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Nature’s first green is gold, 
Her hardest hue to hold. 
 
Her early leaf’s a flower; 
But only so an hour. 
 
Then leaf subsides to leaf. 
So Eden sank to grief, 
 
So dawn goes down to day. 
Nothing gold can stay. 

 
              Robert Frost
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ABSTRACT OF THE THESIS 

 

 

Augmentation of Alignment and Differentiation  
in  

C2C12 Skeletal Myoblasts through Use of Nano-to-Microscale Biochemical Patterns 
 

by 
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Master of Science in Bioengineering 
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Professor Karen L. Christman, Chair 

 

Interactions between cell surfaces and the extracellular matrix have been shown in 

previous studies to play an essential role in cell mobility, adhesion, proliferation, 

differentiation, polarity, and apoptosis.  Mimicking this extracellular microenvironment 

with nanoscale patterns is an approach in which we can manipulate cellular responses at a 

xiv 



 

molecular level for use in future tissue engineering applications or in vitro models.  The 

use of electron beam lithography was explored in this study to create micron and 

submicron protein patterns in an attempt to imitate the extracellular microenvironment as 

a cell might sense in an in vivo setting.  Submicron patterns of 250 nm and 500 nm 

widths with 250 nm and 500 nm spacings respectively were successfully generated out of 

10k molecular weight polyethylene glycol.  The study examined the effects these 

submicron patterns exhibited over the alignment and differentiation of C2C12 skeletal 

myoblasts.  5 µm patterns showed an apparent effect on both C2C12 alignment and early 

differentiation compared to the unpatterned substrate.  Furthermore, the study found that 

250 nm patterns were significantly more effective in directing myotube alignment 

compared to unpatterned and 500 nm patterned substrates.  The 500 nm patterns were 

found to have the least noticeable effects on C2C12 alignment and differentiation.  The 

study has shown that C2C12 myotube alignment can be guided by a variety of pattern 

dimensions with varying degrees of success.  The results also suggest that existence of 

focal adhesions of sizes 250 nm or less may be responsible for aiding the alignment of 

myotubes along the patterns. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 The Cell and the Microenvironment 

The alignment of cells in tissue is unique to its function.  Epithelial cells can 

organize into supracellular structures in the form of planar sheets.  Other cells such as 

cells in muscle or connective tissue can form into cylindrical tubes to enhance contractile 

strength or exhibit different unique biomechanical properties.   

Tissue functionality and structural characteristics are also dependent on the 

properties of the individual cells.  For example, skeletal muscle cells are cylindrical cells 

that can develop as large as 3 cm long and 100 µm diameter in adult humans. (Alberts, 

Johnson et al. 2002)  These cells are formed through fusion of precursor muscle cells 

called myoblasts into parallel bundles of multinucleated myotubes. (Wigmore and 

Dunglison 1998; Alberts, Johnson et al. 2002)  As myoblasts fuse and differentiate into 

myotubes, the cells show increased gene expression of proteins actin, myosin, 

tropomyosin, troponin, creatine phosphokinase, acetylcholine receptors. (Alberts, 

Johnson et al. 2002)  Other cells are also responsible for myoblast differentiation.  

Fibroblasts are known to be highly involved in the alignment and orientation of the 

myotubes.  The scaffold created by the fibroblasts help guide the development of the 

muscle cells.  Attachment to this scaffold, an extracellular matrix, is a crucial source of 

control for myoblast orientation and differentiation.  In regards to alignment of myoblast 

and myotubes in vivo, studies have shown that myoblasts can sense and align to collagen 

fibrils. (Dunn and Ebendal 1978; Warren 1981)   
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Extracellular matrices (ECM) are a structural entity that is heavily involved with 

the growth, development, and organization of individual cells into biological tissue.  The 

chemical composition and physical characteristics of the ECM are specific to the type of 

tissue it is located in.  It has been shown that cells are sensitive to physical and chemical 

signals in the extracellular environment down to the nanometer scale; even as small as 5 

nm. (Hynes 1992; Curtis and Wilkinson 2001) 

Integrins are integral membrane proteins that transmit information between the 

ECM and the filaments in the cytoskeleton.  Integrins are heterodimeric transmembrane 

proteins that bind the cell to the ECM.  These proteins have an external footprint of 12-15 

nm while the focal adhesions, comprised of multiple integrins, can range from 100 nm to 

1 μm. (Hynes 1992)  The cytoskeleton is linked by proteins such as talin to integrins 

which then transmits chemical and biochemical information across the membrane.  The 

clusters of proteins can consist of over 100 unique proteins to form focal adhesions. 

(Zamir and Geiger 2001)   

Actin cytoskeleton and microtubules form around focal adhesions. (Kaverina, 

Rottner et al. 1998; Krylyshkina, Anderson et al. 2003)  The signal transduction in and 

out of the cell ultimately plays a role in facilitating cell mobility, proliferation, 

differentiation, and apoptosis. (Alberts, Johnson et al. 2002; Calderwood 2004)  The 

significance of transmembrane signal transduction and the cytoskeleton has been 

previously shown that without microtubules to facilitate the signal transduction to the 

actin cytoskeleton, cells begin to lose shape and polarity. (Vasiliev 1985; Geiger and 

Bershadsky 2001; Wittmann and Waterman-Storer 2001)  Integrins have also been 
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proven to play key roles in angiogenesis, tumor cell metastasis, and cardiac fuction. 

(Hynes 1992; Woodside, Liu et al. 2001; Liddington and Ginsberg 2002) 

 

1.2 The Cell and Nanopatterns 

1.2.1 Introduction to Nanopatterning 

Recent efforts in tissue engineering have explored the manipulation of nanoscale 

topographic and biochemical cues to guide cell behavior.  Results from these efforts can 

then be used to direct cell differentiation for tissue engineering or in vitro models.  

Researchers have been attempting to design biomimetic environments for tissue 

engineering by imitating aspects of the ECM.   Regulated nanotopography can induce 

mechanotransduction which then initiates a cascade of changes within the cytoskeleton. 

(Dalby, Riehle et al. 2004)  Biochemical signals are known to trigger intracellular 

responses when bound to specific receptors presented outside the cell.  Chemical and 

physical nanopatterns can also provide a framework for cell orientation and adhesion.  

Investigating cell behavior on substrates with nanopatterned proteins and topographies 

can lead to a deeper understanding of cell sensing, migration, adhesion, proliferation, and 

differentiating mechanics.  We hypothesize that nanoscale biochemical patterns can 

influence the alignment and differentiation of skeletal myoblasts into myotubes by 

interfacing with and organizing focal adhesions on the surface of the cell.  The following 

text delves into current studies investigating cellular responses to a variety of controlled 

topographical and biochemical cues using an assortment of nanoscale fabrication 

methods. 
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1.2.2 Colloidal Lithography 

Colloidal lithography is a technique using micro- or nanoparticles, which self-

assemble into a monolayer on surfaces.  Typically, this colloidal monolayer has been 

used as an etch mask to develop nanotopographies.  Dalby et al. first created 

topographical arrangements referred to as nano-columns using this technique. (Dalby, 

Berry et al. 2004; Dalby, Riehle et al. 2004)  The poly(methyl methacrylate) (PMMA) 

columns, 100 nm in diameter, 160 nm in height, and roughly 230 nm apart, were formed 

by using different angles of argon ion bombardment to etch the surface of the colloidal 

mask. The group observed smaller, rounder human fibroblast cells on the nano-column 

surface when compared with planar control surfaces.  They also saw less stress fibers 

developing within the cells cultured on the nano-columns.  The rounder external 

appearance of these cells and decrease in stress fibers was likely indicative of decreased 

cell attachment.  There was, however, increased filopodia activity from cells on the nano-

column.  A similar technique was also used by Dalby et al. to produce nanotopographical 

columnar structures of 144±11 nm diameter, 10±1 nm height, and 184±24 nm pitch out 

of PMMA. (Dalby, McCloy et al. 2006)  While the XY dimensions were similar to their 

previous study, this shorter height had a greater influence on cell adhesion, as well as 

differentiation.  The nanostructured surface influenced human bone marrow cells to 

extend filopodia and increased cell spreading by 300% compared to the planar control.  

Additionally, these cells also showed an increase in expression of actin, tubulin, vimentin, 

and vinculin.  Osteocalcin and osteopontin production was also elevated in the bone 

marrow cells seeded on the nanotopographical structures indicating potential osteoblast 

activity. Andersson et al. fabricated hemispherical pillars on titanium and noticed a 
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decrease in IL-6 and IL-8 production from cells on the nanotopographical surface. 

(Andersson, Backhed et al. 2003)   Miura and Fujimoto were able to use the Langmuir-

Blodgett technique to create a colloidal monolayer of spherical 527 nm diameter 

poly(styrene-co-acrylamide) nanoparticles. (Miura and Fujimoto 2006)  The cells were 

grown on this monolayer of spherical nanoparticles instead of etching away to create 

nanotopographies.  They seeded human umbilical vein endothelial cells (HUVEC) onto 

the patterned substrates, and observed pseudopods and elongated cells over the surface, 

which appeared to orient along the direction of the gaps between the particles.   Although 

the cells were able to proliferate, the proliferation was higher in cells cultured on a tissue 

culture polystyrene dish. Lenhert et al. also used the Langmuir-Blodgett technique to 

create regularly spaced grooves of different depths, either 50 nm or 150 nm spaced 500 

nm apart. (Lenhert, Meier et al. 2005)  Then these nanotopographies were nanoimprinted 

onto a polystyrene surface.  Calf primary osteoblasts were cultured on the surfaces, and 

subsequently aligned parallel to the grooves.  Cells that were cultured on the 150 nm 

grooved surfaces showed greater alignment. 

 

1.2.3 Block Copolymer Micelle Lithography 

Other self assembly methods such as block copolymer micelle nanolithography 

have been used to pattern soft polymer surfaces.  This techniques relies on the self-

assembly of block copolymers, which form a close-packed hexagonal template.  Using 

block copolymer micelle nanolithography, gold nanoparticles ranging from 2-15 nm in 

diameter were patterned hexagonally onto glass. (Graeter, Huang et al. 2007)  The gold 

nanoparticles were then functionalized with linker molecules (specific to the desired final 
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polymer substrate) and the surface of the glass was coated with the polymer substrate.  

The linker molecules connect the gold nanoparticles to the polymer and transfer the 

nanoparticles from glass to polymer.  The distance between particles can range from 15 

to 200 nm depending on the molecular weight of the diblock copolymer. This novel 

fabrication method allows the flexibility to choose a variety of polymers (polystyrene, 

poly(dimethylsiloxane) (PDMS), and poly(ethylene glycol) hydrogels of varying 

molecular weights) to pattern with nanoparticles.  The gold nanoparticles can also be 

functionalized with specific peptides.  Cell adhesion tests consisted of culturing 3T3 

fibroblasts onto a pattern of 2-15 nm diameter gold nanoparticles, spaced 40 nm apart, 

functionalized with cyclo-(RGDfK) peptides patterned onto a PEG hydrogel.  The cells 

were unable to survive or spread on the non-functionalized pattern or unpatterned PEG 

substrates.  The functionalized nanopatterns exhibited a significant effect on increasing 

cell attachment and spreading.  In addition, Graeter et al. adapted this technique to 

pattern non-planar surfaces in the form of channels. (Graeter, Huang et al. 2007)   

Hexagonal arrays of RGD functionalized gold nanoparticles were positioned as close as 

28 nm apart.  REF 52 fibroblast cells cultured on patterns with 58 nm and 108 nm 

spacing showed increased focal adhesion protein expression on the 58 nm pattern.   

Cavalcanti-Adam et al. speculated that the increased cell spreading observed on the 58 

nm arrays was probably due to the higher density of RGD peptides present. (Cavalcanti-

Adam, Micoulet et al. 2006; Cavalcanti-Adam, Volberg et al. 2007)  Each c(RGDfK)-

thiol functionalized nanoparticle was 8 nm in diameter which is just wide enough for a 

single integrin to bind to.  Arnold et al. was able to illustrate the importance that RGD 

spacing played in integrin binding as MC3T3 osteoblasts, REF52 fibroblasts, 3T3 
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fibroblasts, and B16 melanocytes showed strong adhesion to the RGD functionalized 28 

and 58 nm spaced patterns.  Focal adhesion points and organized actin fibers were 

observed in cells associated with the 28 and 58 nm arrays.  The cells did not adhere or 

spread well on functionalized arrays that were spaced farther apart than 58 nm and on 

non-functionalized patterns. (Arnold, Cavalcanti-Adam et al. 2004)   Hirschfeld-

Warneken et. al were able to demonstrate that molecular gradients of cyclic RGDfK 

peptide functionalized on gold dots will affect cell adhesion and polarization of Mc3t3 

osteoblasts.  The gold particles formed a hexagonal pattern with 20 – 300 nm spacing that 

was then functionalized by the RGDfK peptide. (Hirschfeld-Warneken, Arnold et al. 

2008)  Diblock copolymers have been utilized in alternative methods to generate 

nanotopographical substrates.  Khor et al. dipped mica into a solution composed of 

diblock copolymers of polystyrene-block-polyvinylpyridine dissolved in chloroform to 

form dot-like as well as distinct worm-like nanopatterns. (Khor, Kuan et al. 2007)  The 

dot-like patterns were 6 nm tall, 200 nm wide, and 290 nm apart.  The worm-like 

structures were 3.2 nm tall and 160 nm wide.  They used fibroblasts and mesenchymal 

precursor cells to investigate the impact these patterns had on cell behavior.  Fibroblast 

cells attached and proliferated faster on worm-like patterns; whereas cells cultured on the 

dot-like patterns showed less adhesion and proliferation than on the plain mica and 

worm-like patterns.  Furthermore, the study reported that the mesenchymal precursor 

cells exhibited thicker, more organized actin bundles on the worm-like patterns.  The 

mesenchymal precursor cells on the worm-like structures modified their ECM and left 

thick layers of proteins while cells cultured on dot-like patterns did not make significant 

modifications to the substrate surface. 
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1.2.4 Laser irradiation 

Polarized lasers with low wavelengths have the potential of generating nanoscale 

structures that traditional photolithography methods are unable to create.  Zhu et al. used 

a 266 nm polarized pulse laser to generate nanogrooves in polystyrene surfaces. (Zhu, Lu 

et al. 2005)  The nanogrooves were saw-like in shape with the peaks spaced 300 nm apart 

and 60-70 nm tall.  Rabbit bone marrow cells cultured on the nanogrooves orientated in 

the direction of the grooves and showed more elongation than the unpatterned control.  

Cells on the nanogrooves also reached confluency more rapidly and attained higher cell 

densities.  It was apparent that the actin fibers and collagen matrix that formed aligned 

with the nanogrooves.  Zhu et al. also reported through another study that C6 glioma cells 

were able to align to the nanogrooves  on a polystyrene surface. (Zhu, Zhang et al. 2004)  

The nanogrooves were 210 nm apart and 30-40 nm deep. Ball et al. used a phase mask 

with laser exposure to create an interference pattern in silica. (Ball, Prendergast et al. 

2007)  This resulted in ablation in fused silica consisting of nanogrooves 630 nm apart 

and 320 nm deep.  SaOs-2 osteoblast-like cells were found to show more elongation on 

the nanogroove substrates.  Actin fibers within the osteoblast-like cells showed less 

branching as cells became more polarized and elongated on patterned surfaces. Rebollar 

et al. used laser irradiation for creating periodic surface structures on polystyrene foils. 

(Rebollar, Frischauf et al. 2008)  The structures were 30 – 100 nm deep and spaced 200 – 

430 nm apart.  HEK-293 cells, Chinese hamster ovary (CHO-K1) cells and skeletal 

myoblasts elongated along the direction of the structures but only when the periodicity 

was above a critical value that is cell-type specific.  For the HEK-293 cells, no alignment 

was seen at 200 nm, and half of the cells were aligned at 270 nm.  Cell alignment was 
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seen at periodicities of 340 and 430 nm after 24 hours, but after 48 hours, the cells were 

confluent and alignment was no longer observed.  With CHO-K1 cells, alignment was 

seen at 6 hours at 340 and 430 nm, but weakly aligned at 270 nm.  The rat skeletal 

myoblasts only demonstrated alignment at 430 nm, but human skeletal myoblasts aligned 

at 270, 340 and 430 nm for at least 4 days.  

Unique nanostructures referred to as nano-posts and nano-grates have been 

constructed using a combination of laser interference lithography and deep reactive ion 

etching.  The topography of these patterns possess sharp needle- and blade-like tips.  The 

dimensions and organization of these structures are easily controllable by adjusting 

exposure intensities and angles.  Choi et al. and Haydarkhan-Hagvall et al. made nano-

post and -grate nanostructures of 50-100 nm, 200-300 nm, and 500-600 nm in height 

while maintaining a distance of 230 nm between the structures. (Choi, Hagvall et al. 2007; 

Heydarkhan-Hagvall, Choi et al. 2007)  Human foreskin fibroblasts showed elongation 

and orientation to the axis of the nanopatterns.  Within the cells, F-actin fibers also 

aligned in the direction of the nano-grate structures.  The elongation of the cells appeared 

to be influenced by the aspect ratio of the nanostructures as the cells seeded on patterns 

with 500-600 nm arrangements showed less adhesion. The use of laser irradiation has 

also been applied to biochemical patterns.  Multiphoton excitation was used to fabricate 

patterns of bovine serum albumin, fibrinogen, and fibronectin. (Pins, Bush et al. 2006)  

The crosslinked proteins were arranged in lines of 600 nm width and spaced 10 um and 

40 um apart.  Human dermal fibroblasts were observed to spread across these 

biochemical patterns. 
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1.2.5 Stamping 

Nanoimprint and nanocontact lithography are methods employing stamps to 

transfer topographical or chemical information onto substrates.  Nanoimprint lithography 

involves using a mold to press the desired pattern into a polymer heated above its glass 

transition temperature.  Eliason et al. combined the use of microimprint and nanoimprint 

lithography to produce polycarbonate nanoscale topographies on top of microscale 

patterns. (Eliason, Charest et al. 2007)  Through multiple hot embossing steps, larger 

microscale grooves of either 2 or 10 μm wide were patterned with parallel or 

perpendicular 50 nm nanogrooves.  MC3T3-E1 osteoblast-like cells seeded on parallel 

nanogrooves did not show a significant difference in orientation to cells on only 

microgrooves; however, the perpendicular nanogrooves decreased the number of cells 

aligned to the larger microgrooves by half.  They also observed filipodia extending out 

from the cells along the perpendicular nanogrooves which they speculated lead to the 

decrease in cell alignment.  

Nanoimprint lithography offers flexibility in the dimensions of topographical 

grooves and pillars.  Nanogroove patterns were created ranging from 100 to 400 nm 

width and 200 to 2000 nm pitch in PMMA. (Johansson, Carlberg et al. 2006)  Contrary to 

most other cell behavior, the axons of mouse sensory ganglia preferred growing on the 

ridges rather than the gaps or grooves between the ridges.  The distance between ridges 

did not appear to matter but wider ridges allowed more axons to spread on the ridge.  

Kim et al. used holographic lithography to create a pattern of nanopits as a master stamp, 

and then used nanoimprint lithography to make replicas of the stamp. (Kim, Lee et al. 

2008)  Holographic lithography uses interference patterns between light waves to create 
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consistent groove-like patterns without any masks.  The width of the pattern was 200 nm 

and spaced 700 nm apart.  Human osteoblasts were cultured over the surface, and 

extended filopodia and lamellipodium over the pattern.  Another group, Hu et al. 

produced patterns of ridges and grooves as small as 100 nm width and 200 nm height 

using nanoimprinting on polystyrene. (Hu, Yim et al. 2005)  Patterns with 350 nm half-

pitch ridges were shown to be more effective than 10 μm ridges in terms of cell 

alignment and elongation.  Bovine pulmonary artery smooth muscle cells seeded on the 

nanoscale pattern showed 92% alignment as opposed to 37% for the microscale pattern.  

Evidence suggested that deeper ridges of 800 nm lead to increased alignment of the cells. 

Martinez et al. studied the cell behavior of MG63 osteosarcoma cells on two distinct 

PMMA patterns: grooves that were 200 nm wide, 200 nm deep, and 200 nm apart; and 

nanopillars that were 300 nm wide, 30 nm tall, and 300 nm apart. (Martinez, Engel et al. 

2008)  The cells cultured on the nanogroove pattern preferred to grow on the ridges rather 

than channels and formed focal contact points along the pattern.  The nanopillar surface 

did not appear to have any influence on cell adhesion or alignment. 

Russel et al. studied the effects grooves made with soft lithography, ranging from 

400 nm to 4000 nm pitch with half pitch grooves, had on human trabecular meshwork 

(HTM) cell orientation. (Russell, Gasiorowski et al. 2008)  A majority of the cells seeded 

on patterned substrates elongated and aligned to the grooves.  Cells were cultured on 

grooves with 200 nm width, 200 nm apart, and 300 nm depth to study intracellular 

reactions to the patterns.  F-actin filaments extended indiscriminately on smooth surfaces 

and in a parallel fashion on the patterned surface.  An increased quantity of myocilin 

mRNA was also observed in HTM cells on nanopatterned surface, which translates to an 
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increase in myocilin protein concentration.  Thus the concentration of myocilin in the 

cells on the patterned substrate was 12 times that of the cells on the smooth substrate. 

Yim et al. used nanoimprint lithography to transfer nanogrooves with dimensions of 350 

nm deep, 350 nm width, and 700 nm pitch onto PDMS. (Yim, Reano et al. 2005; Yim, 

Pang et al. 2007)  A high percentage of the smooth muscle cells grown on the patterned 

substrate orientated with the nanopattern lines.  Human mesenchymal stem cells were 

then studied under the influence of topographical and biochemical signals to induce cell 

differentiation.  Although proliferation rates dropped, the cells cultured on the 

nanogrooves showed significantly more elongation and alignment compared to the 

unpatterned substrates.  The presence of neuronal markers such as MAP2, β-tubulin III 

(Tuj1), and synaptophysin were also detected in the cells cultured on the nanopatterns 

with and without the addition of retinoic acid.  Assorted changes in gene expression were 

also found in the cells on the nanopatterns; Yim et al. measured upregulation of neuronal 

markers SOX2, MAP2, neurofilament light peptide, and tyrosine hydroxylase, muscle 

markers myosin light chain and myf5, and vascular marker CD34. Cells grown on 

unpatterned surfaces only expressed some of these markers with the presence of retinoic 

acid in the culture medium.  

With the use of UV curable poly(urethane acrylate) (PUA) molds, Kim et al. were 

capable of generating PEG patterns with resolutions down to 50 nm. (Kim, Kim et al. 

2005)  PEG-DMA is cured with UV radiation under the PUA mold, cross linking the 

PEG macromers to create customizable nanoscale structures.  The group studied how P19 

embryonic cells and primary heart fibroblasts interacted with PEG nanopillar patterns.  

The cells showed less adhesion to the nanopillars than to unpatterned glass surfaces but 
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more than unpatterned PEG substrates.  Kim et al. also explored the response from 

primary cardiomyocytes seeded on 150 nm wide, 400 nm tall nanopillars. (Kim, Kim et 

al. 2006)  Like earlier results, the cells cultured on nanopillars showed more adhesion 

compared to unpatterned PEG substrates but less than their counterparts on smooth glass 

substrates.  The beating frequency of the cells cultured on nanopillars was significantly 

slower than the cells plated on glass.  Collagen treated nanopillars showed a slight 

increase in beating frequency.  

Nanopit patterns with resolutions down to 30 nm in diameter were fabricated 

through a combination of electron beam lithography, nickel die fabrication, and hot 

embossing on polymers polycaprolactone (PCL) or PMMA by Dalby et al. (Curtis, 

Gadegaard et al. 2004; Dalby, Gadegaard et al. 2004)  An initial pattern was created with 

electron beam lithography and nickel dies were made from the pattern.  The nickel die 

was then pressed into hot PCL to transfer the nanopattern.  h-tert human fibroblasts were 

responsive to the differences in rectilinear and hexagonal arrays of nanopits.  The cells 

showed some sense of orientation to the array of pits in a non-random fashion. 

Fibroblasts interacted extensively with 75 nm and 120 nm nanopits by extending 

numerous filipodia.  However, the fibroblasts on the nanopits were less well-spread and 

had fewer stress fibers than on the control substrate. Nanoscale pits and grooves in 

PMMA have also been formed by using a mask manufactured from photolithography for 

nanoimprint lithography. (Dalby, McCloy et al. 2006)  Human bone marrow cells 

cultured on this surface demonstrated alignment of cytoskeleton fibers along the direction 

of the grooves.  An increase in osteocalcin and ostopontin expression was also observed.  
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The use of nanotopography has also been combined with chemical patterning to 

produce interesting results.  Charest et al. used a combination of nanoimprint lithography 

and microcontact printing to create a topographical pattern overlaid with chemical lanes. 

(Charest, Eliason et al. 2005)    They fabricated a nanoscale topographical structure 

consisting of nanogrooves using nanoimprint lithography.  The pattern consisted of 

grooves with 100 nm depth, 100 nm widths, and 200 nm pitches.  Microcontact printing 

was then used to functionalize the surface of the topography with chemical patterns of 

fibronectin.  They printed various patterns, a homogenous coating, dots, and chemical 

lanes that ran perpendicular to the topographical patterns.   Charest et al. explored the 

combined affects of the topographical structures and chemical patterns on MC3T3-E1 

osteoblast-like cells.  The cells clearly preferred aligning to the fibronectin lanes over the 

nanogrooves.  The cytoskeleton and nuclei of the cells were also visibly oriented along 

the fibronectin patterns. 

 

1.2.6 Electron beam lithography 

Electron beam lithography has been applied in several approaches ranging from 

ablation of a material to crosslinking polymers to create patterns.  Traditionally, a 

substrate coated with an appropriate resist is exposed to an electron beam.  The resulting 

substrate is then developed to create the desired nanotopography.  Nanogrooves with 

dimensions as small as 40 nm have been fabricated for cell studies using electron beam 

lithography.  Loesberg et al. used electron beam lithography to generate nanoscale 

grooves ranging from 40 nm to 2000 nm pitch, with equal spacing between grooves and 

ridges, in polystyrene. (Loesberg, te Riet et al. 2007)  The depths of these patterns ranged 
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from 4.4 nm to 353 nm.  Rat dermal fibroblasts randomly spread across the smooth 

control as expected.  Cells growing on the patterns with the deeper grooves, 80 to 350 nm, 

showed the most alignment to the pattern.  Loesberg et al. observed less alignment as the 

depth and pitch of the grooves decreased.  Fibroblasts cultured on patterns with 35 nm 

depth randomly spread and showed no alignment difference from the smooth surface.  

Similar results were found by Teixeira et al. as using human corneal epithelial cells 

cultured on nanogrooves. (Teixeira, Abrams et al. 2003)  These cells not only elongated 

but also extended lamellipodia along the direction of the nanogrooves.  The depth of the 

grooves appeared to play a greater role than the pitch in guiding cell alignment as cells 

seeded on 600 nm deep grooves showed greater orientation than on the 150 nm deep 

patterns. Cells cultured on smooth surfaces were more round and extended lamellipodia 

in random directions.  Generating a rectilinear array of holes is also possible using 

electron beam lithography.  Karuri et al. fabricated several arrays of nanoscale holes that 

varied from 255 nm to a little over 1000 nm in diameter and roughly 337 nm deep. 

(Karuri, Porri et al. 2006)  They noticed increased filopodia activity in addition to a 

decrease in proliferation of SV40 human corneal epithelial cells on the smallest patterns.  

The group noted that when the cells were exposed to fluid shear flow, the cells seeded on 

the smallest holes showed the greatest proliferation.  Seunarine et al. created an array of 

nanopits with a diameter of 150 nm and center-to-center spacing of 300 nm. (Seunarine, 

Meredith et al. 2008)  These nanopatterns were then combined with a micropatterned 

master, to make a PDMS stamp with both micro- and nano- patterned features.  Here they 

demonstrated that cells had a different response to nanotopography when compared to 

microgrooves.  The nanopits reduced cell adhesion.  Goto et al. used electron beam 
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lithography to generate grooved patterns of 300 nm width and 150 nm depth. (Goto, 

Tsukahara et al. 2007; Goto, Tsukahara et al. 2008)  A pattern was drawn by exposing a 

resist to the electron beam.  The pattern was then developed and sputter coated with gold 

and titanium resulting in nanogrooved patterns.  1-octadecanethiol (ODT) was attached to 

the gold surface to control wettability.  Twice the number of mouse fibroblast 3T3 cells 

attached to the ODT functionalized patterns compared to the quartz controls. E-beam 

lithography can also be used to create templates, which was done by van Delft et al. (van 

Delft, van den Heuvel et al. 2008)  Here, e-beam was used with reactive ion etching to 

make nanogrooved master templates in silicon, and then through solvent casting 

polystyrene the patterns were replicated.  It was demonstrated that rat dermal fibroblasts 

will attach randomly below a depth of 70 nm or a width of 100 nm.  It is speculated that 

this may be associated with the size of various contact molecules as the cells extend 

along the groove.   Thus if the groove is too deep or wide, then the cell would extend 

along the ridges, and not cross the groove leading to alignment. 

Electron beam lithography is not limited to generating only topographical patterns.  

Pesen et al. developed a novel method of producing chemical patterns using electron 

beam lithography. (Pesen, Heinz et al. 2007)  A bovine serum albumin (BSA) covered 

surface was exposed to an electron beam to create a nanodot pattern.  Fibronectin was 

then adsorbed to the exposed spots of the surface.  Swiss 3T3 fibroblasts reacted to the 

fibronectin nanodots by forming focal adhesion points. 
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1.2.7 Additional approaches 

Photolithography typically involves exposing a photoresist coated substrate 

through a photo mask to a UV source.  The substrate is developed, removing the 

unexposed portions and leaving behind a pattern.  The resolution width is typically 

limited using this technique; however, it can easily create nanoscale topographical 

patterns.  Andersson et al. employed the use of photolithography to generate grooved 

patterns in a TiO2 substrate of roughly 14.8 μm wide ridges and 184 nm depth. 

(Andersson, Backhed et al. 2003)  They found no significant disparity in IL-6 and IL-8 

production between the grooved and unpatterned substrates. Bettinger et al. used a GCA 

AS200 stepper to etch 600 nm wide and 600 nm deep grooves. (Bettinger, Zhang et al. 

2007)  Although the endothelial progenitor cells (EPC) showed reduced proliferation on 

the nanostructured surface, these cells had increased mobility and congregated into large 

band-like structures aligned to the grooves.  The EPCs cultured on flat surfaces were only 

able to form a confluent monolayer of cells.  Capillary tubes induced by adding Matrigel 

formed on the nanogrooves and exhibited longer and more uniform organized structures 

in comparison to the short randomly orientated capillary tubes on the flat substrates.   

A nanoscale injection molding technique has been used to create nanogrooves of 

450 nm wide, 190 nm deep, and 1000 nm ridges with polycarbonate and 

polycaprolactone. (Barbucci, Pasqui et al. 2003)    Fibroblasts and endothelial cells 

elongated down the groove and extended filipodia along the ridges.   

Dip pen lithography is a technique that transfers patterns onto a surface using an 

AFM tip.  Lee et al. used dip pen lithography to pattern 16-mercaptohexadeconoic acid 

(MHA) onto a gold surface. (Lee, Park et al. 2002)  The technique allowed dots and lines 
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to be created as small as 100 nm in width.  Retronectin, a protein that binds to integrin 

receptors, was adsorbed onto the patterned MHA.  3T3 Swiss fibroblast cells were seeded 

unto a substrate consisting of 200 nm wide dots and 700 nm apart.  The cells were 

observed to attach, flatten, and elongate only on the patterned portion of the substrate. 

X-ray lithography has been used to generate grooves down to roughly 200 nm 

wide ridges.  Karuri et al. cultured SV40 human corneal epithelial cells on grooved 

substrates with various pitches. (Karuri, Liliensiek et al. 2004)  The pitch dimensions of 

the grooves appeared to influence SV40 cells in several ways.  Cells cultured on 400 nm 

pitch patterns were more stable in fluid shear flow than cells on 4000 nm pitch implying 

increased cell-substrate adhesion.  There was also an increase in cell proliferation on the 

400 nm pitch patterns.  

 

1.3 Summary 

Recent studies have explored the use of nanoscale structures and patterns to 

influence cell behavior.  A variety of patterns ranging from dot-like protrusions to ridges 

to pits have been shown to have an affect on cell adhesion, proliferation, and gene 

expression.  Functionalizing nanopatterns with fibronectin or other ligands increased cell 

attachment and spreading.  Research in this area has shown that cells prefer aligning to 

modified chemical patterns over topographical patterns when presented with both cues 

simultaneously in separate directions.  The geometry of topographical patterns had a 

variety of effects on cell behavior.  Some patterns such as the colloid monolayer 

monolayer of nanoparticles reduced adhesion and proliferation.  Nanostructures in the 
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shape of pillars or columns also generally decreased cell adhesion with exception of a 

study performed by Dalby et al. in which 10 nm tall nanopillars increased cell spreading 

by 300%.  The other studies consisting of nano pillars or columns ranged from 160 to 400 

nm tall resulted in rounder cells and less overall adhesion.  Nanopits caused cells to 

increase filipodia activity and in some cases poor cell adhesion.  Cells grown on 

substrates with nanogrooves aligned to the patterns while exhibiting a variety of cell 

behaviors.  There was evidence of cell elongation, actin fiber orientation, changes in 

proliferation, increased adhesion, and increased mobility.  Studies conducted using 

nanogrooves of varying pitches and depths concluded that deeper grooves contributed to 

greater cell alignment and orientation.  The groove depths investigated ranged from 4.4 

nm to 600 nm.  Decreased groove depth also improved cell adhesion.  Ideally, a 

combination of biochemical cues and topographical patterns can be used to specifically 

direct cell behavior.  A balance in topographical dimensions would then fine tune the 

effects the patterns have on the cells.   

Currently the technology and tissue engineering techniques used to nanopattern 

chemistry or topographies is in its infancy.  Patterning large areas quickly, accurately, 

and economically are still issues that need to be dealt with.  Additionally, we still do not 

fully comprehend the biological responses to biochemical and topographical patterns.  As 

more and more associations are made between surface interactions and internal cell 

behavior, increasingly complex and specific cell responses can be engineered and 

directed towards specific outcomes such as stem cell differentiation. 
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1.4 Patterned Substrates and Skeletal Myoblasts 

A majority of the previous studies on ordered nanoscale patterns have primarily 

investigated cell adhesion and orientation of various cells.  Few of these studies have 

studied myoblasts, and more specifically differentiation into myotubes.  One of the 

studies showed that myoblasts aligned to 270, 340, and 430 nm nanotopographical 

polystyrene patterns. (Rebollar, Frischauf et al. 2008)  This study however only went as 

far to investigate cell alignment.  In another preceding study by Charest et al. explored 

the use of microscale topographical patterns coated with fibronectin on myotube both 

primary and C2C12 myoblasts. (Charest, Garcia et al. 2007)  Charest et al. were able to 

demonstrate that not only did myotubes align to the grooved micron patterns but that 

topographical patterns elicited a greater response from primary myoblasts than C2C12 

myoblasts.  Yu et al. seeded cells on nanotopographic grooved patterns created in 

polystyrene without any protein coating.  They were able to observe significant alignment 

of myotubes to grooves with noticeable differences in alignment on patterns of different 

depths.  Yu et al. noticed that myotubes on more shallow patterns (100 nm) aligned 

considerably more to patterns of narrow pitches than to wider patterns. (Yu and Tsai 

2008)  Furthermore, the study also observed the reverse behavior from the cells on deeper 

patterns.  Myotubes on 350-500 nm deep patterns were more inclined to align to the 

wider 900 nm patterns than to the narrower 450 nm pattern.  There have not been 

extensive prior efforts in studying the effects of nanoscale biochemical patterns on the 

alignment and differentiation of myoblasts.   
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Most of the previous studies have been in the area of microscale patterns and/or 

topographical patterns.  The purpose of this study is to bridge this gap between micro-to-

nanoscale patterns and inspect the relationship between different dimensions of 

biochemical patterns.   

The introduction, in part, is in preparation as a manuscript (“Nanopatterned 

interfaces for controlling cell adhesion and differentiation”, Chung, Kevin; DeQuach, 

Jessica; Christman, Karen L.) to be submitted for publication.  The thesis author is the 

primary author of this paper. 
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CHAPTER 2  
NANOPATTERN PRODUCTION 
 
2.1 Introduction 

 Electron beam lithography is a method used commonly with prototyping 

integrated circuits for various micro/nanofabrication applications.  In this study we have 

adapted the electron beam lithography technology towards the creation of submicron 

biochemical patterns.  A key advantage of this technology is that it is not restricted by the 

limitations imposed by wavelengths and the diffraction of light as some other techniques 

such as UV lithography are.   

Polyethylene glycol (PEG) was chosen to create the patterns.  Two types were 

specifically chosen; unmodified 10,000 molecular weight, 6-arm, hydroxyl-terminated 

polyethylene glycol (PEG-OH) and a functionalized 10,000 molecular weight, 6-arm, 

polyethylene glycol succinimidyl succinate (PEH-NHS).  PEG-OH was chosen because 

of its hydrophilic properties.  The inert nature prevents the PEG-OH pattern from 

adsorbing proteins.  The proteins are instead adsorbed onto the surrounding unpatterned 

substrate.  The functionalized PEG-NHS reacts with free and primary amines to form 

covalent bonds with the PEG polymer.  This gives the capability to crosslink proteins 

with free amines (e.g. proteins with exposed lysine groups) with the PEG polymer to 

create a PEG-protein hybrid pattern. 

A silane is a molecule consisting of silicon and alkanes.  The surface of substrates 

can be functionalized with a passivating layer resistant to protein adsorption by self 

assembling a silane functionalized with polyethylene glycol.  2-
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methoxy(polyethyleneoxy)propyl]trimethooxysilane  (PEG silane) can couple, with the 

aid of a catalyst under anhydrous conditions, to hydroxyl groups on substrates such as 

glass.  This passivating layer can be used in combination with the PEG-NHS to form a 

positive protein pattern on top of a protein resistant surface. 

 Electron beam lithography is conducted in a Raith50 electron beam writer.  The 

beam of electrons is controlled and focused through an electromagnetic lens.  Using the 

energy from the stream of electrons, free radicals are created from impact with the PEG 

polymer. (Krsko, Sukhishvili et al. 2003; Christman, Schopf et al. 2009)  It is then 

possible to crosslink the PEG polymers not only to each other but also to the oxide 

groups on the surface of the substrate.  This creates a nanoscale pattern that is securely 

cross linked to the substrate which can then be modified to create the desired protein 

patterns.  Parameters relevant to creating and controlling pattern dimensions include 

filament voltage, beam probe current, exposure time, and step size.  Various settings 

include choosing between area and line dosages and between resolution and depth 

settings.  Area doses expose an area to a wider stream of electrons while line doses 

expose in a line fashion.  Changing between Optibeam Resolution and Depth settings 

only changes how the electron lenses focuses the electron beam which can then affect the 

exposure of the pattern. 

 The use of electron beam lithography was chosen over other techniques because 

of degrees of flexibility offered by the technique.  Electron beam lithography allows for a 

wide variety of pattern shapes, sizes, and designs.  The technique is not limited by photo-

masks or other fixed means.  Additionally, the lateral resolution of these patterns can go 
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down to feature sizes of less than 100 nm in some cases, which is superior to other 

methods such as UV lithography. 

 

2.2 Materials and Methods 

2.2.1 Reagents 

 Polymers 10,000 molecular weight 6-arm hydroxyl-terminated polyethylene 

glycol and 10,000 molecular weight 6-arm polyethylene succinimidyl succinate were 

purchased from Sunbio Inc. (Orinda, CA).  Acetone, ethanol, and triethyl amine were 

purchased from Sigma-Aldrich (St. Louis, MO).  Nanostrip was purchased from Cyantek 

Inc (Fremont, CA).  2-[methoxy(polyethyleneoxy)propyl]trimethooxysilane was 

purchased from Gelest Inc. (Morrisville, PA).  Indium-Tin-Oxide coated microscope 

slides were purchased from Structure Probe Inc.  (West Chester, PA). 

 

2.2.2 Substrate Preparation 

 A variety of substrates were tested in this experiment.  The combinations of 

substrate/resist combinations can be seen in Table 2.1.  Silicon, glass, glass coated with  

ITO, and silicon dioxide deposited on silicon were used.  Primary testing was carried out 

with the Silicon dioxide substrates. 
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Table 2.1:  Substrate/Resist combinations 

Substrate Resist 
PEG silane on silicon PEG-NHS 
PEG silane on glass PEG-NHS 

PEG silane on ITO coated glass PEG-NHS 
Silicon PEG-OH 

ITO coated glass PEG-OH 
Silicon Dioxide PEG-OH 

 

The substrates used in conjunction with the PEG silane were first prepared by 

thoroughly cleaning the surface of the substrate.  Silicon and glass substrates were 

cleansed of residual surface organic impurities by immersing for 15 minutes in Nanostrip 

also known as piranha (combination of Sulfuric acid and Hydrogen Peroxide).  The ITO-

glass substrate was cleaned by sonicating for 10 minutes in ethanol and acetone.  The 

substrate is then rinsed with deionized water, ethanol, and then acetone before being 

dried under nitrogen gas.  The cleaned and dried substrate was then added to a solution 

comprised of 5.5 μL 2-[methoxy(polyethyleneoxy)propyl]trimethooxysilane, 2 mL of 

anhydrous toluene, and 20 μL of triethyl amine under N2 gas in anhydrous conditions at 

60°C.  After 18 hours the substrate was removed from the solution and rinsed with 

toluene, followed by sonicating for 5 minutes in toluene and then ethanol.  The substrate 

is finally rinsed with deionized water.  The unmodified ITO coated glass slides were 

cleaned by sonicating for 10 minutes in ethanol and acetone before rinsing with deionized 

water.  The silicon dioxide substrates were prepared by immersing in Nanostrip for 10 
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minutes followed by thorough rinsing with deionized water.  Anoither protocol was also 

used for cleaning the ITO substrates.  The ITO-coated glass was sonicated in 10:90, 

50:50, 90:10 methanol/CH2Cl2 for 15 minutes each.  The substrate was then thoroughly 

rinsed with dionized water before dried with N2 gas and subjected to a UVO cleaner for 

30 minutes.  Silicon dioxide was deposited on silicon wafers using an Oxford Plasmalab 

PECVD.   

 

2.2.3 Resist Preparation 

 Both hydroxyl-terminated polyethylene glycol (PEG-OH) and polyethylene 

succinimidyl succinate (PEG-NHS) resists were prepared by dissolving the polymer in 

methanol.  A 3-4% (w/w) solution of the resist was made with the polymer and methanol.  

The solution was then used to coat a thin layer onto the substrate by spincoating at 3000 

rpm with an acceleration setting of 136 in a WS-400B-6NPP/LHe/IND/10k spin coater. 

 

2.2.4 Raith50 

 Patterns were created by exposing the resist covered substrate using the Raith50 

electron beam writer located in the Nano3 facilities (nano3.calit.net).  Patterns were 

designed with the Raith50 software. 

 

2.2.5 Atomic Force Microscopy 

 The generated patterns were assessed and characterized with a Veeco Scanning 

Probe Microscope.  Images were taken using tapping mode atomic force microscopy 

(AFM).  The AFM tips used were Tap300 tips from Budget Sensors with a resonant 
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frequency of 300 kHz.  Quantitative data consisted of pattern heights across various doses.  

Pattern heights were measured using the depth feature in the Veeco AFM software and 

samples of ten depth measurements were taken for each dose. 

 

2.3 Results 

2.3.1 Nanopatterns at 10 kV EHT 

 Patterns were generated with an EHT filament voltage of 10 kV, a probe current 

of 35 pA, and using an area dosage.  The parameters for the area dose were set at a 

reference dosage of 100 μA·s/cm2 and probe current of 35 pA.  All pattern designs were 

set at percentage values with respect to the reference dosage.  The pattern was designed 

with lateral dimensions of the 500 nm wide patterns separated by 500 nm gaps (example 

shown in Figure 2.1).   

Figure 2.1:  AFM image of a 500 nm pattern created using the parameters 10 kV, 35 pA, 

Area dose, Resolution setting, at 10 µA·s/cm2.  Pattern widths are 500 nm and are 

separated by a spacing of 500 nm.   
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The height of the 500 nm patterns can be varied with dosage as can be seen in 

Figure 2.2.  Average pattern heights ranged from 20.95 nm to 170.61 nm for the doses 

tested, increasing in height as the dosage increased.  The increase in height appears to be 

almost linear in fashion.  At under 7 μA·s/cm2 doses, the width of the patterns began to 

drop below 500 nm.  The edges of the lines also began to lose the clear defined 

boundaries observed in patterns generated at more moderate dosages.  At the other end of 

the spectrum, patterns exposed at greater than 12 μA·s/cm2 began to thicken in 

appearance beyond 500 nm thereby reducing the length of the gaps between the patterns 

to less than 500 nm. 
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Figure 2.2:  Depths of 500 nm PEG-OH patterns created using the parameters 10 kV, 
Area dose, Resolution setting, 35 pA, with various dosages.  Mean ± standard error. 
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Patterns with the dimensions of 250 nm wide patterns with 250 nm gaps were also 

generated at 10 kV.  The variability in the 250 nm patterns can be seen in Figure 2.4.  The 

average height of the tested 250 nm patterns ranged from 19.14 nm to 43.53 nm 

depending on dose.  The 250 nm patterns were observed to have smaller vertical 

dimensions than the 500 nm patterns when examining comparable doses.  Likewise to the 

previous 500 nm patterns: patterns began to lose distinct edges and desired width as the 

dosage decreased; as well as the PEG lines becoming thicker than 250 nm at the upper 

end of the dose scale.   The height of the 250 nm patterns also appeared to saturate 

around 43 nm rather than steadily increasing in the fashion the 500 nm patterns did.  100 

nm patterns were also attempted at 10 kV but were unsuccessful due to the wider more 

unfocused beam at 10 kV. 
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Figure 2.3:  Depths of 250 nm PEG-OH patterns created using the parameters 10 kV, 
Area dose, Resolution setting, 35 pA, with various dosages.  Mean ± standard error. 
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 PEG-NHS patterns were also produced on silicon substrates modified with a PEG 

silane monolayer.  A PEG silane was grafted onto the silicon chip which was then coated 

with a thin film of PEG-NHS.  The resulting patterns from exposing the PEG-NHS to the 

elextron beam were examined under AFM.  The dimensions of the PEG-NHS patterns 

can be seen in Figure 2.4 compared with PEG-OH patterns.  The heights of thePEG-NHS 

patterns were slightly taller compared to the PEG-OH patterns within the same range 

\working dosages.  Extensive characterization of the PEG-NHS patterns was not 

conducted due to reasons which will be discussed in Chapter 3. 
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Figure 2.4:  Comparing depths of 500 nm PEG-NHS and PEG-OH patterns created using 
the parameters 10 kV, Area dose, Resolution setting, 35 pA, with various dosages.  Mean 
± standard error. 
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2.3.2 Nanopatterns at 30 kV EHT 

 Patterns were generated with an EHT filament voltage of 30 kV.  Various 

parameters were tested including area versus line dosages, Optibeam Resolution vs Depth  

settings, and different probe currents.  The reference dosage parameters for the area dose 

was 100 μA·s/cm2 and line dose was set at 300 pA·s/cm.   

 500 nm patterns with 500 nm gaps were created using both area and line doses at 

a dose current of 35 pA and under the Optibeam resolution setting.  The subsequent 

measurements of the pattern height in respect to dosage used with area doses are shown 

in Figure 2.5.  Pattern heights ranged from 7.04 nm to 31.97 nm tall.   
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Figure 2.5:  Depths of 500 nm patterns created using the parameters 30 kV, Area dose, 
Resolution setting, 35 pA, with various dosages.  Mean ± standard error. 
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Line doses were also used to create 500 nm patterns with 500 nm gaps.  The pattern 

heights from the line dose exposures can be seen in Figure 2.6.  The average heights of 

the patterns ranged from 7.13 nm to 99.04 nm.  As the exposure dosage increased past a 

certain range, the overall uniformity began to suffer and the height of the patterns began 

to vary a great deal towards the upper spectrum of the dosages tested.   The widths of the 

patterns grew steadily larger and decreased the size of the 250 nm gaps between the lines 

with increasing doses.  There was also an occurrence observed at the around 115 pA·s/cm 

where polymers between and under the pattern were being crosslinked together.  This 

formed a mound-like structure with groove/line patterns lying on top of the PEG mound. 
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Figure 2.6:  Depths of 500 nm patterns created using the parameters 30 kV, Line dose, 
Resolution setting, 35 pA, with various dosages.  Mean ± standard error. 
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 250 nm patterns with 250 nm gaps were produced with a variety of parameters.  

The Optivision depth and resolution settings were attempted as well as line and area 

doses.  Under the Optivision resolution setting at 35 pA, patterns were created using area 

and line doses.  Figure 2.7 shows the measurements taken from the patterns prepared 

using the area dose.  The average pattern dimensions range from 3.13 nm to 14.46 nm tall.  

The previously mentioned mound-like structure also formed at higher doses with the 250 

nm patterns.  These PEG mounds were far more apparent in the area dose 250 nm 

patterns than any other dimensions or setting combinations. 
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Figure 2.7:  Depths of 250 nm patterns created using the parameters 30 kV, Area dose, 
both Depth and Resolution settings, 35 pA, with various dosages.  Mean ± standard error. 
 

Figure 2.8 shows the average heights of the patterns created using a line dose exposure.  

The average heights using the line dose ranged from 3.2 nm to 39.5 nm.  The Optibeam 

depth setting was briefly explored using a probe current of 87 pA with line and area doses.  

The separate results of the Depth setting in area and line doses can be seen in Figure 2.7 
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and Figure 2.8 respectively.   The Optibeam depth setting modifies how the electron 

lenses within the Raith50 electron beam writer focus the beam which could have affected 

the exposure in some way.  Under observations made in this study, there were no 

significant differences between using either depth or resolution settings.   

 

 

0
5

10
15
20
25
30
35
40
45

70 80 90 100 110 120

Dosage (pA s/cm)

H
ei

gh
t (

nm
)

Depth setting
Resolution setting

 

 

 

 

 

 

 

Figure 2.8:  Depths of 250 nm patterns created using the parameters 30 kV, Line dose, 
both Depth and Resolution settings, 35 pA, with various dosages.  Mean ± standard error. 
 

To view a comparison between patterns generated at 30 kV and 10 kV, see Figure 2.9 and 

2.10.  These figures are combinations of previously presented results.  Figure 2.9 contains 

the results from of Figures 2.2 and 2.5.  Figure 2.10 contains the results from Figures 2.3 

and 2.7.  The purpose of the following two figures is to illustrate the noteworthy 

difference between exposures under the 10 kV and 30 kV EHT filament settings.  10 kV 

exposures led to taller dimensions with lower dosages in comparison to exposures using 

30 kV. 
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Figure 2.9:  Depths of 500 nm patterns created at an EHT filament voltage of both 30 kV 
and 10 kV at various dosages.  Other parameters include Area dose, Resolution setting, at 
35 pA.  Mean ± standard error. 
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Figure 2.10:  Depths of 250 nm patterns created at an EHT filament voltage of both 30 
kV and 10 kV at various dosages.  Other parameters include Area dose, both Depth and 
Resolution settings, at 35 pA.  Mean ± standard error. 
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In patterns created at with a line dose and EHT voltage of 30 kV at a 35 pA probe 

current (presented previously in Figures 2.6 and 2.8), the behavior of the pattern exposure 

is relatively predictable at doses below the observed threshold of excessive electron 

scattering, roughly 116 pA·s/cm.  The issue with electron scattering will be explored  

further in the Discussion section.  Both 250 nm and 500 nm pattern heights with relation 

to exposure dosage can be fitted to a single equation (R2=0.9621), see Equation 2.1 and 

Figure 2. 11. 

xey 055.0076.0 ⋅=  (2.1) 

Where y is the pattern height in nm and x is the exposure dosage in pA·s/cm. 
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Figure 2.11:  Depths of both 250 nm and 500 nm patterns created at an EHT filament 
voltage of 30 kV at various dosages.  Other parameters include Line dose, Resolution 
settings, at 35 pA.  Exponential trend line of y = 0.076 e0.055x is fitted from data points 
under 116 pA·s/cm where pattern heights are stable and consistent.  R2=0.9621.  Mean ± 
standard error. 
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 Patterns of below 250 nm were also attempted with limited success.  Patterns of 

150 nm width in 500 nm pitch were created at 35 pA, 30 kV EHT, Resolution setting.  

The pattern heights ranged from 3 nm to 5 nm tall with a lot of artifacts dispersed 

throughout the pattern.  Designing the pattern with narrower pitches led to more artifacts 

and increasingly unreliable pattern output. 

 

2.3.3 PEG Patterns on Transparent Substrates 

 PEG patterns, generated from both PEG-OH and PEG-NHS, were successfully 

created on glass coated with indium tin oxide (ITO).  The 500 nm patterns can be seen in 

Figure 2.12.   
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Figure 2.12:  500 nm wide polyethylene glycol patterns separated by 500 nm gaps 
created on Indium Tin Oxide (ITO) coated glass slides.  Parameters used for creating 
pattern were 10 kV, 35 pA, Resolution setting.  
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PEG-NHS patterns were stable in aqueous environments when exposed on an ITO coated 

glass slide functionalized with a PEG silane.  The major issue with the ITO coated glass 

and PEG silane was that the surface of the ITO did not form a complete passivating layer.  

This allowed indiscriminate adsorption of type I collagen to the surface defeating the 

purpose of creating a PEG silane.  The PEG-OH patterns created on unmodified ITO 

coated glass slides resulted in reliable reproducible patterns.  While the patterning was 

successful, the patterns showed signs of instability and inconsistency in aqueous 

environments as can be seen in Figure 2.13.  Patterns submerged in PBS began to show 

indications of delaminating from the ITO surface after durations as brief as two hours.   

 

a b
 

Figure 2.13:  500 nm PEG-OH patterns on unmodified ITO coated glass after 1 day in 
H2O.  Parameters used for creating pattern were 10 kV, 35 pA, Resolution setting. 
 

 

 

 



39 

2.4 Discussion 

2.4.1 Electron Scattering and Pattern Consistency 

 The generation of the nanopatterns was shown to be accurate and reliable across 

several dosages and pattern heights between EHT voltages 10 kV and 30 kV.  As seen 

previously in Figures 2.9 and 2.10, setting the EHT voltage at 10 kV resulted in a wider 

more unfocused beam of electrons which gave the tendency to expose more of the resist 

and create more free radicals resulting in more cross linked polymer and taller pattern 

heights.  Using an EHT voltage of 30 kV typically resulted in lower pattern heights and 

higher resolution due to a tighter more focused stream of electrons.  

 In addition, in Figures 2.2, 2.3, 2.5, 2.7, 2.9, and 2.10, the behavior of the area 

dose exposures seem to follow a general trend in consistency within a certain range.  At 

30 kV area doses, the patterns were seemingly stable and reliable up until around 29 to 30 

µA·s/cm2.  After this approximate threshold, the pattern heights began to lose regularity 

within the patterns as well as decrease in height.  At 10 kV area doses, the observed 

threshold was roughly at 10 µA·s/cm2.  The heights of the patterns begin to taper off and 

are visibly less consistent as the exposure dosage increases past this point.     

 An increase in exposure dosage causes more electron scattering began to occur 

within the resist, thereby causing undesired exposure of the polymer between the patterns 

and lowering the resolution.  One can observe not only that the overall consistency of the 

pattern height decreases as the dose increase but also in some cases the pattern height 

begins to decrease as gaps between the pattern begin to crosslink under exposure due to 

electron scattering.  The superfluous cross-linked polymers between the designed patterns 
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at higher doses cause the phenomena visible in Figures 2.5 and 2.7 where the recorded 

depths shows a unmistakable decrease in pattern height past the estimated threshold. 

 Patterning with the line dose setting proved to be more predictable heights and 

consistent patterns across a wider (and lower) range of dosages.  The observed depths of 

the 500 nm and 250 nm patterns at 30 kV in relation to varying dosages were fitted an 

equation  seen in Equation 2.1 and Figure 2.11.  In addition, Figures 2.6 and 2.11 

illustrate the instability at the upper end of the dosage spectrum past the estimated 

threshold of around 116 pA·s/cm.  The measured depths confirmed the escalating 

variability in pattern heights as the exposure dosage increased.  The same electron 

scattering phenomena witnessed previously with the area doses also occurred with the 

line doses at higher dosages.  Random polymer exposures between the patterns lead to 

irregularities in the overall pattern height.   

 The haphazard exposure between patterns is far more apparent when working 

with finer dimensions.  Excessive electron scattering was a principal concern when 

working with patterns 150 nm and under.  Since most pattern layouts were designed with 

equal ratio pitch distances, the distance between points of exposure were several orders of 

magnitude closer together than with larger patterns.  This was counteracted by increasing 

the pitch of the patterns while maintaining the width of the patterns thereby reducing 

incidental exposure between patterns from scattering electrons. 

  

2.4.2 PEG Patterns on Transparent Substrates 

 The initial patterning of the PEG-NHS and PEG-OH onto glass slides coated with 

ITO showed considerable potential.  This technique allows the user to seed cells onto a 
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transparent patterned substrate and immediately observe whatever responses the cells 

may have to the patterns.   

There were two major issues with the ITO patterns.  First was the inability to 

reliably form a passivating PEG silane monolayer on the surface of the ITO.  The most 

likely explanation for this was despite cleaning the surface of the ITO as thoroughly and 

carefully as possible, residual organic impurities remained on the surface preventing a 

true PEG silane monolayer from forming.  Another group, Schlapak et al., worked with 

forming various passivating PEG films on ITO substrates. (Schlapak, Armitage et al. 

2007)  A similar cleaning method was adopted using the reagents and equipment 

available with no substantial improvement in results.  In another attempt, Nanostrip as 

used to clean the surface of the ITO but it proved to be too abrasive.  The concentrated 

sulfuric acid would cause pitting in the ITO and would eventually completely strip the 

ITO surface.  Due to this observation, a gentler cleaning method had to be adopted.  The 

second issue was the PEG-OH patterns showing signs of delaminating when submerged 

in an aqueous environment.  This reoccurring incident can be explained by the inability to 

thoroughly cleanse the surface of the ITO before patterning.  The residual impurities 

interfere with the ability to form stable crosslinks between the PEG polymers and the 

oxides on the ITO.  However, an interesting observation to note is that the patterns 

exposed on the PEG silane ITO substrate were stable in aqueous environments.  If both 

modified and unmodified substrates are covered with identical distribution of 

contaminants, the distribution of PEG polymers crosslinked with the contaminants on 

both substrates should be equal.  Assuming both ITO substrates were equally 

contaminated using the same exact cleaning protocol; the PEG silane most likely partially 
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bonded to the surface of the ITO which would then covalently crosslink with the PEG 

polymers during pattern exposure.  This would have resulted in the pattern being slightly 

more permanently attached in comparison to the unmodified ITO.  Previous studies have 

successfully grafted PEG silanes onto ITO-coated glass which shows promise for future 

work in nanopatterning on transparent substrates. (Schlapak, Armitage et al. 2007)  

Efforts to complete a protocol for thoroughly cleaning ITO slides will be rewarded with 

the ability to observe cell behavior in real-time and the intricate details associated with 

cell-pattern interactions. 

 

2.5 Summary 

 Electron beam lithography is technique that creates patterns by scanning fine 

beam of electrons over a film to create a pattern.  In this work, polyethylene glycol 

submicron patterns were generated with electron beam lithography at EHT voltages of 10 

kV and 30 kV.  The structures had either a 500 nm width separated by a 500 nm space or 

250 nm width separated by a 250 space ranging from 7.04 nm to 207.18 nm in height.  

Patterns of dimensions below 200 nm were produced with limited success.  Variations in 

pattern height with varying dosages were examined using atomic force microscopy 

(AFM).   The study showed that pattern height increased with rising doses until a certain 

threshold where the pattern height began to attenuate and lose consistency.  Additionally, 

the height of 250 and 500 nm patterns with respect to exposure dose at 30 kV could be 

modeled to an exponential equation.  The results confirm the ability to control a various 

aspects of submicron PEG patterns as well as pattern consistency.  Patterns were also 
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created successfully on ITO coated glass but were not stable enough in aqueous 

conditions for reliable cell studies. 
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CHAPTER 3  
C2C12 RESPONSE TO NANOPATTERNS 
 
3.1 Introduction 

 As discussed previously in Chapter 1, integrins and the focal adhesions integrins 

form play an integral role in cell behavior such as polarity, orientation, and differentiation. 

Earlier studies typically examined myoblast cell alignment on nanotopographical patterns. 

(Rebollar, Frischauf et al. 2008; Yu and Tsai 2008)  Studies investigating myotube 

differentiation and alignment on these patterns have been limited to micron and 

nanotopographical patterns. (Charest, Garcia et al. 2007; Yu and Tsai 2008)  These 

studies have been performed using only fibronectin or no proteins at all.  None of the 

studies have made use of type I collagen or studied the effects of nanoscale biochemical 

patterning on myoblast cell behavior.  Within in vivo environments, the basement 

membrane has been shown in some cases to have parallel type I collagen fibrils where 

cells align themselves.  The thicknesses of these fibrils are roughly 40-50 nm in diameter 

but usually not greater than 80 nm. (Thomas 1964; Fleischmajer, Timpl et al. 1985)  By 

mimicking the in vivo environment, the biochemical nanopatterns may prove to have a 

significant impact over cell response.  This study hopes to find a correlation between 

patterned substrates and increased cell alignment and differentiation through the use of 

nanoscale biochemical patterns.   

 The technique used to create the nanoscale biochemical patterns was a 

modification of electron beam lithography, in which polyethylene glycol polymers are 

crosslinked together on the surface of a substrate into a designed pattern.  The process 
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and details involved with the technique were discussed previously in Chapter 2.  Various 

modifications can be performed on these patterns to create functionalized or inert PEG 

patterns. 

 The cells used are C2C12 Mouse Skeletal Myoblasts.  These cells are part of a 

cell line derived from an adult mouse leg muscle.  The C2C12 cell is a pluripotent 

mesenchymal precursor cell capable of spontaneously forming contractile myotubes.  The 

C2C12 cells can be encouraged to differentiate into myotubes through the addition of 

horse serum to the media.  It is also possible for C2C12 cells to spontaneously 

differentiate from cell-cell contact due to a confluent cell layer. 

  

3.2 Materials and Methods 

3.2.1 Reagents 

 C2C12 skeletal myoblasts were purchased from ATCC (Manassas, VA).  

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose, L-glutamine, and 

sodium pyruvate, penicillin/streptomycin, and trypsin in EDTA were obtained from 

Mediatech Inc. (Manassas, VA).  Fetal bovine serum was purchased from USB 

Corporation (Cleveland, Ohio).  Dulbecco’s phosphate buffered saline, Hoechst 33342, 

Alexa 488 Phalloidin, Alexa 568 conjugated anti-mouse antibodies were obtained from 

Invitrogen (Carlsbad, CA).  Type I collagen for cell culture, triethyl amine, Triton X-100, 

and Monoclonal Anti-Skeletal Myosin MY-32 were purchased from Sigma-Aldrich (St. 

Louis, MO).  4% Paraformalehyde in PBS was purchased from Wako Pure Chemical 
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Industries (Richmond, VA).  Bovine serum albumin was purchased from Gemini 

Bioproducts (Sacramento, CA). 

 

3.2.2 Cell Culture 

 C2C12 skeletal myoblasts were maintained in cell culture dishes coated with 1 

mg/mL type I collagen and growth media consisting of 10% fetal bovine serum, 90% 

DMEM, and 1% penicillin/streptomycin.  The cells were passaged at 80% confluency at 

a 1:10 ratio. 

 

3.2.3 Cell Fixing and Staining 

 The cells were fixed with 4% paraformaldehyde in PBS for 10 minutes at the 

desired time points.  Fluorescent stains were performed to detect and mark the presence 

of DNA, actin, and myosin heavy chain proteins (MHC) within the cell.   MHC was used 

as an indicator of myoblast differentiation into myotubes.  The cells were blocked in a 

staining buffer consisting of 0.3% Triton X-100 and 1% Bovine Serum Albumin in PBS 

for 30 minutes.  The cells were then incubated with a 1:400 dilution of the MY-32 

antibody for 1 hour followed by a 1:100 dilution of Alexa 568 conjugated anti-mouse 

antibody for 30 minutes.  Following these steps, the sample was subjected to staining 

with a 1:40 dilution of Alexa 488 Phalloidin for 30 minutes and 1 µg/mL of Hoechst 

33342 for 10 minutes. 
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3.2.4 Substrate Preparation 

 Patterns of 5 µm, 1 µm, 500 nm, and 250 nm lines were prepared on a silicon 

wafer deposited with silicon dioxide.  Silicon dioxide was deposited using an Oxford 

Plasmalab PECVD.  The substrate was cleaned in Nanostrip for 10 minutes before rinsing 

with deionized water.  A thin film of PEG-OH was spin coated onto the surface of the 

substrate and exposed in a Raith50 electron beam writer to create the desired patterns.  

The final dimensions of the patterns used were: 5 µm width with 5 µm gaps and 70 nm 

depth, 1 µm width with 1 µm gaps and 70 nm depth, 500 nm width with 500 nm gaps and 

7 nm depth, and 250 nm width with 250 nm gaps and 3.8 nm depth.  Type I collagen was 

adsorbed between the protein resistant PEG patterns to finalize the biochemical patterns. 

 

3.2.5 C2C12 Orientation Assay 

 After preparing the patterned substrate and coating with type I collagen, 175,000 

cells was plated onto the patterned substrate in a 60 mm cell culture dish.  The cells were 

then allowed to proliferate for one, three, and five days in a growth media consisting of 

10% fetal bovine serum, 90% DMEM, and 1% penicillin/streptomycin.  At the desired 

time points, the cells were fixed and stained.  The angles the cells and/or myotubes 

formed with respect to the pattern axis were measured using Carl Zeiss Axiovision 4.7 

software.  The axis was determined by the bottom left corner of the patterned chip, 

marked with a scratch and set as 0º during the exposure process in the Raith50 software.  

Anything parallel to the bottom left corner also ran parallel to the patterns.  A threshold 

of 15º was set to determine in a binary fashion if a cell/myotube was aligned to the 
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pattern.  The cells could then be assessed for alignment based on the degrees deviated 

from the reference axis.   

 

3.2.6 C2C12 Differentiation Assay 

 The cells used in the differentiation assay were prepared with the same method as 

the orientation assay.  175,000 C2C12 cells were plated on a patterned substrate coated 

with type I collagen.  The C2C12s were then allowed to proliferate for three and five 

days before fixing with 4% paraformalehyde in PBS.  After following the same staining 

protocols, the differentiation was gauged by counting the number of nuclei in 

differentiated myotubes and dividing by the total number of nuclei in the frame resulting 

in a value for percent differentiation. 

 

3.2.7 Data Analysis  

Statistics were analyzed with an analysis of variance using the Holm-Bonferroni 

method to accept or reject the significant differences of the patterned substrates compared 

to the unpatterned control.  The Holm-Bonferroni method was also used to examine all 

pairwise combinations to consider the differences within different patterned dimensions.  

α ≤ 0.05 was used to determine significant differences. 
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3.3 Results 

3.3.1 C2C12 Cell Alignment to Patterned Substrate 

 The C2C12 cells were observed to align to the patterned substrate after just one 

day.  Figure 3.1 shows the degrees of cell alignment for day one measured in degrees 

deviating off the pattern axis on a 90 degree scale.  The minimum value is 0 degrees 

(aligned to the pattern) and maximum is 90 degrees (perpendicular to the pattern).   

Under the assumption that cells are oriented in a random fashion on unpatterned 

substrates, one could reason that in Gaussian distribution on a scale of 0° to 90°, a 

majority of the orientation would lie in the range of 45º.  The purpose of Figure 3.1 was 

to illustrate this fact and confirm that cell orientation is guided on patterns while 

randomly distributed on unpatterned substrates. 
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Figure 3.1:  Degrees deviating from the pattern axis of C2C12 cell orientation after 1 day 
seeded with 175,000 cells in a 60 mm cell culture dish on patterns of 5 µm, 1 µm, and 
500 nm as well as an unpatterned control.  **p<0.001 compared to the unpatterned 
control.  Mean ± standard error. 
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In another interpretation of the identical data presented in the previous example,  

Figure 3.2 shows the distribution of cell alignment on the unpatterned control after day 

one.  The cells were distributed fairly evenly throughout the range of 0 degrees to 90 

degrees.  In contrast, Figure 3.3 shows the distribution of cell alignment to 5 µm patterns 

after day one.  A majority, 82.8 percent, of the cells were aligned at 15° or less.  This 

observation helped determine an arbitrary threshold value at which cell alignment would 

be assessed. 
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Figure 3.2:  Distribution of C2C12 cell alignment on unpatterned control.  Normalized 
values of the measured orientation angles on control after day one.   
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Figure 3.3:  Distribution of C2C12 cell alignment on 5 µm patterns.  Normalized values 
of the measured orientation angles on 5 µm patterns after day one.   
 

 

Figure 3.4 shows the data recorded from the degrees of cell orientation in day one 

translated to percent alignment to the patterns by evaluating alignment in a binary fashion 

with a threshold of 15º; where values less than 15º were categorized as aligned and values 

greater than 15º were categorized as not aligned.  Both micron-scale patterns of 5 µm and 

1 µm showed significant alignment when compared to the unpatterned substrate, with 

p<0.001.  The 500 nm patterns did not show a significant difference in alignment when 

compared to the unpatterned substrate.  In addition, both micron patterns showed a high 

degree of alignment over the 500 nm pattern, with p<0.001.  There were no 250 nm 

patterns at this point of the study because a protocol had not been finalized for generating 

reliable 250 nm patterns. 
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Figure 3.4:  C2C12 Cell Alignment after day one.  Percentage of cells aligned to the 
pattern after day one evaluated by setting a 15º threshold to establish if a cell was aligned 
or not. 175,000 C2C12 cells were seeded in a 60 mm cell culture dish on patterns of 5 µm, 
1 µm, and 500 nm as well as an unpatterned control.  **p<0.001 compared to unpatterned 
control.  Mean ± standard error. 
 
 

On day three, the percent myotube orientation to the patterns is shown in Figure 3.5.  

While there was no significant difference between the patterned and unpatterned 

substrates, there was a trend in the 5 µm and 250 nm patterns when compared to 

unpatterned substrate, with corrected p values of 0.053 and 0.059 respectively.  The 

observed tendency in myotube alignment is a promising start in presenting the impact 

nanoscale biochemical patterns have on cells.   
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Figure 3.5:  Percent alignment to patterns assessed in C2C12 myotubes on patterned 
substrates after day three.  Patterns of 5 µm, 1 µm, 500 nm, and 250 nm were compared 
to an unpatterned control.  *p<0.06 compared to unpatterned substrate.  Mean ± standard 
error. 

 

 

Percent myotube orientation to the patterns on day five showed promising results 

for all dimensions; especially the 5 µm and 250 nm patterns (see Figure 3.6).  Cells 

showed significant alignment in all pattern dimensions, with 5 µm and 250 nm patterns 

showing high degrees of significance differences with values of p<0.001 while the 1 µm 

and 500 nm patterns had p<0.05 when compared with the unpatterned control.  The 5 µm 

pattern also showed a significant difference in percent alignment compared to the 500 nm 

and 1 µm patterns, p<0.001 and p<0.05 respectively.   The cells on the 250 nm pattern 

also showed a significant amount of alignment over the 500 nm pattern with p<0.05.   
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Figure 3.6:  Percent alignment of C2C12 myotubes after day 5.  Patterns of 5 µm, 1 µm, 
500 nm, and 250 nm were compared to an unpatterned control.  **p<0.001 and *p<0.05 
when compared to unpatterned substrate.  Mean ± standard error. 
 
 

 

3.3.2 C2C12 Cell Differentiation on Patterned Substrate 

Differentiation of C2C12 cells plated on patterned substrates was observed at 

days three and five.  Figure 3.7 shows the percent differentiation recorded after day three.  

C2C12 cells on the 5 µm patterns were found to have a slightly significant difference in 

differentiation over the unpatterned control with p<0.05.  However, none of the other 

patterns showed any significant differences in differentiation with any of the other 

dimensions.   
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Figure 3.7:  Percent differentiation of C2C12 myotubes assessed by percentage of nuclei 
located in differentiated myotubes after day 3.  Patterns of 5 µm, 1 µm, 500 nm, and 250 
nm were compared to an unpatterned control.  *p<0.05 when compared to unpatterned 
substrate.  Mean ± standard error. 
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Figure 3.8:  Percent differentiation of C2C12 myotubes assessed by percentage of nuclei 
located in differentiated myotubes after day 5.  Patterns of 5 µm, 1 µm, 500 nm, and 250 
nm were compared to an unpatterned control.  Mean ± standard error. 
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On day 5, there was no significant improvement in differentiation on any of the 

pattern dimensions in comparison to the unpatterned control.  Figure 3.8 shows the 

percent differentiation measured after day 5.  There were also no significant differences 

within any of the patterned groups.  Visually the cells were completely confluent and 

there was evidence of spontaneous confluence-induced differentiation into myotubes 

throughout the sample. 

 

3.3.3 Patterns on Transparent Substrates 

Transparent substrates would be an ideal medium to observe cell behavior and 

morphology on a daily basis without having to permanently fix and stain the cells.  Some 

work in the area of transparent substrates has already been performed during the course 

of this study by using electron beam lithography to crosslink PEG patterns onto glass 

coated with Indium tin oxide (ITO).  An attempt to functionalize a protein resistant, self 

assembled monolayer PEG silane to the surface of the ITO was partially unsuccessful as 

C2C12 cells clearly adhered and proliferated on the passivating film supposedly created 

by the PEG silane (shown in Figure 3.9). 
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Figure 3.9:  C2C12 cells on 1 µm patterns created with PEG-NHS on a PEG silane 
functionalized ITO coated glass slide.  Parameters used for creating pattern were 10 kV, 
35 pA, Resolution setting. 

 

 

This project did achieve some intriguing preliminary results.  C2C12 cells are shown in 

Figure 3.10 to have an unmistakable response to the 500 nm patterns.  These C2C12s 

were observed one day after seeding.  The cells were seen to have pseudopods extending 

along the length of the pattern.  There were also some pseudopod protrusions 

perpendicular to the pattern axis. 
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Figure 3.10:  C2C12 cells on 500 nm PEG-NHS patterns on ITO coated glass after day 
one.  Parameters used for creating pattern were 10 kV, 35 pA, Resolution setting. 
 

This result unfortunately could not be pursued further because of the discrepancies in the 

creation of the passivating layer.  Cells were attaching and proliferating at a high rate on 

portions of the substrate where there should have been few cells.  Figure 3.11 further 

illustrates what how cells typically attach to a substrate modified with a PEG silane.  The 

following figure is a comparison between C2C12 cell adhesion on uncoated and PEG-

silane conjugated glass slides.  The cells on the PEG-silane substrate were far more 

rounded and fewer in numbers indicating poor adhesion to the substrate surface. 
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a

c

b

d
 

Figure 3.11: C2C12 skeletal myoblast cell adhesion three hours after seeding on 
transparent substrates.  a and b are on unmodified uncoated glass substrate.  c and d are 
on a glass substrate coupled with a PEG-silane layer. 

 



60 

3.4 Discussion 

3.4.1 C2C12 alignment to micro- and nano-scale patterns 

In terms of C2C12 alignment to the patterns, the cells showed the greatest 

immediate response to the micron scale patterns.  Biochemical cues are is most likely a 

reasonable explanation for the considerable increase in cell alignment in 5 µm patterns on 

day one.  The large protein footprint improved cell adhesion between the protein resistant 

patterns.  Arranging the cells along a row increased the lengthwise cell-cell interactions 

as opposed to randomly distributed cell interactions in unsystematic orientations.  A 

slight topographical influence may also play a role since the micron patterns were 70 nm 

tall.  The cells could be funneled between the 5 µm patterns while cells lie on top of the 

other more narrowly spaced patterns.  The height of the patterns, in all probabilities, had 

a negligible impact over cell alignment.  Previous studies conducted by Yu demonstrated 

that as pattern dimensions increased in width, depth had to increase to maintain a 

topographical impact over myoblast alignment. (Yu and Tsai 2008)  They observed less 

alignment on wider patterns as the depth of the patterns decreased. As a result of those 

findings, the heights on the 5 µm wide, 70 nm tall patterns probably did not have a 

significant impact over cell alignment.  While less pronounced than the 5 µm patterns, 

the cells also showed a significant amount alignment on day 1 to the 1 µm patterns.  The 

mechanics responsible for this are similar to those of cell alignment to the 5 µm patterns 

with larger biochemical cues compared to those of the nanoscale biochemical patterns.   

5 µm patterns and 250 nm patterns showed a trend of C2C12 myotube alignment 

to the patterns on day three.  The initial alignment of cells into rows in the 5 µm patterns 
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from the earlier days could carry over into differentiating into myotubes.  The 250 nm 

nanopatterns also showed an inclination towards increased myotube alignment to the 

patterns but were not statistically significant.  Focal adhesion formation and interactions 

are the possible mechanisms behind this slight increase in alignment.  The size of the 

focal adhesions responsible for interactions with collagen I could be in the range of 250 

nm or less.  The alignment of these focal adhesions in turn could align the microtubules 

and actin filaments within the cell.  The aligned fibers within the cell could enhance 

myotube alignment to the patterns during the differentiating process.  There was also a 

significant difference in alignment of 5 µm and 250 nm patterns compared to the 500 nm 

patterns.  If the proposed focal adhesions responsible for cell-collagen I interactions are 

in the span of 250 nm or less, then 500 nm patterns would not be as efficient in 

orientating the focal adhesions and organizing the filaments along the patterns.  Focal 

adhesions can be stained in the future to observe the distinctions in cellular response to 

the different pattern dimensions. 

All cells on day five were statistically significant in the myotube alignment 

compared to the unpatterned control.  The 5 µm and 250 nm patterns showed a 

considerable increase in myotube alignment over not only the unpatterned substrate but 

also over the 500 nm pattern.  The myotube alignment on the 5 µm pattern also exhibited 

a significant disparity from that observed on the 1 µm pattern.  The mechanisms 

explaining the alignment of the 5µm and 250 nm patterned myotubes are similar to day 

three.  But since the cells grew far more confluent on day five, more myotubes were 

formed amplifying the alignment observed with respect to the pattern.  Cell-cell 

interactions also played a roll in increasing the number of myotubes aligned to the 
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patterns.  Myotubes are known to align with other myotubes in the same region and since 

the initial myotubes were generally aligned to the pattern, the newly differentiated 

myotubes would tend to differentiate alongside the existing myotubes causing them to 

align to the patterns.  The 1 µm patterns showed a significant difference (p<0.05) in 

alignment of myotubes when compared to the control.  The initial alignment of cells from 

day one could carry over throughout the days as the cells proliferated and came to 

confluence.  Once myotubes began to form through spontaneous differentiation due to 

cell-cell interactions, these previously aligned cells would most likely differentiate along 

their initial orientation resulting in myotubes that followed the patterns.  The 500 nm 

patterns showed the weakest alignment of myotubes to the pattern design.  While 

statically significant when compared with the control, it still proved to have the least 

affect out of all pattern dimensions.  The means behind this feeble alignment presumably 

can be explained by focal adhesion interactions with the type I collagen patterns.  If the 

speculated focal adhesion size is under 500 nm then it is possible for focal adhesions to 

align not just along the pattern but also in random directions such as perpendicular to the 

pattern.  This would result in myotube formation that would not be aligned to the 

nanopattern.  Equally, the focal adhesions could form along the axis of the 500 nm 

pattern giving rise to myotubes aligned to the pattern.  The lower alignment percentage is 

then due to the random directions of myotube formation diluting the results. 

 

3.4.2 C2C12 differentiation on micro- and nano-scale patterns 

Only the 5 µm pattern showed significant differentiation compared to the control 

on day three with p<0.05.  The alignment of cells on the 5 µm patterns probably 
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increased the relevant lengthwise cell-cell interactions necessary for earlier 

differentiation into myotubes.  The cells on these patterns initially wind up arranged into 

rows spaced 5 µm apart where the only cell-cell interaction is with cells in front or 

behind the aligned cell.  The cells sense the biomechanical cues surrounding the cell and 

perceive a pseudo-confluence where cells are only able to easily proliferate along the 

biochemical patterns, which ends up with a confluence of cell-cell interactions within the 

pattern groove initiating differentiation and spontaneous myotube formation.  The 1 µm 

patterns were not able to exhibit this significant increase in differentiation of myotubes 

on day three because there were more unnecessary cell-cell interactions due to the cells 

lying on top and across the patterns rather than within the patterns.  Although the 250 nm 

pattern appears to visually have a significant amount of differentiation compared to the 

control, the adjusted p-value using the Holm test was p=0.129.  One can say there might 

be a very slight trend towards 250 nm patterns influencing C2C12 cells to differentiate at 

an increased rate.  More trials would have to be explored in the future to confirm this. 

By day five, the unpatterned control had caught up statistically in percent 

differentiated.  Any benefits the patterns would have imparted on the cell differentiation 

in the earlier time points would be lost at this point because of the extreme confluence of 

the cells.  The increased cell-cell interactions from the crowded C2C12 cells naturally 

induce spontaneous differentiation into myotubes.  This phenomena occurred across all 

pattern and unpatterned surfaces causing differentiation percentages to even out over time.  

This was an expected result due to the complete confluence of the proliferating cells. 
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3.4.3 C2C12 on protein resistant substrates 

 Trials conducted with C2C12 cells on substrates functionalized with PEG silanes 

and functionalized PEG patterns were not as successful as expected.  The largest 

downside to the using electron beam lithography is the low throughput.  Because of the 

time consuming process, patterned areas have to be kept to a minimum to maintain 

reasonable exposure times.  On a substrate successfully modified with a PEG silane, the 

entire surface is a passivating layer which prevents protein adsorption.  Realistically, as a 

result of the majority of the substrate surface being protein resistant, the small patterned 

areas were the only areas the cells would easily adhere to.  This small surface area of 

patterned protein is combined with another factor that prevented success in these 

experiments.  C2C12 cells have to be seeded with a minimum density to remain viable.  

The proliferation rate tends to suffer if seeded at a density which is too low.  An obvious 

solution to this problem would be to increase the surface area of the patterns and/or 

increasing seeding density.  A balance has to be kept though, as a high seeding density 

will cause instant confluence and prevent cells from sensing and aligning to patterns. 

 

3.4.4 C2C12 on transparent substrates 

The work with C2C12 cells on patterned ITO substrates is evidence of future 

potential in nanopatterning technology.  The PEG/PEG-silane/ITO material and pattern 

characterization has been discussed previously in Chapter 2.  The weak formation of 

PEG-silane on the substrate resulted in excessive cell adhesion throughout the sample.  

Even though the substrate did not exhibit all of the preferred characteristics after surface 

modifications and coupling with a PEG-silane, the study did show that patterning is 
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possible on transparent substrates and C2C12 cells react to the nanopattern with 

pseudopod formations. 

 

3.4.5 Biomimicry: Influence of 250 nm and below 

Cell alignment is a natural occurrence in in vivo situations essential for producing 

many properties found in structural and biochemical tissue functions.   Within the 

basement membrane, collagen fibrils contribute to the formation of an extracellular 

network which guides cell mobility and alignment. (Thomas 1964; Fleischmajer, Timpl 

et al. 1985)  Type I collagen fibrils within these networks have been found to be under 

100 nm, typically 40-50 nm in diameter.  In addition, myoblasts have been observed 

aligning and elongating along the direction of collagen fibrils in the basement membrane. 

(Warren 1981)  All of these studies have established that sub-100 nm factors play a 

considerable role in guiding cell alignment in vivo.  In the scope of the current study, out 

of all pattern dimensions, the 250 nm patterns were the most similar to the natural 

biological environment.  In an ideal situation, biochemical patterns of 40-100 nm would 

also be tested to detect any amplified correlation between patterns and 

orientation/differentiation.  Success in establishing a protocol for this technology will 

bring us closer to truly mimicking the in vivo environment and creating an accurate 

biomaterial. 

 

3.4.6 Limitations 

There were several limitations to this study.  The most notable shortcoming was 

the low throughput of electron beam lithography technique.  Patterns were restricted to 
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very small areas of less than 1000 µm by 1000 µm for all dimensions combined (5 µm, 1 

µm, 500 nm, and 250 nm) on a single sample.  An extensive amount of time was also 

spent  during the preliminary stages varying parameters and patterns while attempting to 

obtain a proof of concept of cell alignment on nanopatterns using 500 nm spacings.  After 

conducting the study to its entirety, it’s been observed that 500 nm patterns are the least 

effective pattern dimensions for cell alignment. 

 

3.5 Summary 

The relationship between cell interactions with ECM and cell function and 

behavior is of great consequence to future applications in medicine and biotechnology 

such as studies in stem cell differentiation.  The effects of micron and submicron 

biochemical patterns on the orientation and differentiation of C2C12 mouse skeletal 

myoblast was examined in this study.  Polyethylene glycol patterns of 5 µm, 1 µm, 500 

nm, and 250 nm wide with equal spacing of 5 µm, 1 µm, 500 nm, and 250 nm 

respectively were generated using electron beam lithography.  The depth of the patterns 

ranged from 70 nm in the micron patterns to 3.8 nm in the submicron patterns.  

Significant alignment to the micron patterns was observed initially after day one.  

Patterns with dimensions of 250 nm began to show increased alignment over unpatterned 

and 500 nm substrates on days three and five.  There was no noticeable long term 

improvement in differentiation on patterned compared to unpatterned substrates.  Results 

suggest 250 nm or smaller spacings may provide optimal influence over cell alignment 

and behavior. 
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CHAPTER 4  
FUTURE DISCUSSION 
 

There are several considerations to look into in terms of future outlook for 

nanopattern production.  Prospects in this area include creating a conductive layer of 

titanium or titanium oxide in place of the ITO and/or depositing a transparent/translucent 

film of silicon dioxide on top of the conducting layer.  This can be achieved in a number 

of different methods.  An electron beam evaporator (e-beam evaporator) can deposit a 

transparent layer of titanium film followed by a 6-10 nm thick layer of silicon dioxide 

using a PECVD on a transparent substrate (e.g. an hydrofluoric acid (HF) treated glass 

slide).  Additionally, another method to attempt could be using the e-beam evaporator to 

deposit a transparent layer of titanium oxide onto the surface of the HF treated glass slide.  

A third area to explore would be modifying the surface of the ITO coated glass to either 

be more susceptible to forming PEG silanes on the surface or forming more stable cross-

links with the PEG polymers.  An alternative to this would be establishing a protocol to 

ensure absolute cleanliness of the ITO substrate before patterning and/or surface 

modifications.   

 Areas to examine in pattern design include the combination of topographical and 

biochemical cues.  This includes modifying not only the lateral spacing and widths of the 

patterns but also the height/depths of the patterns.  Micron patterns can be combined with 

nanoscale patterns to impart the best of both influences that the dimensions have over cell 

alignment and differentiation.   
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The physical properties, such as the Young’s modulus, of the patterns should be 

characterized with contact mode AFM and methods for modifying and customizing the 

pattern stiffness should be explored, as substrate stiffness has been shown to have 

specific influences over the differentiation of stem cells. (Engler, Sen et al. 2006)  Engler 

et al. modified the stiffness around the cellular microenvironment and observed evidence 

of mesenchymal stem cells differentiating into various lineages depending on substrate 

stiffness.  Combining substrates with specific elasticity and nanoscale biochemical 

patterns is just another stride towards designing the ideal biomaterial.  Establishing a 

protocol for creating consistent patterns under 200 nm would also be ideal for future 

work in determining optimal pattern dimensions. 

 In the subject of cell studies, focal adhesion formation and organization should be 

investigated.  This can be done through several methods, most easily by staining the focal 

adhesions in question and visualizing them with a confocal microscope for the best 

possible resolution.  Specific markers can be tested for up regulation or down regulation 

of particular proteins related with myotube formation and overall cell differentiation.  

Also, in addition to varying pattern dimensions and combinations of biochemical and 

topographical cues, different pattern stiffness can be explored to further enhance the 

biomimetic properties of the patterns and take one step closer to more accurately 

imitating the in vivo cell microenvironment.   These nanopatterning techniques can then 

be applied to directing and enhancing stem cell differentiation into specific cell lines.  

The ultimate goal of the study is to create a precise representation of the in vivo 

extracellular environment in order to accurately and efficiently control the differentiation 
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of stem cells into the desired cell lines, whether they are osteoblasts, cardiomyocytes, or 

neural precursor cells.   
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CONCLUSION 

The results have demonstrated that stable consistent submicron PEG patterns can 

be generated with confidence.  These patterns can be designed with specific lateral and 

vertical dimensions with consistent patterns down to 250 nm.  The results presented also 

show that patterned surfaces exhibit a certain degree of control over the initial alignment 

of the cells.  These effects are also translated over to myotube alignment, with noticeable 

alignment in the 5 µm and 250 nm patterns compared to the other pattern dimensions 

examined.   500 nm wide patterns with 500 nm spacing appeared to have the least amount 

of effect over alignment and differentiation out of all dimensions while the 5 µm pattern 

showed the most distinct influence on the C2C12 behavior.  The 250 nm patterns were 

also very effective in aligning the differentiated myotubes due to suspected focal 

adhesion interactions with the nanoscale patterns. 
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