first to directly stimulate the human auditory system were Djourno 

and Eyries. They implanted an electrode into the stump of the auditory nerve coupled to a 

receiver coil.124 Post-operative testing revealed successful detection of electrical stimuli 

generated from a microphone. While transmission of sound was successful, the patients were 

unable to efficiently distinguish between different frequencies, but could rather differentiate 

intensities. Speech perception was very poor and limited to a few words, most likely due to 
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rhythmic patterns. While this was a 

remarkable step forward in the 

development of CIs, the device failed 

within a few weeks and the project was 

eventually abandoned. 

 The work of Djourno and Eyries 

prompted Dr. William House and Dr. John 

Doyle in 1961 to develop a CI device that 

could be implanted long-term.125 These 

devices consisted of an array of 5 

electrodes that were inserted into the scala 

tympani through an incision in the round 

window membrane. The outcomes of these 

results were promising with limited 

frequency discretion and the ability to understand rudimentary phrases.126 The insufficient 

biocompatibility led to compromised function of the implant and ultimately removal of the 

device. Later, in 1967, House teamed up with an electrical engineer by the name of Jack Urban. 

This partnership led to the development of CIs that could maintain long-term viability. Through 

this groundbreaking work, House is regarded as the pioneer or “father” of the modern-day CI. 

This early work resulted in the first commercially available device in 1972 with clinical trials 

beginning the following year.127  

 These successes were met with considerable resistance from the scientific community 

including leading otologists and neurophysiologists.128 This skepticism was partially dissolved 

 

Figure 1.7. Diagram of the cochlea. The cochlea 
is made up of three canals wrapped around a 
bony axis. These canals are: the scala tympani 
(3), the scala vestibuli (2) and the scala media 
(or cochlear duct) (1). The spiral ganglion 
neurons (4) are the primary neural receptors. The 
auditory nerve (5) transmits signals from the 
spiral ganglion neurons back to the central 
nervous system. Image courtesy of 
www.cochlea.edu. 
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when the National Institutes of Health (NIH) commissioned a study at the University of 

Pittsburgh to evaluate the performance of single channel CI devices.121,129 A major advancement 

occurred when Graeme Clark developed a multi-channel electrode array where patients were 

capable of open-set word recognition.130 The achievement was followed by FDA approval of 

single-channel devices and led to the development of multi-channel CIs capable of a broader 

frequency spectrum percepts and open-set word recognition. Through these advancements, 

multi-channel CI devices have significantly improved incorporating electrode arrays with 

varying number of electrodes, widths, lengths, and positioning technologies. These 

improvements to CI technology have substantially increased the number of perceptually distinct 

tones CI patients experience and overall standard of living. However, the stimulated hearing 

induced by CIs still has significant room for improvement. 

1.4 GOALS FOR IMPROVING COCHLEAR IMPLANTS 

 While hearing restoration for profoundly deaf individuals is quite a remarkable feat, CI 

patients have difficulty distinguishing complex tonal information such as voice inflection, speech 

recognition with competing sounds, and appreciating music. This limited resolution is due, in 

large part, to the distance between the CI electrode array and target neurons. Electrical signals 

must be strong enough to reach the auditory neurons positioned hundreds to thousands of 

micrometers from electrode arrays, which causes significant current spread and overlap (Figure 

1.8). The spread of the applied signal results in stimulation of a broad range of spiral ganglion 

neurons (SGNs) which are the target neurons of a CI. Signal broadening limits the resolution and 

tonal perception of CI patients. Advances in electrode fabrication technology have not been able 

to sufficiently address this major drawback due to the lack of perceivable differences between 

electrodes positioned in close proximity to one another. Thus, even devices with advanced  
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electrical design and high number of distinct electrodes suffer from low resolution 

information.131 Additionally, cochlear implants are made largely from poly(dimethyl siloxane) 

(PDMS) which accumulates a significant foreign body response as discussed previously. This 

dense tissue attenuates applied currents and increases stimulation thresholds, which further 

decreases the functional outcomes of CIs.61,132 Late term hearing loss in CI patients has largely 

been attributed to the FBR.60 

In order to overcome signal resolution barriers caused by spatial separation between 

SGNs and electrode arrays, it will be necessary to regenerate SGN neurites. Directing the 

regeneration of these neurites to approach or even contact the stimulating prosthetic have the 

potential to drastically reduce the current applied to stimulate hearing (Figure 1.9). By reducing 

the applied current and consequent current spread, a higher number of independent hearing 

channels will be achieved, significantly improving tonal perception for cochlear implant patients. 

This innovation will lead to greater specificity and targeted stimulation of the neural receptors.  

 

Figure 1.8. Schematic representing stimulation of auditory nerve cells for normal hearing 
(left) and cochlear implant patients (right). Spatial separation and fibrosis lead to 
significant current spread and decreased resolution. 
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While strategies to promote the regeneration of SGN neurites in vivo have proven effective,133,134 

neurite outgrowth extends randomly from the neural cell rather than following the path of the 

degenerate neurite.135 Thus, guidance cues will be essential in directing the path of regeneration 

and maintaining the spatial order of neural elements. Two types of guidance cues will be 

discussed for directing the growth of cells: topographical or physical cues and biochemical cues. 

1.4.1 Topographical/Physical Cues 

Cells respond to multiple cues in their native microenvironment. These cues can 

determine spreading morphology, cell type, gene expression, and alignment.8 When cells interact 

with a biomaterial, it is advantageous to regulate the response in a predictable manner. One 

approach to achieving a desired response is to modulate the extracellular milieu by controlling 

biomaterial surface characteristics. As early as 1912, Harrison observed that the solid material 

that supports cells has significant influence on their morphogenesis and migration, when 

describing how cells responded to being cultured on a spider web.136 Other early observations 

 

Figure 1.9. Goal for improved cochlear implant performance. Using surface chemistry and 
topography, SGN neurites can be regrown to close the gap between the neural receptors and 
the stimulating electrode. Zwitterionic polymer coatings can also prevent the accumulation 
of fibrosis on the implant surface. 
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included Paul Weiss, who in 1945 described how contact guidance can be used as a method for 

cells to migrate from their source to their destination,137 and Curtis and Varde in 1964 who used 

topography to control cell behavior.138 It wasn’t until the onset of micro- and nano-fabrication, 

almost 30 years ago, that researchers could probe the behavior of cells with well-defined shapes 

and geometries.3 This innovation in materials construction has led to numerous studies 

investigating micro- and nano-scale surface features and the cellular response.8,139  

 Various types of imposed topography and their neural response has been studied in vitro. 

Two general categories of surface features can be defined: anisotropic and isotropic (Figure 

1.10). Anisotropic features include those with directionality. Examples of these types are 

grooved surfaces, aligned fibers, guidance conduits, and cell-inspired (mimicking) topographies. 

Isotropic features are those that maintain no directionality. Two examples of these are 

pillars/posts and nanorough surfaces. These different features can vary widely in size scale and 

cellular response. For the purpose of this work, the focus will be on anisotropic topography, 

specifically grooved surfaces.  

A number of studies involving microgrooved substrates have observed that neurite 

alignment increases with increasing groove depth between 0.2 and 4 µm.140–142 No observable 

changes in alignment were recorded on features less than 200 nm. In studies involving dorsal 

root ganglia grown on submicron to micron-scale features, increasing groove height resulted in 

both increased alignment and increased restriction of cell soma and neurites on the groove or the 

ridges.140 The feature depth, as well as the angle at which a neurite contacts a guidance feature 

have been shown to influence whether a neurite turns to follow the feature or crosses the cue.143 

For example, the distance between anisotropic topographical features has been shown to play a 

role in directing neurite growth.144,145 In an additional study, Teixeira et al. observed that human 
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corneal epithelial cells aligned to ridge features as small as 70 nm wide with a depth of 600 nm 

and a width of 400 nm.146 In this study, groove depth (150-600 nm) was shown to have a 

stronger effect on cell alignment than groove width (400-4000 nm).  

Previous work in our lab by Tuft et al. showed that SGN neurites align strongly to 

photopolymerized parallel microgrooves (Figure 1.11) with increasing channel amplitude and 

increasing pattern frequency improving 

alignment.147 Our lab further correlated the 

maximum slope of the microchannels with the 

alignment of SGN neurites. An additional study, 

using similar photopolymerized fabrication 

methods, examined SGN neurite alignment on 90o 

angled features.148 SGN neurites grown on these 

substrates demonstrated a greater number of 

branching and crossing events occurring due to the 

changes in microchannel direction. The modulus of 

these photopolymerized micropatterns was also 

shown to influence SGN neurite pathfinding to parallel micropatterns.149 Higher modulus 

substrates resulted in significantly improved alignment. An additional study from our lab 

demonstrated the ability of high frequency photopolymerized micropatterns to induce SGN 

neurites to overcome chemorepulsive borders.150 While guiding neurite growth using 

topographical features has proven effective, biochemical signals can also induce alignment. 

 

Figure 1.10. Topographies presented to 
neurons in vitro. Adapted from 
reference 8. 
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1.4.2 Biochemical Cues 

Biochemical patterning can be achieved by spatially controlling the immobilization of a 

biologically relevant molecule. These molecules are designed to modulate the interactions a cell 

has with a surface. Examples of strong candidates for biochemical patterning are extracellular 

matrix (ECM) proteins such as fibronectin, vitronectin, collagen, and laminin.151 Alternatively, 

their constitutional polypeptide motifs can be used such as arginine-glycine-aspartate 

(RGD).152,153 These biomolecules are selected due to their ability to modulate the cell response to 

a surface. Specifically, these proteins/motifs have been shown to enhance adhesion of cells. This 

adhesion is due in large part to cell-ECM interactions which occur between transmembrane 

integrins and the ECM ligands, which are largely responsible for cell adhesion. Alternatively, 

biochemical patterns can be generated that repel cells, and thus prevent cells from adhering in 

coated areas. Selectively adsorbing adhesive/repellant biomolecules onto a surface can create 

biochemical patterns that control the adhesion of cells. Cells adhere onto and reside exclusively 

on areas that are cytophilic (coated with adhesion biomolecules or not coated by repellant 

 

Figure 1.11. Neurite growth from dissociated SGNs on (A) unpatterned and (B) 50 µm 
periodicity, 3 µm amplitude photopolymerized polymer substrates. Adapted from reference 
147 



www.manaraa.com

30 

biomolecules) after random seeding. Thus, biochemical patterns guide the outgrowth of neurites 

by an adhesive/repulsive mechanism. 

 The most common approach for generating biochemical patterns on flat substrates is 

through microcontact printing (µCP). This technique involves adsorbing the biomolecule onto a 

micropatterned “stamp” (PDMS is often used as the substrate), which is then pressed against a 

flat substrate to transfer the biomolecules only in areas that come into contact with the 

surface.154,155 These patterned surfaces can then direct the adhesion and growth of various cell 

types. For example, Juncker et al. showed that fibroblasts seeded onto PEG surfaces containing 

10 µm wide fibronectin parallel stripes extended down the length of the protein pattern, avoiding 

interaction with the PEG substrate.156 Further, Offenhäuser et al. demonstrated that neurites 

followed grid-like patterns of laminin and ECM proteins using polystyrene substrate.157 

Extending axons even made 90 degree turns at branch points in similar grid-like patterns 

showing the effectiveness of biochemical markers in directing neural processes.158,159 

 In addition to using µCP to pattern proteins onto substrate surfaces, photoinitiated 

reactions can be used to spatially control covalent attachment of molecules containing “ene” 

(double bond) and “thiol” functionalities160,161. Photoinitiated thiol-ene “click” chemistry 

selectively reacts thiol moieties with “ene” functionalities in a step growth mechanism. This 

fabrication method is effective for chemical patterning due to the precise spatial and temporal 

control over the reaction, while maintaining mild reaction conditions (photopolymerization will 

be discussed in more detail later). For example, Anseth et al. used a photomask to covalently 

pattern norbornene-functionalized proteins throughout a hydrogel matrix containing pendant 

thiols.162 Alongside protein patterning, cell adhesion peptides such as arg-gly-asp (RGD) can 

also be photopatterned. Photopatterning the RGD peptide is more common than using native 
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ECM proteins due to increased robustness and decreased cost. Further, RGD peptides can be 

tethered to various functional groups, which allow for covalent attachment to surfaces and 

hydrogels through photopolymerization.163,164 For example, Chen et al. showed that a thiol-

terminated RGD-containing molecule could be patterned onto a “ene” and “yne” containing 

surface, which showed fibroblast cell attachment only in RGD-containing regions165. Therefore, 

biochemical cues, both protein and polypeptide-containing, can be photopatterned to effectively 

guide neural cells. 

1.4.3 Mitigating Fibrosis on Cochlear Implant Surfaces 

 As previously mentioned, implantable devices accumulate fibrosis about 3 weeks after 

implantation. This fibrosis causes disruption of the communication between the electrode array 

inserted into the cochlea and the neural receptors, SGN, positioned on the inner side of the shell-

shaped organ (Figure 1.7).61,166 The current transmitted by the electrode array to the SGNs is 

attenuated by the dense fibrotic tissue formed on the implant surface further increasing current 

thresholds and current spread.167,168 Thus, fibrosis on cochlear implant surfaces can contribute to 

late-term hearing loss. To circumvent the detrimental effects of fibrosis on CI surfaces, 

zwitterionic coatings are investigated in this work to prevent the cascade of processes from 

occurring that contribute to the FBR (Figure 1.12). By coating cochlear implant materials with 

zwitterionic polymers, fibrosis on the surface of CIs may be mitigated and current attenuation 

may be greatly decreased and subsequent late-term hearing loss in CI patients. Further, cochlear 

implants, like all implantable medical devices, are susceptible to bacterial infection and biofilm 

formation on the implanted material.169 These infections often lead to removal of the in-dwelling 

device and additional pain and cost for patients. An additional advantage of zwitterionic coatings 

is that they have been shown to decrease bacterial adhesion dramatically.170–172 Cochlear  
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implants coated with these zwitterionic polymers will thus be able to prevent the onset of 

bacterial infections and biofilm formations associated with medical device implantation. 

Accordingly, this work describes the use of zwitterionic coatings on materials relevant to CIs to 

prevent protein, cellular, and bacterial adhesion. By so doing the long-term performance of CIs 

stands to be preserved. 

1.5 PHOTOPOLYMERIZATION AND BIOMATERIALS 

 Photopolymerization involves the absorption of photons of light to initiate a 

polymerization reaction of monomers, oligomers, and functionalized prepolymers. To initiate a 

free-radical photopolymerization reaction, a photon is absorbed by a photoinitiating molecule 

(photoinitiator) which excites an electron and leads to cleavage of bonds to form radical 

species.173–175 These radical species can then react with electron-rich double bonds, e.g. 

(meth)acrylates, to propagate a polymerization reaction and form a polymer network. Because 

the polymerization is initiated by photons, reaction rates are high which leads to ultra-fast curing 

in min or seconds. This provides a distinct advantage over thermal or redox cured systems which 

 

Figure 1.12. Schematic representing the events leading up to fibrosis and biofilm formation 
(left side). The right side depicts the use of zwitterionic polymers on cochlear implant 
electrode arrays to resist biofouling. 



www.manaraa.com

33 

have curing times on the order of hrs. These fast kinetics have allowed photopolymerization 

reactions to be widely implemented in industrial applications including coatings176,177, 

adhesives178, lithography179–181, and 3D printing.182,183 Additionally, curing of the polymer 

reaction can be achieved with relatively low initiator loadings at ≈1 wt% of the resin.  

 Another major advantage of a photoinitiated polymerization reaction is direct spatial and 

temporal control of reaction kinetics, which has led to the use of photopolymerization for a 

variety of patterning applications.147,184,185 Through using a photomask, initiation events can be 

limited to areas that are exposed to light underneath the transparent regions. Thus,     

chemical186–188 and physical patterns147,185,189 can be selectively attached to be used in directing 

the adhesion and growth of cells. Temporal control is afforded through light shuttering to quickly 

attenuate polymerization once the light source is removed. For example, topographical features 

of a surface can be generated through a simple one-step process to form a ridge-groove pattern 

with variable channel depths achieved by variable light shuttering, as previously described by 

our lab.147,185 Another critical advantage is the ability of a photopolymerization process to be 

carried out in conditions that are nontoxic to cells.174,190–192 UV light is used most often in 

photoinitiation, which is toxic in high intensity to cells and can disrupt protein function.193–196 

However, the wavelength and intensity of light can be modulated to prevent cell death by 

radiation exposure. For example, Bahney et al. photoencapsulated human mesenchymal stem 

cells using visible light in a PEGDA scaffold using a photoinitiator system composed of eosin Y, 

triethanolamine and 1-vinyl-2-pyrrolidinone.197 Plasmid DNA and cells were also 

coencapsulated in a degradable, methacrylate hydrogel without compromising the function of the 

plasmid DNA or viability of the encapsulated cells upon release.198 
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 Photochemical processes can also be used to efficiently and quickly graft polymers to 

substrates. For example, a type II photoinitiator, such as benzophenone (BP), can be adsorbed 

onto a polymer surface followed by irradiation with UV light (Figure 1.13). The type II 

photoinitiator is excited by the light to a highly reactive diradical state when a photon is absorbed 

which then abstracts a hydrogen from the grafting surface, producing a radical that allows 

polymerization to occur from the surface.199 Using this method, polymers can be covalently 

grafted from a variety of polymeric surfaces including PDMS, polyethylene, and polyurethanes. 

For example, Ishihara et al. grafted zwitterionic phosphoryl choline methacrylate polymerized 

from PDMS surfaces demonstrating decreased contact angles and reduced protein adsorption.200 

Polymers generated using this approach undergo a grafting from mechanism, due to the radicals 

being generated on the surface and the polymer propagating from the substrate. 

 

Figure 1.13. Schematic of the basic reactions involved in the surface grafting with 
benzophenone as an initiator of a vinyl monomer. Adapted from reference 199. 
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 Many photopolymerizable biomaterials are composed of (meth)acrylate-based resins, 

which undergo a radical chain reaction to form a network.190 The process of photopolymerization 

can be described in three steps: initiation, propagation, and termination. Initiation is the process 

by which a photoinitating molecule absorbs a photon which subsequently generates a radical 

molecule that can initiate polymerization. The most common initiators are Norrish type I, which 

undergo homolytic cleavage to directly transfer a radical to the monomer and initiate 

polymerization. The propagation step involves the growth of the polymer as more monomer units 

are added to the polymer backbone and the molecular weight increases. The final step involves 

the termination of the radical to end the growing polymer chain.  

The photopolymerization reactions described in this work are based on (meth)acrylate 

chemistry and will involve the photopolymerization of monomers to engineer polymer surfaces 

that improve CI materials. The approach described herein involves the fabrication of 

micropatterned substrates to be used in directing the regeneration of SGN neurites, engineering 

anti-fouling surfaces to prevent fibrosis and subsequent current attenuation for CIs, and 

strengthening of zwitterionic hydrogel materials to improve the durability and longevity of these 

coatings. Chapter 4 will discuss the directed growth of neurites using topographical and chemical 

cues generated using a photo-induced processes. Chapters 5-6 will examine photografting 

zwitterionic polymers to glass and PDMS surfaces to mitigate the FBR. Furthermore, patterns 

were generated to locally control the adhesion and outgrowth of cells. Finally, Chapter 7 will 

focus on the strengthening of photopolymerizable zwitterionic hydrogels to improve modulus 

and durability for long-term in vivo use. Altogether these chapters aim to describe advances 

made in the field of surface engineering and with a particular emphasis on cochlear implant 

materials. The overall goal of this work is to improve the neural/tissue interface. The 
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understanding gained through this research aims to improve the quality of life for CI and other 

neural prosthetic patients with a broader application to all implantable medical devices.   
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CHAPTER 2: OBJECTIVES 

Cochlear implants (CIs) help to restore basic auditory function in patients who are deaf or 

have profound hearing loss. However, implant patients suffer from limited voice and tonal 

perception due to spatial separation between the stimulating CI electrode and the receptor spiral 

ganglion neurons (SGNs). Regeneration of the proximate SGNs responsible for sensory function 

in the cochlea can be achieved but outgrowth of the neurites is random and may not decrease the 

separation or preserve the spatial order to improve implant fidelity. Directed regeneration of 

these SGN axons may improve tonal performance and implant fidelity by directing the neurites 

to approach or even contact CI electrodes while also maintaining the tonotopic organization of 

the neurons. Through generating patterned surface features (topographical and biochemical 

cues), the outgrowth of SGN neurites can be controlled to improve hearing outcomes for implant 

patients. Additionally, CI users also often suffer from late-term hearing loss which can cause 

significant decreases in hearing several months after cochlear implantation. This decrease in 

hearing has been attributed to fibrous scar tissue formation on the surface of the implanted 

electrodes. Engineering surfaces that resist the propensity for the body to form a fibrous capsule 

around cochlear implants has the potential to eliminate late-term hearing loss due to the foreign 

body reaction. 

The approach described herein to improve implant performance involves overcoming 

these two major obstacles by 1) understanding the cues, both chemical and physical, that govern 

neurite pathfinding and 2) minimizing fibrous tissue formation through engineered durable 

polymer surfaces. Specific objectives for this work include:  
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1. Generate physical and biochemical micropatterns and verify their efficacy in 

directing the regeneration of SGN neurites independently and in competition.  

2. Characterize photopatterned zwitterionic polymers onto glass substrates and 

evaluate the ability of these patterns to prevent fouling and direct the growth of 

neural cells. 

3. Photograft zwitterionic polymers onto poly(dimethyl siloxane) (PDMS) surfaces 

using a type II photoinitiator and characterize the adhesion/anti-fouling properties 

of these films. 

4. Engineer zwitterionic hydrogels by changing formulations to improve the 

durability while evaluating changes in fouling based on chemistry. 

For the first objective (Chapter 4) SGN neural response to a combination of 

topographical (physical) and biochemical patterns is examined. In native tissue, neurite 

outgrowth is controlled by a complex array of physical and chemical cues that precisely guide 

and position neural elements. It is therefore important to understand the neural response to a 

combination of directing mechanisms. Additionally, neurites regenerated in vivo will experience 

many competing signals and overcoming a conflicting biological cue may be required to guide 

neural regeneration. To this end, acrylate substrates were topographically patterned using 

photopolymerization, after which laminin, a cell adhesion protein, was patterned perpendicular 

and parallel to the physical features. This system was used to study the relative effect of 

biochemical and physical cues on neurite guidance. These results demonstrate the ability of 

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

conflicting physical and biochemical cues.   
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In pursuit of the second research objective (Chapter 5) the efficacy of two zwitterionic 

polymers, sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate (CBMA), in 

reducing fouling was demonstrated. Using photopolymerization, zwitterionic polymers were 

grafted onto glass substrates. The surface properties, including composition, water contact angle, 

and relative fouling, were characterized to understand the changes to the surface upon 

functionalization. It was demonstrated that only a very thin layer (<10 nm) is required to 

significantly reduce the nonspecific protein adsorption and water contact angle. Further, utilizing 

the inherent spatial and temporal control afforded by photopolymerization, zwitterionic patterns 

were generated to control cell adhesion and growth of various cell types. Fibroblasts, 

oligodendrocytes, astrocytes, Schwann cell, and spiral ganglion neurons (SGNs) all exhibited a 

strong repulsion to zwitterion-coated regions on both patterned and unpatterned surfaces. 

Further, SGN neurite growth was also evaluated on the patterned zwitterionic substrates. Neurite 

extensions grew directly between zwitterion-coated bands avoiding interaction with the 

functionalized regions. While SGN neurites extend along SBMA stripes, CBMA patterns 

significantly improved alignment compared to SBMA patterns. These results demonstrate the 

efficacy of SBMA and CBMA polymers in preventing fouling and controlling cell adhesion and 

neurite outgrowth. 

To achieve the third research objective (Chapter 6) zwitterionic polymers were coated 

using a novel technique onto PDMS, the housing material for CI electrode arrays. While PDMS 

is a durable, nontoxic biomaterial, it is known to elicit a significant FBR. Engineering 

zwitterionic coatings for PDMS materials has the potential to dramatically reduce the FBR and 

subsequent current attenuation. SBMA and CBMA films were covalently grafted to PDMS 

substrates using benzophenone (BP), a type II photoinitiator. The adhesion of the crosslinked 
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zwitterionic thin films to PDMS surfaces was characterized through the shear adhesion test. 

Increasing the surface concentration of BP improved the adhesion of the zwitterionic thin films 

to PDMS surfaces. To demonstrate the effectiveness of the zwitterionic thin films to resist the 

FBR, nonspecific protein adsorption was measured with significantly lower levels on zwitterion-

coated samples compared to uncoated controls. Additionally, adhesion of fibroblasts and bacteria 

was significantly reduced on coated substrates. These results demonstrate the potential of this 

photografting process to quickly and easily coat the surface of existing implant materials with 

zwitterionic polymers. 

Lastly, the fourth objective (Chapter 7) was achieved through strengthening zwitterionic 

hydrogels by changing formulations. While SBMA and CBMA hydrogels exhibit excellent anti-

fouling properties, their long-term use is limited by their weak mechanical properties. Two 

approaches were employed to improve these properties: 1) altering the crosslink density and 2) 

adding a hydrogen bonding monomer, 2-hydroxyethyl methacrylate (HEMA), to enhance 

mechanical stability. These two approaches improved the toughness and modulus of the 

hydrogels. The direct relationship between changes in zwitterionic hydrogel formulation and 

fouling properties was established. These results demonstrate that improving the mechanical 

strength of zwitterionic materials through changing monomer formulations has compromises in 

fouling. 

Improving the tissue-material interaction for cochlear implants could have significant 

impact on strategies to improve hearing quality and restoration. With a better understanding of 

how to control the neural response to a surface features of a biomaterial, the gap between 

cochlear implant electrode arrays and primary auditory receptors can be decreased. Further, 

engineering surfaces that prevent biofouling and the FBR could have significant impacts on late-
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term hearing loss associated with fibrosis in the cochlea. These materials are also applicable to a 

diverse group of implantable devices and have the potential to significantly improve the function 

and longevity of biomedical devices. The work presented here will also contribute to improving 

the surface properties of implantable materials with an emphasis on neural prosthetics.  
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CHAPTER 3: METHODS AND MATERIALS 

This chapter includes the synthesis, fabrication, and characterization of biomaterials as 

well as the cell culture using these substrates to improve cochlear implants. The first section 

describes the methods implemented to synthesize and fabricate the materials. The second section 

describes the characterization techniques associated with analyzing surface topography, 

composition, water contact angle, protein adsorption, water uptake, and mechanical properties. 

The final section describes the cell culture and quantification of SGN neurite and Schwann cell 

behavior on micropatterned polymer substrates and has been adapted from a book chapter.201 The 

cell culture methods as outlined in the final section were conducted by Dr. Marlan Hansen’s 

research lab and his lab has contributed significantly to this results described in this thesis. 

3.1 MATERIALS FABRICATION 

3.1.1 Activated Glass Slide Preparation 

Functionalized glass slides were used as a substrate for micropatterned polymer 

attachment. A methacrylated silane coupling agent (3-(Trimethoxysilyl)propyl methacrylate, 

(TMSPMA, Sigma)) was used (Figure 3.1). Silane coupling agents have well-established 

chemistry that is used to graft various functional groups onto glass surfaces.202 The methacrylates 

at the surface readily react with the monomers in the solution and form covalent bonds that 

prevent delamination of the photopolymerized thin films.147,203,204 Samples grafted using this 

method remain adhered for months after fabrication. Further, these methacrylate-functionalized 

glass slides were also used to graft the zwitterionic thin films to glass as described in Chapter 5. 

A covalent bond between the films and the glass was formed that was stable for several months. 

These same methacrylated glass slides were also used in the shear adhesion testing of the 

crosslinked zwitterionic films described in Chapter 6. 
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Standard 2.54 cm x 7.62 cm glass microscope slides (VWR) were exposed to oxygen 

plasma for 3 min at 30 W RF power (PDC-001 Harrick Plasma Expanded Cleaner, Ithaca, NY). 

Immediately following removal from the chamber, the slides were immersed in a 1 v/v % 

solution of the grafting agent TMSPMA in hexanes overnight. Forceps were used to transfer the 

glass slides using caution not to contact the glass slides in areas of use. It is important to not 

shear the TMSPMA from the surface on portions that will be investigated. The samples were 

then washed with fresh hexanes after being removed from the solution and dried in a fume hood. 

The functionalized glass slides were then stored in a sealed container until use. 

3.1.2 Physical Micro-pattern Substrate Fabrication and Characterization 

 For generating micropatterned topographies used in directing the growth of SGN 

neurites, a copolymer system was used consisting of hexyl acrylate (HA, Sigma, Figure 3.1) and 

1,6-hexanediol diacrylate (HDDA, Sigma, Figure 3.1). All samples prepared using this system 

used 40 wt% HA and 59 wt% HDDA with the remaining one percent the photoinitiator 2,2-

dimethoxy-1,2-diphenylethan-1-one (DMPA, BASF) (Figure 3.1). Previous work in our lab has 

shown excellent cell compatibility with the methacrylate analog of this system.147 Further, the 

photopolymerization kinetics allow the HA/HDDA system to be polymerized through a 

photomask to yield microchannels. By changing illumination times, microchannels ranging from 

1 µm to 8 µm can be generated. These amplitudes are on the same size scale as the neurons in 

study and allowed dynamic control of neurite alignment based on variations in amplitude and 

periodicity.147 

A 20 µL volume of monomer solution was pipetted onto a functionalized glass slide and 

covered with a 2.54 cm x 2.54 cm glass-chrome Ronchi rule photomask (Applied Image Inc., 

Rochester, NY) or piece of glass cut to the same dimensions. The samples were then illuminated  
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 with UV-light (Figure 3.2) using a mercury vapor arc lamp (Omnicure S1500) at an intensity of 

8 mW/cm2 measured at 365 nm using a Cole-Parmer Instrument Co. Series 9811 radiometer. 

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

channels of different depth as previously described.147 After polymerization, the photomask (or 

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

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

until use. 

3.1.3 Biochemical Functionalization and Patterning 

Acrylate polymers were biochemically patterned with the cell adhesion protein laminin 

and photodeactivated after exposure to UV light (as described in Chapter 4). Laminin was 

chosen because it is known to increase cell adhesion and has been patterned using microcontact 

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

HEPK was pipetted onto acrylate patterned and smooth polymers. A 2.54 cm x 2.54 cm 

photomask or glass slide (cut to these dimensions from standard glass slides) was then placed on 

the solution allowing even distribution across the surface by capillary forces. For substrates with  

 
Figure 3.1.  Monomers, photoinitiator, and grafting agent used to generate micropatterned 
topographical samples. 



www.manaraa.com

45 

 
Figure 3.2. Schematic of photopatterning process. Monomer is selectively exposed to UV light 
through transparent bands of the photomask resulting in raised microfeatures across the 
polymer surface. 

topography, the bands from the photomask were aligned perpendicular to the physical 

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

arc lamp (Omnicure S1500) at an intensity of 16 mW/cm2 as measured at 365 nm using a Cole-

Parmer Instrument Co. Series 9811 radiometer. The photomask or glass slide was then removed 

and the surface was washed with PBS and submersed in PBS at room temperature until use. 

Zwitterionic polymers were grafted from methacrylate-functionalized glass surfaces. 

Aqueous monomer mixtures of zwitterion (CBMA or SBMA at 0.1, to 20 wt%) in phosphate 

buffered saline PBS containing 0.05 wt% 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-

1-propane-1-one (HEPK, photoinitiator, Irgacure 2959 (I-2959), Figure 3.3) were pipetted onto 

activated glass surfaces. The liquid was then dispersed evenly across the sample using a 2.54 x 

2.54 cm glass-chrome Ronchi rule photomask (Applied Image Inc., Rochester, NY) for patterned 

samples or a cut glass slide of the same dimensions for uniform samples. Substrates were 

subsequently illuminated for 10 min using a mercury vapor arc lamp (Omnicure S1500) at an  



www.manaraa.com

46 

intensity of 16 mW/cm2 measured at 365 nm using a Cole-Parmer Instrument Co. Series 9811 

radiometer. Samples were then copiously washed with distilled H2O and dried using a nitrogen 

stream. After functionalization, the samples exhibited noticeable qualitative changes in contact 

angle and the micropatterns were observable by streaks appearing when running water over the 

surface. The samples were kept under vacuum before XPS measurements or PBS for all other 

experiments. 

3.1.4 Carboxybetaine Methacrylate Synthesis 

Sulfobetaine methacrylate (SBMA, Figure 3.3) is a commercially available monomer that 

was obtained from Sigma Aldrich. Carboxybetaine methacrylate (CBMA, Figure 3.3) has limited 

commercial availability and required synthesis in our lab. The synthesis for CBMA described 

here was used for Chapters 5-6. The synthesis of CBMA has been outlined previously,111 but will 

be described in detail (Figure 3.4). Because the reaction is water-sensitive, all glassware and 

needles were dried at 110oC in an oven for at least 1 hr prior to use. The glassware was then 

cooled in a desiccator before use. All flasks were capped with a septum and purged with 

nitrogen. Acetone was used as the solvent for this reaction and was dried using sieves in a flask  

 
Figure 3.3. Chemical structures of the monomers and photoinitiator used to generate 
zwitterionic thin film hydrogels and coatings. 
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under inert atmosphere for at least 24 hrs. 2-(N,N’-dimethylamino)ethyl methacrylate (DMAEM, 

17.4 mmol, Sigma) was dissolved in ~80 mL of the dry acetone and cooled to 0oC in an ice bath. 

β-propiolactone (34.7 mmol, Sigma) was dissolved in ~15 mL of the dry acetone and added to 

the DMAEM solution dropwise under inert atmosphere over ~10 min It is important that this 

step is conducted slowly in order to avoid any side reaction products. The reaction was stirred 

overnight. After ~2 hrs of reaction, a white precipitate formed. When left overnight, the 

precipitate will dissolved. After overnight stirring, 10 mg of hydroquinone (Sigma) inhibitor was 

added. The solvent was removed using a rotary evaporator at room temperature. It is important 

that the water bath remains at room temperature when removing solvent to avoid any premature 

polymerization. The resulting residual oil was dissolved in 15 mL methanol and trimethylamine 

(2.4 mL, 17.35 mmol, Sigma) was added to quench any side reactions. The solution was then 

precipitated into chilled diethyl ether and filtered to yield a white solid. When conducting the 

filtering step it is important to work quickly when removing the solid from the filter paper. If 

left, the CBMA will dissolve in residual water from the air and product will be lost in the filter 

paper. The product was dried under vacuum and used without further purification. The NMR 

spectrum was recorded on a Bruker spectrometer (Avance 300). The following 1H NMR are 

present in the reaction product. (D2O, 300 MHz), δ 6.06 (s, 1H, =CH), δ 5.68 (s, 1H, =CH), δ 

4.55 (t, 2H, OCH3), δ 3.70 (t, 2H, NCH2), δ 3.59 (t, 2H, NCH2), δ 3.10 (s, 6H, NCH3), δ 2.64 (t, 

2H CH2COO), δ 1.84 (s, 3H =CCH3). 

 

Figure 3.4. Schematic of CBMA synthesis.  
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3.1.5 Zwitterion-functionalized PDMS 

 PDMS substrates were fabricated from the commercially available Sylgard 184 (Dow 

Corning). This two component system is formed by thoroughly mixing 10 parts base to 1 part 

curing agent. Crosslinking occurs through vinyl end groups on the PDMS chains reacting with 

Si-H bonds present in a crosslinking molecule. The reaction is catalyzed by platinum and will 

react spontaneously at room temperature but is accelerated by heating the samples to 80oC for 2 

hrs. Samples to be used for shear adhesion tests were transferred to custom-made aluminum 

molds with channels having a depth of 4 mm and a width of 8 mm. All other samples were 

transferred to standard size Petri dishes (100 mm). The samples were cured and cooled to room 

temperature. The slabs were then cut using a razor blade to approximately 25 mm long strips 

from the aluminum molds or 2.5 cm x 2.5 cm squares for the samples cured in petri dishes. The 

cut pieces were then submersed in a solution of benzophenone (BP, Figure 3.3) dissolved in 

acetone (0.01 to 50 mg/mL) for 1 hr. Immersing the PDMS in the solution was conducted to 

ensure even coating of the BP. After submersion, the BP-coated samples were removed and dried 

in a nitrogen stream to remove solvent droplets then dried in a vacuum for 1 hr to remove any 

absorbed solvent. The BP-coated PDMS slabs were kept in a sealed container until directly 

before use. For the samples to remain “active,” they should be used within 24 hrs of the coating 

process. Due to hydrophobic recovery of the PDMS substrates, storage of the BP-coated for 

longer than 2 days resulted in loss of adhesion upon photografting. 

To test the adhesion of the zwitterionic thin films to the PDMS substrate, 2.5 µL of 

monomer solution was pipetted onto a functionalized glass substrate. A piece of PDMS formed 

using the aluminum molds was placed on top and capillary action dispersed the solution evenly 

between the glass and PDMS. The glass slides were marked 8 mm from the edge to generate an 8 
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mm square contact area. The solution was then polymerized for 10 min using a mercury vapor 

arc lamp (Omnicure S1500) at 30 mW/cm2 measured at 365 nm using a Cole-Parmer Instrument 

Co. Series 9811 radiometer. As prepared samples were tested for adhesion directly after 

polymerization. Swollen samples were immersed in deionized water for 48 hrs prior to testing. 

3.1.6 Zwitterionic Hydrogel Fabrication 

Free-standing zwitterionic hydrogels were fabricated with varying composition. HEPK 

was dissolved in water at 1.5 wt% and used for all hydrogel formulations. All hydrogels were 

mixed with 2.5 wt% poly(ethylene glycol) diacrylate (PEGDA, MW 575, Sigma), 47.5 wt% 

photoinitiator/water solution, with the remaining 50 wt% varying between SBMA and 2-

hydroxyethyl methacrylate (HEMA) or SBMA and PEGDA depending on the formulation. 

Hydrogels prepared with the following SBMA:HEMA ratios were investigated: 1:0, 4:1, 1:1, 2:3, 

1:4 and 0:1. These hydrogels will be referred to throughout the text as SH Y:Z where SH 

represents SBMA:HEMA and Y:Z represents the ratio of the two components. Variable 

crosslinker hydrogels were similarly formulated using 50 wt% photoinitiator/water solution and 

the remaining percent being filled with PEGDA and SBMA in the following SBMA:PEGDMA 

ratios: 0:1, 1:3, 1:1, 3:1, and 19:1. These hydrogels will be referred to throughout the text as SX 

Y:Z where SX represents SBMA:PEGDA and Y:Z represents the ratio of the two components.  

Hydrogel samples for dynamic mechanical analysis were fabricated using molds created 

by placing two standard 2.54 x 7.62 cm glass microscope slides together with a 1 mm thick piece 

of glass as a spacer as shown in Figure 3.5.205 The liquid monomer was pipetted in the 1 mm 

space between the slides and illuminated for 10 min using a mercury vapor arc lamp at ~25 

mW/cm2 measured at 365 nm using a Cole-Parmer Instrument Co. Series 9811 radiometer. After 

polymerization, the glass slides were removed and the samples were punched into either disks  
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Table 3.1. Formulations of the variable HEMA/PEGDA hydrogels.  

 wt% Component 
 Water HEPK PEGDA HEMA SBMA 
SX 0:1 49.25 0.75 50 N/A 0 
SX 1:3 49.25 0.75 37.5 N/A 12.5 
SX 1:1 49.25 0.75 25 N/A 25 
SX 3:1 49.25 0.75 12.5 N/A 37.5 
SX 19:1 49.25 0.75 47.5 N/A 47.5 
SH 0:1 46.8 0.7 2.5 50 0 
SH 1:4 46.8 0.7 2.5 40 10 
SH 2:3 46.8 0.7 2.5 30 20 
SH 1:1 46.8 0.7 2.5 25 25 
SH 4:1 46.8 0.7 2.5 10 40 
SH 1:0 46.8 0.7 2.5 0 50 

 

using die punches or cut into rectangular films. The samples soaked in water for at least 24 hrs 

before characterization to remove residual monomer and swell the hydrogels to equilibrium. 

3.2 MATERIALS CHARACTERIZATION 

3.2.1 Nonspecific Protein Adsorption 

For Chapters 4-5, relative levels of laminin/fibrinogen adsorption and protein micro-

patterns were determined using immunofluorescence.203 After protein application or patterning, 

the samples were rinsed three times with PBS followed by a blocking buffer (5% w/v bovine 

serum albumin, BSA, Sigma) solution being applied to block the areas not occupied by 

laminin/fibrinogen (Sigma) for 30 min at room temperature. Anti-laminin or anti-fibrinogen 

 
Figure 3.5. Drawing of the mold used to polymerize free-standing zwitterionic hydrogels. 
Prepolymer is represented by orange, glass mole is shown in blue, and small binder clips are 
seen in black. Adapted from reference 205. 
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rabbit polyclonal antibody (Sigma) was applied to the samples overnight at 4oC. The substrates 

were then rinsed 3 times with PBS, and an Alexa488 conjugated secondary antibody (1:1000, 

ThermoFischer) was applied for 1 hr at room temperature. The samples were washed 3 times 

with PBS, and coverslips were applied before epifluorescent imaging. Digital epifluorescent 

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

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

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

were used to evaluate fluorescence intensity relative to an uncoated substrate in Image J software 

(NIH, Bethesda, MD). All samples were in triplicate and five representative images were taken 

for each condition. 

For protein adsorption described in Chapters 6-7, a fluorescein-tagged bovine serum 

albumin (BSA, Sigma) was used to determine nonspecific protein adsorption. The tagged BSA 

(1 mg/mL) was pipetted onto substrates and dispersed by placing a glass coverslip on the 

solution followed by a 1 hr incubation at room temperature. The samples were then soaked in 

PBS for 1 hr with the PBS being changed every 15 min. After rinsing, coverslips were placed on 

the samples using Aqua-mount mounting media (Thermo Scientific) and quantification of the 

fluorescence was measured as described in the previous paragraph. The fluorescently-labeled 

BSA provided a direct measure of the nonspecific protein adsorption. Conversely, when using an 

antibody, the primary or secondary antibody may also bind nonspecifically to the substrate and 

interfere with fluorescent measurements. 

3.2.2 Surface Characterization 

 To characterize the surface of zwitterion-coated glass substrates, X-ray Photoelectron 

Spectroscopy (XPS) was performed using a Kratos Axis Ultra x-ray photoelectron spectrometer 
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with concentric hemispherical electron energy analyzers combined with the established delay-

line detector. The incident radiation monochromatic Al Ka X-ray (1486.6eV) at 150W 

(accelerating voltage 15 kV, emission current 15 mA) was projected 45° to the sample surface 

and the photoelectron data was collected at a takeoff angle of q = 90°. Survey scans were taken 

at a pass energy of 160 eV and carried out over a 1200 eV ~-5eV binding energy range with 1.0 

eV steps and a dwell time of 200 ms. All spectral analyses were conducted using CasaXPS 

software. Shirley type calculations were used to account for the background spectrum when 

quantifying percent atom composition.206 Relative sensitivity factors were used to normalize 

peak intensity for elemental quantification. The C 1s peak at 285.0 eV was used to calibrate all 

spectra before data analysis. 

Water contact angles were measured using the sessile drop method on a Ramé-Hart 

Model 190 Goniometer. Five areas of each substrate were tested in triplicate at and the average 

contact angle was taken as the mean value of all fifteen measurements. 

The concentration of BP adsorbed onto PDMS surfaces was measured using UV/Vis 

spectroscopy (Varian Cary 50, Mulgrave, Australia). The coated samples were sonicated in a 

100% ethanol solution for 30 min to remove the adsorbed BP. Ethanol is not absorbed by the 

PDMS and will only remove the surface benzophenone. BP absorbs light in the UV region and 

can be quantified using a calibration curve with known concentrations. The concentrations must 

be kept within the limitations of the Beer-Lambert law. The concentration of BP in the ethanol 

solution was then measured by formulating a calibration curve and comparing UV/Vis 

absorbance at 253 nm to the absorbance of known concentrations at the same wavelength. The 

calibration curve showed excellent linearity (R2 = 0.9989, Figure 3.6) and all BP concentration 

measurements were evaluated within the calibrated concentrations. 
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Figure 3.6. Calibration curve for BP adsorbed onto PDMS substrates as measured by UV/Vis 
spectroscopy. 

3.2.3 Physical Properties 

Mechanical testing of the hydrogels was completed using a dynamic mechanical analyzer 

(DMA; Q800 DMA TA Instruments). For compression testing, 6 mm diameter circular disks 

were used and compressed using a submersion compression clamp and a controlled force ramp 

rate of 0.5 N/min at room temperature. Before testing, the top portion of the compression clamp 

was put into contact with the hydrogel sample. A preload force applied by the instrument was set 

at 0.01 N in order to ensure contact between the sample and the clamp. All samples tested in 

compression mode were assumed to be cylindrical for stess/strain curves. For tensile 

measurements, hydrogels were cut into rectangular films and tested in tensile mode at a ramp 

rate of 0.1 N/min at room temperature. The slower ramp rate was used because many of the 

samples fractured quickly with a higher ramp rate making toughness calculations difficult. 

Careful consideration must be taken when loading the hydrogel thin film samples because they 

are easily broken.  
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From the displacement recorded on the DMA, the stress/strain curves can be generated to 

determine Young’s modulus and toughness. Stress (σ) and strain (ε) were calculated using the 

following equations: 

 𝜎𝜎 =
𝐶𝐶 ∗ 𝐹𝐹
𝐴𝐴

 (3.1) 

 
 
 

  

 𝜀𝜀 =
𝐷𝐷 − 𝐷𝐷𝑜𝑜

𝑧𝑧
 (3.2) 

 

Where C is a corrective factor provided by the instrument manufacturer based on sample 

geometry, F is the instantaneous static force, A is the cross-sectional area of the disk, D is the 

instantaneous displacement, Do is the initial displacement, and z is the original thickness of the 

samples before compression. The stress is plotted as a function of strain and the Young’s 

modulus is taken as the linear portion of this curve. To determine toughness, data from tensile 

measurements was used, and the area under the stress/strain curve was calculated using the area 

function in Graphpad Prism 7.01 software. 

To measure shear adhesion, DMA was used in tensile mode. The stress on adhered glass 

and PDMS samples was increased until fracture using a controlled force ramp rate of 0.5 N/min 

at room temperature. The force at break was recorded and normalized to the area of adhesion to 

the glass substrate to account for small variations in contact area. 

 To examine water uptake of zwitterionic hydrogels, 6-mm disks were cut from the free 

standing hydrogel films. The samples were immersed in water for at least 24 hrs and swollen 

mass was measured. The samples were then dried at ambient temperature overnight and then 
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placed in a vacuum for 12 hrs prior to recording the dry mass. The swelling ratio of the various 

formulations was calculated using the following equation: 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 =
𝑆𝑆 − 𝑑𝑑
𝑑𝑑

 (3.3) 

 

Where w is the swollen mass of the sample and d is the dry mass of the sample.  

3.2.4 Scanning Electron Microscopy (SEM) 

 Thickness measurements of the zwitterion-coated thin films were measured using 

scanning electron microscropy (SEM, S-4800, Hitachi). Zwitterion-coated PDMS substrates 

were dried in a vacuum overnight to remove any residual water and prepare them for imaging. 

To view the sample cross-section, they were cut and mounted vertically on specimen stages. 

Prior to imaging, samples were sputter coated with gold for 1.5 min using an Emitech Sputter 

Coater K550. After sample loading, the microscope specimen stage was adjusted to ensure an 

aligned cross-sectional view of the samples. Electron accelerating voltage was set at 2.0 kV. 

3.3 CELL CULTURE AND QUANTIFICATION 

The methods for cell culture and quantification of neural cell behavior are described in 

the following section which has been adapted from a book chapter.201 It should be noted that all 

cell culture experiments described herein and throughout this thesis were conducted by Dr. 

Marlan Hansen’s research group.  

3.3.1 Preparing Polymers for Culture 

• Sterilize micropatterned polymers in a tissue culture hood by irradiating with a UV 

germicidal lamp in the hood for at least 5 min. Be sure that no laminin or poly L-ornithine 
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solutions are in the hood during this process, as the UV germicidal lamp may inactivate 

proteins. 

• Pour poly L-ornithine to coat the micropatterned polymers for tissue culture and allow to coat 

at room temperature for 30 min, then remove. 

• Pour 20 µg/mL laminin solution on the poly L-ornithine coated micropatterned polymer and 

allow to coat at room temperature for 30 min or overnight at 4°C, then remove. 

3.3.2 Dissection 

We recommend perinatal (p3-p6) rats or mice for cell cultures. All protocols should be 

approved by the Institutional Animal Care and Use Committee under the guidelines set forth by 

the National Institutes of Health. 

• Decapitate the animal using heavy scissors and bisect the head in the midline with tissue 

scissors (see Note 1). Using a blunt instrument (such as the side of the scissors), gently 

remove the brain tissue from the cranial cavity, clipping attached cranial nerve roots with 

scissors as needed.  

• Once the brain is removed, the tentorium cerebelli should be visible as a thin shelf of tissue 

just posterior to the temporal bone/otic capsule. Cut the area containing the otic capsule away 

from the rest of the skull and place in a Petri dish of PBS on ice under a dissecting 

microscope (see Note 2). 

• Remove excess tissue and bone around the otic capsule (see Note 3-4). Stabilize the bone by 

grasping the lateral semicircular canal with forceps held in the non-dominant hand.  

• Remove the bony capsule of the cochlea by flicking the bone off the exterior of the cochlea 

using forceps held in the dominant hand.  
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• Scrape off the spiral ligament and Organ of Corti, transecting the radial fibers extending 

outwards from the modiolus. The modiolus, containing the spiral ganglion neurons, should 

now look approximately like a pine tree, tapering towards the apex and widening towards the 

base. 

• Using fine foreceps, remove as much of the modiolar connective tissue as possible without 

damaging the ganglion. Incomplete removal of connective tissue is acceptable in the interest 

of achieving a higher neuron yield, though it may increase fibroblast count.  

• Once cleaning is complete, place the ganglion in a 1.5-2 cc tube of HBSS+/+ on ice and 

continue to harvest as many spiral ganglia as indicated by experimental needs.  

• When you have harvested as many spiral ganglia as needed, process the tissue for explants or 

dissociated culture. 

3.3.3 Preparation of Explants 

• Place a single ganglion in a Petri dish of PBS on ice under the dissecting microscope. Grasp 

the base of the ganglion or the stump of the cochlear nerve with fine forceps to stabilize. 

• Using the blunt side of a scalpel blade or a second set of forceps, gently uncurl the ganglion 

so that it lies as flat as possible. 

• Using a fresh scalpel blade, cut the ganglion into 4 pieces (or as many as desired). Keep track 

of which pieces are closest to the apex vs the base if these data are important. 

• Using fine forceps, carefully place these explants in the desired position on your prepared 

substrate. It is best to have a very thin film of N2 medium on the surface of the substrate 

before putting the explants down, as surface tension and gravity will help keep the explant 

from floating away. 
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• Allow the explants to settle down for 1-2 h and attach to the substrate, then add more N2 

medium. Be sure to supplement the N2 medium with NT-3 and BDNF if neuronal survival is 

desired. 

3.3.4 Preparation of Dissociated Cultures 

• Gently spin the tissue to the bottom of the tube of HBSS+/+ or simply allow the tissue to settle 

to the bottom of the Eppendorf vial. Remove the HBSS+/+ and in its place add 500mL of 

warmed 0.25% trypsin and 0.2% warmed collagenase. Close the vial and incubate at 37 ⁰C 

for 20 min with intermittent agitation.  

• Add 100 µL of FBS to the Eppendorf vial to inactivate the trypsin. Allow the tissue to settle 

or spin briefly in a microfuge. Remove the supernatant and add a small amount of N2 

medium. Shake lightly to rinse, allow to settle again, then repeat N2 rinse a second time.  

• After the final rinse, add 0.5 mL of N2 medium to the tissue.  

• Using the cut-off 1000 µL pipette tip, triturate by pipetting the digested tissue up and down 

5-8 times. The solution should now be turbid.  

• Using an uncut 1000 µL pipette tip, triturate again 5-8 X.  

• Using an uncut 200 µL pipette tip, triturate again 5-8 X. It is acceptable that some small 

undissociated pieces of tissue remain at this point.  

• Add the cell suspension onto your prepared substrate (see Note 4). Add N2 medium, which is 

now supplemented with NT-3 at 50 ng/mL and BDNF at 50 ng/mL, to the desired final 

volume and incubate at 37 °C in 6% CO2.  
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3.3.5 Enriching for Spiral Ganglion Schwann Cells 

• To treat with D-valine, make serum-free N2 medium using MEM with D-valine modification 

(see Note 3). Change the cell culture medium using this formulation (see Note 5). This type 

of medium may be used constantly and indefinitely.  

• To treat with cytosine arabinoside (AraC) (see Note 6), supplement N2 medium with serum 

with AraC (20 µM, we keep our stock AraC at 200 mM so that it can be diluted 1:1000). 

Change the cell culture medium using the AraC supplemented medium, and incubate for 24 

hrs. After 24 hrs, change to serum-free N2 medium for 48 hrs.  

3.3.6 Fixation and Immunocytochemistry 

• Remove your culture from the incubator. Remove medium, then add 4% PFA solution. 

Incubate at room temperature on shaker for 10-15 min. 

• Rinse 3x in PBS. 

• Permeabilize in 0.8% Triton in PBS for 30 min at room temperature on shaker. 

• Incubate in blocking buffer for 1 hr at room temperature on shaker.  

• Dilute primary antibodies in blocking buffer as desired (see Notes 7-9). Replace blocking 

buffer with primary antibody and incubate overnight at 4°C or at room temperature for 2 hrs. 

• Rinse 3x in PBS. 

• Dilute secondary antibodies in blocking buffer as desired (see Note 10). Incubate overnight 

at 4°C on shaker or at room temperature for 1 hr. 

• Rinse 3x in PBS. 

• Coverslip and proceed to imaging; microscopy instructions vary by manufacturer; we use the 

scan slide tool in Metamorph to generate an image the entire substrate surface using a 20X 

objective. This provides sufficient resolution to score neurite and Schwann cell alignment. 
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3.3.7 Quantifying Neurite Alignment 

• Open a scan-slide image in Image J (see Note 11). 

• In the toolbar, right-click the Line tool and select “Freehand line” option. 

• Click Measure under the Analyze menu to open a window with measurements. Ensure that 

angle and distance are being measured (see Notes 12 and 13). 

• Select the neurite(s) to be measured in the scan slide image and trace the neurite using the 

Freehand line tool (see Note 14). Record the length and angle for each segment by pressing 

Control-M, on a PC, or Command-M, on a Macintosh. Next, trace and measure the end-to-

end distance of the pattern from the neuronal soma to the end of the neurite and 

corresponding distance along the pattern to calculate alignment ratio (Figure 3.6). Repeat 

these measurements as many times as needed within the image. Data can be imported and 

saved for analysis in Microsoft Excel, Sigmaplot or other data analysis software.  

 

Figure 3.7. Method for quantifying neurite alignment to linear patterns. Alignment ratio is 
defined as the ratio of neurite length to end-to-end distance. As the length of the neurite 
increases over the end-to-end distance, the alignment ratio increases. A perfectly aligned 
neurite would have an alignment ratio of 1 

3.3.8 Quantifying Schwann Cell Alignment 

• Within Image J, open the images of the Schwann cell cultures (see Note 11). 
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• Select the “Freehand selections” tool and outline the periphery of the cell. Ensure that Major 

axis, Minor axis, and Angle are being measured (see Notes 12 and 13). 

• Once the cell has been outlined, click Edit > Selection > Fit Ellipse in order to fit an ellipse 

to the outline of the cell (see Notes 15-17). 

• Press control-M on a PC or command-M on a Macintosh to measure the angle of the major 

axis to the horizontal plane. A window with measurements (Major axis, Minor axis, Angle) 

should appear. 

• Once you have measured the desired number of cells in each image, you can copy the 

measurement data into the data analysis software.  

• After importing the data into a spreadsheet, correct all angles that are greater than 90o by 

subtracting from 180o (see Note 18-20). 

3.3.9 Notes 

1. Spray the rat or mouse pups with 70% EtOH and wipe prior to decapitation. This reduces the 

bacterial load on the skin and the chance for culture contamination. 

2. Dissecting the otic capsule against a black background makes the tissue more visible. In 

order to perform dissections on ice, we will typically place a black rubber mat over a frozen 

cold pack. We mount a microscope in the laminar flow hood in order to maintain sterility of 

the tissue during dissection. 

3. Rat middle ear anatomy features a tympanic bulla, a thin capsule of bone located on the 

inferior-lateral side of the skull, posterior to mandibular head. The tympanic bulla contains 

all the middle ear structures and the cochlea is located in the medial wall of the tympanic 

cavity. When inserting forceps into the external auditory canal, to remove the lateral wall of 

the tympanic bulla, avoid damaging the medial wall of the tympanic cavity with the forceps. 
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A clean dissection of the spiral ganglion is difficult, after damaging the bony capsule of the 

cochlea. 

4. Because the otic capsule is harder than the surrounding bone, the surrounding bone can 

usually be flicked away from the otic capsule with relative ease. To separate the otic capsule 

from the remainder of the temporal bone, a quick and easy method is to grip one of the 

semicircular canals seen from the inside of the skull, then apply ventrally-directed pressure. 

The otic capsule, including the cochlea, should separate cleanly from the rest of the temporal 

bone. 

5. To plate on only a small area of your surface, add a thin layer of N2 to the area of interest, 

then carefully add the cell suspension. After adding the cells, wait at least 30 min, but 

preferably 1 h, to allow cells to adhere. Then add the remainder of the medium.  

6. Fibroblast count can be reduced by using medium containing only D-valine, an enantiomer of 

L-valine that Schwann cells metabolize, due to the expression of an enzyme that fibroblasts 

lack, D-amino acid oxidase.207 

7. AraC is used to preferentially inhibit fibroblast growth. However, keep in mind that treating 

cells with this antimitotic agent also limits Schwann cell growth. Treatment with AraC is a 

three-day process. Make N2 media with 10% FBS and 20 µM AraC and incubate cells for 24 

h with this solution. After 24 h of incubation, change media to serum-free N2 media and 

incubate for 48 h.  

8. S100β is an excellent marker for Schwann cells, for which multiple antibodies are available 

from vendors. Our lab has the best results with Abcam’s rabbit anti-S100β antibody. We 

typically store this reagent at a dilution of 1:2 in glycerol for better preservation, whereas we 

use the antibody at a dilution of 1:400 or 1:800 final..  
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9. Neurofilament 200 (NF200) is an excellent marker for neurons. for which multiple antibodies 

are also available. We have the best results with Invitrogen’s mouse anti-NF200, which we 

typically use at a 1:800 dilution. 

10. Vimentin is a marker for mesenchymal cells including fibroblasts, but it should be noted that 

not all fibroblasts stain for vimentin.  

11. We typically use secondary antibodies conjugated to Alexa Fluor dyes (Life Technologies, 

Grand Island, NY). Alexa Fluor dyes are available in a variety of excitation and emission 

spectra. Be sure to co-stain with secondary antibodies conjugated to dyes with sufficiently 

different excitation and emission spectra to avoid bleed-through across stains. It is 

recommended to use dyes with emission spectra that are at least 100 nm wavelength apart.  

12. A scan-slide of the sample is taken and stitched together using MetaMorph software, when 

quantifying neurite alignment. This approach is taken to avoid a bias towards neurites shorter 

than the size of the capture window, when only capturing single-frame images. For Schwann 

cell alignment, randomly taken pictures are sufficient, as they are almost always smaller than 

a capture window. However, only quantify alignment on Schwann cells that are entirely 

captured within your image. 

13. Go to the “Select Measurements” tab under Measure and ensure that the Angle and Distance 

boxes are checked, if after selecting Measure or pressing control/command-M, you find that 

angle and distance are not recorded. Re-open the Measure tool to record measurements.  

14. It is important to have the degree of magnification saved into the image so pixel-to-micron 

conversions are calculated automatically, when opening in another program (such as Image 

J). This save is crucial for the MATLAB program. If this is not the case, then be sure that a 
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pixels-to-actual measurement conversion factor is known for the magnification of the images 

taken, so you can convert your measurements to microns.  

15. At high cell densities, neurites may overlap and make tracing difficult. Furthermore, cells at 

high densities may tend to direct each other’s neurite growth, clouding the substrate’s 

influence on neurite alignment. Therefore it is generally easier to use a low-density cell 

culture.  

16. Zoom in to the image in order to improve the outline of your Schwann cells. This approach 

allows you to more closely follow the outline of the cell, though a perfect outline is usually 

not critical to fitting the best ellipse. 

17. Because overlapping or adjacent cells can make this method difficult, and also because at 

higher cell densities Schwann cell alignment is increasingly affected by adjacent cells, it is 

best to use a lower-density culture. 

18. When Schwann cells grow to confluence, it can be helpful to split them into containers with 

larger surface areas. When performing this procedure, you should expect a moderate amount 

of cell loss, and increased fibroblast growth given the additional room for cell proliferation. 

To split the cells, first prepare as many containers as desired by plating with poly L-ornithine 

then laminin as described above. Then, replace the cell culture medium with 0.25% trypsin-

EDTA solution and incubate at 37oC for 5 min or until the cells appear to be free-floating and 

round in shape when viewed with a light microscope. Using a pipette tip, suck up the trypsin-

cell solution and transfer to a 15 mL conical centrifuge tube. Rinse the cell culture container 

with several mL of N2 medium and transfer this solution to the previous 15 mL conical tube 

containing the solution of cells. Spin down at 1250 xg for 5 min at 23°C. Remove the 
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supernatant, resuspend the cells in culture medium, and plate onto prepared surfaces as 

described previously. 

19. Because we investigate linear patterns where 0 and 180o alignment is equivalent, we correct 

all Schwann cell alignment measurements to a range of 0-90o. For example, a measurement 

of 150o is actually equivalent to a measurement of 30o, except that it is left-leaning rather 

than right-leaning.  

20. If the pattern is not horizontally aligned in the image you have taken, you may correct for the 

difference by measuring the angle of the pattern relative to horizontal in this image, then 

subtract this measurement from the major-axis angle measurements. Be sure to do this prior 

to correcting your measurements to the 90° range. 
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CHAPTER 4: TUNING SURFACE AND TOPOGRAPHICAL FEATURES TO 

INVESTIGATE COMPETITIVE GUIDANCE OF SPIRAL GANGLION 

NEURONS203 

4.1 ABSTRACT 

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

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

combination of physical and chemical micro-patterns, formed on acrylate polymers, are used to 

direct the growth of primary spiral ganglion neurons (SGNs), the inner ear neurons. Utilizing the 

inherent temporal and spatial control of photopolymerization, physical micro-grooves are 

fabricated using a photomask in a single step process. Biochemical patterns are generated by 

adsorbing laminin, a cell adhesion protein, to acrylate polymer surfaces followed by irradiation 

through a photomask with UV light to deactivate protein in exposed areas and generate parallel 

biochemical patterns. Laminin deactivation was shown increase as a function of UV light 

exposure while remaining adsorbed to the polymer surface. SGN neurites show alignment to 

both biochemical and physical patterns when evaluated individually. Competing biochemical and 

physical features patterns were also examined. The relative guiding strength of physical cues was 

varied by independently changing both the amplitude and the band spacing of the micro-grooves, 

with higher amplitudes and shorter band spacing providing cues that more effectively guide 

neurite growth. SGN neurites aligned to laminin patterns with lower physical pattern amplitude 

and thus weaker physical cues. Alignment of SGNs shifted towards the physical pattern with 

higher amplitude and lower periodicity patterns which represent stronger cues. These results 

demonstrate the ability of photopolymerized micro-features to modulate alignment of inner ear 
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neurites even in the presence of conflicting physical and biochemical cues laying the 

groundwork for next generation cochlear implants and neural prosthetic devices. 

4.2 INTRODUCTION 

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

implants, relies on successful integration with host tissue.119,208 While rudimentary sensorineural 

function can be restored using these devices, complex information cannot be effectively relayed 

largely due to separation between stimulating electrodes and neural receptor cells.117,209 For 

example, cochlear implant electrodes in the scala tympani are positioned hundreds to thousands 

of micrometers from the spiral ganglion neurons (SGNs), the target receptor neurons, which 

contributes significantly to signal broadening and overlap. This spatial separation dramatically 

limits the number of distinct independent channels a patient can discern and thereby reduces the 

frequency resolution provided by the implant. Thus, cochlear implants do not effectively 

recapitulate the precise tonotopic organization of the native cochlea. By decreasing the distance 

applied currents must traverse to stimulate SGNs, the number of independent perceivable tones 

can be significantly increased thereby improving cochlear implant resolution.  

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

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

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

expression, and alignment.8 In particular, micro- and nano-scale surface features and their effect 

on cell proliferation and orientation has been the topic of numerous studies.8,9,142,204 For example, 

epithelial cells were found to elongate and align along patterns of grooves and ridges as small as 

70 nm on silicon oxide substrates, whereas smooth substrates resulted in rounded cells, showing 

the impact of topography on cell morphology.146 Adult mouse dorsal root and sympathetic 
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ganglia neurite growth showed alignment to nano-grooves with amplitudes as low as 100 nm 

when cultured on polymethylmethacrylate.145 Groove depth and spacing were also found to 

significantly influence neurite alignment of dorsal root ganglia seeded on poly-D,L-lactic acid 

and poly(lactide-co-glycolide) substrates.140 Our lab has also shown that neurite alignment 

correlates strongly to the maximum slope of gradually transitioning micro-grooves fabricated 

using photopolymerization.147,185 Therefore, substrate topography plays a critical role in directing 

the regeneration of neural processes and surface cues will likely be useful in guiding neurites 

towards stimulatory elements. 

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

matrix (ECM) proteins, such as laminin or fibronectin, have been  used to influence axon 

outgrowth.150,210,211 These ECM proteins can be patterned by micro-contact printing where a 

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

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

substrate.154 When cells interact with the chemical patterns on the substrate, cell-substrate 

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

alignment of neural processes parallel to or on biomolecule patterns. For example, Juncker et al. 

showed that fibroblasts seeded onto poly(ethylene glycol) (PEG) surfaces containing 10 µm wide 

fibronectin parallel stipes extended down the length of the protein pattern and avoided 

interactions with the bare PEG substrate.156 Micro-contact printed surfaces have also been 

effective in understanding the pathfinding of neurites. Offenhäuser et al. showed that neurites 

closely followed a grid-like pattern of laminin and ECM proteins on a polystyrene 

background.157 Extending axons were observed making 90 degree turns at branch points in 
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similar grid-like patterns showing the effectiveness of biochemical markers in directing neural 

processes.158,159  

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

(proteins, growth factors, etc.) promote and direct axon outgrowth. Neural response to physical8 

or chemical152,153,155,212 cues have been extensively studied independently, but their synergy or 

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

hippocampal neuronal axons navigated a topographically complex environment, providing 

pronounced directional selectivity.213 While this study provides insight into the neural response 

to a combination of physical and chemical cues, it did not explore the hierarchal relationships 

when chemical or physical cues present conflicting cues.  

Understanding the interaction of chemical and physical cues that govern neurite 

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

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

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

competitive photogenerated topographical (surface micro-grooves) and biochemical (laminin) 

cues in directing the regrowth of SGN neurites. We demonstrate the precise control over 

chemical and physical patterns that allows us to finely dissect the contribution of these divergent 

stimuli. These aspects of neurite pathfinding have not yet been independently examined using 

SGN neurites. Biochemical patterns are generated using a novel technique where laminin is 

adsorbed onto acrylate polymer surfaces followed by illumination through a photomask to 

deactivate protein functionality in exposed regions. Additionally, gradually sloping micro-

grooves were fabricated through photopolymerization and used as physical cues to guide neural 

processes. We have previously reported that SGN neurites and other cell types align to these 
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photopolymerized patterns, but have yet to examine SGN neural response to a combination of 

physical and biochemical cues.147,189 Accordingly, perpendicular biochemical and physical cues 

were generated to test the ability of each cue to guide SGN neurites. The strength of physical 

cues is increased by decreasing the periodicity or increasing the channel depth.147 Evaluation of 

SGN neurite response to competing cues demonstrates the ability of both chemical and physical 

stimuli to disrupt or direct the alignment of neurites to specific patterns. 

4.3 MATERIALS/METHODS 

4.3.1 Functionalization of Glass Slides 

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

polymers using methods reported previously.147 Briefly, standard 2.54 cm x 7.62 cm glass 

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

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

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

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

removed from the solution and dried in a fume hood. The functionalized glass slides were then 

stored in a sealed container until use. 

4.3.2 Physical Micro-pattern Substrate Fabrication and Characterization 

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

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

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

a functionalized glass slide and covered with a 2.54 cm x 2.54 cm glass-chrome Ronchi rule 

photomask (Applied Image Inc., Rochester, NY) or piece of glass cut to the same dimensions. 

The samples were then illuminated with UV-light using a mercury vapor arc lamp (Omnicure 
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S1500) at an intensity of 8 mW/cm2 measured at 365 nm. The light was shuttered at variable 

times in order to attenuate polymerization and generate channels of different depth as previously 

described.147 After polymerization, the photomask (or glass) was removed and the cured polymer 

was copiously rinsed with ethanol to remove residual monomer. The resulting micro-patterned 

polymers were dried and stored in a sealed container until use. 

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

characterized through white light interferometry (Dektak Wyko 1100 Optical Profiling System, 

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

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

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

measured from each sample and the average amplitude was reported.  

4.3.3 Biochemical Patterning and Characterization 

Acrylate polymers were biochemically patterned with the cell adhesion protein laminin 

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

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

generator, was pipetted onto acrylate polymers. A 2.54 cm x 2.54 cm photomask or glass slide 

was then placed on the solution allowing even distribution across the surface. The sample was 

illuminated for 50 seconds with UV-light using a mercury vapor arc lamp (Omnicure S1500) at 

intensity of 16 mW/cm2 as measured at 365 nm. The photomask was then removed and the 

surface was washed with PBS and stored in PBS until use. 

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

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

with PBS followed by a blocking buffer solution being applied to block the areas unoccupied by 
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laminin for 30 min at room temperature. Anti-laminin rabbit polyclonal antibody (ab30320, 

1:400, Sigma, Full length native protein isolated from mouse EHS tumor) was applied to the 

samples overnight at 4o C. The substrates were then rinsed 3 times with PBS and an Alexa488 

conjugated secondary antibody (1:1000, ThermoFischer) was applied for 1 hr at room 

temperature. The samples were washed 3 times with PBS and coverslips were applied before 

epifluorescent imaging. Digital epifluorescent images were captured on a Leica DMIRE2 

microscope (Leica Microsystems, Bannockburn, IL) with Leica DFC350FX digital camera and 

Metamorph software (Molecular Devices, Silicon Valley, CA). Images were taken at each 

sample irradiation time and gray-scale measurements were used to evaluate relative fluorescence 

intensity in Image J software (NIH, Bethesda, MD). All samples were made in triplicate and five 

representative images were taken for each condition. 

4.3.4 Spiral Ganglia Cell Culture and Neurite Guidance Determination 

All cell culture and quantification was conducted by Dr. Marlan R. Hansen’s research 

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

described.214,215 All polymer substrates without laminin patterns were coated uniformly with 

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

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

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

ng/ml). Cultures were maintained in a humidified incubator with 6.5% CO2 and fixed with 4% 

paraformaldehyde after 48 hrs. 

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

Sigma) to label neurons, respectively.214 Alexa 488 conjugated secondary antibodies (Invitrogen) 
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were used to detect primary antibody immunolabeling. Slides were cover slipped with ProLong 

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

4.3.5 Determination of Neurite Progression 

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

previously described.148 Briefly, a distribution of angles relative to the horizontal plane of 10 μm 

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

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 (physical pattern) and all neurite 

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

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

would be demonstrated by high population percentages in bins of 20° or less. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Photopolymerization and Micro-groove Fabrication 

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

grooves for directing cell growth on (meth)acrylate-based polymers.147–150,185,189 To form these 

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

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

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

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

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

polymer chain diffusion, diffracted and reflected light. Consequently, ridges are formed under 

transparent bands and grooves emerge under opaque regions. Furthermore, effective irradiation 

intensity, sample cure time, photoinitiator concentration, and photomask band spacing can be 
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altered to achieve user-defined channel amplitudes and repeating feature frequency.147 In the 

current study, a hexyl acrylate (HA) and 1,6-hexanediol diacrylate (HDDA) mixture with 2,2-

dimethoxy-2-phenylacetophenone (DMPA) as photoinitiator was used as an analog of previously 

studied polymers. This formulation was chosen because of ready control of the substrate 

topography and inherent substrate stiffness. The topography including channel depth and 

periodicity can be easily modulated. By changing cure time, light intensity, and photoinitiator 

concentration the depth of the channels are easily tuned as described previously.147 Channel 

periodicity was determined by the photomask pattern used to generate the microchannels. In 

addition, these substrates are relatively stiff. Previous results also show that higher modulus 

materials guide SGN neurite growth more effectively.149 Polymer topography, specifically 

channel amplitude and periodicity, was confirmed by white light interferometry using an optical 

profiling system. 

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

hydrophobic and hydrophilic biomaterial surfaces.216 Laminin, a cell adhesion protein, is often 

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

a given material.217–219 Exposure of laminin to UV light results in inactivation of the functional 

protein.220 In this study, laminin is patterned using UV-light to deactivate the protein 

functionality including cell adhesive properties to spatially control neural response and adhesion. 

Accordingly, laminin is adsorbed onto the polymer surface by allowing a laminin-containing 

solution to contact the substrate, followed by illumination of the substrate through a photomask 

with 50 µm periodicity parallel bands (Figure 4.1). As UV light is absorbed by the protein or 

photoradical generator (HEPK), highly reactive radicals react with adjacent chemical bonds of 

the protein and other molecules in solution. The change in chemical bonds is believed to alter 
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protein structure, folding, and binding affinities of integrins, antibodies, and enzymes.193–196 

Furthermore, these rearrangements may alter the ability of SGN neurites and spiral ganglion 

Schwann cells to bind to cell adhesion motifs, ultimately affecting the affinity of the cells to the 

substrate.221 

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

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

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

laminin indicates that alterations are occurring throughout the protein structure which, in turn, 

causes a change in affinity for the antibody. In Figure 4.2A, intact laminin stripes are detected by 

immuofluorescent labeling (green) and appear as the vertically stretching bands. Areas exposed 

to UV-light, and thus deactivated, are represented by the dark bands found between the green 

stripes. The ability to selectively deactivate laminin in specific patterns not only on smooth 

substrates, but also onto surfaces containing topographical features, such as sloped features or 

grooves, offers a distinct advantage over other patterning methods such as micro-contact printing 

techniques. Using micro-contact printing, for example, proteins can only be printed in areas that 

come into direct contact with the inked stamp.154,222 Consequently, proteins cannot be effectively  

 
Figure 4.1. Schematic depicting the photodeacivation and patterning process. A protein 
solution is applied to an acrylate polymer and illuminated with UV-light through a 
photomask. Exposed protein is deactivated resulting in an active protein pattern in 
shadowed regions. 
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transferred in depressions on a surface, such as micro-grooves, where the stamp would not be 

able to contact the substrate. Using this photodeactivation process, laminin can be selectively 

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

complex topographies as shown in Figure 4.2B. The stripes of active laminin, indicated by 

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

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

of the perpendicular physical pattern, confirming continuity of the biochemical cue.  

To understand protein response to UV exposure and determine the potential added effect 

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

surfaces and illuminated with UV light at varying time intervals (Figure 4.3). Immunostaining  

 
Figure 4.2. Epifluorescent images of the laminin patterned substrates. A) A 50 µm vertical 
laminin pattern on a smooth acrylate polymer substrate. Active laminin stripes are 
represented by green bands where dark bands represent photodeactivated areas. B) Laminin 
patterned onto a physically patterned acrylate polymer (50 µm periodicity and 1.5 
amplitude). The protein pattern is shown vertically and the physical pattern runs 
horizontally. Both images were visualized using immunofluorescent imaging. The physical 
pattern observed in B can be seen due to autofluorescence of the polymer. 



www.manaraa.com

77 

was used to quantitatively assess laminin 

photodeactivation after irradiation followed 

by visualization using epifluorescence 

microscopy. Five representative images from 

the sample surface were taken and the 

relative fluorescence of these images was 

quantified using gray-scale measurements in 

Image J software. Exposure to UV light 

significantly decreases the relative 

fluorescence of adsorbed laminin stained with 

antibody (Figure 4.3). This trend is observed for HEPK-containing and HEPK-free samples, 

however HEPK-containing substrates were observed to bleach more quickly. After illumination 

for 50 seconds, the fluorescence of samples with HEPK decreased almost three times greater 

than those without HEPK (a decrease of 78% relative fluorescence compared to 36% relatively 

fluorescence). Photoradical generating molecules produce radicals upon the absorption of a 

photon. Thus, the number of radical species in the solution increases with HEPK. The number of 

events that could alter protein structure likely cause accelerated photodeactivation with systems 

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

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

after 50 seconds until reaching a minimum of around 40 percent relative fluorescence. The 

HEPK effectively accelerates the rate of photodeactivation without altering the maximum 

deactivation of the protein likely due to the free radicals generated by the photocleavage of 

HEPK. These radicals likely change protein structure by reacting with amino acids on the protein 

 
Figure 4.3. Relative fluorescence of the 
laminin as a function of illumination time with 
and without photoinitiator. The fluorescence 
decreases over time with photoinitiator 
increasing the photobleaching process. 
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surface, which can potentially alter molecular connectivity, protein structure, and folding. 

Further, the protein release from the surface was evaluated and showed no statistically significant 

decrease with illumination time. 

4.4.2 Alignment of SGN Neurites 

While decreases in intensity using immunofluorescence were observed, these decreases 

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

changes on neural cellular response, the 

alignment of SGN neurites to laminin 

patterned onto acrylate polymer surfaces 

was evaluated. SGN neurite alignment 

was quantified along active laminin 

stripes by sectioning each neurite into 10 

µm long segments. The angle of the line 

connecting the endpoints of each segment 

from the horizontal was then measured 

(Figure 4.4).  

Sectioning the entire length of the neurite into segments enables evaluation on how the neurite 

extends along the full path length and determines the degree to which the physical or chemical 

cues guide neurite pathfinding. Alignment angles were categorized into 10 degree increments 

between zero and ninety degrees, with 0 degrees set as the horizontal direction and 90 degrees set 

as the vertical direction (laminin pattern direction). SGN neurites were cultured onto acrylate 

polymers containing a 50 µm periodicity laminin pattern and compared to a uniformly-coated 

control. As shown in Figure 4.5A, neurites grow randomly on unpatterned polymer surfaces, as 

 
Figure 4.4. Schematic demonstrating the angle 
quantification method used to evaluate neurite 
alignment. 
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neurites are observed extending in multiple directions. In contrast, SGN neurites seeded onto the 

laminin patterned substrates show a distinct preference for the vertical active laminin stripes 

(Figure 4.5B). Interestingly, the neurites grew almost exclusively on active laminin regions, 

confirming that the decrease in immunoreactivity also reflects decreased protein activity for cell 

adhesion. 

Quantification of neurites grown on uniformly laminin coated substrates showed no 

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

angle groups (Figure 4.5C). In contrast, SGN neurites grown on laminin patterned surfaces 

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

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

(within 10 degrees of the laminin pattern) (Figure 4.5D). For uniformly-coated polymers, less 

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

demonstrating the stark contrast between the patterned and uniformly-coated samples. These 

results indicate that laminin, patterned using this photodeactivation method, can be used to 

effectively guide inner ear neurite extensions. 

4.4.3 SGN Neurite Alignment to Competing Patterns of Varying Periodicity 

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

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

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

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

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

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

directing neurite pathfinding and overcoming a conflicting cue. Using gradually sloping 
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photopolymerized micro-features, the relative guidance or strength of a physical patterned can be 

modulated by varying either the channel amplitude or the pattern periodicity (frequency).147 

Previous experiments in our lab have shown increases in alignment of SGN neurites with higher 

amplitude and decreasing periodicity of strictly physically patterned substrates.147 Thus, the 

physical surface features can be tuned to induce changes in neurite response to a given 

topography. 

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

microgrooves were fabricated with different periodicity and constant amplitude, followed by 

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

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

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

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

with 1.5 µm amplitude. Alignment of neurites to the 20 µm periodicity uniformly-coated laminin 

sample is seen in Figure 4.6A, with many neurite segments following the horizontal physical 

pattern. In contrast, the 20 µm periodicity substrate with a perpendicular laminin pattern, showed 

a disruption of neurite alignment to the physical pattern. Many neurite segments are observed 

originally following the vertical laminin pattern then switching to follow the horizontal physical 

pattern and vice versa (Figure 4.6B). As the periodicity of the physical pattern increased and the 

strength of physical cue concomitantly decreased, neurites showed a lower degree of alignment 

to the physical pattern in both the uniformly laminin coated substrates as well as the 

perpendicularly laminin patterned competing cues. For the perpendicularly patterned substrates, 

neurites tended to follow the laminin stripes to a greater extent as the periodicity was increased 

to 33 and 50 µm (Figure 4.6C, 50 µm periodicity depicted).  
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Figure 4.5. SGN alignment on laminin patterned and uniformly-coated substrates. A) 
Epifluorescent image of neurites grown on uniformly-coated smooth polymer substrates. B) 
Epifluorescent image depicting neurites grown on a vertical laminin patterned smooth 
surface. Many neurites are observed following the vertical pattern in response to the laminin 
stripes. C) Angle quantification of neurites grown on uniformly-coated smooth polymer 
substrates (n=417). D) Angle quantification of neurites seeded onto smooth substrates 
containing a vertical laminin pattern (n=261). The box in the top left corner of the 
histograms represents the pattern present for the quantification (green stripes for the vertical 
laminin pattern). 

 

 
Figure 4.6. Neurites from dissociated SGN grown on: (A) a uniformly laminin coated 20 
µm periodicity, 1.5 µm amplitude physical pattern, (B) a 20 µm physical pattern with an 
amplitude of 1.5 µm (strong physical cue) and a perpendicular 50 µm laminin pattern and 
(C) a 50 µm physical pattern with an amplitude of 1.5 µm (weak physical cue) and a 
perpendicular 50 µm laminin pattern. The physical pattern is oriented horizontally and the 
laminin pattern vertically. Cultures were stained with anti-NF200 antibodies. 
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Quantification of neurite alignment is shown in Figure 4.7. Similar to our previous 

observations with SGN neurites grown on uniformly coated micro-patterns,147 alignment 

decreased with increasing periodicity of the physical pattern (Figure 4.7A-C). For the 20 µm 

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

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

cue to guide neurites (Figure 4.7A). As this periodicity increased to 33 µm, fewer neurite 

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

within 20 degrees of the pattern (Figure 4.7B). The 50 µm periodicity proved to be a very weak 

cue with a nearly random distribution of segment alignment (Figure 4.7C). For these samples, 

less than 30 percent of the neurite segments were within 20 degrees of the physical pattern, 

showing comparable alignment to physically unpatterned and uniformly laminin coated 

substrates. By increasing the periodicity of the physical pattern the neurite segments considered 

to be aligned decreased by approximately one third from a 20 µm to a 50 µm periodicity pattern.  

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

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

regions, neurites did not align to any specific angle (Figure 4.7D) with a nearly random 

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

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

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

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

periodicity to 33 µm, the neurite segments shifted to align to the laminin pattern, as observed in 

Figure 4.7E. Using these conditions, the distribution favored higher angles, indicating a moderate 

degree of alignment along the biochemical pattern.  
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At the weakest physical cue, neurite segments shifted to follow the laminin stripes 

strongly with roughly two thirds found within 20 degrees of the laminin pattern (Figure 4.7F). 

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

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

induced very weak alignment to the physical pattern (Figure 4.7C), it is not surprising that the 

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

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

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

 
Figure 4.7. Quantification of SGN neurites grown on patterned substrates with variable 
periodicity. The top row of histograms are the quantification of SGN neurites cultured on 
physically patterned substrates with a uniform coating of laminin with the periodicities of 20 
µm (A, n=21), 33 µm (B, n=133) and 50 µm (C, n=405). The bottom row of graphs 
represents the quantification of SGN neurites cultured on physically patterned substrates 
containing a perpendicular 50 µm laminin pattern with the periodicities of 20 µm (D, 
n=391), 33 µm (E, n=229) and 50 µm (F, n=319). Periodicity increases from left to right as 
the strength of the physical cue decreases. The box in the top left corner of each histograms 
represents the pattern present for the quantification (green stripes for the vertical laminin 
pattern and black stripes for the horizontal physical pattern). 
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intermediate physical patterns as observed for the 33 µm and 50 µm periodicity physical 

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

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

followed either or both physical and biochemical patterns. 

4.4.4 SGN Neurite Alignment to Competing Patterns of Varying Amplitude 

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

topographical cue, with increasing depth leading to significantly enhanced alignment.140,141,147 

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

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

fabricated with amplitudes of 3 µm (intermediate cue) and 8 µm (strong cue) in addition to a 

perpendicular 50 µm periodicity laminin pattern. A weak physical cue of 1.5 µm amplitude was 

discussed previously. To demonstrate the ability of the biochemical cue to disrupt neurite 

pathfinding to the micro-grooves, physically patterned samples with uniformly coated laminin 

were also used. As previously shown, neurite alignment to the physical pattern on the uniformly 

laminin coated controls increased with increasing amplitude and many observable neurites 

turned to follow the horizontal physical pattern (Figure 4.8A, 8 µm amplitude depicted).147 

Conversely, neurites grown on substrates with weaker physical cues showed disruption of the 

alignment to the physical pattern as observed in Figure 4.8B. Quantification of the neurite 

orientation on the uniformly coated controls showed an increase in alignment to the physical 

pattern with increasing amplitude (Figure 4.8C, E). At 3 µm amplitude, over 40 percent of the 

segments are aligned within 20 degrees of the physical pattern (Figure 4.8C). This percentage 

increased to almost 70 percent with the 8 µm amplitude substrates (Figure 4.8E) suggesting a 

significant increase in strength of the physical pattern. When the perpendicular biochemical cue  
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is added, the alignment along the physical pattern is disrupted. For the 3 µm amplitude substrate 

with perpendicular laminin, neurite alignment favors higher angles, or following the biochemical 

stripes with over half of the neurite segments aligning to the laminin pattern (Figure 4.8D). As 

the amplitude is increased to 8 µm, many neurite segments were weakly aligned to either the 

physical or the biochemical pattern. The fewest number of neurites were found between 50 and 

60 degrees with just over 2 percent of the total segments (Figure 4.8C). The neurites also 

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

segments found between 0-20 degrees than between 70-90 degrees. In this system, neurites 

 
Figure 4.8. Quantification of SGN neurites grown on patterned substrates with variable 
amplitude. Epifluorescent images of neurites grown on (A) uniformly laminin coated 50 µm 
periodicity and 8 µm amplitude physically patterned and (B) perpendicularly patterned 
laminin on a 50 µm periodicity and 8 µm amplitude physical pattern. The top row of 
histograms represents the quantification of SGN neurites seeded on substrates with a uniform 
coating of laminin and amplitudes of 3 µm (C, n=135) and 8 µm (E, n=158). The bottom row 
of histograms represents the quantification of SGN neurites seeded on substrates with a 50 
µm perpendicular laminin pattern and amplitudes of 3 µm (D, n=175) and 8 µm (F, n=217). 
The box in the top left corner of each histograms represents the pattern present for the 
quantification (green stripes for the vertical laminin pattern and black stripes for the 
horizontal physical pattern). Cultures were stained with anti-NF200 antibodies. 
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encounter both a strong physical cue and a strong chemical cue, which is indicated by a higher 

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

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

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

cue patterns. 

4.5 CONCLUSIONS 

Spatial control of neurite regeneration from sensory neurons stimulated by neural 

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

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

photopolymerizable acrylate polymers. Illuminating adsorbed laminin through a photomask 

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

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

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

stripes strongly aligned to the pattern. Perpendicular competing biochemical and physical cues 

were used to examine the neural response and pathfinding of neurites cultured on substrates with 

a combination of cues. At weak and intermediate physical cues, SGN neurites aligned more 

closely to the laminin pattern. When cultured on micro-patterns with stronger guidance cues, 

SGN neurite alignment to the laminin pattern was disrupted showing no distinct preference tp e 

either cue. These findings demonstrate that physical and/or biochemical cues can be used to align 

neurites and even overcome competing cues, which may be necessary for directing neurite in 

vivo when neurons encounter conflicting cues
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CHAPTER 5: PHOTOPOLYMERIABLE ZWITTERIONIC POLYMER PATTERNS 

CONTROL CELL ADHESION AND GUIDE NEURAL GROWTH204 

5.1 ABSTRACT 

Developing materials that reduce or eliminate fibrosis encapsulation of neural prosthetic 

implants could significantly enhance implant fidelity by improving the tissue/electrode array 

interface. Here, we report on the photografting and patterning of two zwitterionic materials, 

sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate (CBMA) for controlling the 

adhesion and directionality of cells relevant to neural prosthetics. CBMA and SBMA polymers 

were photopolymerized and grafted on glass surfaces then characterized by X-ray photoelectron 

spectroscopy, water contact angle, and protein adsorption. Micropatterned surfaces were 

fabricated with alternating zwitterionic and uncoated bands. Fibroblasts, cells prevalent in 

fibrotic tissue, almost exclusively migrate and grow on uncoated bands with little to no cells 

present on zwitterionic bands, especially for CBMA-coated surfaces. Astrocytes and Schwann 

cells showed similarly low levels of cell adhesion and morphology changes when cultured on 

zwitterionic surfaces. Additionally, Schwann cells and inner ear spiral ganglion neuron neurites 

aligned well to zwitterionic patterns. 

5.2 INTRODUCTION 

The foreign body reaction is observed after virtually all medical device implantations.55 

In many cases, particularly for neural implants such as cochlear implants and deep brain or 

cortical electrodes, encapsulation by fibrotic tissue compromises the function of the implant. In 

some cases, fibrotic tissue formation also interferes with the normal function of the surrounding 

native tissue.60 A number of different approaches to reducing foreign body response have been 

investigated in recent years with many focusing on using glucocorticoids to modulate the 
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immune and/or inflammatory response.223,224 These drugs have been used systemically for many 

years and have more recently been used in a number of topical and local controlled-release 

formulations.223,225 Other immunomodulatory drugs have also been studied in control-release 

formulations, such as IL-1 antagonist.226 However, the drawback to all drug-eluting systems is 

that eventually the drug will deplete, which could potentially allow for a delayed foreign body 

response. 

 Nonspecific protein adsorption to implant surfaces often trigger the foreign body 

response, i.e. the inflammatory response evoked by the presence of a foreign object in host 

tissue.54–56 Macrophages recognize these nonspecifically-protein labeled implants as foreign, 

attach to the surface, and attempt ingestion. Because the implant is large and not biodegradable, 

these macrophages fuse together and form foreign body giant cells, which secrete inflammatory 

cytokines and induce fibroblast adhesion.16,67,68 After about three weeks of implantation, adhered 

fibroblasts fuse together to form an avascular collagenous capsule around the implant which 

permanently isolates the device and renders the implant less effective or even nonfunctional.16  

 Engineering materials that resist nonspecific protein adsorption, the theorized primary 

step in the foreign body response,54–56 provide an alternative approach to drug treatment. The 

most commonly investigated materials to achieve this goal are hydrophilic polymers such as 

poly(ethylene glycol) (PEG) or poly(2-hydroxyethyl methacrylate) (PHEMA). However, both 

only partially reduce nonspecific protein adsorption and PEG is additionally subject to oxidative 

degradation in vivo.16 More recently, zwitterionic polymers, or net neutral polymers containing 

positive and negative charges on the same repeat unit, have emerged as excellent 

alternatives.80,170 It has been proposed that the proximity of intramolecular positive and negative 

charges strongly structures surrounding water molecules in a hydrogen-bonded network, making 
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adsorption of any other molecules energetically unfavorable.65 Among these polymers, 

carboxybetaine methacrylate (CBMA), sulfobetaine methacrylate (SBMA), and 

phosphorylcholine chemistries have proven effective as ultra-low-fouling materials (Figure 

5.1).64 For example, Jiang et al. reported both CBMA and SBMA polymer brushes grown on 

gold surfaces demonstrated ultra-low nonspecific protein adsorption (0.4 and 9.1 ng/cm2 

respectively) from 100% human plasma.64,110 Additionally, CBMA and SBMA brushes 

dramatically reduce cell adhesion and biofilm formation when compared to unmodified 

surfaces.170,172,227 Therefore, great interest has developed in the use of zwitterionic materials in 

implantable and insertable devices, including urinary catheters and intravascular devices.228,229 

CBMA and SBMA materials have also been examined in a wide range of applications including 

glucose sensing in 100% blood serum,58,113 antigen detection in complex media,115 and 

prolonging the blood circulation time of coated drugs6 among others.89,116 Most important to 

biomedical implant research, promising results have been reported in animal models showing 

that a bulk CBMA hydrogel inhibits fibrotic capsule formation,80 which demonstrates the ability 

of CBMA materials to not only prevent protein adsorption in vitro, but also fibrosis in vivo 

where many other materials with low nonspecific protein adsorption fail. 

Methods to synthesize zwitterionic polymer brushes have focused largely on surface 

initiated atom transfer radical polymerization (ATRP), which utilizes a copper bromide 

catalyst.79,109 This technique provides precise control over molecular chain length (molecular 

weight) and molecular weight distribution. Alternatively, photopolymerization offers a unique 

set of advantages over conventional polymerization methods in biomaterials fabrication. Among 

these advantages are precise spatial control over the rate of polymerization and mild reaction 

conditions (i.e. aqueous and ambient).174 Photopolymerization initiates only in areas exposed to a  
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light. Accordingly, patterns can be generated using a photomask with features on the same size 

scale as cell bodies.147,184 

Neural prosthetic devices, such as the cochlear implant or developing retinal implant, rely 

on communication between stimulating elements and primary neural receptors.128 The 

effectiveness of these devices is not only reduced by fibrous tissue on the surface, but also by the 

distance the electrode current must traverse in order to stimulate the neural cells.230–232 Because 

of this separation, nonspecific excitation of adjacent neural cells, induced by current spread, 

significantly decreases stimulation specificity. Consequently, neural prosthetics fail to effectively 

relay the intricate information required for a high-fidelity device. Strategies to close this gap 

have focused largely on directing the regeneration of proximate neurites toward stimulating 

elements to narrow this distance or even contact electrode arrays.233 Recent advances in 

microfabrication technology have allowed for a variety of approaches to direct neural processes 

including aligned microfibers,234,235 parallel micro- and nano-channel topography,145–149 chemo-

 
Figure 5.1. Molecular structures of zwitterionic monomers, methacrylate coupling agent, and 
photoinitiator. 
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attractive gradients,213,236,237 electrical fields,238,239 oriented glial cells,240 biomolecular 

patterning,155 and chemo-repellents.241–243 Many of these studies have focused on elucidating the 

fundamental mechanisms behind neurite pathfinding to improve the tissue/prosthetic interface. 

The chemo-repulsive properties of zwitterionic surfaces could potentially be used to guide neural 

cell in addition to reducing the foreign body response.111 

In this work, we aim to develop materials that could improve the interface between 

biomaterials and neural prosthetics. Our approach is to develop patterned zwitterionic surfaces 

using photopolymerization to resist cell adhesion and fibrosis and control the outgrowth of 

neural cells among other cell types. To the best of our knowledge, this research represents the 

first use of a patterned zwitterionic substrate to control the adhesion and direct the growth of 

several cell types relevant to implant materials, including neuronal cells. We demonstrate that 

CBMA and SBMA polymers can be covalently grafted and patterned from glass surfaces via a 

one-step photopolymerization reaction. Surface coverage with the zwitterionic polymer is 

investigated by varying the solution concentration of the CBMA and SBMA monomers to 

generate surfaces with variable levels of atomic composition and protein adsorption. Due to the 

inherent spatial control afforded by the photopolymerization reaction, parallel patterned 

substrates with 100 µm periodicity were fabricated and used to study the ability of zwitterionic 

stripes to locally control cell adhesion. Fibroblasts, the cell type primarily comprising fibrotic 

tissue found on the surface of biomedical implants,55,67 were grown on these substrates to 

understand their efficiency in preventing cell attachment and fibrotic tissue formation. Alignment 

behavior of spiral ganglion neuron (SGN) neurites, the cells responsible for transmission of 

hearing response to the brain, to CBMA and SBMA stripes was evaluated to understand the 

ability of these patterns in directing neural cells. The alignment of Schwann cells was also tested 
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due to the supportive role they play in neural regeneration.244,245 Additionally, astrocytes were 

cultured to evaluate the effectiveness of these surfaces in repelling central glial cells that 

encapsulate brain and spinal cord prostheses.246,247 These findings provide fundamental 

understanding of the biomaterial/cell interface and lay the framework for next generation neural 

prosthetic devices.  

5.3 EXPERIMENTAL 

5.3.1 Materials and Synthesis 

2-(N,N’-dimethylamino)ethyl methacrylate (DMAEM), β-propiolactone, triethyl amine, 

hydroquinone, [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide 

(SBMA), mouse anti-CD20, rabbit anti-S100β, mouse anti-NF200, 3-(trimethoxysilyl)propyl 

methacrylate, paraformaldehyde, collagenase, dulbecco's modified eagle medium (DMEM), 

neurotrophin-3 (NT3), insulin, human fibrinogen, human anti-fibrinogen, and all organic 

solvents were purchased from Sigma Aldrich. Rabbit anti-vimentin and rabbit anti-glial fibrillary 

acidic protein (GFAP) antibodies were purchased from Abcam (Cambridge, MA). Hank’s 

balanced salt solution (HBS), fetal bovine serum (FBS), poly-L-ornithine, trypsin-EDTA 

dissociation reagent, DAPI-containing mounting medium, were purchased from Gibco (Carlsbad, 

CA). Laminin was purchased from Labtek (Campbell, CA). Brain derived neurotrophic factor 

(BDNF) and neurotrophin-3 (NT-3) were purchased from R&D systems (Minneapolis, MN). 

2-Carboxy-N,N-dimethyl-N-(2’-(methacryloyloxy)ethyl)ethanaminium inner salt 

(carboxybetaine methacrylate,CBMA) was synthesized as previously described.111 Briefly, 

DMAEM was dissolved in acetone and cooled to 0o C. β-propiolactone was dissolved in acetone 

and added to the DMAEM solution dropwise under inert atmosphere. The reaction was stirred 

overnight after which 10 mg of hydroquinone inhibitor was added and the solvent was removed. 
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The residual oil was dissolved in methanol and trimethylamine was added to quench any side 

reactions. The solution was then precipitated into chilled diethyl ether and filtered to yield a 

white solid. The product was dried under vacuum and used without further purification. The 

NMR spectrum was recorded on a Bucker spectrometer (Avance 300). 1H NMR (D2O, 300 

MHz), δ 6.06 (s, 1H, =CH), δ 5.68 (s, 1H, =CH), δ 4.55 (t, 2H, OCH3), δ 3.70 (t, 2H, NCH2), δ 

3.59 (t, 2H, NCH2), δ 3.10 (s, 6H, NCH3), δ 2.64 (t, 2H CH2COO), δ 1.84 (s, 3H =CCH3).  

5.3.2 Zwitterion-functionalized Glass Substrate Fabrication and Characterization 

Standard 2.54 x 7.62 cm glass microscope slides were functionalized with a 3-

(trimethoxysilyl)propyl methacrylate (silane coupling agent) as previously described185 to allow 

covalent grafting of zwitterionic polymers from glass surfaces. Zwitterionic polymers were 

grafted from glass surfaces represented schematically in Figure 5.2. Aqueous monomer mixtures 

of zwitterion (CBMA or SBMA at 0.1, to 20 wt%) in phosphate buffered saline (PBS) containing 

0.05 wt% 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (HEPK, 

photoinitiator) were pipetted onto activated glass surfaces. The liquid was then dispersed evenly 

across the sample using a 2.54 x 2.54 cm glass-chrome Ronchi rule photomask for patterned 

samples or a cut glass slide of the same dimensions for uniform samples. Substrates were 

subsequently illuminated for 10 min at 16 mW/cm2 measured at 365 nm wavelength using a 

mercury vapor arc lamp (Omnicure S1500, Lumen Dynamics, Ontario, Canada). Samples were 

then copiously washed with distilled H2O and dried using a nitrogen stream, then kept in a sealed 

container until use. 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed using Kratos Axis Ultra 

x-ray photoelectron spectrometer with concentric hemispherical electron energy analyzers 

combined with the established delay-line detector. The incident radiation monochromatic Al Ka  
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Figure 5.2. Schematic of the photografting/patterning process. UV-light is used to initiate 
polymerization and grafting of zwitterionic monomers forming polymer thin films in 
exposed regions. Functionalization is limited to illuminated regions, which in turn repel 
protein and cell adhesion. 

X-ray (1486.6 eV) at 150 W (accelerating voltage 15 kV, emission current 15 mA) was projected 

45° to the sample surface and the photoelectron data was collected at a takeoff angle of q = 90°. 

Survey scans were taken at a pass energy of 160 eV, and carried out over a 1200 eV ~-5 eV 

binding energy range with 1.0 eV steps and a dwell time of 200 ms. All spectral analyses were 

conducted using CasaXPS software. Shirley type calculations were used to account for the 

background spectrum when quantifying percent atom composition.206 Relative sensitivity factors 

were used to normalize peak intensity for elemental quantification. The C 1s peak at 285.0 eV 

was used to calibrate all spectra before data analysis. 

Water contact angles were measured using the sessile drop method on a Ramé-Hart 

Model 190 Goniometer. Five areas of each substrate were tested in triplicate at and the average 

contact angle was taken as the mean value of all fifteen measurements. 

5.3.3 Protein Adsorption 

Immunofluorescence was used to measure protein adsorption to substrates. The glass 

samples were first incubated in PBS (room temperature) for 30 min prior to protein exposure. 

Human fibrinogen (1mg/mL) was pipetted onto substrates and dispersed by placing a glass 

coverslip on the solution followed by a 1 hr incubation at room temperature. The samples were 

then soaked in PBS for at least 3 hrs with the PBS being changed every hour. After the rinsing 
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step, the substrates were incubated in paraformaldehyde (4%) for 15 min at 2oC. The samples 

were then rinsed three times with PBS followed by a blocking buffer solution being applied to 

block the areas unoccupied by fibrinogen for 30 min at room temperature. A horseradish 

peroxidase conjugated anti-fibrinogen antibody was applied to the samples overnight at 2o C. The 

substrates were then rinsed 3 times with PBS and the secondary antibody was applied for 1 hr at 

room temperature. The samples were washed three times with PBS and coverslips were applied 

before epifluorescent imaging. Digital epifluorescent images were captured on a Leica DMIRE2 

microscope (Leica Microsystems, Bannockburn, IL) with Leica DFC350FX digital camera and 

Metamorph software (Molecular Devices, Silicon Valley, CA). Images were taken at each 

sample condition and gray-scale measurements were used to evaluate relative fluorescence 

intensity in Image J software (NIH, Bethesda, MD). All samples were made in triplicate and five 

representative images were taken for each condition. 

5.3.4 Cell Culture and Immunofluorescence 

All cell culture and quantification was conducted in Dr. Marlan R. Hansen’s lab. 

Dissociated spiral ganglion (SG) culture from p4-7 perinatal rat cochleae were performed as 

previously described.214,215 Dissociated fibroblast cultures were obtained from p4-7 perinatal rat 

skin. The tissue was scraped to remove subcutaneous fat and digested in 0.125% trypsin with 

EDTA and 0.2% collagenase for 1 hr at 37oC followed by gentle trituration. Astrocyte and 

Schwann cell cultures were prepared and maintained from p4-7 perinatal rat cerebral cortex and 

sciatic nerve, respectively, as previously described.147,248,249 All cells were plated onto glass 

substrates without prior coating of protein. 

SGN cultures were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with N2 additives, 10% fetal bovine serum (FBS), NT-3, (50 ng/ml) and BDNF, 
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(50 ng/ml). Fibroblast, Schwann cell, and astrocyte cultures were maintained in DMEM with 

10% FBS. All cultures were fixed with 4% paraformaldehyde in PBS after 48 hrs of cell culture 

before immunostaining. 

 Spiral ganglia cultures were immunostained with anti-neurofilament 200 (NF200) 

antibodies to label neurons and their neurites. Astrocytes and Schwann cell cultures were 

immunostained with anti-GFAP or anti-S100 antibodies, respectively. Fibroblast cultures were 

immunostained with anti-vimentin antibodies. Coverslips with DAPI-containing mounting 

medium were placed onto the stained cultures to label nuclei. 

5.3.5 Quantification of Cell Density and Alignment to Micropatterns 

Cell density was determined by counting the total number of nuclei of each cell type 

(identified by immunostaining as described above) from digital images of randomly selected 20X 

microscopic fields using the cell counting feature of MetaMorph software package. At least 10 

fields were taken for each culture and each culture was before on at least 3 substrates per 

experiment. The experiments were repeated at least three times. 

SGN total neurite length was determined from digital images captured using the scan 

slide feature in MetaMorph by measuring the longest process of randomly selected neurites from 

each condition using the measurement tool in Image J (NIH, Bethesda, MD) as previously 

described.250 Neurite alignment was calculated as previously published by our group.185,201 

Briefly, alignment to the pattern was defined as a ratio of total length per aligned length. The 

ratio is represented as [TL/AL], where TL is total neurite length and AL represents aligned length 

in the pattern direction. 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. 

The pattern direction was always set horizontally prior to measurements. The total length to 
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aligned length ratio is referred to as the alignment ratio throughout the text. A ratio close to one 

represents a neurite that closely follows the pattern along its entire length. A wandering neurite, 

which does not strongly align to the pattern would be represented by a high alignment ratio. 

Schwann cell orientation to the pattern was determined as previously described by drawing the 

outline of the cell using Image J software and fitting an ellipse to the cell outline.185,201 The angle 

made between the major axis of the ellipse and the pattern (θ) was measured in Image J as 

Schwann cell alignment. 

5.3.6 Statistics 

Statistical analysis was conducted using Graphpad Prism 7.01 software. To compare cell 

density between uncoated, CBMA-coated, and SBMA-coated and between striped groups on 

patterned substrates, a one-way ANOVA with post hoc Tukey test was used. A two-tailed t-test 

was used to compare cell density between coated and uncoated regions on striped substrates. 

Analysis of alignment of Schwann cells and SGN neurites was conducted using a one-way 

ANOVA by a post hoc Kuskal-Wallis analysis of variance on ranks and a Dunn’s test. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Zwitterion-functionalized Substrate Fabrication and Characterization 

Surface properties are a key component when engineering low fouling materials because 

the surface comes into direct contact with host fluid, blood protein, and other immunogenic 

factors. These biomolecules and their nonspecific adsorption to implant surfaces play an integral 

role in fibrous tissue formation. A common approach to achieve nonfouling properties involves 

introducing functional groups onto the surface, which then act as anchors for polymer growth.109 

Glass was used as a proof of concept substrate because it can be easily modified with a variety of 

functional groups using silane coupling chemistry.202 While glass has been used as a substrate for 
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other low-fouling surfaces,111 our system uses photopolymerization as a simple method to 

covalently graft and pattern zwitterionic polymers on the surface. Our systems were used to 

investigate adhesion of cell types relevant to neural regeneration (astrocytes, Schwann cell, and 

spiral ganglion neurons), which have not been previously studied on these zwitterionic-coated 

substrates, in addition to fibroblasts, critical in fibrotic tissue formation. To fabricate these 

substrates, glass samples were first exposed to oxygen plasma to generate hydroxyl surface 

groups followed by reaction with a silane-containing coupling agent incorporating a reactive 

methacrylate group. Zwitterionic methacrylates were then covalently attached to glass surface 

methacrylates by illuminating a monomer- and photoinitiator-containing solution in contact with 

the substrate. UV-light was used to induce the polymerization reaction and covalently build a 

grafted zwitterionic polymer from the substrate (Figure 5.2). During UV-illumination, radicals in 

the solution are generated from photoinitiating molecules absorbing light that dissociate into 

initiating species. These initiating radicals then react with methacrylates on the surface and in the 

solution to generate a propagating species that builds the zwitterion zwitterionic polymer from 

the surface of the glass slide. For our experiments, SBMA and CBMA (Figure 5.1) were used as 

zwitterionic monomers to alter the surface properties of functionalized glass substrates. The 

concentration of zwitterionic monomer in solution was varied between 0.1 wt% and 20 wt% to 

change surface coverage and probe the physicochemical properties of the antifouling polymer-

grafted surface. 

Grafting of the methacrylate silane coupling agent and zwitterionic SBMA and CBMA 

polymers was characterized, as shown in Figure 5.3, through X-ray photoelectron spectroscopy 

(XPS) analysis, which provides elemental composition of the first 5-10 nm of a surface. The 

carbon 1s peak, located at 285 eV, was used to confirm the grafting of the methacrylate reactive 
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group. The silane-activated sample exhibited a much stronger band than the bare glass control at 

285 eV, indicating higher carbon content at the surface as would be expected for a carbon-

containing silane coupling agent (Figure 5.3A). The presence of the characteristic nitrogen 1s 

quaternary ammonium band found around 402 eV was used to confirm and quantify the 

successful photo-induced grafting of SBMA and CMBA polymers from the glass. Both the bare 

glass and silanized glass controls exhibited no peak at 402 eV, while the SBMA- and CBMA-

coated samples (20 wt% uniformly coated sample depicted) showed distinct peaks in this region 

(Figure 5.3A). Additionally, the sulfur 2s and 2p peaks located at 231 and 168 eV, respectively, 

were used to confirm the grafting of the SBMA polymer, with its inherent anionic sulfate 

functional group. The silicon 2s and 2p peaks located at 153 and 102, respectively, were orders 

of magnitude lower in area for the 20 wt% samples confirming good surface coverage and 

thickness nearing the XPS depth penetration (5-10 nm).  

 
Figure 5.3. Characterization of zwitterion-coated glass surfaces using XPS. A) 
Representative XPS spectra for glass, activated glass, SBMA-coated glass (20 wt% 
monomer solution), and CBMA-coated glass (20 wt% monomer solution). The zwitterion-
coated glass curves both show a characteristic N1s peak at 402 eV and the SBMA-coated 
sample exhibit S2s and S2p peaks at 231 and 168 eV respectively. B) Percent nitrogen as a 
function of wt% monomer for both SBMA- and CBMA-coated glass. Nitrogen percent 
increases for both zwitterions with monomer wt% and is shown to approach the theoretical 
maximum (pure polymer composition) at 20 wt%. 
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To understand how the elemental composition of the surface changes as a function of 

SBMA and CBMA solution concentration, percent nitrogen was quantified using the 402 eV 

nitrogen peak of the XPS spectra (Figure 5.3B). At low SBMA solution concentrations (less than 

1 wt%), the atomic nitrogen content is less than 1%, indicating low levels of grafting and surface 

coverage with the polymer. As the SBMA solution concentration increases, the atomic 

composition increases and approaches the theoretical maximum (5.6%) of a pure SBMA 

polymer, calculated using atomic percent. A similar trend was also observed in the CBMA-

coated samples with slightly higher percent nitrogen due to the higher theoretical maximum 

(6.25% as calculated by atomic percent of the pure polymer). The nitrogen percent once again 

remains small at low concentrations then approaches the theoretical maximum at a solution 

concentration of 20 wt%. These observations imply that the surface coverage of the SBMA and 

CBMA polymers is strongly dependent on the concentration of monomer in the solution. Further, 

for both the SBMA- and CBMA-coated samples, the percent silicon decreased with increasing 

solution concentration of monomer and showed very low signal at higher concentrations. 

These observations are consistent with increases in thickness with higher monomer 

solution concentrations. On the basis of the XPS data collected, it is estimated that the thickness 

of the polymer layers measured using all monomer solution concentrations is less than the 

penetration depth of XPS data collection. XPS only examines the atomic composition in the first 

5-10 nm of the surface, and thus it is possible that changes (a few nanometers) in film thickness 

and/or changes in surface coverage of zwitterionic polymer occur on the surface giving rise to 

changes in nitrogen percent. Film thicknesses are likely less than the penetration depth of XPS 

causing atomic composition of the glass (Si and O) to be evident in the spectrum even at higher 

solution concentrations. As the solution concentration of zwitterion increases a corresponding 
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decrease in silicon and oxygen percent is observed. This decrease is caused by more zwitterionic 

polymer on the surface. With more zwitterionic monomers in solution, the probability of 

molecular collisions and reaction between methacrylate groups on the surface is increased before 

termination, thereby increasing the length of the polymer chains grafted from the surface. The 

longer polymer chain length induce greater coverage of zwitterion on the surface, increasing the 

percent nitrogen measured through XPS. 

Surface grafting of a polymer or other molecule is accompanied by a corresponding 

change in surface properties including surface energy that can be evaluated using water contact 

angle measurements. Higher contact angles indicate a more hydrophobic surface as water avoids 

interaction with the surface. Conversely, low contact angles indicate hydrophilic surfaces as 

water spreads to maximize interactions with the substrate. The silanized glass was relatively 

hydrophobic with a contact angle of over 57 degrees as would be expected given the nonpolar 

nature of the coupling agent used to functionalize the glass substrates. Conversely, zwitterionic 

polymers are hydrophilic, due to the presence of charged atoms along the polymer side chains 

and are expected to decrease contact angles. As shown in Figure 5.4A, the contact angles of the 

SBMA-coated samples decreased sharply with increasing SBMA wt% in solution. At higher 

concentrations, the contact angles remained unchanged at approximately 15 degrees. A similar 

trend was also observed above 1 wt% for the CBMA-functionalized substrates with the contact 

angle leveling around 11 degrees with higher concentrations (Figure 5.4B). The marked decrease 

in contact angle for both SBMA- and CBMA-coated surfaces indicates increases in 

hydrophilicity and further corroborates that the surface was successfully functionalized with the 

zwitterionic polymer. These decreases in contact angle are consistent with the results of an 

SBMA polymer grafted from silicon wafers using thermally-initiated polymerization.251 The 
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observation that the contact angle of the substrates remain constant at higher concentrations 

(Figure 5.4) implies that at a solution concentration of 1 wt% the surface has reached a maximal 

coverage: i.e., virtually all accessible methacrylate groups on the surface have reacted with the 

zwitterionic monomer. At lower concentrations, many of the reactive surface methacrylate 

groups are unreacted due to an insufficient number of zwitterions in the solutions available for 

functionalization. As solution concentrations increase above 1 wt%, the surface coverage of the 

glass does not change significantly evidenced by the relatively constant contact angle 

measurements. Water contact angles remain unchanged because the surface energy is directly 

related to the ability of the surface to bind water molecules which no longer changes once a 

sufficient grafting density has been reached. These findings further support the claim that 

changes in surface coverage could explain the variations in surface chemistry as measured by 

XPS for solution concentrations above 1 wt%.  

With large changes in surface properties, it is reasonable to believe that the zwitterionic 

polymer will affect adsorption of molecules including proteins. As mentioned previously, the 

first step in foreign body response is nonspecific protein adsorption, such as would occur when a 

surface comes into contact with serum during implantation.16,55 Hydrophilic, net neutral surfaces 

such as zwitterionic polymers have been shown to effectively prevent the nonspecific adsorption 

of protein.64 Fibrinogen is of particular interest as adsorption would be expected to trigger an 

early foreign body response. We therefore quantified fibrinogen adsorption by first incubating 

substrates prepared from solutions of varying monomer concentration with a 1 mg/mL solution 

of fibrinogen in PBS. The surface was then fixed and stained with antibody to quantify the 

amount of protein (Figure 5.4). Five representative images were taken for each sample using 

epifluorescent microscopy followed by gray scale measurements to quantify levels of protein  
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adsorption. The relative fluorescence is normalized to that from the glass control. As shown in 

Figure 5.4A, SBMA protein adsorption correlates to water contact angles with sharp decreases 

up to solution concentrations of 0.5 wt% SBMA. At higher concentrations, protein adsorption 

drops to values less than 10% of the level observed with the uncoated control. CBMA-coated 

substrates performed similar to that of the SBMA samples with protein adsorption correlating to 

the water contact angles (Figure 5.4B). The CBMA samples exhibited lower, although not 

statistically significant, levels of protein adsorption reaching about 6% of that observed in the 

control. These observations suggest that, similar to the contact angle, a maximum in graft density 

is reached at low solution concentrations. The protein adsorption appeared to reach a minimum 

at slightly lower concentrations than observed with the contact angle (0.5 wt% compared to 1 

wt%) implying that even less polymer is necessary to repel protein than to maximize surface 

energy. These results are consistent with those conducted by Jiang et al. who showed SBMA- 

and CBMA-coated gold surfaces resisted the nonspecific adsorption of fibrinogen equally 

well.110 The protein adsorption data, in combination with the XPS data, suggest that only a very 

 
Figure 5.4. Tuning of physicochemical properties of (A) SBMA- and (B) CBMA-
functionalized glass surfaces through varying the wt% monomer in solution. Relative protein 
adsorption (bars) refers to the left axis and is measured compared to an activated glass slide 
control. Contact angles (•) refer to the right axis. A strong correlation is observed between 
contact angle and relative protein adsorption. 



www.manaraa.com

104 

thin film (a few nanometers) of the zwitterionic polymer film is necessary in order to achieve a 

significant decrease in protein adsorption and water contact angle.  

To determine the ability of zwitterionic-functionalized glass to spatially control protein 

adsorption and direct cell growth, micropatterned substrates were fabricated with alternating 

zwitterion-coated and uncoated bands. Due to the inherent spatial control afforded by 

photopolymerization, areas of functionalization can be precisely defined through use of a 

photomask. In regions that are shielded from irradiation by the opaque bands of the photomask, 

the glass substrate remains chemically unchanged because no photoinitiating molecules are 

locally excited by photons. Conversely, in illuminated areas, absorption of photons by the 

photoinitiator induces polymerization causing covalent grafting of the polymer from the 

activated glass surface. Accordingly, alternating transparent and opaque parallel bands of with a 

periodicity of 100 µm (defined as the distance between repeating features in the pattern) were 

used in generating micropatterns of SBMA and CBMA polymers. Characterization of the 

micropatterns was determined by first adsorbing protein to the surface to the zwitterion-patterned 

surface followed by immunostaining to visualize areas with high protein adsorption. As 

described in the previous section, protein adsorption was greatly reduced by SBMA- and 

CBMA-coated surfaces. Representative images of both SBMA- and CBMA-striped substrates 

are shown in Figure 5.5. Green bands indicate areas where protein is adsorbed, as would occur 

on an unfunctionalized surface. Conversely, dark regions represent areas that have been 

successfully functionalized through photopolymerization, which result in significantly lower 

levels of protein adsorption. The width of the green bands precisely matches the width of the 

transparent and opaque bands of the photomask used to generate the zwitterionic pattern. 
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5.4.2 Fibroblast and Astrocyte Adhesion 

Fibroblasts are the primary cell type that contribute to fibrosis on the surface of implanted 

devices.55 Therefore, determining the effectiveness of these zwitterion-coated substrates in 

preventing adhesion of fibroblasts could serve as an effective in vitro measure of the ability of 

these materials to resist fibrosis. Accordingly, fibroblasts were seeded in equal densities onto 

uncoated (Figure 5.6A), uniformly-coated with SBMA (Figure 5.6B), coated with 100 µm 

periodicity SBMA stripes (image not shown), uniformly-coated CBMA (Figure 5.6C), and 

coated with 100 µm periodicity CBMA stripes (Figure 5.6D). Cell cultures were fixed after 48 

hrs followed by immunostaining and epifluorescent microscopy. Vimentin immunostaining 

revealed that the morphology of fibroblasts was markedly altered on coated surfaces. On 

uncoated glass, fibroblasts showed a characteristic elongated multipolar shape, while they 

showed fewer cytoplasmic extensions and exhibited a round morphology on zwitterion-coated 

substrates (Figure 5.6A-C). Further, noticeably fewer cells adhered to CBMA-coated substrates 

compared to SBMA-coated substrates. Random images were analyzed and cell nuclei counts 

were performed to determine cell density. Analysis of fibroblast cell density on uniform 

substrates reveals a statistically significant reduction in adhered cells to SBMA-coated surfaces 

with less than half of the cell density when compared to uncoated glass. Very few fibroblasts 

adhered on CBMA-coated surfaces with less than one percent of the cell density as compared to 

the uncoated glass (Figure 5.6E). To test the stability of the SBMA- and CBMA-coated surfaces 

to extended culture, fibroblasts were seeded a second time after 48 hrs and cultured for 24 more 

hrs. These experiments showed consistency results from the 48 hr culture study (data not shown). 

Analysis of cell density on striped substrates showed a distinct preference for cell 

adhesion to uncoated glass compared to adjacent SBMA- or CBMA-coated stripes. A  
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Figure 5.5. Epifluorescent images of protein (human fibrinogen) adsorption to 
zwitterionic stripes on glass substrates: A) SBMA stripes with a100 µm periodicity. B) 
CBMA stripes with 100 µm periodicity. Protein adsorbs to uncoated regions as observed 
by the green bands, while protein does not adsorb to zwitterion-coated bands as seen in 
black. 

 
Figure 5.6. Representative epifluorescent images of fibroblasts grown on (A) glass, (B) 
uniformly SBMA-coated, (C) uniformly CBMA-coated, and (D) CBMA-striped surfaces 
and immnolabeled with anti-vimentin antibody (green). Nuclei are labeled with DAPI 
(blue). E) Fibroblast cell density on uniformly coated surfaces. A significant difference was 
observed between all groups (SBMA, CBMA, and uncoated glass) with CBMA exhibiting 
the lowest cell density (*p < 0.001 one way ANOVA). F) Fibroblast cell density on striped 
substrates, both on and off the zwitterionic pattern. A significant difference was determined 
between coated and uncoated regions for both SBMA- and CBMA-coated substrates (**p 
< 0.001 t-test). Cell density was shown to be statistically different between SBMA- (image 
not shown) and CBMA-coated stripes (*p < 0.001 one way ANOVA). Zwitterionic 
micropatterns used for cell culture have a periodicity of 100 µm. Error bars represent 
standard error of the mean. 
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statistically significant difference in cell density was found between stripes coated with SBMA 

and uncoated bands with a nearly 40% reduction in fibroblast adhesion (Figure 5.6F). While 

reductions in cell density were seen on SBMA stripes, in many regions cells were found bridging 

across SBMA-coated bands (images not shown). For CBMA-coated stripes, a distinct border is 

visible between coated and uncoated regions with fibroblasts growing up to the edge, but not 

extending into the coated regions. Remarkably, zero fibroblasts were observed adhered to 

CBMA stripes while uncoated regions had a similar cell density to the uncoated regions of the 

SBMA-striped substrates. A significant difference was found in cell density between SBMA and 

CBMA stripes, further corroborating the effectiveness of CBMA over SBMA films in preventing 

fibroblast cell adhesion.  

To demonstrate the versatility of zwitterion-coated surfaces in controlling and directing a 

variety of cell types, glial cells of both the peripheral and central nervous system (CNS) were 

seeded onto the bare and both uniformly coated and patterned zwitterionic surfaces. Astrocytes, a 

glial cell of the CNS, provide trophic support to migrating neuronal cells in addition to guiding 

the formation and maintenance of neuronal pathways.252,253 Furthermore, astrocytes function as 

immune effector cells in the CNS, and play critical roles in CNS inflammation and the formation 

of glial scar around implants.246,247 Thus, zwitterion-coated surfaces were evaluated to determine 

if these substrates control astrocyte adhesion and growth. Cortical astrocytes were passaged from 

cell culture flasks that had been processed to remove oligodendrocyte precursor cells and 

microglia.254 Anti-GFAP immunostaining confirmed >98% purity of the astrocyte cultures. 

Astrocytes seeded onto uncoated surfaces adapted a typical stellate astrocyte morphology as 

shown with anti-GFAP immunostain in green (Figure 5.7A). Few astrocytes were observed on 

SBMA- and CBMA-coated surfaces. Additionally, the cells that were present took on circular  
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morphology with few cytoplasmic extensions (Figure 5.7B-C). Quantification of cell density on 

uniformly-coated surfaces revealed a 13 fold reduction in astrocyte density on SBMA-coated 

substrates verses plain glass substrates (Figure 5.7E). This effect was more pronounced than that 

seen with fibroblasts (Figure 5.6E) implying that astrocytes may be more sensitive than 

fibroblasts to SBMA. As observed for fibroblasts, the resistance to CBMA-coated substrates is 

even more pronounced with an astrocyte density decrease of over 90 times. 

On SBMA-striped substrates a 75% reduction in astrocyte cell density was observed in 

coated stripes compared to uncoated regions (Figure 5.7F). The uncoated bands showed similar 

cell density to the uncoated controls implying that the presence of the stripes does not disrupt cell 

 
Figure 5.7. Representative epifluorescent images of astrocytes grown on (A) glass, (B) 
uniformly SBMA-coated, (C) uniformly CBMA-coated, and (D) CBMA-striped surfaces and 
immunostained with anti-GFAP antibody (green). Nuclei are labeled with DAPI (blue). E) 
Astrocyte cell density on uniformly coated surfaces. A significant difference was observed 
between the glass control and SBMA- and CBMA-coated surfaces (*p < 0.001 one way 
ANOVA). F) Astrocyte cell density on striped substrates, both on and off the zwitterionic 
pattern. A significant difference was determined between coated and uncoated regions for 
both SBMA- and CBMA-coated substrates (**p < 0.001 t-test). Cell density was shown to 
be statistically different between SBMA- (image not shown) and CBMA-coated stripes (*p < 
0.001 one way ANOVA). Zwitterionic micropatterns used for striped substrates have a 
periodicity of 100 µm. Error bars represent standard error of the mean. 



www.manaraa.com

109 

adhesion to the bands. On the CBMA-striped sample, astrocyte cytoplasmic extensions were 

observed parallel to the pattern with few cytoplasmic extensions bridging across the striped 

pattern (Figure 5.7D). Cell density on CBMA-coated regions decreased about 20 fold in cell 

density as compared to the uncoated glass. Even though the magnitude of decrease was less for 

astrocytes when compared to fibroblasts, the cell density on CBMA-coated regions of the striped 

substrates was similar to that of uniformly-coated CBMA substrates. Astrocyte morphology was 

significantly altered on CBMA-striped substrates. On uncoated glass they exhibited a stellate 

shape, while on CBMA-striped substrates they became fusiform, failing to extend their 

cytoplasmic processes into coated regions. 

5.4.3 Schwann Cell Adhesion and Alignment 

Schwann cells are the principal myelinating cell type of the peripheral nervous system 

and function to support the growth and development of neurons.255 It is therefore important to 

understand how these cells interact with zwitterion-coated substrates especially for potential 

neural prosthesis applications. Similar to the above-mentioned experiments, uncoated, SBMA- 

and CBMA-coated uniformly, and 100 µm periodicity (both SBMA and CBMA) substrates were 

examined for Schwann cell growth. Representative images of Schwann cells seeded onto these 

substrates are found in Figure 5.8A-D. Cell morphology on uncoated substrates was visibly 

different for SBMA- and CBMA-coated surfaces with cells spreading and interacting with 

adjacent cells (Figure 5.8A). Conversely, Schwann cells grown on SBMA-functionalized 

substrates appeared less dense and showed a rounded morphology (Figure 5.8B). Few cells were 

visible in CBMA-coated substrates with very little spreading (Figure 5.8C). Quantification of 

cell density on uniformly SBMA-coated substrates revealed more than a 40 fold decrease in 

Schwann cell density compared to uncoated substrates, a larger effect than seen for fibroblasts or  
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astrocytes. Similar to the findings with fibroblasts and astrocytes, CBMA-coated surfaces 

experienced more than double the reduction in cell density with over 80 times decrease in 

Schwann cell density on CBMA-coated substrates compared to uncoated controls.  

Analysis of Schwann cell growth on patterned substrates showed similar results with a 

repulsion of cell adhesion on coated regions as opposed to uncoated areas. Schwann cells grown 

on substrates with both SBMA and CBMA stripes elongated parallel to the zwitterionic bands. 

Quantification of cell density on SBMA stripes showed a relatively modest 13 fold reduction in 

cell density on coated bands as opposed to uncoated bands, significantly less than for uniformly-

coated substrates but still much greater than for most other cells. Conversely, on CBMA-striped 

 
Figure 5.8. Representative epifluorescent images of Schwann cells cultured on (A) 
unmodified glass, (B) uniformly SBMA-coated, (C) uniformly CBMA-coated, and (D) 
CBMA-striped substrates and immunostained with anti-S100 antibody (green). Nuclei are 
labeled with DAPI (blue). E) Schwann cell density on uniformly coated substrates. A 
statistical difference was found between Schwann cells cultured on coated (both SBMA and 
CBMA) and uncoated (plain glass) surfaces (*p < 0.001 one way ANOVA). F) Schwann cell 
density on SBMA- and CBMA-striped substrates. Analysis of cell density showed 
significantly fewer cells adhered to both SBMA- and CBMA-coated stripes than the uncoated 
regions (**p < 0.001 t-test ). Zwitterionic micropatterns used for striped substrates have a 
periodicity of 100 µm. Error bars represent standard error of the mean. 
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substrates, Schwan cell density decreased over 150 fold over coated regions compared to 

uncoated regions. This repulsion was even greater than that observed for uniformly-coated 

surfaces. While the CBMA-coated substrates yielded a larger decrease in cell density, both 

SBMA and CBMA polymer films showed a significant reduction when compared with the 

adjacent uncoated band (p<0.001, t-test). 

Schwann cells provide trophic support to neurons, myelinate axons and guide axon 

regeneration when peripheral nerves are disrupted. Regenerating neural cells have been shown to 

closely align with Schwann cells in culture,256,257 suggesting that the ability of our substrates to 

cause Schwann cell alignment might allow for control of axonal pathfinding. To determine the 

degree of Schwann cell alignment to striped substrates, Schwann cells were seeded onto 100 µm 

periodicity SBMA and CBMA stripes coated on glass. Alignment was evaluated by fitting an 

ellipse to the cell bodies using Image J software then measuring the angle of the long axis of the 

ellipse relative to the zwitterionic pattern (Figure 5.9A). An angle of 0° indicates the long axis of 

the cell was parallel to the pattern whereas an angle of 90°shows that the long axis of the cell 

was perpendicular to the pattern; a randomly oriented set of cells would be expected to yield an 

average angle of 45°. Representative images of Schwann cells grown on uncoated glass (Figure 

5.8A), SBMA-striped (Figure 5.9A), and CBMA-striped (Figure 5.8C) substrates demonstrate 

the effectiveness of these patterns to induce alignment along the zwitterionic bands. Schwann 

cells grown on uncoated glass substrates were randomly oriented with a mean angle of about 42° 

(Figure 5.9B). By comparison, SBMA-patterned substrates were aligned parallel to the stripes 

with an average angle of less than 6 degrees. Cells on CBMA substrates were even more closely 

aligned to the stripes with an average angle of just under 2 degrees. The alignment of the 

Schwann cells appeared to occur because the cells were repelled by the zwitterionic stripes. 



www.manaraa.com

112 

Schwann cells cultured on substrates with CBMA stripes almost never crossed into the 

zwitterionic regions forming distinct boarders between coated and uncoated areas (Figure 5.8D). 

Conversely, SBMA stripes were less effective at repelling cell adhesion and as such Schwann 

cells were observed forming bridges across zwitterionic bands. Thus, while SBMA appeared to 

strongly influence Schwann cell alignment, CBMA demonstrated a superior ability to direct 

growth. 

 
Figure 5.9. Representative image of Schwann cells cultured on 100 µm SBMA-striped 
substrates (A). Schwann cells elongate and extend between SBMA stripes occasionally 
forming bridges between SBMA bands. Cell alignment was determined by measuring the 
angle (θ) of an ellipse fitted to the major axis of the cell relative to the pattern. B) Average 
angle of Schwann cell alignment on uncoated and zwitterion-striped surfaces. A significant 
difference was found across all groups (* p < 0.001 one way ANOVA) with CBMA 
exhibiting the lowest average angle from the micropattern. The number inside or above each 
column represent the total number of cells evaluated. Cultures were immunostained with 
anti-S100 antibody (green). Nuclei are labeled with DAPI (blue). Error bars represent 
standard error of the mean. 

5.4.4 SGN Neurite Alignment to Zwitterionic Micropatterns 

Spiral ganglion neurons (SGNs) are the afferent neurons of the inner ear that innervate 

hair cells in the organ of Corti in the hearing ear. In deafened cochleae with a cochlear implant, 

SGNs are the target neural elements that are stimulated by cochlear implant electrodes. However, 

a number of factors (including scar tissue formation and distance between SGNs and cochlear 

implant electrodes) compromise the fidelity with which cochlear implants mimic native 
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hearing.258,259 If patterned substrates affect the alignment of SGN neurites, these coatings may 

form the basis for an implant with an improved interface with its target neural elements. 

Accordingly, neonatal rat spiral ganglia were plated directly onto both plain glass and zwitterion-

patterned substrates. Representative images of uncoated, SBMA-patterned, and CBMA-patterned 

samples are shown in Figure 5.10A-C. SGN neurite growth on uncoated substrates (Figure 

5.10A) reveals random growth analogous to SGN neurites grown on glass and polymer 

substrates uniformly coated with laminin.147,185,250 Alignment of SGN neurites along SBMA-

coated substrates (Figure 5.10B) shows a preference to grow on the uncoated regions. However, 

neurites are occasionally observed crossing over SBMA-coated bands together with non-

neuronal cells (nuclei depicted in blue) that have formed a bridge between SBMA-coated 

regions. Alignment of SGN neurites to CBMA-coated patterns revealed neurite segments that 

extend along the middle of the uncoated bands and almost never deviate from parallel patterns, in 

contrast to the occasional extension of a neurite across an SBMA-coated stripe.  

To quantify alignment of SGN neurites to the zwitterionic patterns, alignment ratios were 

calculated by dividing the total length along the path of the neurite by the aligned length (TL/AL) 

as measured using the trace tool in Image J where the aligned length (AL) is the distance the 

neurite travels in the direction of the pattern. Therefore, an alignment of 1 indicates perfect 

alignment while larger values indicate greater deviations from the parallel path. SGN neurites 

evaluated on glass showed an alignment ratio of over 2.2, whereas neurites on SBMA-striped 

substrates showed an alignment ratio of approximately 1.5. Neurites on CBMA-striped substrates 

exhibited an amazingly low alignment ratio of 1.09. A statistical difference was found between 

all samples groups (p < 0.001, one-way ANOVA). CBMA samples direct alignment almost 

perfectly to the pattern, while SBMA stripes also showed a noticeable effect on neurite  
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alignment. Previous experiments in our lab have shown similar alignment ratios of SGN neurites 

grown on polymer microchannels and demonstrate the efficacy of these zwitterionic patterns 

compared to previously studied substrates with physical microtopographical patterns.147 These 

results suggest that zwitterionic coatings may be used to not only reduce undesirable cell 

adhesion, but also could be used to guide neurite extension toward a target such as a neural 

prosthetic device. Similarly, photopatterning could allow for directed fibroblast or glial adhesion 

and growth in circumstances where patterning of these cells is desirable. 

 

 
Figure 5.10. Alignment of SGN neurites on glass (A), SBMA-striped (B), and CBMA-striped 
(C) surfaces. Cultures were immunostained with anti-NF200 antibody (green) to label neurons. 
Nuclei are labeled with DAPI (blue). SGN neurites extend randomly on unpatterned glass 
substrates (A), but elongate and extend between SBMA (B) and CBMA (C) bands. D) 
Alignment ratios of SGN neurites grown on uncoated and zwitterion-striped surfaces. 
Quantification of alignment ratios confirms statistical difference between all groups (* p < 
0.001 one way ANOVA). CBMA-coated surfaces exhibited the strongest alignment. The 
number inside or above each column represent the total number of neurites measured. A 
periodicity of 100 µm was used for patterned samples. Error bars represent standard error of 
the mean. 
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5.5 CONCLUSIONS 

Engineering surfaces that prevent the nonspecific adsorption of protein to biomedical 

implant surfaces may allow significant mitigation of fibrosis and directing of cell growth. 

Accordingly, we described a facile photopolymerization method to covalently graft two 

zwitterionic polymers from glass surfaces. These zwitterionic polymer thin films showed 

increases in surface composition with increasing solution concentration as measured by XPS. 

Nonspecific protein adsorption and contact angle also decreased sharply at solution 

concentrations much lower than the saturation observed using XPS indicating that a very thin 

coating of zwitterionic polymer is needed to induce significant changes in surface properties. We 

also directly compared the ability of SBMA- and CBMA-coated surfaces to reduce adsorption of 

fibrinogen and adhesion of various cell types. Fibroblasts, astrocytes, and Schwann cells all 

showed dramatic decreases in cell density on SBMA- and CBMA-coated surfaces as compared 

to uncoated substrates. Fibroblasts, the primary cell type in fibrotic tissue also exhibited a 

significant difference in cell density between SBMA- and CBMA-coated surfaces, with CBMA-

coated systems showing orders of magnitude decreases in adhesion. Using the inherent spatial 

control of photopolymerization, zwitterionic parallel line patterns were generated to evaluate the 

cellular adhesion of coated compared to uncoated glass regions. All cell types grown on 

patterned substrates showed elongation along the both the SBMA and CBMA bands. However, 

CBMA stripes showed fewer cell crossings along the pattern and greater cellular repulsion along 

film edges. Alignment of Schwann cells and SGN neurites was evaluated on both SBMA and 

CBMA surfaces with CBMA directing alignment to a greater extent for both cell types. 

Therefore, CBMA-coated surfaces demonstrated a superior ability to resist cell adhesion and to 

direct cell growth. The described photopolymerizable surfaces enabled investigation of cell-

material interactions that could enable engineering of surfaces that resist fibrotic tissue 
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formation. Additionally, generated micropatterns provide potential in directing regeneration of 

neurites for neural prosthetic development.  



www.manaraa.com

117 

CHAPTER 6: ANTI-FOULING PHOTOGRAFTABLE ZWITTERIONIC COATINGS 

ON PDMS SUBSTRATES 

6.1 ABSTRACT 

The foreign body response (FBR) to implantable materials can negatively impact 

performance of medical devices such as the cochlear implant. Engineering surfaces that resist the 

FBR could lead to enhanced functionality including potentially improving outcomes for cochlear 

implant recipients through reduction in fibrosis. In this work, poly(dimethyl siloxane) (PDMS) 

surfaces were coated with two zwitterionic polymers, sulfobetaine methacrylate (SBMA) and 

carboxybetaine methacrylate (CBMA), using a photografting process to reduce nonspecific 

protein adsorption, the first step of the FBR. The coating process uses benzophenone, a 

photografting agent and type II photoinitiator, to covalently link the crosslinked zwitterionic thin 

film to the PDMS surface. As the concentration of benzophenone on the surface increases, the 

adhesive strength of the zwitterionic thin films to PDMS surfaces also increases as determined 

by shear adhesion. Interestingly, significantly lower levels of nonspecific protein adsorption on 

zwitterion-coated samples compared to uncoated controls was observed. Fibroblast adhesion was 

also dramatically reduced on coated substrates. These results suggest that fibrosis may be 

prevented using this novel coating method for implanted materials. 

6.2 INTRODUCTION 

Implantable medical devices including pacemakers, myringotomy tubes, joint 

replacements, and neural prosthetics have dramatically increased quality of life over the past 

several decades. The function of many of these implants is significantly limited by the formation 

of fibrotic tissue (fibrosis) around the devices60,80,260 that occurs weeks to months after 

implantation.16 Fibrosis is particularly problematic for neural prosthetic devices as it impedes the 



www.manaraa.com

118 

transmission of electrical current between stimulating electrodes and the target neurons.261 For 

example, fibrotic tissue formation in the scala tympani is an expected consequence of cochlear 

implantation but is detrimental to hearing outcomes.262,263 A foreign body response (FBR) occurs 

with an initial inflammatory response that progresses to fibrosis that encapsulates the implant.67 

Fibrotic capsule formation around the electrode array increases electrical impedance, 

necessitating use of higher current thresholds resulting in increased current spread. More recently 

intracochlear fibrosis in response to the implanted electrode array has been linked to loss of 

residual acoustic hearing in the implanted ear.60 Other neural prostheses and implanted medical 

devices face similar challenges to the FBR. 

The initial step in the FBR is nonspecific adsorption of protein to device surfaces.54 

Mitigation of protein adsorption to reduce fibrosis has recently become an active area of 

research. Traditional anti-fouling materials are uncharged hydrophilic polymers, such as 

poly(ethylene glycol) (PEG) or hydroxyethyl methacrylate (HEMA). However both still allow 

some degree of protein adsorption and ultimately induce a fibrotic response.16 Zwitterionic 

polymers, such as carboxybetaines and sulfobetaines, have emerged as a new class of anti-

fouling materials. These polymers are generated from monomers that have a positively charged 

group and a negatively charged group on the same repeat unit. A unique aspect of these materials 

is that they are hydrophilic yet retain a net neutral charge. It has been proposed that charged 

groups on the zwitterionic repeat units tightly bind water molecules, forming a layer of hydration 

that makes displacement of the water energetically unfavorable, resulting in significantly reduced 

protein and other biomolecule adsorption.66,99 Zwitterionic polymers have shown promise in a 

variety of applications including glucose sensing in blood serum,58,113 antigen detection in 

complex media,115 and prolonging the blood circulation time of coated drugs,6 among others.89 
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Importantly, zwitterionic polymers have shown resistance to cell111,227 and bacterial170,172 

adhesion in vitro in addition to mitigating the FBR in vivo.80 Thus, zwitterionic polymers are 

ideally suited for coating implantable materials. 

Many implantable devices utilize poly(dimethyl) siloxane (PDMS), a highly flexible, 

chemically inert, and easy to fabricate material used in urinary catheters and to house cochlear 

implant electrode arrays.228,264 While this silicone-based polymer is not toxic to cells, the 

hydrophobic surface is especially prone to protein adsorption, resulting in a significant FBR and 

ultimate formation of a fibrotic capsule. Therefore, durable zwitterionic materials for coating 

PDMS surfaces have the potential to significantly reduce the FBR to implantable materials and 

improve implant quality and longevity. Silane coupling agents have previously been used to graft 

zwitterionic polymer brushes onto the surface of PDMS which involves plasma/O3 treatment of 

the material followed by grafting a reactive group to the surface.72,73 For example, Jiang et al. 

functionalized the surface of PDMS with an atom transfer radical polymerization (ATRP) 

initiator using O3 treatment followed by application of a silane coupling agent to generate 

carboxybetaine methacrylate (CBMA) polymer brushes showing dramatic reduction in protein 

adsorption.73 Further, Huang and coworkers immobilized a zwitterionic silane coupling agent 

with a sulfobetaine group onto a silicone substrate which showed resistance to protein, cellular, 

and bacterial adhesion.72  

Another potential approach would be to use a photochemical process to graft zwitterionic 

polymers to the surface of PDMS. Research has shown that a type II photoinitiator, such as 

benzophenone (BP), can be adsorbed to a polymer surface followed by irradiation with UV light. 

The type II photoinitiator, is excited with the light to a highly reactive diradical state when a 

photon is absorbed which thenabstractis hydrogen from the grafting surface, producing a radical 
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that allows polymerization to occur from the surface.199 Using this method, polymers can be 

covalently grafted from a variety of polymeric surfaces including PDMS. Furthermore, this 

approach also offers the inherent spatial and temporal control of photopolymerization. For 

example, Ishihara et al. grafted phosphoryl choline methacrylate polymerized from PDMS 

surfaces demonstrating decreased contact angles and reduced protein adsorption.200  

In this work, we describe development of a process to form and graft a durable 

crosslinked coating for PDMS surfaces that resists protein, biomolecule, and cell adsorption to 

mitigate FBR. Our approach uses a one-step photoinitiated grafting process to covalently link 

sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate (CBMA) crosslinked 

polymers to PDMS. The relationship between the amount of BP adsorbed on the surface and the 

concentration of the BP in the feed was examined. The role of BP concentration on 

adhesion/delamination from the PDMS substrate was characterized by scanning electron 

microscopy (SEM). The durability of the grafted thin films is evaluated using a shear adhesion 

test for as prepared and swollen samples. The anti-fouling properties of the grafted surfaces are 

also tested using protein adsorption. To demonstrate the efficacy of these materials to resist the 

FBR, cell density of fibroblasts cultured on these substrates was measured. Finally, the resistance 

of the SBMA- and CBMA-coated PDMS to bacterial adhesion was evaluated using two strains 

of bacteria. These findings demonstrate that durable zwitterionic polymers can be rapidly grafted 

to implant materials to improve the anti-fouling properties of existing implant materials. 

6.3 EXPERIMENTAL 

6.3.1 Materials and Synthesis 

 2-(N,N’-dimethylamino)ethyl methacrylate (DMAEM), β-propiolactone, triethyl amine, 

hydroquinone, [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide 
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(SBMA), benzophenone (BP), poly(ethylene glycol) diacrylate (PEGDA, MW 575), 

paraformaldehyde, collagenase, Dulbecco's modified eagle medium (DMEM), human 

fibrinogen, human anti-fibrinogen, and all organic solvents were purchased from Sigma Aldrich. 

1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (HEPK, photoinitiator) 

was purchased from Ciba. Alexa 488 labeled phalloidin and Alexa 488 conjugated goat anti-

rabbit secondary antibody were purchased from ThermoFisher Scientific (Waltham, MA). 

Hank’s balanced salt solution (HBS), fetal bovine serum (FBS), poly-L-ornithine, trypsin-EDTA 

dissociation reagent, DAPI-containing mounting medium, were purchased from Gibco (Carlsbad, 

CA).   

 2-Carboxy-N,N-dimethyl-N-(2’-(methacryloyloxy)ethyl)ethanaminium inner salt 

(carboxybetaine methacrylate,CBMA) was synthesized as previously described.111 Briefly, β-

propiolactone was added to 10 mL of acetone. The solution was then added dropwise to 

DMAEM dissolved in acetone at 0o C. The reaction was stirred overnight, after which a small 

amount of hydroquinone (radical inhibitor) was added. The solvent was removed under reduced 

pressure with the residual oil dissolved in methanol. Triethylamine was added to the solution to 

quench any side reactions and the CBMA product was precipitated into cold diethyl ether and 

vacuum filtered to yield a white solid. The product was then used without further purification. 

NMR spectra were collected on a Bruker Spectrometer (Avance 300) to confirm chemical 

structure. 1H NMR (D2O, 300 MHz), δ 6.06 (s, 1H, =CH), δ 5.68 (s, 1H, =CH), δ 4.55 (t, 2H, 

OCH3), δ 3.70 (t, 2H, NCH2), δ 3.59 (t, 2H, NCH2), δ 3.10 (s, 6H, NCH3), δ 2.64 (t, 2H 

CH2COO), δ 1.84 (s, 3H =CCH3). 
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6.3.2 Zwitterion-functionalized PDMS Substrate Fabrication and Characterization 

 PDMS substrates were fabricated using Sylgard 184 (Dow Corning) by thoroughly 

mixing 10 parts base to 1 part curing agent. For shear adhesion tests the mixture was cured in an 

aluminum mold with 4 mm depth and 8 mm width. All other samples were cured in Petri dishes. 

The PDMS was cured by heating to 80o C for 2 hrs. Once the samples cooled, slabs in the 

aluminum molds were cut to approximately 25 mm long strips. Samples cured in Petri dishes 

were cut into 15 mm x 15 mm squares. To allow photografting, PDMS was coated with BP by 

submersing in a solution of BP in acetone (0.01 to 50 mg/mL) for 1 hr. The BP-coated samples 

were removed and dried in a nitrogen stream to remove solvent then dried in a vacuum for 1 hr. 

The BP-coated PDMS slabs were kept in a sealed container until directly before film grafting 

and polymerization.  

The concentration of BP adsorbed onto PDMS surfaces was determined using UV/Vis 

measurements. Coated samples were sonicated in an ethanol solution for 30 min to remove the 

adsorbed BP. The concentration of BP in the ethanol solution was then determined from UV/Vis 

absorbance at 253 nm as compared to a calibration curve of known concentrations. The 

calibration curve showed excellent linearity (R2=0.9989) and all BP concentration measurements 

were evaluated within the calibrated concentrations. 

The process for photografting the zwitterionic polymers to PDMS is shown in Figure 6.1. 

Zwitterionic polymers were generated from solutions containing 50 wt% SBMA or CBMA, 2.5 

wt% poly(ethylene) glycol diacrylate (PEGDA, crosslinker), 1 wt% 1-[4-(2-hydroxyethoxy)-

phenyl]-2-hydroxy-2-methyl-1-propane-1-one (HEPK, photoinitiator), and 46.5 wt% water. To  
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Figure 6.1. Schematic of the photografting process. UV-light is used to initiate 
polymerization and grafting of zwitterionic monomers from the PDMS surface forming a 
polymer thin film hydrogel covalently attached to the material substrate. 

test the adhesion of the zwitterionic thin films to the PDMS substrate, 2.5 µL of monomer 

solution was pipetted onto a glass substrate, the PDMS was placed on top, and capillary action 

dispersed the solution evenly between the glass and PDMS to form a 8 mm x 8 mm contact area. 

The solution was then polymerized using a mercury vapor arc lamp (Omnicure S1500, Lumen 

Dynamics, Ontario, Canada) at 30 mW/cm2 measured at 365 nm for 10 min Standard 2.54 x 7.62 

cm glass microscope slides used for shear adhesion experiments were functionalized with a 

silane coupling agent, (3-(trimethoxysilyl)propyl methacrylate) as previously described.147 The 

coupling agent contains a reactive methacrylate group which forms a covalent bond between the 

glass substrate and the crosslinked film upon polymerization. Shear adhesion of as prepared 

samples was measured directly after polymerization with a dynamic mechanical analyzer (DMA; 

Q800 DMA TA instruments). Swollen samples were immersed in deionized water for 48 hrs 

prior to testing. The adhered glass and PDMS samples were fractured in the DMA using a 

controlled force ramp rate of 0.5 N/min at room temperature. The force at break was recorded 

and normalized to the area of adhesion to the glass substrate.  

Thickness of the zwitterion-coated thin films were measured using scanning electron 

microscopy (SEM, S-4800, Hitachi). Zwitterion-coated PDMS substrates were cut and mounted 

vertically on specimen stages. Prior to imaging, samples were sputter coated with gold. Electron 

accelerating voltage was set at 2.0 kV. 
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6.3.3 Protein Adsorption  

 Immunofluorescence was used to measure protein adsorption to substrates. The PDMS 

and zwitterion-coated samples were hydrated overnight in PBS (room temperature) prior to 

protein exposure. Human fibrinogen (1 mg/mL) was pipetted onto substrates and dispersed by 

placing a glass coverslip on the solution followed by a 1 hr incubation at room temperature. The 

samples were then soaked in PBS for 3 hrs, changing the PBS hourly. After rinsing, the samples 

were incubated in a blocking buffer solution to block the areas unoccupied by fibrinogen for 1 hr 

at room temperature. An anti-fibrinogen antibody (dilution 1:500) was applied to the samples 

overnight at 2o C. The substrates were then immersed in PBS for 45 min with the solution PBS 

being exchanged every 15 min. The samples were incubated with Alexa 488 conjugated 

secondary antibody (dilution 1:1000) for 1 hr at room temperature. The samples were then again 

rinsed in PBS for 45 min with the PBS, changing the PBS every 15 min and coverslips were 

applied before epifluorescent imaging. Digital epifluorescent images were captured on a Leica 

DMIRE2 microscope (Leica Microsystems, Bannockburn, IL) with Leica DFC350FX digital 

camera and Metamorph software (Molecular Devices, Silicon Valley, CA). Gray-scale images 

were used to measure relative fluorescence intensity using Image J software (NIH, Bethesda, 

MD). All conditions were repeated in triplicate, and five representative images were used for 

analysis at each condition. 

6.3.4 Cell Culture and Density Quantification 

 All cell/bacterial culture and quantification was conducted by Dr. Marlan Hansen’s 

research group at the University of Iowa. Dissociated fibroblast cultures were obtained from p4-7 

perinatal rat skin as previously described.204 The tissue was scraped to remove subcutaneous fat, 

morcellized, then digested in 0.125% trypsin with EDTA and 0.2% collagenase for 1 hr at 37oC. 
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Enzymatic dissociation was stopped with FBS and the cell suspension was spun, rinsed twice, 

then triturated. The resultant suspension was then seeded into poly-L-ornithine and laminin 

coated culture flasks. Fibroblasts were maintained in DMEM with 10% FBS, splitting the cells 

when cultures became confluent but not splitting more than twice prior to use. 

Prior to seeding onto experimental substrates the fibroblasts were dissociated from the 

culture plastic. A cell suspension with a density of 1x107 cells/mL was created. In all cases 0.5 

mL of suspension was plated onto substrates. These cultures were maintained for 48 hrs prior to 

fixing with 4% paraformaldehyde in PBS. All samples were then labeled with Alexa 488 

conjugated phalloidin (0.165 µM for 30 min) followed by three washes with PBS. Coverslips 

with DAPI-containing mounting medium were placed onto the stained cultures to label nuclei. 

 Cell density was determined by counting the total number of nuclei from digital images 

of randomly selected 20x microscopic fields using the cell counting feature of MetaMorph 

software package. At least 10 images were taken for each culture, with at least 3 substrates per 

experiment. All experimental conditions were repeated in triplicate. 

6.3.5 Bacterial Ahesion 

The silastic samples were divided into 4 groups: uncoated, SBMA, and CBMA with or 

without FBS. The samples were first sterilized by exposing UV light for 15 min. Groups with 

FBS were incubated with FBS for 1 hr at 37°C, and then washed with PBS 3 times. The bacterial 

suspension at 108 CFU per ml (S. aureus and S. epidermidis) was incubated with the samples for 

48h at 37°C. The samples were rinsed 3 times with PBS after 24 hrs of incubation and were then 

re-inoculated and incubated an additional 24 hrs. At the conclusion of the incubation period, all 

samples were washed 3 times with PBS then the GFP signal was visualized using the 
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epifluorescent microscope. Ten random fields of view at 20X were chosen, and the bacterial 

colonies on the surface were counted by hand.  

6.3.6 Statistics 

 Statistical analysis was conducted using Graphpad Prism 7.01 software. To compare cell 

density between uncoated, CBMA-coated, and SBMA-coated, a one-way ANOVA with post hoc 

Tukey test was used.  

6.4 RESULTS AND DISCUSSION 

6.4.1 Surface-initiated Zwitterionic Graft Polymerization 

Engineering coatings for existing implantable material may represent a practical and 

quickly implemented approach to mitigating FBR without compromising the inherent 

mechanical properties. Because the surface is the only portion of a device that will come into 

direct contact with host fluids and tissues, functionalizing the substrate with a zwitterionic 

polymer thin film (<25 µm) may significantly reduce the FBR. Introducing hydrophilic polymers 

(poly(ethylene glycol) (PEG) or zwitterionic polymers) onto the surface of hydrophobic 

materials such as PDMS or other polymers may prevent the accumulation of proteins, other 

biomolecules, and cells on the surface.74,200  

In this work, sulfobetaine methacrylate (SBMA) and carboxybetaine methacrylate 

(CBMA) were examined as photograftable monomers due to their excellent anti-fouling 

properties including ultra-low protein adsorption and cell adhesion.76,265 SBMA and CBMA 

contain a methacrylate group which can be polymerized through a radical chain polymerization 

mechanism. To engineer a durable zwitterionic coating, poly(ethylene glycol) diacrylate 

(PEGDA), a crosslinking molecule, was incorporated into the formulation. The crosslinker 

allows the zwitterionic polymer to form a covalent network, which enables thicker film 
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fabrication and is more resistant to shear forces. These formulations were photografted to 

poly(dimethyl siloxane) (PDMS), which is used extensively in implantable devices such as 

orthopedics, shunts, and catheters.28 To covalently graft the SBMA and CBMA thin films to 

PDMS substrates, a photografting process was used. Benzophenone (BP), a type II 

photoinitiator, can be applied to substrates to covalently photograft (meth)acrylates to a variety 

of polymers.199 Adsorbing BP onto the surface of PDMS enables photografting/polymerization 

reaction resulting in covalent grafting to the substrate. Type II photoinitiators are excited to a 

short-lived singlet state by absorption of UV light which is quickly transformed to a triplet 

state.266 This highly-reactive triplet state initiates the grafting process by abstracting aliphatic 

hydrogens from the substrate and transferring the radicals to the surface. After this step, 

polymerization is initiated from the surface and covalently bonds the polymer chain to the 

substrate (See Figure 6.2). A second water-soluble photoinitiator is added to the solution that 

also initiates polymerization in the bulk. Thus, initiation of polymerization simultaneously 

occurs in the bulk and at the surface to graft the film to the surface and form a strongly adhered 

thin film in a single step. One major advantage of this grafting mechanism is that it is effective 

for nearly all polymer surfaces because most polymers contain aliphatic hydrogens which can be 

abstracted to initiate polymerization.267 

The ability of BP to abstract hydrogens from the surface plays a critical role in the 

process of grafting zwitterionic networks to PDMS surfaces. PDMS substrates were submersed 

in a BP/acetone solution with varying feed concentrations. Concentrations of 0.25 to 50 mg/mL 

were used to adsorb different amounts of BP on the surface required to effectively graft the 

zwitterionic polymer to the PDMS. After submersion in the BP solution and subsequent drying 

under vacuum, the coated samples were sonicated in an ethanol solution for 30 min to remove all  
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adsorbed BP. The solution concentration was quantified by comparing absorbance of the BP at 

253 nm to a calibration curve of known concentration via UV/Vis spectroscopy. The relationship 

between feed BP concentration and amount of BP physically adsorbed to the PDMS surface is 

shown in Figure 6.3. As the feed concentration increased, the amount of adsorbed BP increased 

by several orders of magnitude, ranging from just under 1 µg/cm2 to over 500 µg/cm2.  

 At concentrations above 50 mg/mL BP visible crystals started to form on the surface and 

as such were not used in thin film preparation. These findings demonstrate that the surface 

concentration of BP can be controlled by altering the feed concentration of BP. By changing the 

surface concentration of BP, the amount of initiation occurring at the surface is likely to change 

which will alter the degree of photografting to the surface. 

6.4.2 Characterization of the Photografted Zwitterionic Polymer 

To understand the dependence of the photografting process on the concentration of 

adsorbed BP, SBMA and CBMA thin films were photopolymerized onto PDMS substrates using 

feed concentrations as above. SBMA- and CBMA-grafted thin films were fabricated by  

 
Figure 6.2. Schematic representing the basic chemistry of the photografting process. 
Benzophenone (BP) adsorbed on the substrates initiates covalent grafting and polymerization 
of the polymer to the PDMS. 
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sandwiching 2.5 µL of zwitterionic 

monomer solution between a piece 

of methacrylate-functionalized glass 

and an 8 mm wide PDMS sheet. 

Capillary action allowed the 

monomer to disperse evenly between 

the two substrates. After 

polymerization, the glass slide was 

removed leaving a crosslinked thin 

film that may be covalently grafted 

to the PDMS substrate (Figure 6.1). SBMA- and CBMA-coated PDMS substrates were sliced 

and then imaged using scanning electron microscopy (SEM) to reveal cross-sectional images of 

the adhesion.  

 At concentrations at or less than 2.5 mg/mL, the SBMA and CBMA polymers began to 

peel from the PDMS substrate as shown by SEM images in Figure 6.4A-B. While the polymer 

remained attached to the substrate after preparation, it only weakly adhered and could be easily 

removed. At these concentrations, insufficient covalent bonds were formed from the 

photografting reaction to create strong adhesion between the film and the surface, causing 

delamination after short-term use. As the amount of BP adsorbed onto the surface was increased, 

both the SBMA- and CBMA-coated surfaces demonstrated stronger adhesion to the PDMS, with 

no delamination observed as shown in Figure 6.4C-D. At higher BP solution concentrations, and 

thus greater available BP at the surface, the number of surface radicals generated upon 

illumination increases, allowing more covalent bonds to form between the substrate and the  

 
Figure 6.3. Quantification of BP surface concentration 
with respect to BP feed concentration. The surface 
concentration increases with increasing feed 
concentration. 
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polymer chains in the thin film. A greater number of covalent bonds between the zwitterionic 

thin film and the PDMS prevents film delamination. At higher concentrations of BP (10 or 50 

mg/mL), delamination from the substrates was not observed during subsequent substrate testing, 

suggesting that these concentrations are more appropriate for further testing.  

Additionally, the thicknesses of both the SBMA and CBMA films prepared as outlined 

were measured using SEM imaging. SBMA-coated samples were 7.3 (±2.8) µm thick while 

CBMA-coated samples were similarly 7.5 (±1.7) µm thick. Interestingly, the thickness of the 

thin films was independent of the surface concentration of BP. Because of the fabrication 

process, the thin film thickness is dictated by the amount of monomer in contact with the surface. 

A crosslinked network is formed upon polymerization, which will gel the monomer on the 

PDMS substrate. Thus, it is reasonable that no changes in thickness were observed with different 

concentrations of benzophenone as the concentration and amount of monomer solution did not 

 
Figure 6.4. SEM images of photografted zwitterionic polymers. Shown are SBMA-coated 
PDMS using A) 2.5 and C) 50 mg/mL BP feed concentration and CBMA-coated PDMS using 
B) 2.5 and D) 50 mg/mL BP feed concentration. 
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change. If desired, film thickness could easily be changed by increasing or decreasing the 

amount of monomer solution contacting the surface during polymerization. 

To quantitatively assess the adhesion of the SBMA- and CBMA-grafted polymers to 

PDMS surfaces, shear adhesion to the PDMS was measured. This test evaluated how the 

materials responded to shear by measuring the force at which failure occurs along a plane 

parallel to the direction the force was applied. The strength of the bond between the thin film and 

the substrate is estimated by measuring the maximum force per unit area required to fracture the 

sample or delaminate the coating. Samples that require more force per unit area indicate stronger 

adhesion to the substrate. Figure 6.5 illustrates how this method was used to evaluate the 

adhesion of the zwitterionic polymers to the PDMS substrates. A solution of zwitterionic 

monomer (SBMA or CBMA), crosslinker (PEGDA, MW 575), and photoinitiator (HEPK) in 

aqueous solution was applied to a functionalized glass surface. A PDMS substrate was then 

placed on top of the liquid and capillary action was used to disperse the solution evenly between 

the substrates. The glass used was functionalized using a methacrylated silane coupling agent to 

ensure adhesion between the polymer and the glass.  

As the bond between the glass and polymer is much stronger than what would be 

expected from the hydrogel coating or the adhesion between the coating and PDMS substrate, 

three potential modes of failure could occur using this method: 1) substrate/backing failure, 2) 

adhesive failure, and 3) cohesive failure. Substrate failure occurs when the substrate fractures, 

and indicates that the substrate is weaker than the forces from either adhesive or cohesive bonds 

from the coating. This type of failure would indicate a high degree of adhesion and high cohesive 

strength of the adhesive relative to the mechanical strength of the substrate. Adhesive failure 

occurrs when the bond between the substrate and the adhesive is broken. The forces exerted on 
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the connection are greater than the forces created between the substrate and the adhesive, which 

cause the adhesive to peel from the substrate (see left image in Figure 6.5). When failure of this 

type is observed, it often indicated relatively low levels of adhesion between the substrate and 

the adhesive. Finally, cohesive failure occurs when the bonds within the adhesive brake because 

the external force exceeded the cohesive bond (see right image in Figure 6.5). When this failure 

is observed, the adhesive is strongly adhered to the substrate, but the mechanical strength of the 

adhesive may have been relatively weak.  

For the system in study, cohesive and adhesive failure were the only types observed due 

to the relatively high strength of the glass and PDMS compared to the zwitterionic crosslinked 

hydrogel. Further, adhesive failure would indicate that the grafted polymer was only weakly 

bonded to the PDMS. Adhesive failure between the glass and the zwitterionic polymer was never 

observed. The surface methacrylate groups provided a high degree of covalent grafting between 

the zwitterionic polymer and the glass which was stronger than the cohesive strength of the  

films. The strong bond between the zwitterionic thin film and the glass ensured that 

measurements would only measure failures between the PDMS and thin film or failures within 

the thin film.  

Shear adhesion strength was examined for SBMA and CBMA grafted polymers that were 

either tested without further treatment after photografting (as prepared) or swollen to equilibrium 

in water. The zwitterionic hydrogels were fabricated with 50% water from the polymerization 

solution, but will absorb additional water. Upon swelling, the hydrogel thin films increased in 

volume inducing changes in mechanical properties. As fully swollen thin films more closely 

approximates in vivo conditions, it was important to identify changes in adhesion properties in 

the fully hydrated state. The same BP feed concentrations were evaluated to assess the role of BP  
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in the photografting process. Examination of shear adhesion strength data as a function of BP 

concentration is shown in Figure 6.6. For as prepared SBMA-coated samples, an upward trend in 

maximum force per area is observed as BP feed concentrations were increased as would be 

expected with fewer covalent bonds formed during the photografting/polymerization process 

(Figure 6.6A). For BP feed concentrations below 2.5 mg/mL, adhesive failure between the 

PDMS and SBMA thin film was observed. At or above 2.5 mg/mL, cohesive failure occurred 

indicating a critical amount of BP is on the surface and therefore sufficient covalent bonds have 

formed to prevent delamination. Swollen SBMA samples follow a similar trend, but require less 

force per area to fracture. It is important to note that many of the samples below 2.5 mg/mL 

fractured adhesively before sample loading and were recorded as 0 N/m2. Similar to the as 

prepared samples, at and above 2.5 mg/mL cohesive failure was observed. As the thin films 

absorbed water, the modulus and force required for fracture decreased even when cohesive 

failure was observed. When cohesive failure occurred, the force required to fracture the thin film 

was measured rather than force required to overcome adhesion between the PDMS and  

 
Figure 6.5. Schematic representing shear adhesion experiments. A benzophenone activated 
sample was covalently bound to methacrylate-functionalized glass by 
photografting/photopolymerizing the zwitterionic polymer between substrates. The samples 
were strained until fracture by applying a force to both ends of the substrates. The samples 
showed either adhesive failure (left image), where the polymer remains adhered to the glass, 
or cohesive failure (right image), where the film itself fractures yet remains adhered to both 
substrates. 
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zwitterionic thin film. Therefore, no significant changes in maximum force per area were 

observed above concentrations where cohesive failure was recorded. 

Adhesion of the CBMA thin films to PDMS followed a similar trend to the SBMA. For 

as prepared samples, the maximum force per area required to fracture the samples increased with 

increasing BP concentrations (Figure 6.6B). While the general trend was the same, cohesive 

failure was not observed until BP feed concentrations were greater than or equal to 5 mg/mL. 

CBMA swollen samples were very similar to the SBMA below 2.5 mg/mL, with many of the 

samples failing before testing. A decrease in maximum force per area was also evident compared 

to the as prepared samples across all concentrations, even when cohesive failure was observed. It 

is notable that the CBMA hydrogels in general exhibited higher maximum force per area values 

than SBMA at higher feed concentrations. This increase is likely due to the fact that CBMA 

forms a higher modulus hydrogel than SBMA.112,114 At concentrations where cohesive failure 

was observed, the cohesive strength of the CBMA thin film was measured; as expected the 

maximum force required to cause failure was higher for CBMA than for SBMA. These findings 

 
Figure 6.6. Maximum force per area results as measured using shear adhesion experiments as 
a function of BP feed concentration for zwitterion-grafted thin films to PDMS substrates. A) 
Shear adhesion test data for SBMA-grafted thin films. B) Shear adhesion results for CBMA-
coated PDMS. Max force per area increases with increasing BP feed concentration. Shaded 
area represents samples that failed cohesively. 
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demonstrate that the adhesion of the crosslinked zwitterionic films increases with higher BP 

surface concentrations and that durable bonds can be formed between the PDMS and the 

hydrogel films. 

6.4.3 Cell and Protein Adsorption to Zwitterion-coated PDMS 

Resistance to protein adsorption is a key indicator of anti-fouling properties and such 

resistance could significantly change FBR.16,54,55 Fibrinogen is abundant in serum, and was 

therefore used as a representative protein. For all experiments evaluating anti-fouling properties 

of the zwitterion-coated PDMS, 50 mg/mL BP feed was used to prevent delamination from the 

substrate. Epifluorescent images of immunostained adsorbed protein after incubation for 1 hr in a 

1 mg/mL fibrinogen solution are shown in Figure 6.7A-C. The uncoated PDMS exhibited a 

bright green color where the SBMA- and CBMA-coated surfaces showed almost no 

fluorescence. Quantification of the adsorbed protein by measuring fluorescence intensity 

indicated a significant reduction in protein adsorption for both SBMA- and CBMA-coated 

surfaces compared to bare PDMS (Figure 6.7D). No statistically significant difference was 

observed between CBMA-coated compared to SBMA-coated samples (One way ANOVA, 

p=0.9585). These results demonstrate the efficacy of both SBMA and CBMA in preventing the 

adsorption of protein and potentially mitigating the FBR. 

Fibroblasts are the predominant cell type found in the fibrotic capsules that form around 

implanted materials.55 Thus, to further evaluate the ability of these crosslinked zwitterionic 

coatings to prevent fouling and the foreign body response, fibroblast adhesion was measured. 

Accordingly, SBMA-coated, CBMA-coated, and uncoated PDMS were evaluated for fibroblast 

adhesion with and without first incubating the samples in fetal bovine serum (FBS). Cells were 

allowed to remain in culture for 48 hrs and were then fixed, labeled with fluorescently tagged  
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phalloidin which binds cytoskeletal actin, and epifluorescent microscopy was then performed. 

Images of fibroblast adhesion without FBS are shown in Figure 6.8A-C. Phalloidin staining 

revealed a markedly different cellular morphology on uncoated substrates compared to that seen 

on coated PDMS (Figure 6.8A). When cultured on uncoated PDMS, fibroblasts showed a 

characteristic elongated multipolar shape, indicating that the cells were healthy and adherent to 

the underlying substrate. In contrast, SBMA- and CBMA-coated substrates exhibited a rounded 

morphology with few if any cytoplasmic extensions (Figure 6.8B-C). Interestingly, fewer cells 

appeared to adhere to the CBMA-coated surfaces than the SBMA-coated substrates. Fibroblast 

cell density, a direct measure of the cell adhesion, without FBS was dramatically reduced over 

coated compared to uncoated substrates (Figure 6.8D). SBMA-coated surfaces showed less than  

 
Figure 6.7. Characterization of protein adsorption. Representative epifluorescent images of 
immunostained fibrinogen (green) on A) uncoated, B) SBMA-coated, and C) CBMA-coated 
PDMS.  D) Fibrinogen adsorption on uncoated, SBMA-coated and CBMA-coated PDMS as 
measured by epifluorescent microscopy. SBMA- and CBMA-coated substrates significantly 
reduce fibrinogen adsorption (*p < 0.001 one way ANOVA). Error bars represent standard 
deviation of the mean. 
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5% of the cells adhered when compared to the PDMS control. The CBMA-coated substrates had 

slightly lower cell adhesion with just above 3% of the cell density of the uncoated samples. 

When devices are implanted into the body they are first exposed to serum proteins that 

can adhered to the implant surfaces. To mimic exposure to serum proteins, the samples were 

incubated with FBS prior to cell culture. This did not dramatically alter the cell density and 

adhesion. Fibroblasts adherent to the uncoated PDMS were dense and evenly distributed across 

the substrates (Figure 6.9A). In contrast, cell density was noticeably lower on SBMA- and 

CBMA-coated surfaces, with the remaining cells exhibiting a rounded morphology (Figure 6.9B-

C). Quantification of cell density showed significant reductions in cell counts (Figure 6.9D). 

 
Figure 6.8. Representative epifluorescent images of fibroblasts grown on A) uncoated, B) 
SBMA-coated, and C) CBMA-coated PDMS without FBS in the culture medium. Fibroblast 
cytoskeletal actin is labeled with Alexa 488-phalloidin to demonstrate morphology (green). D) 
Fibroblast cell density on uncoated SBMA-coated, and CBMA-coated PDMS substrates. 
SBMA- and CBMA-coated PDMS significantly reduce fibroblast cell adhesion (*p < 0.001 
one way ANOVA). Error bars represent standard error of the mean. 
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Once again the SBMA-coated samples contained slightly more adherent cells than the CBMA-

coated PDMS although not significantly (One-way ANOVA, p=0.8489). This result is consistent 

with prior work that has demonstrated improved efficacy of CBMA polymers when compared to 

SBMA.110,268 Our lab also found that linear CBMA polymers photografted to glass were more 

effective than SBMA in preventing adhesion of multiple cell types including fibroblasts.204 

These results demonstrate the efficacy of crosslinked and photografted zwitterionic coatings in 

preventing fibroblast adhesion.  

While SBMA- and CBMA-coatings on PDMS were effective in preventing protein and 

fibroblast adhesion over short time frames, it is also important to evaluate the long-term anti-

fouling properties of the films. Thus, zwitterion-coated samples were incubated in culture media 

for 14 days before fibroblasts were seeded onto the substrates to test the efficacy after extended 

exposure to media. A parallel experiment was conducted where fibroblasts were seeded directly 

after substrate fabrication as a control (Day 0 samples). For the day 0 experiment, cell density on 

the uncoated PDMS was similar to the previous experiments with relatively high cell density 

(Figure 6.10D). The SBMA- and CBMA-coated surfaces were resistant as before to cell 

adhesion in the 0 day seeding with CBMA preventing all fibroblast adhesion. Epifluorescent 

images of fibroblasts seeded after 14 days are shown in Figure 6.10A-C. Cell density is slightly 

higher on the uncoated PDMS, and cells have spread and elongated. As seen before extensive 

exposure to culture media, cell density is noticeably reduced on the SBMA- and CBMA-coated 

PDMS. Quantification of the cell density revealed that the number of cells increased on all 

substrates after the 14 day exposure to media, but not to a statistically significant degree. The 

number of cells adhered in the uncoated PDMS increased from approximately 11 x10-4 cells/µm2 

to 13 x10-4 cells/µm2. For the SBMA-coated samples, cell density doubled from about 0.6 x10-4  
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Figure 6.9. Representative epifluorescent images of fibroblasts grown on A) uncoated, B) 
SBMA-coated, and C) CBMA-coated PDMS with FBS in culture medium. Fibroblast 
cytoskeletal actin is labeled with Alexa 488-phalloidin to demonstrate morphology (green). D) 
Fibroblast cell density on uncoated SBMA-coated, and CBMA-coated PDMS substrates. 
SBMA- and CBMA-coated PDMS significantly reduce fibroblast cell adhesion (*p < 0.001 
one way ANOVA). Error bars represent standard error of the mean. 

cells/µm2x to 1.3 x10-4 cells/µm2 while CBMA-coated PDMS increased from no observable cells 

to 0.6 x10-4 cells/µm2, almost 20 times less than the cell density on the PDMS control. For both 

experiments, cell density was dramatically lower for the zwitterion-coated surface and the 

incubation time did not result in a significant increase in cell density. Further, for the entirety of 

the experiment, the SBMA and CBMA thin films remained securely adhered to the PDMS. 

These results show that photografted/polymerized zwitterionic coatings show promise in 

maintaining anti-fouling properties while remaining durable for potential biological applications. 
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6.4.4 Bacterial Adhesion to Zwitterion-coated PDMS 

 Another problem that can occur in implantable devices is bacterial infection associated 

with implantation and biofilm formation on the surface. Zwitterionic materials have also been 

shown to decrease bacterial adhesion and prevent the formation of biofilms.170–172 Accordingly, 

the zwitterion-coated PDMS substrates were evaluated for their ability to resist bacterial 

adhesion. Two different bacterial strains were investigated: 1) Staphylococcus Aureus (S. 

Aureus) and 2) Staphylococcus Epidermidis (S. Epidermidis). S. Aureus is a Gram-positive 

bacteria that is a flora found in the nose, respiratory tract and on the skin. S. Epidermidis is also a 

Gram-positive bacteria and is typically a skin flora. Infections from S. Epidermidis area often 

 
Figure 6.10. Representative epifluorescent images of fibrobasts grown on A) uncoated, B) 
SBMA-coated, and C) CBMA-coated PDMS after substrate immersion in culture medium for 
14 days. Fibroblasts are labeled with Alexa 488-phalloidin (green). D) Fibroblast cell density 
at 0 and 14 days in culture medium for uncoated, SBMA-coated, and CBMA-coated PDMS. A 
significant difference was observed between uncoated and the zwitterion-coated PDMS at 0 
and 14 days. No significant increase in cell density was observed after the 14 day incubation 
for all substrates. Error bars represent standard error of the mean. 
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hospital acquired. These two strains of bacteria will serve as two likely bacteria that could form 

adhere to and potentially cause an implant infection. 

In order to investigate the accumulation of bacteria on the sample surface, the uncoated, 

SBMA-coated, and CBMA-coated PDMS with or without FBS were incubated in a S. Aureus 

suspension for 48 hrs. At 48 hrs, the uncoated PDMS samples without FBS had a significant 

amount of adherent bacterial colonies (Figure 6.11A). The SBMA-coated surfaces reduced the 

bacterial adhesion by just under 70% of the uncoated PDMS. A more dramatic reduction in 

bacterial adhesion occurred on the CBMA-coated substrates with just under 7% of the uncoated 

control. A statistical difference was calculated between the uncoated and the SBMA- and 

CBMA-coated (one-way ANOVA, p<0.0001). The CBMA-coated PDMS reduced the bacterial 

adhesion significantly more than the SBMA-coated (one-way ANOVA, p=0.0119). These results 

demonstrate the ability for CBMA to repel bacteria more effectively than SBMA. 

 
Figure 6.11. Bacterial adhesion onto coated and uncoated PDMS substrates in vitro. S. 
aureus (A) and S. epidermidis (B) growth at 48 h on implants treated with and without FBS. 
* indicates a statistical difference between groups (*p<0.001 one way ANOVA). ** 
indicates a statistical difference between groups (p=0.0119 one way ANOVA) 
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Examination of the bacterial adhesion for seedings containing FBS also demonstrated 

high levels of adhesion for the uncoated PDMS although not as high. Similar to samples 

containing no FBS, the bacterial adhesion was significantly reduced when the SBMA or CBMA 

coating was applied (one-way ANOVA, p<0.0001). The addition of FBS increased the bacterial 

adhesion to the SBMA- and CBMA-coated samples. While there were fewer bacteria adhered to 

the CBMA-coated PDMS, there was no statistical difference found (one-way ANOVA, 

p=0.2422). While the addition of FBS to the culture media increased the adhesion of S. Aureus 

for SBMA- and CBMA-coated samples, the coated substrates were still able to significantly 

reduce the adhesion. 

To demonstrate the ability of the zwitterion-coated substrates in reducing multiple strains 

of bacteria, S. Epidermidis was then seeded onto the substrates. The results for these experiments 

are shown in Figure 6.11B. For experiments without FBS, the SBMA-coated samples reduced 

bacterial adhesion by just under 10% of the value for uncoated control while the CBMA-coated 

sample was just under 5%. This resistance to S. Epidermidis was better than that of S. Aureus. 

For samples containing FBS, the results for S. Epidermidis were very similar to those without 

FBS (Figure 6.11B). The adhesion to the uncoated substrate increased and there was a dramatic 

reduction in bacteria adhesion for both SBMA- and CBMA-coated substrates. These substrates 

both reduced the adhesion by more than 96%. The results from these bacterial adhesion studies 

demonstrate that zwitterion-coated materials not only can prevent adhesion of cell, but also are 

useful in potentially mitigating implant-associated infections.  

6.5 CONCLUSIONS 

Engineering surfaces that resist biofouling represents a critical first step in developing 

neural prosthetics that integrate effectively with biological systems. Coating existing implant 
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materials with a zwitterionic coating is one potential approach to mitigate the foreign body 

response. In this work, we describe a simple method to photograft SBMA and CBMA 

zwitterionic crosslinked hydrogels to PDMS, a common implant material. Photografting was 

achieved by adsorbing the type II photoinitiator benzophenone onto the PDMS surface, which 

initiated a polymerization reaction from the surface upon UV-light absorption. This process 

generated a durable covalently-grafted bond between the crosslinked zwitterionic hydrogels and 

the PDMS substrate. The amount of BP adsorbed on the surface was increased by with higher BP 

feed concentrations. At higher surface BP concentrations, the crosslinked zwitterionic thin films 

resisted delamination as examined by SEM imaging. Shear adhesion experiments quantitatively 

revealed that the strength of adhesion increased with higher BP surface concentrations until a 

critical concentration was reached between 1 and 2.5 g/L above which cohesive instead of 

adhesive failure was observed. Examination of anti-fouling properties of the crosslinked 

zwitterionic hydrogels revealed a greater than 90% reduction in fibrinogen adsorption for both 

SBMA- and CBMA-coated substrates. Fibroblast adhesion was also dramatically reduced 20 fold 

or greater for zwitterion-coated PDMS. Finally, the thin films maintained resistance to fibroblast 

adhesion after exposure to culture media for up to 14 days in vitro. This work demonstrates that 

zwitterionic hydrogel coatings are successfully grafted to PDMS substrates using a simple and 

controllable technique which could have significant potential function for anti-fouling in 

implantable materials. 
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CHAPTER 7: STRENGTHENING ZWITTERIONIC HYDROGELS FOR COATING 

PDMS MATERIALS 

7.1 ABSTRACT 

Zwitterionic materials have excellent anti-fouling properties leading to their potential as 

coatings on biomedical implants. However, these systems have limited long-term use due to their 

relatively weak mechanical properties. In this chapter, two approaches were employed to 

strengthen the hydrogel networks formed from sulfobetaine methacrylate (SBMA): 1) the 

crosslink density was varied by changing the concentration of a poly(ethylene glycol) diacrylate 

(PEGDA) crosslinker and 2) adding hydroxyethyl methacrylate (HEMA) to the formulation. 

Swelling, compressive modulus and toughness were examined with addition of PEGDA and 

HEMA to the SBMA system. Both higher crosslink density and higher HEMA concentrations 

decreased swelling. Increasing PEGDA content afforded over an order of magnitude increase in 

modulus. The addition of HEMA resulted in moderate increases in modulus, but over an order of 

magnitude increase in toughness. While the addition of PEGDA and HEMA to the hydrogels 

increased mechanical strength of the hydrogels, the anti-fouling properties of the material may be 

negatively impacted. Thus, nonspecific protein adsorption was evaluated and showed no 

significant changes with varying PEGDA and HEMA concentrations. Finally, increases in 

HEMA and PEGDA concentration increased cell adhesion indicating changes in fouling with the 

addition of non-zwitterionic monomers. 

7.2 INTRODUCTION 

In tissue engineering, hydrogels have long been of interest due to their high water content 

and tissue-like properties. The porous nature of hydrogels affords them excellent small molecule 

diffusivity and water permeability.269,270 Further, their mechanical properties can be tuned to 
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mimic biological tissue.271 Perhaps the most extensively studied synthetic hydrogels are poly(2-

hydroxyethyl methacrylate) (pHEMA)-272 and poly(ethylene glycol)-based materials.51,273 These 

two types of synthetic hydrogels have found widespread use due to their low-fouling and non-

cytotoxic properties allowing them to be easily integrated with host tissue. For example, pHEMA 

has been used in various applications including contact lenses, artificial cornea, drug delivery 

vehicles, cartilage substitutes, and tissue scaffolds.274–277 PEG-based materials have also 

garnered significant interest in a variety of fields due to their excellent hydrophilicity and ability 

to be easily modified with various functional groups.51,278 For example, PEG hydrogels are 

routinely used for applications that require a bioinert platform with specific bioactive 

functionalities for targeted in vivo and in vitro uses.164 

While PEG and pHEMA-based materials have found use in biomedical applications, they 

do not resist biomolecule adhesion entirely especially in contact with host fluids.64 As 

demonstrated in previous chapters, zwitterionic polymers have recently attracted significant 

interest in the field of low fouling materials, particularly for resisting biofouling and foreign 

body response (FBR).99 For example, a hydrogel formed from carboxybetaine was used to coat 

the surface of a blood glucose sensor with accurate glucose readings for up to 45 days in whole 

blood while an uncoated device fouled within a few days.58 Further, Jiang et al. generated a 

sulfobetaine hydrogel that resisted nonspecific protein adsorption and cell adhesion, 

demonstrating the ability of sulfobetaine materials to resist fouling.114 Zwitterionic hydrogels 

have also been shown to resist the FBR in vivo. A carboxybetaine-based zwitterionic hydrogel 

was implanted into mice for 3 months with no fibrosis on the implant surface and even showed 

signs of angiogenesis around the hydrogel.80 Therefore, zwitterionic hydrogels have the potential 

to be used in applications requiring low biofouling.  
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However, zwitterionic hydrogels have relatively weak mechanical stability and as such 

are susceptible to failure at low shear/compression forces.114,279–282 Attempts to improve the 

mechanical properties of zwitterionic hydrogels have focused largely on changing the 

formulation using monomers or crosslinkers that strengthen the hydrogel matrix. For example, 

Jiang et al. altered the crosslinker concentration of carboxybetaine hydrogels to increase modulus 

by over an order of magnitude.112 Another report from the same group used a vinylimidazole 

zwitterion to engineer the polymer backbone and also increase the modulus by an order of 

magnitude.114 The addition of nanoclays has also been investigated to increase the elasticity and 

toughness of zwitterionic hydrogels. For example, Ning et al. increased the elongation at break 

from under 200% to over 2,000% using a nanoclay additive.283 Thus, adding nanoparticles or 

second monomer to hydrogel formulations can significantly improve the mechanical properties 

of zwitterionic materials and their potential long-term use.  

While changing zwitterionic formulations can improve the mechanical properties of the 

hydrogels formed, it also introduces chemical groups that could interfere with the anti-fouling 

properties of the material. These changes in chemistry may alter anti-fouling properties through 

changes in hydrophilicity and resistance to biomolecule/cell adhesion. Thus, altering zwitterionic 

hydrogel formulations may induce higher stiffness and overall toughness in the thin films while 

decreasing anti-fouling properties. While other work has focused on increasing mechanical 

properties, no reports have established a direct relationship between changing formulation to 

strengthen the hydrogel and the anti-fouling properties as described in this chapter. Two 

approaches are used to improve the strength of sulfobetaine methacrylate (SBMA) hydrogels: 1) 

the concentration of crosslinker, poly(ethylene glycol) diamethcrylate (PEGMDA, MW 750), is 

varied and 2) HEMA is added to the formulation. The changes in swelling with prepolymer 
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composition are established. Compressive modulus was determined for the PEGDA- and 

HEMA-containing formulations. Tensile mode toughness was established for the HEMA 

formulations. Nonspecific protein adsorption and cell adhesion were used to measure the 

changes in anti-fouling properties with monomer composition. These findings help establish the 

changes in anti-fouling properties with the addition of non-zwitterionic monomers to SBMA 

hydrogels. 

7.3 MATERIALS/METHODS 

7.3.1 Materials 

 [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA), 

benzophenone (BP), poly(ethylene glycol) diacrylate (PEGDA, MW 575), poly(ethylene glycol) 

dimethacrylate (PEGDMA, MW 750), 2-hydroxyethyl methacrylate (HEMA), and all organic 

solvents were acquired from Sigma Aldrich. 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one (HEPK, photoinitiator) was obtained from Ciba. Sylgard 184 was 

acquired from Dow-Corning. Hank’s balanced salt solution (HBS), fetal bovine serum (FBS), 

poly-L-ornithine, trypsin-EDTA dissociation reagent, DAPI-containing mounting medium, were 

obtained from Gibco.  

7.3.2 Hydrogel Fabrication 

Zwitterionic hydrogels were fabricated with varying composition of SBMA, PEGDA, 

and HEMA. HEPK (photoinitiator) was dissolved in deionized water at 1.5 wt% and used for all 

hydrogel formulations. HEMA-based hydrogels were mixed with 2.5 wt% PEGDA (MW 575), 

47.5 wt% photoinitiator/water solution, with the remaining 50 wt% varying between SBMA and 

HEMA depending on the formulation. Hydrogels prepared with the following SBMA:HEMA 

ratios were investigated: 1:0, 4:1, 1:1, 2:3, 1:4 and 0:1. These hydrogels will be referred to 
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throughout the text as SH Y:Z where SH represents SBMA:HEMA and Y:Z represents the ratio 

of the two components. Variable crosslinker hydrogels were similarly formulated using 50 wt% 

photoinitiator/water solution and the remaining percent being filled with PEGDA and SBMA in 

the following SBMA:PEGDMA ratios: 0:1, 1:3, 1:1, 3:1, and 19:1. These hydrogels will be 

referred to throughout the text as SX Y:Z where SX represents SBMA:PEGDA and Y:Z 

represents the ratio of the two components. 

Hydrogel samples for dynamic mechanical analysis were fabricated using molds created 

by placing two standard 2.54 x 7.62 cm glass microscope slides together with a 1 mm thick piece 

of glass as a spacer. The liquid monomer was pipetted in the 1 mm space and illuminated for 10 

min at ~25 mW/cm2 measured at 365 nm wavelength using a mercury vapor arc lamp (Omnicure 

S1500, Lumen Dynamics, Ontario, Canada). After polymerization, the glass slides were removed 

and the samples were punched into either disks or rectangles using punches. The samples were 

soaked in water for at least 24 hrs before being transferred to a dynamic mechanical analyzer 

(DMA) for testing.  

To examine the water uptake of the various formulations, 6 mm disks were cut from the 

free-standing hydrogel films described in the previous paragraph. The samples were immersed in 

water for at least 24 hrs and swollen mass measurements were taken. The samples were then 

dried at ambient temperature overnight and then placed in a vacuum for 12 hrs prior to recording 

the dry mass. The swelling ratio of the various formulations was calculated using the following 

equation: 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 =
𝑆𝑆 − 𝑑𝑑
𝑑𝑑

 (7.1) 
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Where w is the swollen mass of the sample and d is the dry mass of the sample. 

PDMS elastomer substrates were prepared from the commercially available two-

component Sylgard 184 kit. The elastomer was prepared by thoroughly mixing 10 parts base to 1 

part curing agent. The mixture was then poured into Petri dishes and placed in a vacuum to 

remove bubbles. The substrates were then cured at 80o C for 3 hrs. After curing the slabs were 

cut into ~ 1 cm x 1 cm pieces to be used for fouling studies.  

To test the ability of the SBMA hydrogels to resist protein/cell adhesion, PDMS 

substrates were coated with the SBMA formulations using methods outlined in Chapter 6. 

Briefly, benzophenone (BP) was applied to ~ 1 cm x 1 cm slabs of PDMS substrates by 

immersing the samples in a 50 g/L BP in acetone solution for 1 hr. The samples were removed 

and dried under a nitrogen stream and then placed in a vacuum for 30 min to remove residual 

solvent. After drying the samples, monomer formulations were pipetted on the PDMS and a glass 

slide was placed on top to evenly disperse the liquid across the surface. The samples were then 

cured for 10 min at ~25 mW/cm2 measured at 365 nm wavelength using a mercury vapor arc 

lamp (Omnicure S1500, Lumen Dynamics, Ontario, Canada). The hydrogel-coated PDMS 

samples were transferred to a water bath for at least 24 hrs before use. All hydrogel samples were 

tested in triplicate. 

7.3.3 Mechanical Properties 

 Mechanical testing of the hydrogels was completed using a dynamic mechanical analyzer 

(DMA; Q800 DMA TA instruments). For compression testing, circular disks were used and 

compressed using a submersion compression clamp and a controlled force ramp rate of 0.5 

N/min at room temperature. The slope of the linear portion of the stress/strain graph was 

calculated as the Young’s modulus. For tensile measurements, hydrogels were cut into 
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rectangular films and tested in tensile mode at a ramp rate of 0.1 N/min at room temperature. 

Toughness was calculated as the area under the stress/strain curve of the tensile graphs. All 

hydrogel samples were tested in triplicate. 

7.3.4 Protein Adsorption and Cell Adhesion 

Immunofluorescence was used to measure protein adsorption to substrates. Fluorescently-

labeled bovine serum albumin (1 mg/mL) was pipetted onto substrates and dispersed by placing 

a glass coverslip on the solution followed by a 1 hr incubation at room temperature. The samples 

were then soaked in PBS for 1 hr with the PBS being changed every 15 min. After rinsing with 

PBS, coverslips were placed on the samples using mounting media. Digital epifluorescent 

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

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

Valley, CA). Images were taken and gray-scale measurements were used to evaluate relative 

fluorescence intensity using Image J software (NIH, Bethesda, MD). All samples were prepared 

in triplicate, and five representative images were taken for each condition. 

7.4 RESULTS AND DISCUSSION 

7.4.1 Characterization of SBMA:PEGDA Hydrogels 

 Improving the mechanical properties of hydrogel thin films that coat biomedical implants 

has the potential to increase the lifetime of the coating and longevity of the implant. One primary 

indicator of mechanical properties is the elastic modulus, which is a measure of the resistance to 

deformation. Higher modulus materials indicate that a material is more resistant to dimensional 

changes from an applied force. One common method of changing the modulus in polymer 

networks is by altering the crosslink density which can be achieved by varying the concentration 

of crosslinker in the reaction mixture. While this method can strengthen a material, it often leads 
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to an increase in shrinkage stress and consequent brittleness. A second approach to improving 

the mechanical properties of a material is by adding a co-monomer to the formulation with 

desirable mechanical properties. By altering the concentration of these monomers, the 

mechanical properties of a material can be tuned for a given application. In this work, the 

mechanical properties of zwitterionic and anti-fouling SBMA hydrogels were varied by 1) 

changing the concentration of poly(ethylene glycol) diacrylate (PEGDA, MW 575) to alter 

crosslink density and 2) by adding the commonly used HEMA monomer.  

 To develop an understanding of how the mechanical properties of the SBMA hydrogels 

change with different crosslink density, the concentration of PEGDA in the hydrogel was 

increased. These formulations will be referred to as SX followed by the SBMA:PEGDA ratio. 

While the hydrogels were initially polymerized with 50 wt% water, immersion in aqueous 

solution after the polymerization process results in additional uptake of water. Additionally, a 

hydrogel swollen to equilibrium would better approximate end use conditions while also 

removing any residual monomer. To characterize the uptake of water for the hydrogels, swelling 

studies were conducted measuring the change in mass between the equilibrium swollen and dry 

samples. To quantify changes in water uptake, swelling ratios were calculated which describe the 

ratio of water to dry mass of the hydrogel. The swelling ratios for these variable PEGDA 

hydrogels are shown in Figure 7.1A. As expected, the swelling ratio decreased as the crosslink 

density increased (lower SBMA:PEGDA ratio). The increased water uptake at lower PEGDA 

concentrations was likely due in part to fewer crosslinks in the network that contributed to a 

larger mesh size leaving more free volume for water to be absorbed. Additionally, the flexibility 

of the network allowed the hydrogel to expand and absorb more water. When the PEGDA 

concentration and crosslink density is high, the swelling ratio is decreased. With more crosslinks  
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in the network, the hydrogel is not as flexible, and less volume is available for water to be 

absorbed. Similar findings have been reported elsewhere with changes in swelling with respect to 

crosslink density for zwitterionic hydrogels.112,284 

Characterization of the mechanical properties of these hydrogels was conducted using 

dynamic mechanical analysis (DMA) in compression mode to determine the compressive 

Young’s modulus. The Young’s modulus of compression as a function of SBMA:PEGDA ratio 

is shown in Figure 7.1B. At higher SBMA:PEGDA ratios, where the crosslink density is low, the 

modulus was substantially lower than for samples with larger PEGDA content. As the 

SBMA:PEGDA ratio decreased, the modulus increased by almost an order of magnitude from 

just over 0.4 MPa at the SX 19:1 ratio to over 3 MPa at the SX 0:1 ratio (100% crosslinking 

monomer). This increase in modulus could be explained by the increase in crosslinks afforded by 

the diacrylate. The higher number of crosslinks in the network increases the hydrogel’s 

resistance to deformation by increasing the number of covalent bonds that hold the material 

together. Intermediate SBMA:PEGDA ratios showed moduli between the two extremes, 

 
Figure 7.1. Characterization of the material properties of SX hydrogels. A) Swelling ratios of 
variable PEGDA hydrogels. The water uptake increases with lower crosslink density. B) 
Compressive modulus of variable PEGDA hydrogels. Lower crosslink density decreases the 
modulus. Error bars represent the standard deviation of the mean. 
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demonstrating the control over the stiffness of the SBMA hydrogels using varying concentrations 

of PEGDA. Testing of the variable PEGDA hydrogels in tensile mode was attempted, but the 

materials were unable to be loaded due to limitations in flexibility of the films. It is important to 

note that as the crosslink density was increased, the susceptibility of the hydrogel to cracking 

increased as the material became stiffer and less ductile. Thus a material that remains flexible, 

yet also able to resist deformation is desirable.  

7.4.2 Characterization of SBMA:HEMA Hydrogels 

While PEGDA can provide increases in modulus, HEMA is an inherently tough hydrogel 

material that can potentially strengthen SBMA hydrogels.279,280 Thus, formulations with variable 

concentrations of HEMA were tested to determine the effect of this monomer on mechanical 

properties of the anti-fouling hydrogels. Different ratios of SBMA to HEMA were tested ranging 

from 1:0 to 0:1. The crosslinker (PEGDA (MW 575)) was held at 2.5 wt% with the combined 

HEMA/SBMA monomer equaling 50 wt% for all samples tested. These formulations will be 

referred throughout the text as SH (SBMA:HEMA) followed by the monomer ratio. The swelling 

ratios of the hydrogels as a function of SBMA:HEMA ratio is shown in Figure 7.2A. At lower 

SBMA concentrations, the swelling ratio was lower. Adding SBMA monomer to the HEMA 

formulation increased the swelling ratio by more than 60 percent until the SH 1:1 ratio, where it 

reached a maximum. Higher concentrations of SBMA resulted in decreases in swelling. It is 

important to note that variations in crosslink density also occurred due to the difference in 

molecular weight between SBMA (279 g/mol) and HEMA (130 g/mol). Thus, at higher 

SBMA:HEMA ratios (higher SBMA concentrations), the crosslink density is higher due to the 

increase in molecular weight of SBMA and relatively lower concentration of noncrosslinking 

monomer. As the SBMA:HEMA ratio decreases (higher HEMA concentrations), the crosslink  
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density decreases due to the lower molecular weight of HEMA. Thus, the changes in swelling 

ratio are likely due to changes in chemistry rather than crosslink density as the highest 

concentration of HEMA (lowest crosslink density) contained the lowest swelling ratio. It should 

also be noted that the SH 0:1 hydrogels became cloudy upon polymerization indicating some 

degree of micro-phase separation. 

The mechanical properties of the SH hydrogels were also examined using DMA. The 

compressive modulus of the SH hydrogels revealed a similar trend to the SX samples (Figure 

7.2B). At the SH0:1 ratio (no SBMA), the Young’s modulus was over 0.6 MPa, which decreased 

by over 50 percent for the SH 1:4 samples. Minor decreases in modulus were observed as 

HEMA concentrations were further decreased with no statistical differences in modulus. While a 

significant change in compressive modulus was observed for the SH hydrogels between 

extremes, the effect for the SX formulations was far greater (almost an order of magnitude 

between extremes). Thus, the addition of HEMA to the SBMA hydrogels only impacted the 

 
Figure 7.2. Characterization of the material properties of SH hydrogels. A) Swelling ratios of 
variable HEMA hydrogels. B) Compressive modulus of variable HEMA hydrogels. Lower 
HEMA concentrations decrease the modulus. Error bars represent the standard deviation of 
the mean. 
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Young’s modulus moderately compared to changes in crosslinker concentration described in the 

previous section. 

To further characterize the durability of the SBMA:HEMA hydrogels, tensile 

measurements were taken. The stress/strain curves for the six formulations are shown in Figure 

7.3A. From these stress/strain curves, only small changes in Young’s modulus (slope) occurred 

between different formulations, except for between the SH 0:1 and those containing SBMA. 

However, there were substantial changes in the elongation at break as the SBMA:HEMA ratio 

increased. One purpose of testing in tensile mode was to measure the toughness of the hydrogels, 

which may be difficult to determine using compression experiments. Toughness is defined as the 

area under the stress/strain curve and is a useful measure of the amount of energy absorbed by a 

material. Toughness accounts not only for changes in modulus, but also changes in elongation 

that may occur after the initial linear region in the stress/strain graph. The toughness 

measurements for the SH hydrogels are shown in Figure 7.3B. At the highest HEMA 

concentration (SH 0:1), the toughness approached 200 kPa. This value decreased with the 

addition of small amounts zwitterionic monomer to the formulation. The SH 1:4 hydrogel 

maintained a relatively high toughness of around 75 kPa, which decreased dramatically with the 

addition of more SBMA monomer. The tensile measurements of the SH 4:1 and SH 1:0 

hydrogels revealed low modulus and low strain at break (Figure 7.3A), resulting in toughness 

values less than 1.5 kPa. Qualitatively, these formulations were difficult to handle and easily 

cracked. These toughness calculations provide a good basis for understanding how to increase 

the durability of the inherently weak SBMA hydrogels. With the addition of a HEMA monomer, 

the modulus and toughness of the material was increased. However, the overall impact on the  
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anti-fouling properties upon adding non-zwitterionic monomers may play an important role in 

the selection of these hydrogels as materials for biomedical implants. 

7.4.3 Anti-fouling Properties of SBMA:PEGDA Hydrogels 

 It is well established from the previous work that SBMA hydrogels have excellent anti-

fouling properties. However, the weak mechanical properties of zwitterionic hydrogels may limit 

their long-term performance. The addition of additives, such as PEGDA or HEMA, to an anti-

fouling material has the potential to disrupt the properties that prevent the adsorption of protein 

and adhesion of cells. Therefore, a balance must be achieved where a material will have 

sufficient mechanical strength without significant sacrifices to anti-fouling properties. The direct 

relationship between changes in formulation and fouling have not been described. Accordingly, 

the anti-fouling properties of the SX and SH hydrogels were tested in order to establish this 

relationship.  

 Nonspecific protein adsorption is used as a technique to examine bio-fouling because it 

has been theorized as the initial step in the foreign body response.55,67 Nonspecific adsorption of 

protein and adhesion of cells have been widely used to predict fouling and will be examined here 

 
Figure 7.3. Tensile mechanical properties of SH hydrogels. A) Stress/strain curves of 
variable HEMA hydrogels. B) Toughness calculations of variable HEMA hydrogels. Higher 
HEMA concentrations increase the toughness. Error bars represent the standard error of the 
mean. 
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to evaluate the SBMA hydrogels.66,77,84 To test the effect of changes in formulation on 

nonspecific protein adsorption, the hydrogel formulations were grafted to PDMS substrates as 

described in Chapter 6. A fluorescently-labeled bovine serum albumin (BSA) was applied to the 

hydrogel-coated surfaces for 1hr after which the sample was rinsed with PBS and imaged using 

fluorescence microscopy. Fluorescence images were taken and gray-scale measurements were 

made using Image J software to quantify nonspecific protein adsorption. An uncoated PDMS 

substrate was taken as a positive control and the fluorescent measurements were normalized to 

this value.  

The nonspecific protein adsorption for the SX hydrogels is shown in Figure 7.4A. The 

SX-coated samples reduced nonspecific protein adsorption by at least 20-fold compared to the 

uncoated PDMS. Neat PDMS is known to foul and elicit a significant FBR due to the 

hydrophobic nature of the surface which causes protein to tightly bind to the substrate. All coated 

samples exhibited similar levels of nonspecific protein adsorption (around 4% of the uncoated) 

with no statistical difference observed. This result is not surprising since PEG-based materials 

have been shown to significantly reduce nonspecific protein adsorption.64 While no apparent 

change in protein adsorption between the different formulations was observed, a cell adhesion 

test could potentially delineate the difference in fouling between the various coatings. 

To better establish the relationship between fouling and changes in composition of the 

SX hydrogels, 3T3 mouse embryonic fibroblasts were cultured on the surface. Cell density 

measurements could provide a more rigorous test for fouling than nonspecific protein adsorption. 

The cells were cultured on the coated PDMS samples for 24 hrs, then stained and imaged using 

fluorescent microscopy. Cell density calculations were made using cell counts in Image J 

software and normalized to the area. The results for the cell density measurements are shown in  
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Figure 7.4B. As the SBMA:PEGDA ratio increased (i.e. higher SBMA content) the cell density 

decreased, with over a factor of 5 decrease observed between the 0:1 and 19:1 ratios. While the 

decreases in cell density were significant, all coated substrates demonstrated low cell density. No 

more than a few cells were visible in the images and the cell morphology was rounded indicating 

unhealthy cells. PEGDA surfaces have been shown previously to be effective in reducing cell 

adhesion,64 but the data presented indicates that SBMA is more effective than PEGDA and that 

changes in formulation impact the fouling of zwitterionic hydrogels. While protein adsorption 

between the various SX hydrogels was similar, changes in cell adhesion proved to be a more 

rigorous test and demonstrate that a higher standard for fouling is necessary for applications in 

contact with cells and tissue.  

7.4.4 Anti-fouling Properties of SBMA:HEMA Hydrogels 

 The anti-fouling properties of the SH hydrogels were examined using the same protein 

and cell adhesion experiments. The results from nonspecific protein adsorption are shown in 

Figure 7.5A. Similar to the SX hydrogels, a dramatic reduction in protein was observed between 

the uncoated PDMS and all coated samples. While all the formulations reduced protein 

 
Figure 7.4. Fouling properties of SX hydrogels. A) Protein adsorption and B) cell adhesion 
onto variable PEGDA hydrogels. Error bars represent standard error of the mean. 
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adsorption, the SH 1:0 coating showed the lowest fouling. This change in protein adsorption was 

not statistically different from the other samples. However these small changes could potentially 

have an impact on cell adhesion and ultimately the FBR. Further, it is also not surprising that 

formulations containing HEMA have higher protein adsorption. Jiang et al. showed that 

poly(HEMA) hydrogels elicit a significantly larger FBR than zwitterionic hydrogels when 

implanted subcutaneously in a mouse model.80  

 The anti-fouling properties of the SH hydrogels were also evaluated by measuring 3T3 

cell adhesion using the same protocol as described for the SX hydrogels and are shown in Figure 

7.5B. The cell density for the all HEMA sample (SH 0:1) was high at almost 10 cells/µm2x10-5. 

As the concentration of SBMA in the formulation increased, the cell density decreased 

significantly and eventually reached zero at the SH 1:1 samples with further increases in SBMA 

concentration maintaining zero cell adhesion. At higher HEMA concentrations (SH 0:1, SH 1:4, 

and SH 2:3), the protein adsorption was similar to the other formulations, but the cell adhesion 

was higher. This observation suggests that taking protein adsorption as the only indicator to 

determine the fouling properties of a material is not adequate for predicting cell adhesion. We 

 
Figure 7.5. Fouling properties of SH hydrogels. A) Protein adsorption and B) cell adhesion 
onto variable HEMA hydrogels. Error bars represent standard error of the mean. 



www.manaraa.com

160 

found similar results in another study, where comparable levels of protein adsorption between 

SBMA- and carboxybetaine methacrylate (CBMA)-coated glass were observed, but significant 

differences in fibroblast adhesion were noted.204  

7.5 CONCLUSIONS 

 Zwitterionic materials maintain excellent anti-fouling properties, but their use as coatings 

is limited due to their poor mechanical properties. Thus, engineering zwitterionic materials that 

are durable would be necessary to design anti-fouling coatings that will retain their advantageous 

properties long-term. In this work, we engineered SBMA hydrogels with improved mechanical 

properties by changing the concentration of the crosslinker PEGDA and HEMA in the 

formulation. Changing the crosslink density resulted in over an order of magnitude increase in 

modulus. The addition of HEMA to the SBMA hydrogels also resulted in moderate increases in 

modulus, but more dramatic improvements were observed in toughness of these materials. In 

addition, the anti-fouling properties of the various formulations were tested. All formulations 

demonstrated similar levels of nonspecific protein adsorption. In contrast, cell adhesion was 

increased at higher concentrations of both PEGDA and HEMA, with HEMA increasing cell 

adhesion to a greater extent. At moderate concentrations, cell density and protein adsorption 

were dramatically decreased and the mechanical properties were improved. These results 

demonstrate the balance between anti-fouling properties and strengthening zwitterionic hydrogel 

materials through PEGDA and HEMA additives. The advances reported herein stand to improve 

the longevity and integration of biomedical devices. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

In the last century, the scientific understanding of how biomaterials interact with the body 

has changed dramatically. The use of synthetic organic polymers for medical applications has 

improved the efficacy of medical implants and prompted new avenues of research and 

understanding of tissue/material interactions. In particular, the treatment of sensorineural hearing 

loss has improved significantly since Dr. William House developed the first commercially 

available cochlear implants in the early 1970s. What began as a single-electrode device has 

evolved to incorporate as many as 22 independently stimulated electrodes. The research 

presented in this thesis explores the use of photopolymerizable materials that are specifically 

designed to drive favorable or prevent unfavorable biological interactions. To this end, the 

neural/material interactions that direct nerve growth by patterning bioactive molecules onto 

biomaterial surfaces have been examined. Further, engineering surfaces with zwitterionic 

polymers to prevent biofouling and the foreign body response has also been examined. The 

advances described herein stand to improve the materials used in CIs and the hearing outcomes 

of CI patients. 

8.1 CONCLUSIONS 

 Spatial control of neurite regeneration from sensory neurons stimulated by neural 

prosthetics may serve as a viable method to improve resolution for many devices. A facile 

method to pattern laminin onto photopolymerizable acrylate polymers has been described. 

Illuminating adsorbed laminin through a photomask deactivated protein to form active protein 

patterns in unexposed areas and deactivated protein in exposed regions. Decreases in antibody 

binding to the exposed laminin demonstrated the photodeactivation process. While the protein 

was deactivated by UV-light, the protein remained adsorbed to the surface. SGN neurites 
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cultured on 50 µm active laminin stripes turned to align along the patterns. It was observed that 

the neurites preferentially grew on the active laminin regions. Previous research in our lab has 

shown that the strength of a physical cue can be modulated by changing either the amplitude or 

the periodicity of the microchannels. Greater alignment of SGN neurites was observed with 

higher amplitude and lower periodicity patterns. As neurites regrown in vivo are likely to 

encounter competing cues, SGN neurites were cultured on perpendicular biochemical and 

physical cues. At weak and intermediate physical cues, SGN neurites aligned more closely to the 

laminin pattern. When cultured on micro-patterns with stronger guidance cues, SGN neurite 

alignment to the laminin pattern was disrupted showing no distinct preference to either cue. 

These findings demonstrate that physical and/or biochemical cues can be used to align neurites 

and even overcome competing cues, which may be necessary for directing neurite in vivo when 

neurons encounter conflicting cues. 

 Engineering surfaces that prevent the nonspecific adsorption of protein to biomedical 

implant surfaces may allow significant mitigation of fibrosis and directing of cell growth. This 

work described a facile photopolymerization method to covalently graft two zwitterionic 

polymers from glass surfaces. The physicochemical properties of glass surfaces were tuned by 

altering zwitterionic monomer concentrations in the aqueous solution. X-ray photoelectron 

spectroscopy (XPS) measurements showed increases in surface composition with increasing 

monomer concentrations. The surface properties of the glass surfaces also responded to changes 

in concentration. Water contact angles and nonspecific protein adsorption decreased sharply at 

solution concentrations much lower than the saturation observed using XPS. These results 

indicate that only a very thin coating of zwitterionic polymer is necessary to elicit significant 

changes in surface properties. An important goal of this study was to directly compare the ability 
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of SBMA- and CBMA-coated surfaces to reduce adsorption of fibrinogen and adhesion of 

various cell types. Fibroblasts, astrocytes, and Schwann cells all showed dramatic decreases in 

cell density on SBMA- and CBMA-coated surfaces as compared to uncoated substrates. 

Fibroblasts also exhibited a significantly lower cell density between SBMA- and CBMA-coated 

surfaces, with CBMA-coated systems showing orders of magnitude decreases in adhesion. Using 

a photomask, 100 µm periodicity zwitterionic parallel line patterns were generated to evaluate 

the cellular adhesion of coated compared to uncoated glass regions. All cell types grown on 

patterned substrates showed cell growth in areas that were not coated with the zwitterionic 

polymer. The CBMA stripes proved to be more effective than SBMA stripes at preventing cell 

growth with fewer cell crossings along the CBMA patterns and greater cellular repulsion along 

film edges. Further, CBMA was better able to guide the alignment of Schwann cell and SGN 

neurites between the zwitterionic stripes. Therefore, CBMA-coated surfaces demonstrated a 

superior ability to resist cell adhesion and to direct cell growth. The described 

photopolymerizable surfaces enabled investigation of cell-material interactions that could enable 

engineering of surfaces that resist fibrotic tissue formation. Additionally, generated 

micropatterns provide potential in directing regeneration of neurites for cochlear implant 

materials development. 

 While the study described above demonstrated the efficacy of SBMA and CBMA 

polymers in preventing nonspecific protein adsorption and cell adhesion, glass is not a common 

implant material. Additionally, the linear polymers on glass could be easily sheared and would 

have limited long-term use. Thus, coating implant materials with a durable zwitterionic polymer 

will be necessary to improve existing implants. Accordingly, we described a simple method to 

photograft durable crosslinked SBMA and CBMA polymers to PDMS, the material that houses 



www.manaraa.com

164 

cochlear implant electrode arrays. The type II photoinitiator benzophenone was used to 

covalently photograft the zwitterionic polymer to PDMS in a single step. The dependence of the 

photografting on the benzophenone was demonstrated by altering the amount adsorbed on the 

surface. Quantification of the adhesion was conducted using a shear adhesion test. The adhesion 

increased with benzophenone feed concentration until a critical concentration was reached 

between 1 and 2.5 g/L above which cohesive failure was observed.  

Antifouling properties of the zwitterion-coated PDMS surfaces were then tested by 

evaluating protein adsorption and cell adhesion. SBMA- and CBMA-coated substrates both 

significantly reduced nonspecific adsorption of fibrinogen compared to uncoated controls. 

Fibroblast adhesion was also dramatically reduced when zwitterionic coatings were applied 

which showed resistance for up to 14 days in vitro. Finally, the adhesion of two strains of 

bacteria, Staphylococcus Aureus (S. Aureus) and Staphylococcus Epidermidis (S. Epidermidis) 

was evaluated. The CBMA-coated substrates demonstrated greater resistance to adhesion of both 

bacteria with both significantly decreasing the adhesion. These results demonstrate that 

zwitterionic coatings can be applied to PDMS substrates using a simple and controllable 

technique and lay the groundwork for use as coatings for existing implantable materials. 

Zwitterionic materials maintain excellent anti-fouling properties, but their use as coatings 

is limited due to their relatively weak mechanical properties. Thus, engineering durable 

zwitterionic materials is necessary when designing antifouling coatings that will retain their 

advantageous properties long-term. SBMA hydrogels with improved mechanical properties were 

engineered by changing the concentration of crosslinking molecule and adding 2-hydroxyethyl 

methacrylate (HEMA) to the formulation. Changing the crosslink density resulted in almost an 

order of magnitude increase in modulus. The addition of HEMA to the SBMA hydrogels also 
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resulted in moderate increases in modulus with dramatic improvements in toughness. The 

addition of non-zwitterionic materials to the SBMA hydrogels changed the fouling properties of 

the material. While no significant differences in protein adsorption were observed, the addition 

of HEMA and PEGDA to the formulation increased cell adhesion. For HEMA samples, cell 

adhesion was entirely prevented up to a 1:1 ratio of SBMA to HEMA while the addition of 

PEGDA increased cell adhesion with each successive increase in PEGDA concentration. These 

results demonstrate that SBMA hydrogels can be strengthened by adding monomers but may 

alter fouling properties of the anti-fouling film. 

8.2 RECOMMENDATIONS 

While many significant advances in biomaterials science have recently been seen and our 

understanding of the bodily reaction to these materials has increased, considerable room for 

improvement still remains. Specifically, while cochlear implant patients are able to understand 

rudimentary sentences, the number of independent tonal channels is usually limited to around 8, 

due to the significant spatial separation between the stimulating electrode array and the primary 

neural receptors. Engineering guidance conduits to direct the regrowth of SGN neurites to 

approach or even contact stimulating electrodes has the potential to dramatically impact the 

number of independent tones a patient can perceive. Further, the long-term hearing outcomes of 

CI users can be preserved by improving the bodily response to CI electrodes. Next generation 

CIs are utilizing drug delivery mechanisms to mitigate the inflammatory response to 

implantation, but the long-term outcomes remain unknown. The future perspectives and 

recommendations for the work presented in this thesis can be categorized into two topics: 1) 

directing neurite growth and 2) mitigating the foreign body response. Perspectives on these two 

approaches will be described in the following sections. 
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 The photodeactivation process used to pattern protein onto acrylate polymer surfaces 

could be more broadly applied to proteins of various types. While laminin provided a cell 

adhesive mechanism for directing neurites to preferentially grow along the stripes, cell repulsive 

proteins could also be examined. For example, EphA4-Fc is a chimeric peptide consisting of the 

chemorepulsive extracellular domain of EphA4 fused to the Fc portion of immunoglobulin that 

has been shown to repel SGN neurite growth. It is likely that this protein would also be 

photodeactivated by the UV-illumination process and could be applied to acrylate polymer. 

Further, other cell adhesion proteins such as collagen I and fibronectin could also be applied in a 

similar manner. The alignment of SGN neurites to these protein patterns would then be 

compared to that of laminin described in Chapter 4 to select a neurite-directing system that 

would be most suitable for nerve regeneration therapies.  

 Natural neurite growth is known to respond to a complex milieu of cellular signals in 

vivo. Competing guidance cues, as described in Chapter 4, provide a measure of the strength of 

each individual cue in directing neurite growth, however, combining these cues to synergistically 

guide neurite pathfinding could increase guidance beyond physical or chemical patterns alone. 

Therefore, it is likely that parallel biochemical (laminin) and physical (microgrooves) patterns 

will align SGN neurites more strongly than each independent cue alone. Microgroove fabrication 

and laminin patterning are separate and independent processes, thus it will be important to 

precisely align the physical pattern to the laminin pattern. To accomplish this fabrication, 

microgrooves must first be created. Laminin can then be adsorbed onto the polymer surface and 

a mask aligner will be used to precisely align the physical micropattern with the parallel bands of 

the photomask. Illumination of the sample through the photomask will enable the “active” 

laminin to be patterned parallel to the microgrooves of the polymer. Further, the position of the 
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laminin pattern (in the groove or on the ridge) is anticipated to play a significant role in directing 

neurite growth. Our lab has shown that SGN neurites exhibit preferential growth on depressed 

microfeatures, therefore it is hypothesized that laminin stripes found in the grooves will more 

precisely guide the growth of neurites when compared to stripes found on the ridges. The 

positioning of the laminin (on the grooves or the ridges) would also have an effect on the percent 

neurite length in the groove and the number of neurite crosses.  

 It has been reported previously in our lab that multidirectional 90o patterns were 

ineffective in consistently guiding neurites along the right angle turns. It remains unclear why de 

novo neurite growth did not closely follow these multidirectional topographical cues. To 

elucidate the degree to which photopolymerized turning topographies control the pathfinding of 

SGN neurites, a series of micropatterns with varying degree of turning could be fabricated. For 

example, SGN neurites may respond more readily to gradually-turning features than the sharp 

90o patterns we previously investigated. The information gained from those experiments would 

help drive the design of directed nerve regeneration therapies.  

 In Chapter 5, photopolymerized zwitterionic patterns were fabricated to investigate the 

effect of these patterns on SGN neurite growth among other cell types. The CBMA-coated areas 

prevented almost all cell adhesion and precisely guided SGN neurites along 100 µm parallel 

micropatterns. To investigate this study further, a more diverse group of micropatterns could be 

examined. For example, the periodicity could be varied to determine at what width the neurites 

begin to deviate from alignment or the cell adhesion is prevented altogether. It is likely that 

wider features would result in alignment deviating significantly from the results reported in 

Chapter 5. Conversely, as the patterns become more frequent, the neurites may be guided to 

nearly perfect alignment. Another approach to using zwitterions to control neurite pathfinding is 
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engineering surfaces with complex patterns. Due to the repulsive nature of the zwitterionic 

patterns and lack of all cell growth on CBMA-coated regions, it is likely that angled 

microfeatures could guide the growth of SGN neurites more strongly than the topographical 

angled patterns. Accordingly, 90o patterns could be fabricated and the outgrowth of SGN 

neurites could be determined to these patterns. Further, the ability of SGNs to turn to angles of 

varying curvature could be tested. Patterns with greater up to 180o turns could be incorporated to 

see how neurite pathfinding is affected when approaching a curvature and how finely the patterns 

can control outgrowth.  

While the focus of this thesis for directing SGN neurite growth has been largely on 

photopolymerized micropatterns, other topographies could be implemented to study their impact 

on neurite pathfinding. For example, a system that mimics the natural cellular environment could 

provide insight into how SGN neurites respond to topographical cues similar to those 

encountered in vivo. In particular, aligned nano/microfibers have been used as cell-directing 

topographies, but have yet to be investigated using SGN neurites. Fibers ranging in diameter 

from hundreds of nanometers to hundreds of micrometers can be fabricated using a process 

called electrospinning. The resulting aligned nano- or micro-scale fibers could give a 

topographical cue to adhered cells. Importantly, the fibers can be composed of a variety of 

polymeric materials and have similarities to the natural extracellular matrix. Some common 

features are thin and continuous strands, high surface-to-volume ratios, and a large number of 

variable sized pores. The fiber diameter could have an impact on the alignment of SGN neurites 

and varying parameters such as molecular weight, viscosity, needle gauge, and electric potential 

can control this diameter.  
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 While much work has been conducted to direct neurite pathfinding in 2-dimensions, 

understanding which geometries can effectively guide neural processes in 3D has not been 

explored in any detail particularly using SGN neurites. Building upon the fundamental 

knowledge obtained from previous research in our lab, contact guidance cues could be fabricated 

in 3D using unique architectures to align neurites along user-defined pathways. The topography 

of a designed scaffold has an effect on cellular response to a given biomaterial. Specifically, the 

angle at which a neurite contacts a physical guidance cue strongly affects alignment along the 

pattern. Previous results from our lab have shown that the maximum slope of the microchannel 

correlates strongly to the alignment of SGN neurites grown on 2D substrates.147 These results 

strongly imply that substrate geometry, specifically of a designed microchannel, will alter neurite 

behavior and can be user-defined to tune the pathfinding of SGN neurites. To investigate this 

effect, rigid 3D neurite guidance channels could be fabricated using two-photon lithography with 

various inner-channel shapes. The pathfinding and the deviation from the length along the 

channel would determine how well each geometry could guide neural processes. These 

experiments will help elucidate which geometries are most effective in controlling the 

pathfinding of SGN neurites. Further, the diameters of these channels could also be varied to 

investigate changes in dimension on pathfinding. While the design of these constructs would be 

challenging and achieving neurite penetration into the channels may also prove difficult, the 

information gained stands to greatly benefit the understanding of contact guidance in 3D.  

 While substrate geometry is crucial to the directed outgrowth of neurites, 3D chemical 

cues also play an important role. Recent research has shown that cells can be encapsulated in a 

3D hydrogel matrix to study how cells migrate and proliferate in a 3D environment.51 

Importantly, the hydrogel matrix can be modified (i.e. modulus, chemistry etc.) to incorporate 
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cues that study cellular interactions with a material. Accordingly, bioactive molecules, such as 

the RGD (arginine-glycine-aspartic acid), could be patterned through a hydrogel matrix. By 

adding a cysteine peptide on the RGD sequence, thiol-ene chemistry could be utilized to 

covalently attach this bioactive peptide with light. Thiol moieties react readily with acrylates and 

could be patterned using similar photomasking techniques described throughout this thesis. A 

PEGDA hydrogel could be partially cured leaving unreacted acrylates available for post-

functionalization. The hydrogel could then be swollen in a cysteine-containing RGD peptide and 

illuminated in regions where functionalization is desired. The system could then be washed to 

remove unreacted RGD, leaving the covalently-grafted bioactive pattern. These patterned 

systems can be seeded with cells to study the guidance of SGN neurites in 3D. 

 Zwitterionic materials have been shown to greatly reduce nonspecific protein adsorption, 

cell adhesion, and other biomolecule adsorption in vitro, but their durability is significantly 

limited due to the weak mechanical properties of CBMA and SBMA hydrogels. The strategies 

outlined in Chapter 8 represent two approaches to strengthen zwitterionic hydrogel materials, but 

significant work remains. For example, the system described in Chapter 8 focuses only on 

SBMA hydrogels, where the same parameters could also be applied to a CBMA hydrogel. 

Investigating how CBMA hydrogels could be strengthened by changing the concentration of 

PEGDA crosslinker and the additive HEMA could improve our understanding of their fouling 

properties. These experiments would likely provide greater insight into the effect of non-

zwitterionic additives to these hydrogels due to the superior anti-fouling properties of CBMA 

compared to SBMA. Further, additional crosslinking molecules could be investigated to test their 

compatibility and effect on anti-fouling properties. For example, N,N′-methylenebis(acrylamide) 

is an alternative crosslinking molecule that could also be investigated to examine the changes on 
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mechanical at higher crosslink densities. It is possible that these non-zwitterionic molecules 

contribute significantly to fouling in particular the FBR. Thus, a hydrogel fabricated from one 

hundred percent zwitterionic monomers may be necessary. A CBMA derivative crosslinker 

could be synthesized which would allow a hydrogel to be formed with excellent control over the 

mechanical properties without sacrificing biological efficacy.  

 The mechanical properties of hydrogels can also be altered by incorporating 

nanoparticles into the formulation. Several reports have shown that the addition of nanoclays to 

prepolymer formulations increases elongation and overall toughness of the hydrogels.283 These 

nanoclay additives could be added to SBMA and CBMA hydrogels to dramatically increase 

elongation and toughness of the materials. While the concentration of the nanoclay would be less 

than 10 wt%, the addition of a non-zwitterionic material has the potential to negatively impact 

the anti-fouling properties of the hydrogel. To prevent these deleterious effects, a zwitterionic 

silane coupling agent could be covalently grafted to the nanoclay surface. These zwitterionic 

nanoclays could then be added to hydrogels to increase elongation and toughness while still 

maintaining anti-fouling. The addition of these nanoclays has the potential to significantly 

impact durability and long-term use.  

 While the zwitterionic hydrogels could be engineered to increase durability, their impact 

on adhesion must also be investigated. Further, the benzophenone-grafted films, described in 

Chapter 6, demonstrated that lightly crosslinked, and therefore weak, hydrogels failed cohesively 

when testing adhesion. The cohesive failure indicates that the bond between the film and the 

substrate is stronger than the cohesive strength of the material. When the material is 

strengthened, it is unknown how strongly the zwitterionic hydrogels will remain adhered to the 

PDMS substrates. Thus, shear adhesion tests could be conducted on the grafted hydrogels to 
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characterize how the increase in hydrogel strength impacts the adhesion to the PDMS substrate. 

If the adhesion to the PDMS fails (demonstrated by adhesive failure), further strengthening of 

the adhesion is necessary. An alternative grafting approach could be implemented utilizing a 

silane coupling agent to covalently bind a reactive methacrylate group onto the PDMS surface. 

This strategy has the potential to improve the bond between the zwitterionic film and the PDMS 

substrate and could be evaluated using shear adhesion testing.  

While the grafting process in this thesis has focused largely on PDMS materials, cochlear 

implant electrode arrays also contain platinum/iridium electrodes that come into direct contact 

with host fluid. These areas are of particular concern for fibrosis because the applied current is 

localized to these areas. Thus, fibrosis around the electrodes has the potential to significantly 

increase current attenuation and consequent current spread. Developing a process to coat 

platinum/iridium with a crosslinked durable zwitterionic hydrogel could mitigate the fibrosis and 

subsequent current attenuation. One approach to engineer a robust bond between platinum and 

crosslinked methacrylate polymers is by first generating an oxide layer on the surface. This thin 

layer can be achieved by plasma/O3 treatment or through oven firing in the presence of oxygen. 

Once the oxide layer has formed, vinyl phosphonic acid can be reacted with the substrate to 

create a reactive group on the surface. The vinyl groups at the surface can then react with 

methacrylates, and a durable adhesive bond can be created. Evaluation of the strength of the 

bond between the crosslinked zwitterionic thin films and the platinum could be evaluated using 

shear adhesion experiments. The ability of the covalently grafted zwitterionic thin films to resist 

fouling on the platinum substrate could then be evaluated by nonspecific protein adsorption and 

cell adhesion.  
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While the addition of a crosslinked zwitterionic coating to a metal electrode is likely to 

dramatically decrease the amount of fibrosis and consequent current attenuation and spread, the 

thin film may also affect the electrical transport. To evaluate this effect, current could be applied 

to electrodes with the grafted zwitterionic polymer and the attenuation could be measured. The 

dependence of this attenuation on film thickness could also be altered by varying the amount of 

monomer that is in contact with the electrode during polymerization. To further examine the 

effect of these zwitterionic coatings on current attenuation, an electrode array could be fabricated 

and the broadening of the applied current could be mapped to demonstrate the effect of the 

zwitterionic coating on signal resolution. These experiments would establish how the 

zwitterionic thin films would affect current transport to the target neurons.  

The substrates coated as described in this thesis have been of simple geometry (flat 

surfaces), but coating substrates with more complex geometry would be necessary to coat 

cochlear implant electrode arrays or other biomedical implants. To achieve a uniform coating 

across a cylindrical implant, similar to what a cochlear implant would be, a dip coating method 

could be applied. To effectively coat a material using this method, excellent wetting must be 

achieved to avoid aggregation of the liquid before polymerization occurs. PDMS is a 

hydrophobic material and the high water contact angles must be overcome before a dip coating 

method could be applied. Silicone surfactants could be added to the formulation to achieve 

dramatically lower water contact angles and increase wetting. To then apply the coating, the 

implant could be drawn out of a solution of zwitterionic monomer and UV-cured as the material 

leaves the vat of monomer. Parameters such as solution viscosity and draw rate impact the 

thickness of the films and would need to be tailored for the desired application. Developing these 
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techniques could expand the application of these materials and would allow them to be applied to 

a diverse group of implantable and geometrically complex implants. 

Once strategies have been developed to effectively dip coat complex geometries, these 

zwitterion-coated devices could be evaluated for fibrosis in vivo. To achieve a material that 

maintains the strongest resistance to the FBR, it would be preferable to select the CBMA 

zwitterion and CBMA-based zwitterionic crosslinker mentioned previously due to their inherent 

superiority over other zwitterionic polymers. This system would be constructed from 100% 

zwitterion and thus the most likely to effectively mitigate the FBR. Cochlear implants are 

intended for long-term implantation, and a grafted zwitterionic polymer must remain adhered to 

the implant and resist the FBR for years to be an effective coating. To examine this effect, 

CBMA-coated PDMS could be implanted into the cochlea of a rat model, and the 

fibrosis/scarring could be evaluated. It is anticipated that CBMA-coated implants will prevent an 

inflammatory response that could impact hearing. This impact on hearing would be examined by 

measuring the difference in ABR thresholds for coated compared to uncoated implants. Further, 

to test the durability and adhesion of the zwitterionic polymer to the PDMS, the samples could 

be removed and immersed in an aqueous dye which would be absorbed by the CBMA hydrogel 

and expose the coated regions. The results from these experiments would help characterize the 

effectiveness of the implants in mitigating the FBR and the long term impacts on hearing. 

A final approach to mitigating the FBR that has been investigated by other researchers is 

incorporating glucocorticoids as an immunomodulatory approach. These drugs have been 

incorporated as a systemic medication for many years and have more recently been used in a 

number of topical and immunomodulatory drugs. The initial inflammatory reaction in response 

to implantation of a cochlear implant and subsequent fibrosis could potentially be mitigated by 
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using the glucocorticoid dexamethasone. Several studies have shown promise that this drug can 

decrease inflammation and fibrosis around a cochlear implant. Accordingly, PDMS doped with 

dexamethasone could be coated with a CBMA hydrogel to examine the synergistic effect of an 

anti-fouling coating and a drug eluting cochlear implant. The differences in ABR thresholds and 

fibrosis around the implant could also be examined and compared for uncoated and CBMA-

coated devices. These experiments will help establish how well these two mechanisms can be 

used to prevent fibrosis and inflammation. 

The work presented in this thesis represents contributions and significant advances made 

to improving the tissue/material interaction for cochlear implant biomaterials. Specifically, this 

report demonstrates the effectiveness of photogenerated chemical and physical micropatterns 

used as a platform for directing cell adhesion and growth. Zwitterionic and protein micropatterns 

both show a strong effect on pathfinding of SGN neurites. This work also demonstrates the 

efficacy of two zwitterionic polymers, formed from SBMA and CBMA, to prevent protein 

adsorption and cell adhesion in vitro. Importantly, CBMA micropatterns generated on glass 

substrates revealed a remarkable ability to locally prevent fibroblast and other neural cells from 

adhering. Coating existing cochlear implant materials such as PDMS with crosslinked SBMA 

and CBMA polymers was accomplished by photografting using a type II photoinitiator. The 

dependence of the adhesion on the type II photoinitiator was elucidated. Finally, the strength and 

durability of zwitterionic hydrogels could be strengthened by altering monomer formulations. 

The fundamental understanding and design of cochlear implant materials described herein serves 

as a foundation for the development of next generation neural prosthetics. The advances made to 

grafting zwitterionic materials can be more broadly applied to any implantable device and could 

benefit the lives of millions of implant patients.  
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