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ABSTRACT 

Spinal cord injury (SCI) is a devastating and often permanent injury that 

affects hundreds of thousands of people worldwide. The irreversible effects of SCI are 

due to the central nervous system’s (CNS) limited ability to repair itself. Currently, a 

major area of research involves the study of biomaterial bridging substrates as a way 

of promoting neuron growth and regeneration of damaged CNS pathways. Biomaterial 

bridging substrates attempt to promote regeneration by offering ligands known to 

promote neuron growth. In order to fully understand the interactions between neurons 

and these bridging substrates, more studies need to be done at a molecular level. 

In this study, gradients of fibronectin, an extracellular matrix protein 

(ECM) known to promote neuron growth, were generated with a simple “dipping” 

technique, using a custom-made motorized linear-motion device. In addition to 

gradients of fibronectin, the surfaces were additionally patterned via micro-contact 

printing (µCP) of an amphiphilic comb polymer known to resist protein adsorption. 

Patterned gradient surfaces are helpful in neuron growth studies, by controlling the 

neuron growth that occurs on the substrates, allowing more accurate measurement and 

quantification. In addition, preliminary studies on neuron growth were performed on 

these gradient samples. 

 

 ix



Chapter 1 

INTRODUCTION 

1.1 Overview of the “Neuron Pathfinding Project” 

Spinal cord injury (SCI) is a devastating injury that currently affects 

250,000-400,000 individuals in the United States alone. Over 11,000 new cases of SCI 

are reported each year, with nearly 60% of the victims ranging from 30 years of age 

and younger.1 The irreversible effects of SCI are a result of the central nervous 

system’s inability to repair itself due to white matter and a build-up of glial scar tissue 

at the site of injury. Much effort has been concentrated in developing techniques to 

bypass lesions or promote regeneration of injured pathways. One such method under 

extensive investigation is that of biomaterial bridging substrates.  

Currently, a major area of research in our group involves the 

characterization of biomaterial bridging substrates with high specificity to examine 

neuron outgrowth and pathfinding at the molecular level. These projects are 

collectively termed the “Neuron Pathfinding Project” and serve to examine 4 specific 

aims: 1) Create well-characterized 2D and 3D substrates patterned with 

chemoattractive and chemorepulsive regions to study neurite outgrowth, 2) Study 

axonal growth on these biomolecular substrates in vitro, 3) Study membrane 

adhesiveness and growth cone dynamics by using AFM force measurements at the 

molecular level, and 4) Development of a more biologically compatible biomaterial 

graft applying results obtained from Aims 1-3. 
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1.2 Spinal Cord Injury (SCI) and Regeneration 

The neuron is the “building block” of the nervous system. Although there 

are several different types of neurons, all neurons have three main features in 

common: the cell body, axon, and dendrites (See Figure 1.1).  

 

Figure 1.1 The anatomy of a neuron. (Modified and reprinted from Kandel, 
Schwartz, & Jessell, 1995)2 

The neuron cell body contains the nucleus, which houses the genetic 

information that will determine neuron differentiation. From the cell body, two types 

of processes extend: the dendrites and the axon. Multiple dendrites branch out to 

receive information from other neurons by forming synaptic connections. Electrical 

signals known as action potentials are generated at the axon hillock of a neuron and 

propagated down the axon length to the presynaptic terminal. Many axons are 

insulated with a myelin sheath that is interrupted at regular intervals. These gaps are 

known as Nodes of Ranvier and help to increase the speed of transmission. This signal 
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is then transmitted onto the dendrites of a postsynaptic neuron. This signal can be 

transmitted in various forms, including another electric pulse or the release of 

neurotransmitters such as acetylcholine. In this manner, neurons create various 

signaling pathways and systems that are responsible for complex processes, such as 

sensation and movement. 

The nervous system can be separated into two main components: the 

peripheral nervous system (PNS) and the central nervous system (CNS). The PNS 

consists of sensory and motor neurons running from stimulus receptors, muscles, and 

glands to the CNS. The CNS includes the brain, spinal cord, and the various neural 

pathways and connections between them. As mentioned previously, the CNS has very 

limited capability for regeneration after injury. As a result, damage occurring to the 

CNS, including spinal cord injuries (SCIs), often leads to irreversible and permanent 

conditions such as paralysis. However, regeneration in the PNS is markedly successful 

and often results in functional recovery of both motor and sensory functions.3, 4 The 

inability of CNS neurons to regenerate does not appear to be inherent of the neurons, 

but rather is a result of the chemical environment the neurons experience at the site of 

CNS injury.  

Classical studies have shown preliminary evidence that adult CNS 

neurons are capable of axonal elongation when presented with an environment 

mimicking that of the PNS.5, 6 Since then, several groups have provided data 

supporting peripheral nerve grafts as well as grafts containing PNS olfactory 

ensheathing glial cells in their abilities to induce regeneration in adult CNS neurons.7-

10 While CNS neurons show that they are capable of regeneration, it seems that the 

wound-healing environment of the CNS is ill suited for neuron growth. Recent studies 
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have identified several myelin-based proteins and factors as inhibitors of regeneration 

after injury to the CNS.11-15 

In addition to myelin-based factors and proteins, astrocytes play a major 

role in inhibition of CNS regeneration. Astrocytes are a subclass of glial cells that play 

a key role in axonal guidance and growth in the developing CNS.16-24 During 

development, astrocytes express a variety of proteins that are found to promote 

neuronal attachment and outgrowth, among which include fibronectin (FN), laminin 

(LN), neural cell adhesion molecule (NCAM), and several other proteoglycans.25-29   

Contrary to the role that astrocytes play during development, in the adult 

CNS they respond adversely to injury and are a major component of the scar tissue 

that prevents neuronal regeneration.28, 30-36 When injury to the CNS occurs, astrocytes 

in the vicinity of the lesion undergo a process known as “gliosis,” resulting in 

increased production of glial fibrillary acid protein (GFAP) and matrix proteins, which 

aggregate to produce what is known as a “glial scar.”6, 34, 35, 37 Some earlier studies 

have shown that regeneration is possible when glial scarring can be controlled and 

minimized.6, 34, 35, 37, 38 However, this is often not the case. Even in the presence of 

PNS grafts, the glial scar has been difficult to bypass.9, 39   

Currently, various studies are being conducted in hopes of designing 

therapeutic methods to overcome the inhibitory environment created at sites of injury 

in the CNS.7, 40-46 One area of high interest has been focused on the creation of 

biomaterial-bridging surfaces modified with extracellular matrix (ECM) proteins to 

overcome the glial scar. ECM proteins have been the main component used to modify 

biomaterial bridging substrates due to the extensive amount of literature that exists 

supporting their effects on neuronal outgrowth and growth cone pathfinding.47-52 In 
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addition to whole proteins, substrates have also been modified with specific peptides 

and active sites of various ECM proteins.52-59  

 

1.3 Results and Discussion 

Our group’s research on ECM and peptide modified substrates has yielded 

many promising results, including publications in various scientific journals (See 

references 52, 64, 65, 66, 86, 127, 129 and 130). Results from the past few years are 

reported in the following section. 

1.3.1 GMBS Chemistry vs. F108-PDS Chemistry  

Surfaces and atomic force microscope (AFM) tips have been successfully 

modified to attach short peptides containing the RGD binding motif of FN as well as 

the whole protein itself. Surface modification was necessary to immobilize 

protein/peptides on the substrate rather than allow them to adsorb loosely to the 

surface. Substrates were modified using two different chemistries—the 

“Heterobifunctional Crosslinker” method60 and the “PluronicsTM” method.61 The 

PluronicsTM method involves reduction of a pyridyl disulfide-activated F108 (F108-

PDS) surface before peptide immobolization, while the Heterobifunctional Crosslinker 

method involves the covalent attachment of the crosslinker N-γ-maleimidobutyryloxy 

succinimide ester (GMBS) to provide a covalent linker for FN. The chemistries for 

both methods are detailed in Figure 1.2.  
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Figure 1.2 Schematic diagrams for the a) Heterobifunctional Crosslinker method 
and the b) PluronicsTM method. (Reprinted from Zhang et al. (2005) 
Biomaterials) 
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Each step of both surface chemistries, up to and including protein/peptide 

attachment, were analyzed and verified using various surface sensitive techniques, 

including: contact angle measurements, AFM, X-ray photoelectron spectroscopy 

(XPS), and time-of-flight secondary ion mass spectrometry (TOF-SIMS). A more 

detailed description of each of these techniques is presented in Chapter 2. 

Both attachment chemistries were found to have good reproducibility, and 

were used in subsequent neuron growth studies. Results displayed in Figure 1.3 show 

neurons that were taken from postnatal 1-day-old rat dorsal root ganglia (DRG) 

experience far greater outgrowth on the protein/peptide-modified surfaces than on the 

corresponding control surface.  

 

Figure 1.3. Comparison of DRG neuron outgrowth after 24 hours incubation on: 
a) GMBS and F108-PDS chemistries, and b) a protein-modified 
GMBS control sample and a protein-modified GMBS sample that 
had been previously exposed to ultra-high vacuum conditions and 
analyzed by TOF-SIMS. (Reprinted from Zhang et al. (2005) 
Biomaterials) 
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Additionally, the F108-PDS scheme was found to have reduced 

bioactivity compared to the GMBS scheme, which may be a result of the ratio of PDS 

activator to F108 polymer (1:50) compared to the amount of GMBS sites available for 

attachment.52 Finally, there was no difference in neuron growth on a protein-modified 

GMBS control sample versus a sample that had been previously analyzed using TOF-

SIMS and exposed to the ultra-high vacuum (UHV) environment. This indicates that 

the UHV environment of TOF-SIMS had no ill effects on the bioactivity of the GMBS 

to allow neuron attachment and growth, suggesting that neuron studies can be 

performed on actual analyzed substrates, rather than on unanalyzed parallel samples. 

1.3.2 Neuron Growth on Patterned Surfaces 

In order to observe neurite outgrowth and attachment in a more controlled 

manner, substrates were further modified with a protein-resistive comb polymer 

patterned onto the surface via micro-contact printing (µCP).  

 

Figure 1.4. Neuron outgrowth on an FN/comb polymer patterned surface. 
(Reprinted from Zhang et al. (2005) Biomaterials) 
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Neurons were grown on substrates offering alternating chemattractive 

lanes of FN and chemorepulsive lanes of comb polymer of varying widths. (See 

Figure 1.4) Neurons were found to attach in the FN lanes as expected, but were also 

found to preferentially bind to FN lanes of larger width. A more detailed study on µCP 

and comb polymer feature effects on neuron growth will be presented in Chapter 3. 

1.4 Discussion/Future Studies 

 Although the Neuron Pathfinding Project has yielded significant results, 

much still remains to be completed. Our research group has shifted its attention to 

substrate modification using only the GMBS chemistry rather than the F108-PDS 

scheme. Looking back at Figure 1.1, one sees that the F108-PDS chemistry involves 

additional modification of the peptide/protein before successful attachment can occur. 

As a result, this may alter or adversely affect the protein/peptide’s bioactivity. Using 

the GMBS chemistry provides a two-fold advantage in that it provides a more robust 

covalent surface attachment and does not require alternation of the protein/peptide to 

attach it to the surface.  

In addition to fibronectin, the ECM protein laminin (LN) has also been 

shown to effectively support and promote neuron growth.50, 53, 55-59, 62 Studies of 

neuron growth on substrates patterned with alternating lanes of LN and comb polymer 

are currently underway by other group members, as are dual-patterned FN-LN 

surfaces for the first time. 

In order to fully understand the interplay between matrix proteins and the 

neuron growth cones that result in the neuron pathfinding mechanism, it will be 

necessary to study their interactions at the molecular level. As mentioned at the 

beginning of this chapter, part of the Neuron Pathfinding Project is aimed at the study 
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of growth cone dynamics using the AFM to conduct force-pull measurements. Force-

pull measurements can be used to study adhesive forces and interactions between the 

neuron growth cone and ligand molecules. AFM force-pull measurements are 

performed by bringing an AFM cantilever, modified with either FN or LN peptides or 

whole proteins using the chemistries described earlier, into conformal contact with the 

neuron growth cone. The AFM tip is then retracted gently until the pulling force 

overcomes the adhesion force between the tip and the growth cone, resulting in a 

“pull-off” event.  

These “pull-off” events involve the rupturing of one to several bonds 

between the peptide or protein molecules on the AFM tip and the receptors of the 

neuron growth cone. A statistical method based on Poisson statistics has been 

developed and refined in our group to allow measurement of individual or single-

molecule bond-rupture forces.63 This statistical method has been further detailed and 

studied within our research group on biotin-avidin and biotin-streptavidin interactions 

as a model for biological receptor-ligand systems.64-66 These studies are allowing us to 

examine the forces occurring between the neuron growth cones and underlying ligands 

at the molecular level. 

Our group’s studies have begun on designing a three-dimensional 

biologically compatible substrate for use as a graft (i.e. one that is implantable at the 

site of injury). One type of substrate being investigated is that of electrospun67-77 

polystyrene (PS) fibers. Neuron cell bodies have been found to attach successfully to 

the fibers following the physisorption of FN. These woven fiber mats are our initial 

attempts at producing biologically active 3-D substrates that have the potential for in 

vivo studies. Future studies will be directed at electrospinning of collagen—a 
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relatively nonimmunogenic ECM component that has been also shown to promote 

neuron attachment.78 Collagen’s structural and biological properties make it ideal for 

designing of 3-D tissue scaffolding.74 Once made, these scaffolds will undergo the 

same rigorous surface characterization as our protein- and peptide-modified substrates 

to ensure their bioactivity, chemical compatibility, and structural stability. 

1.5 The Focus of My Research 

Although neuron growth was successfully contained within the FN lanes 

on the patterned substrates shown in Figure 1.3, it remains unclear whether the 

neurons were restricted due to the protein-resistive nature of the comb polymer or the 

“topographical barrier” the comb polymer creates. When analyzed using AFM, the 

comb polymer features on these previously patterned substrates were found to be 

~600-700 nm in height. The average neuron growth cone is only ~260 nm in height, 

while the ends of extending neurites are ~385 nm in height.79 In order to decouple the 

“chemical” and  “topographical” roles that the comb polymer plays, a more controlled 

study of µCP and patterning of comb polymer was necessary, and results are discussed 

further in Chapter 3. 

Another fundamental question about the interactions between neurons and 

underlying ligands is how neuron outgrowth is affected by ligand density. There are 

two theories that exist to offer explanation of what occurs. One such theory is that 

neuron growth will resemble fibroblast migration over substrates, in which the 

fibroblasts achieve maximal migration rates at intermediate ligand density and 

decrease with greater ligand concentration.80 The reasoning behind this behavior is 

that as ligand density on the surface increases, it provides extra “traction” for the 

migrating cells. However, above an optimal surface concentration, additional 
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increases in ligand density are thought to make the surface “sticky”, resulting in the 

migrating cells’ inability to disengage from the surface. A second theory suggests a 

neuron is more adaptive to its environment and is based on preliminary neuron studies 

that showed axonal extension on LN substrates reached a maximum rate with ligand 

density and then seemed to plateau and maintain that rate, regardless of increases in 

LN concentration.81 This second model indicates that a neuron can sense chemical 

changes in its environment, including surface ligand density. Thus, neurons may be 

able to sense when a surface is “too sticky” and downregulate their receptor 

expression to maintain the maximal extension rate. 
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Chapter 2 

SURFACE ANALYTICAL TECHNIQUES 

2.1 Overview 

In order to study outgrowth of neurons on biomaterial surfaces, detailed 

surface characterization is required to evaluate the success of the desired 

modifications. Surface characterization includes the determination of structure, spatial 

distribution, composition, and orientation of the chemical species and biomolecules on 

the surface. The use of state-of-the-art surface analytical tools in the fields of cell-

surface interactions and biomaterials development is relatively rare.  For many years, 

the mainstream biomedical and neuroscience communities have employed a "take 

what you get" approach following simple dipping techniques.  Such approaches 

downplay the significance of the surface itself (because of a lack of knowledge about 

its structure and composition) and focus almost entirely on cellular responses and 

behavior, both of which have been able to be studied by these communities. 

The Beebe Research Group at the University of Delaware maintains one 

of the most state-of-the-art surface analysis facilities in the nation. The lab is equipped 

with both X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion 

mass spectrometry (TOF-SIMS) in addition to several other surface-sensitive 

techniques, including contact angle and atomic force microscopy (AFM). This chapter 

discusses each of these surface-sensitive techniques in brief detail. 
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2.2 Contact Angle 

In my research, multiple steps of surface modification are made to the 

substrates prior to protein/peptide attachment. Contact angle provides a quick initial 

measurement by which to evaluate each of the various surface chemistries following 

modification. In this thesis, contact angle measurement was used as a preliminary 

check after each step of surface modification using the GMBS chemistry protocol. 

Surface wettability82, also known as a surface’s hydrophobicity, is one of the 

parameters indicative of the surface properties, and can be quickly determined using 

contact angle measurement.  

 

Figure 2.1 Schematic diagram of a contact angle apparatus. 
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The most common method used to obtain contact angle measurements is 

the sessile drop method. The sessile drop method involves use of an optical instrument 

called a goniometer, which is modified to take images of droplets placed on a surface 

of interest (See Figure 2.1). The contact angle, θ, is referred to as the angle formed 

between the line tangent to the curve of the droplet and the baseline formed by the 

surface (See Figure 2.2).   

 

Figure 2.2 Contact angle measurements of: a) a Piranha cleaned glass surface 
(13.10 ± 1.2°), b) a glass surface modified with MTS (60.82 ± 1.4°), 
and c) a glass surface modified with MTS and GMBS (50.93 ± 1.6°). 
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Typically, the droplet is dispensed from a syringe that is connected to a 

mounting stand holding the sample. A camera is used to capture images of the liquid 

droplet as it is lowered into contact with the surface and detaches from the tip of the 

syringe. The images are then processed by a computer equipped with software 

designed to calculate contact angle measurements. 

Figure 2.2 provides an example of contact angle measurements taken from 

my research. FTA32 software v2.0 (First Ten Ångstroms, Portsmouth, VA) allows for 

video capture of the water droplet being applied to the surface. Using this software, 

the contact angle was measured from the first complete image of the water droplet 

right after it detached from the syringe. Sessile drops for contact angle measurement 

need not be limited to water, but can be a variety of pure liquid solvents or polymers 

depending on the surface being studied. 

Contact angle measurement is not capable of highly specific surface 

characterization or quantification, and the information that it provides is averaged over 

the area of the liquid droplet (approximately 1 mm2 to 0.2 mm2) However, it is still an 

effective tool in providing complementary data to that of more sophisticated 

techniques, to be discussed later in this chapter. 

2.3 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a scanning probe technique that 

generates a three-dimensional image of the surface with a spatial resolution that 

approaches atomic resolution. While the AFM can be used in many different ways, 

such as force-pull studies64-66, only the imaging mode of AFM will be discussed in the 

following section.  
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In AFM, the sample is mounted on a piezoelectric motor-driven stage. The 

ceramic crystals of the piezo expand or contract in direct proportion to an electric field, 

a phenomenon known as the piezoelectric effect. The piezoelectric motor takes 

advantage of the piezoelectric effect by converting applied electrical energy into 

mechanical energy (i.e. fine motor control). The piezoelectric motor-driven stage is 

capable of fine movements as small as just a few hundredths of nanometers to 

hundreds of microns. A cantilever with a sharp tip is brought down into contact with 

the surface and as it is rastered across an area in the x- and y- directions, a laser beam 

is aimed onto the back of the highly reflective cantilever. The cantilever bends in 

response to the topography of the surface, resulting in changes in deflection of the 

laser beam. The changes in the laser’s deflection are measured by a photodiode 

detector and digitized to produce a three-dimensional image of the surface in various 

formats, such as height or phase contrast images. A schematic of the AFM apparatus 

and flow of information is presented in Figure 2.3. 

AFM images can be obtained using three different modes—contact mode, 

non-contact mode, and intermittent contact mode. In contact mode, the cantilever tip 

maintains direct contact with the surface the entire duration of the scanning process. 

Contact mode is ideal for imaging of hard surfaces, as the surface morphology remains 

unaltered by the lateral forces produced during scanning. However, contact mode is 

often too “rough” for softer biological or polymer surfaces, and can cause damage to 

the surfaces being analyzed. 
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Figure 2.3 Schematic diagram of the AFM apparatus. 

Non-contact mode works to minimize tip-sample interaction by allowing 

the tip to hover over the sample rather than make direct contact with the surface 

during scanning. Therefore, AFM images produced in non-contact mode are mainly 

the result of attractive forces between the tip and the surface. However, non-contact 

mode requires very fine tip-force control as well as a controlled environment with 

minimal contribution from external noise. Therefore, non-contact mode AFM is often 

operated in ultra-high vacuum (UHV) conditions. While it is capable of very high 

resolution, it also requires a significant amount of preparation time to fine-tune 

parameters and settings in addition to transferring of the sample in and out of UHV.     

The third mode of AFM is intermittent contact mode, often referred to as 

“tapping mode.” The cantilever tip is oscillated at a defined frequency, causing the tip 
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to be periodically lifted off of the surface. Tapping mode provides the user with a 

compromise between the two other modes. Forces used in tapping mode are much 

softer than in contact mode, and since the tip maintains only intermittent contact with 

the surface, lateral forces are minimized. Additionally, tapping mode does not require 

the fine tip-force control and preparation time of non-contact mode. Therefore, 

tapping mode is ideal for studying softer biological/polymer substrates, as it provides 

high-resolution imaging in a short amount of time without causing damage to the 

surface.  

2.4 Time-of-flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

The secondary ion mass spectrometry (SIMS) technique was initially 

developed and studied by Alfred Benninghoven in the 1970s83, and not until the 1980s 

was it combined with a highly efficient time-of-flight (TOF) analyzer to mark the birth 

of TOF-SIMS.84 TOF-SIMS is a surface-sensitive technique that has gained immense 

popularity for its high surface sensitivity, detection limit, and its extensive application 

in the study of biological samples, including the large protein fibronectin.52, 85-89 The 

following section provides a brief introduction about the principles governing the 

TOF-SIMS technique. A more detailed review of the technique is available in the 

literature.90-92 

TOF-SIMS involves bombardment of a surface using a pulsed high-

energy primary ion (for example Ga+ or Cs+ ions). Impact of these primary ions with 

the surface produces a collision cascade, leading to additional intramolecular 

collisions within the sample and mixing of layers, also known as “knock-on effects” 

(See Figure 2.4). These knock-on effects impart enough energy to molecules in the top 

2-3 monolayers (ML) of the surface to overcome their binding energies and become 
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ejected from the sample. While the direct impact from the primary ion beam causes 

extensive fragmentation and leads to the ejection of single atoms and small molecule 

species, the knock-on effects cause little fragmentation, leading to the ejection of large 

molecular fragments. 

 

Figure 2.4 Diagram of the collision cascade that occurs as a result of surface 
bombardment with a primary ion in TOF-SIMS. 

In TOF-SIMS, all of the secondary particles ejected by primary-ion 

bombardment enter into a field-free analyzer tube. Ions with identical kinetic energies, 

but differing masses will arrive at the detector at different times. The ion’s flight time 

to the detector can be expressed in Equation 2.4.1, where t = flight time, m = mass of 

the ion, KE = kinetic energy, and D = length of the drift tube.  
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As indicated by Equation 2.4.1, lighter ions will reach the detector more 

quickly, while heavier ions will take longer to reach the detector.  
 

 t = (m/2KE)1/2 D (2.4.1) 

 

Secondary ions are separated according to their m/z (mass/charge) by the 

TOF analyzer, and the TOF-SIMS can be set to analyze either positive or negative 

ions. Secondary-ion intensities are plotted in a spectrum according to mass. In order to 

increase the signal/noise ratio, several spectra over the time course of an experiment 

are averaged or summed.  

In order to increase the free-mean-path of the emitted particles in the 

TOF-SIMS process, a UHV environment is required so that secondary particles 

emitted from the surface do not experience any extraneous collisions with other 

particles in the atmosphere. An additional reason for UHV conditions is the need to 

maintain a contamination-free surface. 

The first factor of high mass resolution (m/∆m) is the time duration of the 

pulse width (∆t) of the primary ion beam (ranging from a few tens of ps to a few tens 

of µs). It is important to note that to be able to achieve m/∆m equal to ~10,000, ∆t 

must be about 40 picoseconds. After bunching, the primary ion pulse width is a few 

tens of ps. 

A second factor in the high mass resolution of the TOF-SIMS is its 

reflectron-based TOF analyzer (See Figure 2.5). During the emission process, energy 

and angular dispersion may occur, resulting in ions of identical mass with different 

initial velocities, which can lead to lower mass resolution.90 The reflectron helps 
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compensate for energy and angular dispersion by exposing the secondary ions to a 

retarding electric field in the middle of the flight path.84 This electric field allows ions 

of identical mass to “regroup” and depart the reflectron and arrive at the detector 

simultaneously, leading to higher sensitivity and mass resolution.  

 

Figure 2.5 A schematic diagram of the TOF-SIMS instrumentation. (Schematic 
obtained from ION-TOF) 
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The TOF-SIMS can be run in two different modes: Static SIMS (spectra 

mode and imaging mode), and Dynamic SIMS. Static SIMS is typically used to obtain 

spectra to characterize and determine chemical structure/composition of the surface 

while causing “relatively” little sample damage. This is accomplished by setting a 

“static SIMS limit” to the pulsed ion beam dose. A monolayer of a surface typically 

has ~1 x 1015 atoms/cm2. The pulsed Ga+ ion beam used in static SIMS experiments 

uses less than ~1012 incident ions, or less than one in 1000 sites being damaged by a 

prior ion impact, thereby causing “negligible” damage to the surface. When the 

primary ion beam is further focused and rastered across a given area of the surface, 

lateral distribution of chemical information can be determined, effectively producing 

an image of the intensity of a particular mass as a function of (x, y) position on the 

surface. 

Dynamic SIMS, more commonly known as “depth profiling,” is a much 

more destructive technique than Static SIMS. Depth profiling uses a secondary sputter 

beam (e.g. Cs+ ion) to sputter away a certain layer of the surface, while simultaneously 

collecting spectra. In this manner, one can use depth profiling to analyze the depth 

distribution of chemical information, such as examining the presence of an oxide layer 

on a surface. Dynamic SIMS was not used in the present studies and will not be 

discussed further. 

Though TOF-SIMS is a powerful surface analytical technique, it has a few 

drawbacks that make quantitative analysis very difficult. First, secondary ion yields 

are not directly proportional to that element’s concentration in the sample. Secondly, 

the TOF-SIMS sensitivity to a specific secondary ion will dramatically depend on that 

secondary ion’s ionization probability and sputter yield, which is the ratio of the 
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number of atoms sputtered to the number of impinging primary ions.90 These are 

referred to as  “matrix effects.” Matrix effects are the result of variability of secondary 

ion yield as the surface composition changes throughout the experiment.90 Although 

multiple substrates may have the same modifications to their surfaces, secondary ion 

yields may not be exactly the same, making direct comparisons between samples 

difficult. The environment of a surface can change during analysis, leading to 

differential removal of species.90 Also, the probability of ion formation may vary as a 

result of changes to the sample during the experiment. 

Although TOF-SIMS provides information about the composition of the 

surface, only semi-quantitative information can be obtained. Therefore, TOF-SIMS is 

mainly used in conjunction with XPS to provide a more complete chemical profile of 

the structure with both qualitative and quantitative information.   

2.5 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron 

spectroscopy for chemical analysis (ESCA), is another surface-sensitive technique that 

is useful for determining the chemical and elemental composition of a sample’s 

surface. Although originally developed for studies of metal and semiconductor 

surfaces, recent research finds XPS being used more and more in the study of 

biological substrates, including those modified with laminin93-97 and fibronectin.52, 85, 

87, 89, 98, 99 The following section provides a brief overview of the principles governing 

the XPS technique.  

The technique of XPS is largely based on the photoelectric effect. In XPS, 

an x-ray photon penetrates deep into the sample, resulting in the excitation and 

ejection of core electrons from the surface (See Figure 2.6a).  
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 Ek = Ehv - Eb - φsp (2.5.1) 

The photoemission that occurs can be described by the equation 2.5.1 

above, where Ek is the kinetic energy of the electron, Ehv is the x-ray photon energy, 

Eb is the binding energy of the electron, and φsp is the workfunction of the 

spectrometer, a small instrumental correction. 

 

Figure 2.6 Diagram of the a) XPS and b) AES processes. 

 

Typically, the XPS uses a monochromatic Al Kα or Mg Kα x-ray source with energy 

values of 1486.6 eV and 1253.6 eV, respectively. Core electrons are detected and an 

energy analyzer measures their kinetic energy. Since the Ehv, Ek, and φsp values are 

known or measurable, it is possible to calculate the binding energy of the core 

electrons ejected using Equation 2.5.1. The core electrons of every element, with the 

exceptions of hydrogen and helium, have unique binding energies that can be used to 

identify the different elements, giving valuable information about the chemical 

composition of the surface being studied.100  

 34



In addition to core electrons, a secondary process called the Auger process 

occurs, resulting in the ejection of additional electrons. The Auger process is a result 

of the electron hole left when the core electron is ejected by x-ray or electron beam 

irradiation (See Figure 2.6b). An electron from a higher-level shell moves to fill in the 

hole left by the core electron. Energy release is required for this process to occur, 

resulting in the emission of a third electron, which is the signal detected in Auger 

Electron Spectroscopy (AES). Although the technique will not be discussed, our XPS 

is capable of performing AES experiments. A more detailed review of AES can be 

found in the literature.101-103 

XPS is considered a surface-sensitive technique because it examines the 

top 3-5 nm of a surface. The surface sensitivity of XPS is due to the inelastic mean-

free path of electrons (IMFP). Electrons undergo inelastic scattering while traveling 

through the sample, resulting in a loss of energy. Only those electrons without 

significant energy loss from inelastic scattering will be detected, thus limiting the 

depth from which the detected photoelectrons can emerge. XPS is run under UHV 

conditions in order to eliminate extraneous gas phase collisions that could prevent 

electrons from reaching the detector. The photoelectrons are focused by several lenses 

and funneled through a hemispherical energy analyzer onto a channeltron or 

channelplate detector. A schematic diagram of an XPS instrument is presented in 

Figure 2.7. 

XPS has several different modes aside from its standard application. XPS 

is capable of imaging the lateral distribution of species and producing intensity images 

acquired at different binding energies. XPS is also capable of depth profiling, while 

employing either a C60 or Ar gun to sputter the surface. Additionally, XPS is also 
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capable of angle-resolved XPS (ARXPS). ARXPS is accomplished by collecting 

electrons ejected at different emission angles to the surface plane, altering the surface 

sensitivity achieved. Additional information on ARXPS can be found in the 

literature.104, 105 However, the remainder of this section will focus on standard 

applications of XPS in chemical identification and quantification. 

 

Figure 2.7 Schematic diagram of the XPS instrumentation. The various parts 
labeled Lx represent focusing lenses, except for Lm, which 
represents the magnet. 
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As mentioned, another important advantage of XPS is its capability of 

providing valuable quantitative information about the chemical composition of the 

surface. Seen in Figure 2.8 is an XPS survey spectrum of a GMBS-modified surface 

covalently linked with fibronectin. The survey spectrum examines a broad range of 

binding energies to provide a complete elemental profile of the surface. 

In addition to the binding energies being unique for different elements, 

these binding energies are also sensitive to the chemical environment, or chemical 

state, of the atom.106 This results in the ability to determine the chemical state in which 

an element is present on the surface, as well as resolving between different states. An 

example of chemical state identification can be seen in the following high-resolution 

XPS spectrum highlighting the C1s region of a GMBS-modified surface covalently 

linked with FN seen in Figure 2.9.52 The spectrum shows that the binding energy 

curve can be fit with four different component peaks. After careful assignment based 

on the surface chemistry, carbon present on the surface can be identified in at least 

four different chemical states (-CH2-, -CH2N-, -CH2S-, -CH2O-, O=C-N, O=C-O). 

In addition to qualitative identification of elements on the surface, XPS 

can provide quantitative information about the concentration of these elements. The 

equation for determining the atomic concentration of a given element or chemical 

species is given in Equation 2.5.2.100 The atomic concentration, Ci, is determined by 

taking the intensity of the peak of interest, Ii, divided by its sensitivity factor, Si, and 

dividing the resulting value by the sum of the ratios of all species on the surface 

divided by their respective sensitivity factors. 

  (2.5.2) 
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Figure 2.8 XPS survey spectrum of a GMBS-modified surface covalently linked 
with FN protein. The inset table provides columns of information 
about the type of photoelectron detected, the binding energy (eV), 
the full-width at half-maximum of the fitted peak (eV), the 
numerically integrated peak area (arbitrary units), and the 
calculated atomic percent of the species (%), using literature values 
for the elemental attenuation factors. 
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Figure 2.9 XPS high-resolution spectrum of the C1s region of a substrate 
modified with covalently linked fibronectin. (Reprinted from Zhang et 
al. (2005) Biomaterials) 

However, the XPS is not without its limitations. As seen in Figure 2.9, 

chemical state structures that closely resemble each other can have very similar 

binding energies. This makes it very hard to resolve these peaks (i.e. -CH2N-, -CH2S-, 

-CH2O-), leading to spectral overlap. In non-conducting or insulting samples, which 

include most biological and organic substrates, the continuous emission of 

photoelectrons from the sample’s surface creates a positive charge zone, referred to as 

charging. This results in peaks shifting to higher binding energy values on the order of 

several electron volts. The XPS is equipped with a low-energy electron flood gun that 

delivers electrons to the surface, enabling neutralization of surface charge. However, 
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if additional peak shifting is necessary, this can be accomplished using XPS spectral 

processing software.  

Overall, the XPS is a highly surface-sensitive tool that is capable of 

providing both qualitative and quantitative information about the chemical 

composition and structure of a surface. Used in conjunction with the TOF-SIMS, these 

two tools are the workhorses of the surface science community. 
 

2.6 Applications of Surface Sensitive Techniques 

Contact angle, XPS, and TOF-SIMS techniques were all used as tools for 

verification of successful modification of the surfaces with the GMBS chemistry 

mentioned in Chapter 1. Additionally, XPS was used as a tool for quantifying the 

density of FN present on the modified substrates to ensure that a gradient was formed. 

TOF-SIMS imaging was used to verify successful patterning of the gradient samples. 

These results will be presented in more detail in Chapter 4. AFM was mainly used in 

the µCP research in imaging of the comb polymer patterned surfaces, with line profile 

analysis of the images providing data about comb polymer height. Further details for 

this study are provided in Chapter. 
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Chapter 3 

CONTROLLING NEURON GROWTH USING COMB POLYMER 
PATTERNED SUBSTRATES VIA MICRO-CONTACT PRINTING 

3.1 Overview 

Studying neuron growth on biomaterial bridging substrates requires 

substrates that have the ability to control and direct neuron growth, rather than allow 

uncontrolled axonal extension. Controlling neuron growth would increase the 

probability of successful reconnection of damaged pathways. Previous research in our 

group has found that micro-patterning of an amphiphilic comb polymer with 

polyethylene glycol (PEG) side chains (i.e. (CH2CH2O)n is effective in producing a 

chemoattractive/chemorepulsive substrate capable of controlling neuron growth. 

However, in these studies, the variable of comb polymer feature height has been 

neglected.  

This chapter will provide a brief introduction to the micro-contact printing 

(µCP) technique, as well as results of my research on controlling comb polymer 

feature height on patterned substrates before I began my work on patterned gradient 

substrates. This research on comb polymer feature heights was continued by an 

undergraduate researcher in the group, Heather Egolf-Fox, and has resulted in a paper 

on which I am a co-author, that is currently being edited for submission to the journal 

Biomacromolecules. 
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3.2 Introduction 

As a non-photolitographic technique107, micro-contact printing (µCP) 

involves use of a poly(dimethylsiloxane) (PDMS) stamp with micron-sized features. 

PDMS has been used extensively in µCP for its elastomeric properties. These 

properties allow the stamp to conform easily to the surface of a substrate, yet allow 

enough durability to be used over a long period of time without significant 

degradation.108 PDMS is also favorable because its surface can be made to be 

chemically inert, ensuring that the desired chemistry to be patterned does not adhere to 

or react with the stamp surface. PDMS has the disadvantage that a cured polymer 

stamp also contains low-molecular-weight oligomers with sufficient vapor pressure to 

leach out and adsorb in a thin film on top of surfaces in an undesired manner, often 

without the knowledge of the experimenters.  This will be addressed below. 

In µCP, the PDMS stamp is coated, or “inked”, with the desired chemical 

to be patterned. Bringing the stamp into conformal contact with the surface allows 

transfer of the desired chemical in the shape of the pattern onto the surface. A second 

molecule can be added to uncontacted regions by “backfilling” with a solution of the 

secondary molecule (See Figure 3.1). 

µCP has been widely used in many areas of research, including studies of 

cell growth and migration on patterned surfaces.86, 109-114 Some groups have utilized 

their protein(s) of interest as the “inking” solution for µCP.115-118 However, our studies 

involve µCP of an amphiphilic comb polymer. The amphiphilic comb polymer’s 

design contains a polymethyl methacrylate-like (PMMA) backbone with polyethylene 

glycol (PEG) side chains (See Figure 3.2). PEG has been shown to resist protein 

attachment97, 119-123 and cell adhesion.97, 124-126 Pre-immersion in water is found to 

 42



reorient and/or hydrate the PEG side chains at the solid/water interface, drastically 

improving its protein resistive properties.127 

 

Figure 3.1. Schematic diagram of micro-contact printing (µCP). 1) A silicon 
master is used to create a 2) PDMS stamp containing micron-sized 
features. 3) The PDMS stamp is “inked” with a molecule of interest 
and 4) brought into conformal contact with the substrate. 5) A 
pattern of the ink is generated on the substrate. 6) A solution of a 
second molecule can be backfilled onto the substrate, 7) filling in the 
unpatterned lanes of the substrate with the secondary molecule. 
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Our group’s recent studies of neuron growth on patterned surfaces with 

alternating lanes of comb polymer and fibronectin have shown the comb polymer’s 

effectiveness in limiting neuron growth to only the lanes containing fibronectin.52, 86 

However, the measured height of comb polymer features in these studies was found to 

be almost 600±150 nm. A recent study indicates that the ends of extending neurites 

average 385± 193 nm in height, while growth cones average only 260± 176 nm.79 

 

Figure 3.2. An amphiphilic comb polymer containing a PMMA-like backbone 
with PEG side chains. 

With comb polymer features twice the height of extending neurites and 

almost three times as large as neuron growth cones, it is hard to determine whether the 

comb polymer is acting as a chemical barrier or a topographical one. This “chemical 

vs. topographical” mechanism of action may confound the interpretation of the data 

obtained in recent studies. By reducing comb polymer feature heights to lower than 
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the height of the neuron growth cone, the “chemical vs. topographical” problem can 

be separated to provide a better understanding of the effectiveness of comb polymer in 

controlling neuron growth. In this study, comb polymer solution concentration and 

pressure applied via transfer weight were varied to determine their effects on comb 

polymer feature height.   

3.3 Experimental 

Micro-contact printing (µCP) was used to pattern comb polymer lanes (40 

µm width) onto polystyrene dishes. The resulting patterned substrates were then 

imaged and analyzed using atomic force microscopy (AFM) to determine the effects 

of comb polymer solution concentration and transfer weight applied on comb polymer 

feature height. All AFM height measurements were repeated 10 times on a minimum 

of 3 samples for each sample condition.  The mean feature height, plus or minus one 

standard deviation, is reported. 

3.3.1 Comb Polymer Synthesis and Characterization 

Comb polymer was prepared using previous methods86, 128 involving free-

radical polymerization of methyl methacrylate (MMA), poly(ethylene glycol) 

methacrylate (HPOEM), and poly(ethylene glycol) methyl ether methacrylate (POEM). 

MMA (11.2611 g, 111.4 mmol, 59.0 wt%), POEM (3.8640 g, 8.1 mmol, 20.5 wt%), 

HPOEM (3.8672 g, 7.4 mmol, 20.5 wt%), and azo(bis)isobutyronitrile (AIBN) 

(0.1276 g, 0.8 mmol) were combined in a 500-mL round-bottom flask with 350 mL 

anhydrous THF. The mixture was deoxygenated for 30 minutes using clean N2 gas and 

refluxed for an additional ~20 hours at 75°C. Quenching of the polymerization 

reaction was accomplished by adding 50 mg MEHQ to the solution. The solution was 
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concentrated and precipitated twice into a 1200-mL petroleum ether/methanol mixture 

(8:1), and vacuum dried with stirring for a 24-hour period. Comb polymer was 

characterized using 1H NMR (300 MHz, Varian, CA) in CDCl3: HPOEM, 6.13 ppm 

(CH2=C, singlet (s), 1H), 5.58 ppm (CH2=C, s, 1H), 4.30 ppm (COOCH2, J = 4.5, 

triplet (t), 2H), 3.65 ppm (CH2CH2O, multiplet (m), 40H), 1.95 ppm (C=CCH3, s 3H); 

POEM, 6.13 ppm (CH2=C, s, 1H), 5.58 ppm (CH2=C, s, 1H), 4.30 ppm (COOCH2, J = 

5.1, t, 2H), 3.65 ppm (CH2CH2O, m, 40H), 3.38 ppm (OCH3, s, 3H), 1.95 ppm 

(C=CCH3, s 3H); Comb polymer, 4.11 ppm  (COOCH2, s, 2H), 3.6–3.7 ppm 

(CH2CH2O, m, 52H), 3.35 ppm (OCH3, s, 1.5H), 0.5–2 ppm (CH2CCH3, m, 42H).  

The NMR-derived final composition of the comb polymers was close to the feed ratio 

of monomers.129 

3.3.2 Synthesis of PDMS Stamps 

A Sylgard silicon elastomer kit was used in creating PDMS stamps. 

Silicon elastomer and curing agent were mixed (10:1) together in a 100-mL high 

density polypropylene (HDPP) beaker, and degassed in a vacuum chamber with 

stirring for 1 hour. After degassing, the mixture was poured into polystyrene dishes 

containing face-up silicon microstamp master patterns. Master patterns were produced 

by standard photoresist techniques on silicon wafers at the Biomedical Microsensor 

Laboratory in North Carolina State University (BMMSL-NCSU). The polystyrene 

dishes were placed in a vacuum oven (VWR 1400E, Shelton Manufacturing Co., 

Cornelius, OR) and the stamps were vacuum annealed and polymerized at 80°C for 2 

hours. The stamps were then peeled away from the silicon masters, resulting in 

features that are the negative of the master patterns. Excess PDMS was cut from the 
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sides using a razor blade. The stamps used in this study had features of 40-µm-wide 

gaps and 40-µm-wide stripes. 

3.3.3 Patterning of Comb Polymer 

Comb polymer was dissolved in an ethanol/DI water mixture (8:2) in 

varying amounts to produce comb polymer solutions with final concentrations of 10, 

20, 50, 80, 100, and 150 mg/mL. Prior to patterning, the PDMS stamps were 

ultrasonically cleaned (Bransonic® Ultrasonic Cleaner B2200R-1, Bransonic® 

Ultrasonics Corporation, Danbury, CT) in ethanol/DI water mixture (8:2) for 5 

minutes and blown dry using clean compressed air. Stamps were plasma cleaned 

(Plasma Cleaner/Sterilizer PDC-32G, Harrick Scientific, Ossining, NY) for 2 minutes 

in order to increase hydrophilicity, improve wettability of the stamp surface,  and 

remove low-molecular-weight PDMS contaminants. 

Plasma-cleaned stamps were spin coated (P6204 Spin coater, Specialty 

Coating Systems, Inc., Indianapolis, IN) with 150 µL of comb polymer solution at 

2,750 rpm for 7 seconds. To ensure a uniform coat, the comb polymer solution was 

spread over the entire face of the stamp using the pipette tip prior to spin coating. 

Immediately after the spin coating process, the stamp was removed from the apparatus 

and brought into conformal contact with a PS surface. Since the solvent of the comb 

polymer solution evaporates quickly, and since the degree of solvent evaporation was 

shown to be a critical factor in the quality of the printed films, care was taken to 

standardize and keep constant the exact process and time elapsed. Varying weights (5, 

10, and 20 g) were added to apply varying amounts of pressure when transferring the 

pattern. The patterned substrates were then annealed in a vacuum oven at 60°C for 24 

hours. 
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The patterning process was repeated for all combinations of transfer 

weight and comb polymer solution concentration. Prior to reuse of any stamps, the 

stamps were re-rinsed and ultrasonically cleaned in the ethanol/DI water mixture 

indicated previously.  

3.3.4 AFM Imaging and Analysis of Patterned Surfaces 

Patterned substrates were imaged on a Digital Instruments Multimode 

Atomic Force Microscopy (AFM) using tapping mode. Images were obtained in air, 

using a standard silicon tip (Veeco Nanoprobes, Inc.) calibrated at a frequency of 300 

kHz with a scan rate of 0.375 Hz. Images were only minimally processed with first-

order flattening to obtain accurate height data using Nanoscope III software (v5.12R3).  

3.4 Results and Discussion 

 After first-order flattening and processing of the AFM images, height 

data were obtained using line profile analysis. Feature height was defined as the 

distance from the baseline to the flattest part of the feature top. If the top of the feature 

was not flat, an average of the top plane was used in determining feature height, as 

shown in Figure 3.3. 

Height data were collected and are presented in Figure 3.4. One 

immediately notices the trend in decreasing feature height as a function of comb 

polymer solution concentration. As the comb polymer solution concentration was 

decreased, feature heights were found to decrease. A second relationship was observed 

between feature height and transfer weight applied to the stamp. The data indicate that, 

in general, as transfer weight was decreased, comb polymer feature heights also 
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decreased across all concentrations. With careful control of the experimental 

parameters, it was possible to create reproducible feature heights as low as 60 nm. 

 

Figure 3.3 AFM line profile analysis of a patterned substrate. (Reprinted 

from Egolf-Fox et al. (submitted) Biomacromolecules) 

3.5 Conclusions and Suggested Future Studies 

Definite trends were observed in the effects of both comb polymer 

solution concentration and transfer weight on the apparent feature height. Results 

indicate that comb polymer feature heights can be controlled and decreased to ~60 nm. 

Patterned substrates with such low feature heights would be beneficial for neuron 

growth studies. With feature heights only a fraction of the height of neuron growth 
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cones, it allows us to study the neuron growth and determine if neurons can cross over 

the comb polymer. 

 

 

Figure 3.4. Apparent Feature Height as Effected by Transfer Weight and Comb 
Polymer Solution Concentration.   

This research was followed up by a member of our research group, 

Heather Egolf-Fox, and has yielded many significant findings that are reported in a 

publication on which I am a co-author.130 The effects of comb polymer solution 
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concentration and transfer weight on feature height were confirmed to have statistical 

significance. Feature heights could be well controlled and samples could be patterned 

with feature heights as low as ~50 nm. In addition, tapping mode AFM performed in 

fluid found no significant difference in feature heights when compared to 

measurements taken in air. This is an important observation, as it is necessary to 

perform live neuron growth studies in a fluid medium. Preliminary neuron growth 

studies indicate that laminin/comb polymer patterned substrates with feature heights 

as low as ~90 nm effectively restrict neuron growth to within laminin lanes. Even at 

lower feature heights the neurons were unable to cross over the comb polymer into 

other lanes, indicating the comb polymer’s effectiveness as a chemical barrier. 

However, more neuron growth studies are necessary to see if the findings are 

reproducible before an answer to the “chemical vs. topographical” problem can be 

confirmed.  
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Chapter 4 

GENERATION OF GRADIENTS OF FIBRONECTIN ON PATTERNED 
SURFACES FOR NEURON GROWTH STUDIES 

4.1 Overview 

As mentioned previously in Chapter 1, a fundamental question about the 

interaction between neurons and underlying ligands is how neuron outgrowth is 

affected by ligand density. In order to answer this question, gradient samples were 

created with changing ligand density for neuron growth studies. This chapter focuses 

on generation and characterization of these gradient surfaces for future neuron growth 

studies.  

4.2 Introduction 

As early as 1928, Cajal suggested that axons were guided toward their 

destinations by attractive and repulsive chemical cues.131 Findings of several groups 

support Cajal’s theory, as neuron growth cones are found to sample the environment 

and turn in response to different guidance cues.132-137 Cell migration or growth in 

response to chemoattractive and chemorepellent cues is referred to as chemotaxis, and 

various studies have been performed to identify chemical cues and factors for their 

possible roles in chemotaxis. 132, 133, 138-151 

Cells do not merely respond to these chemical cues, but to changes in the 

concentration of these cues in the form of an increasing gradient.136, 147, 152-158 Cell 

movement and growth along a chemical gradient is referred to as haptotaxis,99, 154, 159 
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and evidence from RNA-tagging experiments has indicated that such chemical 

gradients are expressed in nature.140, 142  

Two competing theories exist on how neurons will respond to chemical 

gradient surfaces. One theory is that neurons will reach maximal growth rates at 

intermediate ligand density and decrease with further increases in ligand 

concentration.80 The decrease in growth rate is thought to be due to the overabundance 

of ligands on the surface, making it harder for the neuron growth cone to disengage 

from the bound ligands and continue growth.  A second theory suggests that the 

neuron is more adaptive to its environment. Preliminary neuron studies have shown 

that axonal extension on laminin substrates reached a maximum rate and seemed to 

plateau and maintain that rate, regardless of increases in laminin concentration.81 This 

theory argues that the neuron can sense changes in the environment and is able to 

regulate receptor expression accordingly. 

Studies suggest that several factors must be taken into account when 

creating gradient surfaces, such as the slope of the gradient 153, 160-163 and its 

wettability.164-167 Various methods of producing gradients have been developed 

including: microfluidic networks 138, 168-171, micro-pipetting/pumping of diffusible cues 
137, 143, 144, 153, 155, 156, 158, 172, 173, diffusion methods 161, 166, 174, cross diffusion of 

alkanethiols on gold surfaces 99, 175-180, corona discharge treatment 181, 182, under-

agarose method 183-185, shadow mask deposition techniques 97, 159, 163, 

electrochemically-derived gradients 186-188, and various others 147, 154, 189-198.  

Although the methods listed above are capable of producing gradient 

surfaces, most of the techniques are rather costly, time consuming, and complex. 

However, simpler methods for producing gradients do exist 193, 196. This thesis stands 
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to expand on the repertoire of simple and inexpensive methods for designing patterned 

gradients by studying FN density on a substrate as a function of incubation time. The 

method uses a motorized linear-motion device to vary the interplay of surface reaction 

kinetics and immersion time. 

4.3 Experimental 

Surfaces were first modified using GMBS crosslinker chemistry60 and 

prepared for FN incubation, as described in previous chapters. Gradients of fibronectin 

were generated on the substrate by changing the incubation time using a custom-built 

motorized linear-motion gradient device. For patterned gradient samples, a GMBS-

modified substrate was first patterned with an amphiphilic comb polymer followed by 

generation of the FN gradient. Patterned surfaces are necessary in order to control 

neuron growth and provide a more accurate measure of the gradient’s contribution. 

Surface preparations and modifications were characterized using contact angle, XPS, 

and TOF-SIMS. Additionally, XPS was also used for quantification purposes to 

ensure gradient formation. Preliminary neuron growth was examined using optical 

microscopy. 

4.3.1 Surface Modification Using GMBS Crosslinker Chemistry 

Surface modification procedures from our group’s prior research were 

followed when modifying the substrate with GMBS crosslinker chemistry52. Glass 

cover slips (rectangular, 11 × 22 mm) (Thomas®) were immersed in a Piranha 

solution (7:3: (v/v) H2SO4: H2O2) for 30 minutes. CAUTION: Piranha solution has 

highly acidic and oxidizing properties. Facemasks, full protective gloves, and a 

lab coat are recommended for proper safe handling. Surfaces were rinsed with 
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distilled water 3-5 times and underwent five 10-minute sessions of ultrasonic cleaning 

in 18 MΩ cm water (Bransonic® Ultrasonic Cleaner B2200R-1, Bransonic® 

Ultrasonics Corporation, Danbury, CT). The surfaces were then covered with 

aluminum foil and dried on a hotplate at 140°C for 1 hour. 

These clean glass surfaces were transferred into a glove bag under an inert 

atmosphere (N2) and placed in a 2% solution of 3-Mercaptopropyltrimethoxysilane 

(MTS) (Gelest) for a period of 2 hours. The “thiolated substrates” were removed from 

the MTS solution, rinsed in dry toluene, and allowed to air dry. 

N-δ-maleimidobutyryloxy succinimide ester (GMBS) (Aldrich) was 

dissolved in a minimum amount of dimethylformamide (DMF) (Aldrich) and diluted 

with absolute ethanol (VWR Scientific) to a final concentration of 2 mM. The MTS-

treated substrates were then placed in the GMBS solution for 1 hour, and then washed 

with absolute ethanol three times. 

4.3.2 Generation of Fibronectin Gradients on Unpatterned Samples 

Fibronectin (FN) was obtained from Calbiochem and diluted using 

phosphate-buffered saline (PBS) to a 50 µg/ml solution. The FN solution was warmed 

to 37°C prior to use, and transferred to a custom-built multiwell glass dipping 

container consisting of several low-volume chambers to minimize the volume of 

expensive protein or peptide solution required. GMBS-modified substrates were 

placed in a custom-built sample holder of a custom-built motorized linear-motion 

device and dipped into the FN solution at a defined rate (See Figure 4.1).  
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Figure 4.1 Schematic diagram of custom-built motorized linear-motion gradient 
device. 

As shown in Figure 4.1, this device consisted of a motor (Company, 

model number, city, etc.) powered by a variable source of AC voltage (Variac, model 

number, etc.), turning a small gear.  The small gear was in turn connected to a large 

gear, by means of a rubber band, in a diameter ratio of 5.7 to 1.0.  The large gear on 

the sample side of the apparatus was directly connected to a drive thread having 80 

threads per inch, or 317.5 microns per turn.  Thus, by adjusting the rotational rate of 

the motor to approximately 1 rotation per minute, it was possible to achieve a linear 

drive rate of approximately 5.3 microns per second, resulting in the reactive GMBS 

surface being increasingly submerged at this rate.  Because the reaction kinetics of a 

solution of a given concentration of FN protein with a reactive GMBS surface are 

known127, one can easily calculate the resulting local concentration of FN as a 
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function of distance along the immersion direction.  Such a situation is depicted 

schematically in the red curve of Figure 4.2, resulting in a continuous concentration 

gradient. 

 

Figure 4.2 Generation of continuous and step gradient profile surfaces. 

 Alternatively, the blue curve of Figure 4.2 depicts the type of 

immersion program employed in the present studies.  The sample was rapidly 

immersed to a known, constant depth for a fixed time, the hold time, then advanced to 

the next depth for the same hold time, and so on.  It was hypothesized that since the 

motion to the next depth occurs on a time scale that is two orders of magnitude shorter 
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than the duration of the hold time, a step-like local concentration profile of FN existed 

on the surface.  The schematic diagram of Figure 4.2 (blue curve) depicts eight 1-mm-

wide stripes of constant local FN concentration.  Although the relative position 

resolution of the gradient apparatus is a few microns, and although the relative 

position resolution of the analytical techniques is approximately one micron (XPS and 

TOF-SIMS) or one nanometer (AFM), the ability to locate an absolute position is a 

few tens of microns at present.  Therefore, we opted to create relatively wide stripes (1 

mm) of constant local FN concentration initially. The step-size of our custom-built 

gradient device was on the order of several microns.   

Gradients were produced by immersing the pre-coated surfaces into the 

FN solution to a defined distance and stopping to allow the submersed portion to 

incubate for a certain length of time. The sample was then lowered further and the 

process repeated. This procedure was done several times to produce samples with 

incubation times ranging from 5-120 minutes. Gradient samples were then rinsed 3 

times with PBS buffer, 3 times with distilled water and allowed to air dry. In addition 

to creating gradients using short incubation intervals (e.g. 10-minute intervals), longer 

incubation intervals were also used (e.g. 30-minute intervals) in order to test results 

from previous studies indicating neuron growth is affected by a gradient’s slope. 153, 

160-163 

4.3.3 Generation of Patterned Gradient Samples 

In addition to creating FN gradients on unpatterned GMBS surfaces, 

patterned gradient surfaces were also created. GMBS-modified substrates were first 

patterned with an amphiphilic comb polymer using the micro-contact printing (µCP) 

technique discussed in Chapter 3. An elastomeric PDMS stamp was first spin-coated 
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with 150 µL of a 100-mg/ml solution of comb polymer. The stamp was then brought 

into conformal contact with the GMBS-modified surface to transfer the pattern. 

Patterning of the substrates resulted in alternating lanes of comb polymer (40 microns 

wide) and GMBS (40 microns wide). Patterned surfaces were annealed in a vacuum 

oven at 60°C for 24 hours and then immersed in deionized water for 2 hours to 

enhance the comb polymer’s protein resistivity. The orientation of the printed pattern 

relative to the immersion axis can be varied to produce different types of gradients, as 

depicted in Figure 4.3.   

 

Figure 4.3 Orientation of the printed pattern relative to the immersion axis, 
resulting in a) vertical, and b) horizontal gradients of fibronectin. 
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When the axis of immersion is parallel to the axis of the stripes, as in 

Figure 4.3.A, a series of stripes, each separated by a comb-polymer stripe and each 

with the same FN gradient in the vertical direction is produced.  When the axis of 

immersion is perpendicular to the axis of the stripes, as in Figure 4.3.B, a series of 

stripes, each separated by a comb-polymer stripe and each with a different but 

constant local FN concentration is produced. 

4.3.4 Contact angle measurement  

Videomicroscope images of sessile drops were obtained using a contact 

angle instrument (FTA125, First Ten Ångstroms, Portsmouth, VA) with an RS170 

camera. Sessile drop images were obtained through movie capture in order to maintain 

consistency in contact angle determination. In these experiments, contact angle was 

defined as the first image in which the drop stabilizes after detachment from the 

syringe. Contact angle measurements were calculated using FTA32 v2.0 software. The 

liquid used in these contact angle measurements was deionized water obtained through 

Milli-Q filtration with a measured resistivity of 18 MΩ cm. All reported contact 

angles are the averaged result of 5 replicate measurements made at different locations 

on 20 different samples, with errors reported as one standard deviation. 

4.3.6 TOF-SIMS 

Static TOF-SIMS spectra and images were performed on an instrument 

(TOF-SIMS IV, ION-TOF, M.unster, Germany) using a 25-keV monoisotopic 69Ga+ 

primary ion beam generated by a Ga+
 ion gun. High mass resolution (m/∆m=10,000) 

was obtained using ‘‘bunched mode’’ of the TOF-SIMS instrument. The typical target 

current of the primary Ga+
 beam in bunched mode was ~1 pA, with a prebunched 
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pulse width of 25 ns. Following bunching, the arrival pulse width, as judged by the 

FWHM of the H+
 peak, was typically 700 ps. For nonimaging spectral acquisition, the 

raster area of the Ga+
 ion gun was 500 x 500 µm2, and the raster resolution was 128 x 

128 pixels. For imaging applications, the raster area was reduced to 384 x  384 µm2, in 

order to attempt to match the pixel size with the Ga+
 ion beam spot size (i.e., the Ga+

 

ion beam spot size was adjusted to be approximately 384 ÷ 128 ≈ 3 µm). Low-energy 

electrons (~20 eV) were supplied by a pulsed electron flood gun for charge 

compensation of the insulating samples. All primary Ga+
 ion fluences were below the 

threshold (1 x 1013
  ions cm-2) for static SIMS. 

4.3.5 XPS  

XPS analysis was performed on an ESCALab 250i-XL electron 

spectrometer (VG Scientific, UK) with a monochromatic A1 Kα(1486.6 eV) X-ray 

source. Survey spectra and high-resolution spectra were obtained using pass energies 

of 100 and 20 eV, respectively. An average of 20 to 25 scans were collected for each 

high-resolution spectrum presented. The charging of the sample was compensated by 

use of a low-energy electron flood gun, typically operated at 6.0 eV and ~170 nA cm-2
 

sample flux. All peaks were shifted accordingly by the amount required for the 

methylene component of the C1 s peak to be centered at 284.6 eV, as is customary, 

and all spectra were presented and analyzed with a Shirley-type background removed. 

Peak fitting and quantification were performed with both VG Eclipse v3.1 software 

(VG Scientific, UK) and CasaXPS v2.2.24 software(Casa Software Ltd., UK). 
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4.3.7 Neuron plating 

Individual dorsal root ganglia (DRG) were removed from the spinal 

column of P1 Sprague-Dawley rats and the nerve roots were stripped.  The ganglia 

were digested first with 0.25% collagenase for 20 minutes and then 0.025% trypsin-

EDTA for 3 minutes.  After each digest the tissue was titurated and centrifuged for 5 

minutes at 1,000 rpm.  The cells were then plated onto the patterned gradient surface.  

2 mL of cell culture medium was added to each dish to support the neuron growth.  

The cell culture medium was composed with DMEM-F12 medium supplemented by 

1% N2-Supplement, 0.1% ARAC, 10 ng/mL nerve growth factor, and 0.5% P/S 

(Penicillin/Streptomycin).  The samples were incubated at 37ºC with 5.0% CO2.   

Cell growth was observed with a Nikon Eclipse TE2000-S Inverted 

Microscope equipped with a Roper Scientific Photometrics Camera, and images were 

analyzed using Image Pro Express 4.0 Software.   

4.4 Results and Discussion 

For this study, XPS and TOF-SIMS analysis were mainly used on 

characterization of FN gradients on the unpatterned and patterned surfaces, skipping 

over characterization of the GMBS crosslinker chemistry. Previous research52 in our 

group has already characterized each step of the GMBS scheme by using XPS, contact 

angle, and TOF-SIMS analysis and shown this chemistry protocol to be highly 

reproducible. However for each preparation, in order to verify that the GMBS 

chemistry was attached to the substrates prior to patterning and FN incubation, contact 

angle measurements were used as a quick check method. 
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4.4.1 Contact angle measurements of the GMBS crosslinker chemistry 

Contact angles were used in order to ensure the GMBS crosslinkers were 

attached properly to the surfaces prior to FN incubation. Contact angles were repeated 

several times for each sample and are summarized in Table 1. After cleansing in 

Piranha solution, the glass surfaces exhibited a contact angle of 13.9 ± 1.3°. After 2 

hours of immersion in the MTS solution, the surfaces exhibited a contact angle of 59.7 

± 1.6°. Finally, the contact angle measured following 1 hour of immersion in a GMBS 

solution was 50.8 ± 1.4°. These results were nearly identical to those in our previous 

research52, and interpreted as successful modification of the surfaces for use in 

subsequent steps before FN incubation. 

Table 4.1. Contact angle measurement comparison for each step of the GMBS 
Crosslinker Chemistry 

Surface modification Measured contact angle (°) 
Piranha-cleaned glass 13.10 ± 1.2 

After reaction with MTS 60.82 ± 1.4 
After reaction with GMBS 50.93 ± 1.6 

 

4.4.2 TOF-SIMS Characterization of Unpatterned and Patterned FN Gradients 

TOF-SIMS analysis was used as a complementary method to XPS for 

verification of the attachment of FN to the substrates. The positive-ion spectrum of an 

unpattnered FN-gradient surface is presented in Figure 4.4. FN attachment was 

verified by the presence of peptide bond (O=C—N) and amino acid residue peaks 

[such as the immonium ion, [H2N=CH-R]+, m/z= (29+R)] present in the spectrum. 

In addition, TOF-SIMS imaging was used to verify successfully patterned 

gradients. In doing so, the imaging helped discover an inherent flaw in the methods 
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used to produce a FN gradient (See Figure 4.5). In this study, GMBS/comb polymer 

surfaces were first immersed in water for 2 hours to allow the vacuum annealed comb 

polymer to rehydrate/reorient to repair its protein resistive properties.127  

 

Figure 4.4 Positive-ion TOF-SIMS survey spectrum for a GMBS +FN modified 
gradient. Several amino acids are indicated by the labeled 
fragments, including: Amino acids Glycine (G), Serine (S), Proline 
(P), Valine (V), Tryptophan (W), Phenylalanine (F), Tyrosine (Y), 
Histidine (H), Glutamic acid (E), and Lysine (K). 
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Then samples were mounted onto the sample holder and slowly dipped 

into the FN solution at defined speeds and intervals in order to create a gradient. As 

the incubation interval between sections of the gradient was increased, the remaining 

portion of the substrates remained in air longer, allowing the comb polymer to reorient 

to its original form.  

 

Figure 4.5 TOF-SIMS imaging of gradient substrates incubated in a solution of 
FN for a total of a) 15 minutes, and b) 120 minutes. 
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As a result, comb polymer exposed to the air for too long was allowed to 

dry out and ineffective in resisting protein adsorption and the FN was able to adhere to 

both GMBS and comb polymer lanes alike. 

4.4.3 XPS Characterization of Unpatterned and Patterned FN Gradients 

XPS was used to characterize and quantify the production of a FN 

gradient on both unpatterned and patterned samples. A comparison of XPS survey 

spectra from gradient substrates created in 15 minutes and 120 minutes of total 

incubation is shown in Figure 4.6. The existence of nitrogen on the surface in both 

spectra were suggestive of successful attachment of FN to the surface 

Additionally, high-resolution XPS spectra of the C1s region are shown in 

Figure 4.7(a), (b) for both samples. As seen in Figure 4.7, while the –CH2- decreased 

from 52.626% to 38.658%, the peak indicative of the peptide bond (O=C-N) 

experiences a rise in percentage from 8.854% to 19.268% as total incubation time in 

FN solution is increased from 15 minutes to 120 minutes. Both XPS high-resolution 

and survey spectra of the gradient substrates indicated that the FN surface 

concentration increased as incubation time increased. 

In order to quantify the gradient more carefully, protein surface coverage 

was examined at different incubation times and analyzed using XPS. The ratio of 

atomic percentage of nitrogen to atomic percentage of oxygen was used here to 

represent relative protein coverage on the surfaces. This ratio was plotted as a function 

of incubation time (See Figure 4.8). In the unpatterned substrates, the surface 

concentration was found to steadily increase from 0-70 minutes of incubation time, 

after which the surface coverage seemed to plateau (See Figure 4.8a). Shown in Figure 

4.8b, the surface concentration of FN follows a similar trend in the patterned samples.  
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However, patterned FN gradients showed continued increase in FN 

surface concentration. This is thought to occur as a result of two factors: 1) Patterning 

prior to FN incubation results in a decrease in overall percentage of nitrogen, as 

expected due to the partial surface coverage of comb polymer. 2) As discussed in the 

previous section with TOF-SIMS results, dipped samples contain an inherent flaw that 

allowed the comb polymer to return to its original form, becoming less effective at 

resisting protein adsorption. As a result, the continued increase in FN surface 

concentration of the patterned substrates after 70 minutes is thought to be due to FN 

continuing to adsorb on top of the comb polymer. 

4.4.4 Preliminary Neuron Growth Studies 

Due to time constraints, only preliminary neuron growth was studied on 

the patterned gradient surfaces. Due to the inherent flaw in the methodology of 

producing the gradient mentioned previously, FN was not restricted to within GMBS 

lanes but was also spread across the comb polymer. As a result, in some cases neurons 

were found to grow unrestricted in the lanes, growing on and across the comb polymer 

on most surfaces, as seen in Figure 4.9. Therefore, neuron growth measurements were 

not performed, as it is necessary to restrict the gradient to within lanes before accurate 

measurements can be taken. 

4.5 Conclusions/Future Studies 

Overall, the present study indicates that a fibronectin gradient can be 

successfully established on a GMBS-modified substrate by simply controlling the 

incubation time. This is a very simple and relatively inexpensive way of creating 

gradients compared to other methods used in the field.  
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Figure 4.6 XPS survey spectra of a GMBS-modified substrate incubated in a FN 
solution for a total of a) 15 mins, and b) 120 mins. 
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Figure 4.7 XPS high-resolution spectra of the C1s region of GMBS-modified 
substrates incubated in FN solution for a total of a) 15 mins, and b) 
120 mins. 
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Figure 4.8 Fibronectin surface coverage on: a) a control substrate, and b) a 
patterned substrate as a function of FN incubation time. 
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Figure 4.9 Brightfield image of a neuron growing on and across a comb polymer 
lane. 

However, during the study several problems were observed involving the 

methodology. These problems must be resolved and controlled in order to proceed 

using this method for future gradient studies. While unpatterned gradients were made 

successfully, complications arose in the production of patterned FN gradients. In order 

to limit FN interactions with contaminants in the air, the gradients were made by 

dipping the substrates into the FN solution. While acceptable for creating patterned 

gradients with short incubation times and intervals, this method was ineffective in 

producing gradients with longer FN incubation intervals. By dipping the substrates 

over a length of time, the comb polymer on most parts of the surface will have dried 

out and reverted to its original form, reducing its effectiveness in resisting protein 

adsorption. 

A more effective way to create these gradients in the future would be to 

do the reverse by pulling the samples out of the FN solution rather than dipping. By 

doing so, the comb polymer remains in solution for the majority of the experiment, 

and the portion of the sample exposed to air would already have FN adsorbed to 

 71



within the GMBS lanes. These “pull-out” experiments would have to be performed in 

a more carefully contained environment, by controlling factors such as temperature 

and humidity, in order to prevent the FN from reacting with any contaminants in the 

air.  

Future success in creating patterned gradients by using this “pull-out” 

method would lead to further neuron growth studies on these gradient substrates. Only 

after the FN gradient is constrained to within GMBS lanes will we be able to 

accurately study its effects on neuron growth. Additionally, the comb polymer feature 

heights in the patterned gradient samples used in this study were not controlled, 

resulting in substrates with feature heights ranging from 600-800 nm. Once gradients 

can be created within the GMBS lanes, it would be beneficial to decrease the comb 

polymer feature heights to the height of the neuron growth cone. As mentioned in 

Chapter 3, comb polymer feature heights as low as ~90 nm were successful in limiting 

neuron growth to within lanes of laminin. However, it would be interesting to see how 

the combined effects of low feature heights and an increasing gradient would affect 

neuron growth.  
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