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ABSTRACT 

 

ENGINEERING APPROACHES FOR NERVE REPAIR 
 

By 
 

Chun Liu 

 
Spinal cord injury (SCI) has been shown to result in devastating consequences including 

temporary or permanent deficit in sensory as well as motor function. The regeneration of nerves 

is found to be a chaotic process due to unorganized axon alignment. Therefore, properly 

organized axonal alignment is necessary to bridge the lesion site. Furthermore demyelination 

after SCI strongly impairs the conductive capacity of surviving axons, remyelination is critical 

for proper function of the regenerated nerves. Schwann cells (SCs) migrate and aid both spinal 

cord and peripheral nerve injury repairs, as SCs are responsible for remyelination of the 

regenerated axons and provide guidance for regrowing axons. Therefore, SC migration is a key 

in axon regeneration and remyelination. This study focuses on developing engineering 

approaches to enhance axon regeneration and SC migration to promote remyelination.  

 

We first demonstrate that mesenchymal stem cells aligned on pre-stretch induced anisotropic 

surface due to sensing a larger effective stiffness in the stretched direction than in the 

perpendicular direction. Next we show that an anisotropic surface arising from mechanical pre-

stretch impacts axonal alignment and myelination. Culturing dorsal root ganglia (DRG) neuron 

cells on pre-stretched surfaces induced alignment of the regenerated axons in the direction of the 

pre-stretch, and further increased the thickness of the axons over those on an unstretched surface. 

Subsequent co-culture of the DRGs with the SCs showed preferential attachment of the SCs to 

the aligned axons and expression of the myelin component protein P0 by the SCs. Taken together 



 
 

the results establish that a pre-stretch induced anisotropic surface enhances axon alignment, 

thickness, and myelination. 

 

SCs play an instrumental role in aiding nerve repair. To better optimize the design of 

transplantable scaffolds, we studied the influence of channel diameter on the migration behavior 

of large populations of SCs over a period of two weeks. Micropatterned polydimethylsiloxane 

(PDMS) channel surfaces with different channel sizes served to mimic the varying channel sizes 

of transplantable scaffolds in vitro. The average cell migration speeds were quantified and 

normalized using two methods. We found higher SC migration speeds on PDMS channels with 

decreasing channel sizes. These results suggest that scaffold channel size provides a means to 

manipulate SC migration into the scaffold for nerve repair.  

 

Finally to test the axon growth in microchannels, we further co-cultured DRGs and SCs at 

opposite ends of micropatterned channels of varying sizes. Freshly isolated DRGs were seeded at 

one end of the channels and SCs were seeded at the other end to provide growth factors to the 

axons. As a positive control, in lieu of SCs, collagen gel pre- loaded with Nerve Growth Factor 

(NGF) was added at one end of the channels. The results indicate that the addition of SCs or the 

NGF encapsulated gel effectively attracted axons to penetrate into the microchannels as 

compared to the negative control (blank control without SCs or NGF). 



 

iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my parents, Yongjian Liu and Guiyun Liu, and my husband Yang Lu.  

 

 

 

 

 

 

 

 

 

 



 

v 
 

ACKNOWLEDGEMENTS 

 

 
First, I would like to thank Dr. Christina Chan for being my research and life mentor throughout 

my PhD career. Without her careful and patient instruction, my future as a scientist and engineer 

would have been impossible. In addition, I thank all my thesis committee members, Dr. S Patrick 

Walton, Dr. Seungik Baek, and Dr. Neil Wright for providing constant guidance and support 

throughout the duration of my PhD. 

 

I would also like to thank the past and present members of the Chan and Walton lab, Sumit 

Mehrotra, Linxia Zhang, Li Liu, Hyunju Cho, Ryan Thompson, Phil Angart, and Daniel Vocelle 

for being great colleagues and always displaying a zealous attitude in fostering collaborations. 

Especially, I want to thank all the undergraduate students with whom I have worked with, Ryan 

Pyne, Eric Vasko, Victoria Toomajian, and Jeremy Kray. 

 

I'm also grateful to all my collaborators, Dr. Seungik Baek' group (Mechanical Engineering, 

Michigan State University), Dr. Jeff Sakamoto's (Mechanical Engineering, University of 

Michigan), and Dr. Mark Tuszynski's group (Neuroscience, University of California, San Diego).  

 

I'd like to acknowledge Dr. Melinda Frame at the Center of Advanced Microscopy, Dr. Baokang 

Bi at the Keck Microfabrication Facility, Dr. Wen Li and Dr. Xiaopeng Bi for their help on 

photolithography, and Dr. Ning Xi and Dr. Bo Song for their help with AFM. 

 



 

vi 
 

Last, I would like to thank my loving husband Dr. Yang Lu for his unconditional love and his 

advisor Dr. Andre Lee for being the witness at our wedding. Life is tough, but love is stronger. 

I’m thankful for all the kind help I received in the past 6 years and the nourishment it provided.  

  



 

vii 
 

TABLE OF CONTENTS 

 

 

LIST OF TABLES ........................................................................................................................ x 

LIST OF FIGURES ..................................................................................................................... xi 

LIST OF ABBREVIATIONS ................................................................................................... xiii 

CHAPTER 1 INTRODUCTION ................................................................................................. 1 

1.1 Spinal cord injury...................................................................................................................... 1 

1.2 Potential of tissue engineering for treating SCI ........................................................................ 3 

1.3 Material properties of PDMS .................................................................................................... 8 

1.4 Aims and objectives ................................................................................................................ 11 

1.4.1 Design of pre-stretch induced anisotropic surface ...................................................... 11 

1.4.2 Design of micropatterned channels for SC migration ................................................. 12 

1.5 Conclusions and future work .................................................................................................. 14 

CHAPTER 2 EFFECT OF STATIC PRE-STRETCH INDUCED SURFACE 

ANISOTROPY ON ORIENTATION OF MESENCHYMAL STEM CELLS..................... 15 

2.1 Introduction ............................................................................................................................. 15 

2.2 Materials and methods ............................................................................................................ 19 

2.2.1 Materials ...................................................................................................................... 19 

2.2.2 PDMS substrate preparation ....................................................................................... 20 

2.2.3 PDMS surface characterization................................................................................... 20 

2.2.4 Cell culture................................................................................................................... 21 

2.2.5 Quantification of cell orientation distribution and cell length .................................... 21 

2.2.6 Immunocytochemistry .................................................................................................. 22 

2.2.7 Statistical analyses ....................................................................................................... 23 

2.3 Estimation of stretch- induced anisotropy ............................................................................... 24 

2.3.1 Estimation of pre-stretch-induced anisotropy of the substrate in active cellular sensing: 

small on large theory ............................................................................................................ 24 

2.3.2 Characterization of finite elastic behavior of the substrate......................................... 25 

2.3.3 Estimation of stretch induced anisotropic response of substrate in active sensing..... 26 

2.4. Experimental results............................................................................................................... 29 

2.4.1 Surface topography characterization .......................................................................... 29 

2.4.2 Orientation quantification ........................................................................................... 31 

2.4.3 Actin cytoskeleton alignment and cell morphology change......................................... 35 

2.4.4 MSC differentiation potential on pre-stretched surface .............................................. 39 

2.5 Discussion ............................................................................................................................... 41 

2.5.1 Bio-mechanical environment ....................................................................................... 41 

2.5.2 Static vs. cyclic stretching ............................................................................................ 42 



 

viii 
 

2.5.3 Pre- vs. post-stretch ..................................................................................................... 43 

2.5.4 Mechanical force vs. contact guidance........................................................................ 46 

2.5.5 PLL vs. fibronectin coating .......................................................................................... 47 

2.5.6 Application of mechanical stretch in tissue engineering ............................................. 48 

CHAPTER 3 THE IMPACT OF PRE-STRETCH INDUCED SURFACE ANISOTROPY 

ON AXON GROWTH ................................................................................................................ 49 

3.1 Introduction ............................................................................................................................. 49 

3.2 Materials and methods ............................................................................................................ 52 

3.2.1 Materials ...................................................................................................................... 52 

3.2.2 Pre-stretched PDMS substrate preparation ................................................................ 52 

3.2.3 PDMS channel substrate preparation ......................................................................... 53 

3.2.4 PDMS surface characterization................................................................................... 53 

3.2.5 Tensile test.................................................................................................................... 54 

3.2.6 DRG neuron and Schwann Cell isolation and culture................................................. 54 

3.2.7 Immunocytochemistry .................................................................................................. 55 

3.2.8 Quantification of axon orientation distribution and axon thickness ........................... 56 

3.2.9 Quantification of co-localization of axon and SCs ...................................................... 57 

3.2.10 Statistical analyses ..................................................................................................... 57 

3.3 Results and discussion ............................................................................................................ 57 

3.3.1 Design and characterization of pre-stretched surface................................................. 57 

3.3.2 Axon alignment on pre-stretched surface .................................................................... 61 

3.3.3 Enhanced axon thickness growth on pre-stretched surface......................................... 66 

3.3.4 Co-culture of Schwann cells with aligned axons ......................................................... 72 

CHAPTER 4 SCHWANN CELLS MIGRATION ON PATTERNED PDMS 

MICROGROOVED SURFACE ................................................................................................ 76 

4.1 Introduction ............................................................................................................................. 76 

4.2 Materials and methods ............................................................................................................ 78 

4.2.1 Materials ...................................................................................................................... 78 

4.2.2 Microgrooved substrate fabrication ............................................................................ 79 

4.2.3 Cell culture................................................................................................................... 80 

4.2.4 Immunocytochemistry .................................................................................................. 81 

4.2.5 Migration quantification .............................................................................................. 82 

4.3 Results and discussion ............................................................................................................ 84 

4.3.1 Design of microgrooved substrate ............................................................................... 84 

4.3.2 Schwann cells migrated on both the grooves and ridges............................................. 85 

4.3.3 Comparison of SC migration on different microgrooved surfaces .............................. 87 

4.3.4 Comparison of SC alignment in different channels ..................................................... 92 

4.4 Conclusion .............................................................................................................................. 94 

CHAPTER 5 SCS ENHANCE REGENERATED AXONS PENETRATION INTO 

PATTERNED CHANNELS....................................................................................................... 95 

5.1 Introduction ............................................................................................................................. 95 



 

ix 
 

5.2 Materials and methods ............................................................................................................ 97 

5.2.1 Materials ...................................................................................................................... 97 

5.2.2 Patterned channel cell co-culture system fabrication ................................................. 97 

5.2.3 DRG neuron and Schwann Cell isolation and culture................................................. 98 

5.2.4 Fluorescent imaging .................................................................................................... 99 

5.2.5 Pre-loaded collagen gel with NGF ............................................................................ 100 

5.2.6 Quantification of axon penetration depth .................................................................. 100 

5.2.7 Statistical analyses ..................................................................................................... 100 

5.3 Results and discussion .......................................................................................................... 101 

5.3.1 Design of the patterned channel cell co-culture system ............................................ 101 

5.3.2. Axons penetration into patterned channels............................................................... 103 

5.3.3 Comparison of axon penetration depth under different conditions ........................... 105 

CHAPTER 6 CONCLUSION AND FUTURE WORK......................................................... 110 

6.1 Summary ............................................................................................................................... 110 

6.2 Future perspectives ............................................................................................................... 112 

6.2.1 The penetration of axons into collagen filled 3D channel scaffold ........................... 112 

6.2.2 The incorporation of pre-stretch with channel scaffold ............................................ 112 

6.2.3 The applicability of the Layer-by-Layer technology on transplantable scaffold design
............................................................................................................................................. 114 

APPENDIX ................................................................................................................................ 129 

BIBLIOGRAPHY ..................................................................................................................... 142 



 

x 
 

LIST OF TABLES 

 

 
Table 1.1. NTFs involved in neural regeneration after SCI............................................................ 8 

Table 6.1. LbL application in neural adhesion............................................................................ 121 

Table A.1. Grid record of SC migration on day 8 for 50µm (a), 100µm (b), and 150µm (c) 
microgrooved surfaces. ............................................................................................................... 130 

Table A.2. Grid record of SC migration on day 9 for 50µm (a), 100µm (b), and 150µm (c) 
microgrooved surfaces. ............................................................................................................... 132 

Table A.3. Grid record of SC migration on day 10 for 50µm (a), 100µm (b), and 150µm (c) 
microgrooved surfaces. ............................................................................................................... 133 

Table A.4. Grid record of SC migration on day 13 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. ............................................................................................................... 135 

Table A.5. Grid record of SC migration on day 14 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. ............................................................................................................... 136 

Table A.6. Grid record of SC migration on day 15 for 50µm (a), 100µm (b), and 150µm (c) 
microgrooved surfaces. ............................................................................................................... 138 

 



 

xi 
 

LIST OF FIGURES 

 

 
Figure 1.1. Templated agarose scaffold supports linear growth of axons.  ..................................... 5 

Figure 1.2. Schematic of crosslinked polymer chain molecules. .................................................. 10 

Figure 2.1. Schematic illustrating stretch induced anisotropy.  ..................................................... 18 

Figure 2.2. Design of static pre-stretching device ........................................................................ 24 

Figure 2.3. Schematic drawing of the two-step deformation of the substrate in the experiment.  27 

Figure 2.4. Stress-strain plot. ........................................................................................................ 28 

Figure 2.5. Effective stiffness. ...................................................................................................... 29 

Figure 2.6. Surface topological characterization.  ......................................................................... 30 

Figure 2.7. MSCs on stretched vs. unstretched PDMS substrate. ................................................. 32 

Figure 2.8. Quantification of the orientation angles on stretched vs. unstretched membrane.  ..... 33 

Figure 2.9. Ratios of parallel orientation vs. magnitude of pre-stretch. ....................................... 34 

Figure 2.10. Actin filaments and focal adhesion staining of MSCs on stretched vs. unstretched 
surfaces.......................................................................................................................................... 36 

Figure 2.11. MyoD1 Staining of MSCs on stretched vs. unstretched surfaces. ........................... 40 

Figure 2.12. MSC orientation upon stretching of cell-attached PDMS surface. .......................... 45 

Figure 2.13. MSC oriented on fibronectin coated pre-stretched surface. ..................................... 47 

Figure 3.1. Pre-stretched PDMS substrate and surface characterization.  ..................................... 60 

Figure 3.2. Axon alignment on pre-stretched and unstretched surface. ........................................ 62 

Figure 3.3. Quantification of axon alignment on stretched vs. unstretched PDMS substrate.  ..... 64 

Figure 3.4. Axon thickness growth on stretched vs. unstretched PDMS substrate.  ..................... 68 

Figure 3.5 Quantification of axon thickness on micropatterned PDMS substrate. ....................... 70 

Figure 3.6. Co-cultured of Schwann cells with the DRG neurons on the stretched vs. unstretched 
PDMS substrates. .......................................................................................................................... 73 

Figure 4.1. Schematic of channel design and PDMS preparation.  ............................................... 80 



 

xii 
 

Figure 4.2. Migration of Schwann Cells (SCs) into the channels. ................................................ 86 

Figure 4.3. Flowcharts illustrating the various steps in the quantification of SC migration speed.

....................................................................................................................................................... 89 

Figure 4.4. Comparison of SC migration in the different size channels using the leading edge 

velocity.......................................................................................................................................... 90 

Figure 4.5. Comparison of SC migration in the different size channels using the binary velocity.
....................................................................................................................................................... 90 

Figure 4.6. Comparison of SC alignment in the different size channels.  ..................................... 93 

Figure 5.1. Schematic of micropatterned co-culture platform. ................................................... 102 

Figure 5.2. Penetration of regenerated axons into channels.  ...................................................... 104 

Figure 5.3. Quantification of axon penetration depth.  ................................................................ 105 

Figure 5.4. Comparison between different channel sizes in SC group.  ...................................... 106 

Figure 5.5. Comparison of SCs group with positive and negative control groups for each channel 
size. ............................................................................................................................................. 107 

Figure 6.1. Schematic of pre-stretched microchannel design. .................................................... 114 

Figure 6.2. Applicability of the LbL technology for SCI repair.  ................................................ 115 

Figure 6.3. Co-culture of primary neurons and astrocytes on LbL-coated surfaces. .................. 123 

Figure 6.4. Lysozyme release profile from LbL for 4 weeks.  .................................................... 127 

Figure A.1. Definition of leading edge.  ...................................................................................... 139 

Figure A.2. Binary processing method. ...................................................................................... 140 

Figure A.3. Plot of average position at leading edge vs. time.  ................................................... 141 

Figure A.4. Plot of migration velocity with channel size.  .......................................................... 141 

 



 

xiii 
 

LIST OF ABBREVIATIONS 

 

 
AraC: 1-P-D-Arabino-furanosylcytosine 

BDNF: Brain derived neurotrophic factor 

BPE: Bovine pituitary extract  

BSA: Bovine serum albumin 

CNS: Central nervous system  

CNT: Carbon nanotube  

DRG: Dorsal root ganglion 

ECM: Extracellular matrix 

FBS: Fetal bovine serum 

FDU-U: Fluoro-2 deoxy-uridine-Uridine, 

GDNF: Glial cell line-derived neurotrophic factor 

HA: Hyaluronic acid  

LbL: Layer-by-layer 

MSCs: Mesenchymal stem cells 

NGF: Nerve growth factor 

PAA: Poly (acrylic acid) 

PAH: Poly (allylamine hydrochloride) 

PBS: Phosphate buffered saline 

PDAC: Poly (diallyldimethylammonium chloride) 

PDMS: Polydimethylsiloxane 

PEG: Poly (ethylene glycol) 

PEM: Polyelectrolyte multilayer 



 

xiv 
 

PGA: Poly (glycolic acid) 

PLA: Poly (lactic acid) 

PLL /PDL: Poly-L (D)- lysine  

PLGA: Poly (lactic-co-glycolic acid) 

PNS: Peripheral nervous system 

SCs: Schwann cells 

SCI: Spinal cord injury 

SEM: Scanning electron microscopy 

SPS: Sulfonated poly (styrene), sodium salt 

3D: Three dimensional 



 

1 
 

CHAPTER 1 INTRODUCTION 

1.1 Spinal cord injury 

Spinal cord injury (SCI) is a leading cause of disability worldwide. In the United States, the 

prevalence of SCI is ~250,000 out of 300 million with 11,000 new incidences each year [1]. SCI 

is ranked as one of the major causes of disability in young people, with an average age at injury 

of 33.4 years [2]. Defined as an occurrence of an acute traumatic lesion of neural elements in the 

spinal canal, which connect descending motor systems to the body and ascending sensory 

circuits to the brain, SCI results in temporary or permanent deficits in motor and sensory 

function [3]. In this chapter, we discuss current therapies for spinal cord injury and outline 

potential recovery strategies through tissue engineering approaches. These include transplantable 

scaffolds [4] and engineered neural cell differentiation/migration [5-6]. The findings that 

polyelectrolyte multilayer (PEM) coated surfaces are able to enhance neural cell adhesion and 

differentiation [7-8] suggest their potential to contribute to the treatment of SCIs. 

 

Tissue damage after SCI occurs in two phases, a primary damage phase directly resulting from 

the trauma and a secondary damage phase which occurs post-trauma. Within the first 48 hours 

after SCI, the acute primary lesion causes extensive neuron and glial cell necrosis, followed by 

vascular damage- induced spinal cord swelling and glutamate excitotoxicity [9]. Secondary 

damage starts just after primary tissue destruction and usually lasts over several days or weeks, 

and involves necrosis of some neurons and apoptosis of some glia. Poor axon regeneration, axon 

demyelination, and inflammation are three major complications which arise after SCI. After 

acute SCI, axons sprout briefly, but soon undergo growth arrest and retraction. Lack of growth 

factors secreted by associated glial cells and the lack of orientation of neurites inside the scar 

tissue prevent axons from crossing the lesion site [9-10]. Therefore, reorganization of axon 
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connections requires not only a bridge to facilitate axon alignment, but also the local release of 

growth factors to enhance the axon growth and myelination. During the process of myelination, a 

myelinating cell wraps around an axon to build a myelin sheath, which is necessary for rapid 

conduction of action potentials along the axon. Myelination is accomplished by oligodendrocytes 

in the central nervous system (CNS) and Schwann cells in the peripheral nervous system [11]. 

Oligodendrocytes are quite sensitive to SCI and undergo both necrotic and apoptotic cell death 

after trauma. Therefore, SCI is usually accompanied by chronic progressive demyelination, 

which in turn affects neural function and axon survival [12]. Upon breakdown of the myelin 

sheath within the first few hours after injury, the debris from the myelin breakdown spreads to 

and further inhibits the growth of neighboring healthy neurons, followed by macrophage 

infiltration and inflammation [1, 9]. The degradation of myelin sheaths also exposes myelin-

associated proteins such as Nogo, myelin associated glycoprotein (MAG) and oligodendrocyte 

myelin glycoprotein (OMgP), which hamper axonal regeneration by collapsing the axonal 

growth cone [13]. 

 
Nerve regeneration after SCI is a multi-step process. First, the injured neuron must survive, and 

then the regenerated axon must extend its processes in the same path as its original path/direction 

and form contacts with target neurons. As the processes extend, the axons need to be 

remyelinated and form functional synapses on the surface of the targeted neurons. Therefore, 

myelination is a significant step for neural function recovery. There is some remyelination of 

axons by oligodendrocyte precursor cells that reside in the spinal cord, although the precise 

extent of this response and its functional consequences are unclear. Alternatively, Schwann cells 

migrate into areas of spinal cord injury and can also remyelinate axons [14]. The influx of 

Schwann cells not only helps with remyelination, but may also offer other benefits to 
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regenerating axons, such as growth factors. However, whereas Schwann cells are a critical 

component underlying the success of peripheral nerve regeneration [15], the endogenous 

Schwann cells response to SCI is insufficient to meaningfully impact anatomical reconstruction 

and functional recovery. Efforts have been made to transplant Schwann cells to the injured spinal 

cord, resulting in a partial reduction in secondary damage and improved axon growth as well as 

myelination [16-17]; these findings suggest the potential importance of Schwann cells as 

therapies for SCI. 

 
Therapeutic approaches for SCI span a broad range of goals including: (1) decreasing glial scar 

formation to provide a permissive environment for axon outgrowth, (2) replacing lost cells 

through stem cell or progenitor cell transplantation, (3) transplanting olfactory ensheathing cells 

or Schwann cells to provide a permissive substrate for axonal growth into the injury site, and (4) 

placing either peripheral nerve grafts or engineered scaffolds into the lesion site to provide both a 

permissive substrate and guidance for regenerating axons [1-3]. However, due to the complexity 

of SCI pathology and limited knowledge of cell and scaffold interactions, breakthroughs in nerve 

tissue engineering have been limited. Developing scaffolds with strong regenerative and cell-

supporting capabilities that not only enhance the organization of the regenerating nerves but also 

improve myelination of these nerves to function properly, is central to nerve tissue engineering 

for SCI repair. 

1.2 Potential of tissue engineering for treating SCI  

Axon formation, a key event of neuronal polarization, requires coordinated rearrangement of the 

cytoskeleton [18]. Cytoskeleton reorganization is dependent on cell-substrate adhesion and plays 

a vital role in advancing axons. Thus, engineered substrates must be designed to modulate this 

process to promote axon guidance for tissue repair after SCI. Tissue engineering methods have 
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been explored for many years to build biomedical scaffolds to augment, repair, or replace 

damaged tissue in vivo. Engineered surfaces with varying chemistries and topographies have 

provided insight into cell responses and led to modifications of 3D scaffolds that better support 

cells for tissue formation [19]. In this section, we provide an overview of the key issues related 

to tissue engineering research as applied to SCI, ranging from cell-substrate interactions to 

incorporation of soluble factors into substrates. A major goal in repairing and treating SCI is to 

optimize the physical and chemical properties of the scaffold. 

 
Biomaterial scaffolds provide an environment within which cells organize to form a n artificial 

tissue in a highly controlled manner. The scaffold functions to guide cell behavior by facilitating 

cell-substrate and cell-cell interactions. As shown in Figure 1.1, agarose scaffolds containing 

linear guidance channels (200 mm diameter) generated with a fiber templating technology, can 

support the growth of aligned long-tract axons in the spinal cord lesion site [20]. Thus, to ensure 

the chemical and physical properties of the scaffold for neural regeneration after SCI elicit the 

desired cellular response, they should have the following characteristics: (1) possess substrate 

stiffness and anisotropic features such as channels or fibers of appropriate scale to direct axon 

alignment, (2) be biodegradable with controlled drug release capability, (3) have proper surface 

chemistry to control neural cell attachment, differentiation and migration, (4) possess sufficient 

mechanical integrity for implantation and handling [1-2, 4, 21-23]. 
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Figure 1.1. Templated agarose scaffold supports linear growth of axons.  

(a) Schematic of scaffold implantation at the lesion site includes (1) scaffold implantation, (2) 

injection of lentiviral vectors expressing NT-3 beyond the lesion to attract regenerating axons, 

and, (3) lesion conditioning lesions to promote the growth of the axon. (b) Macroscopic the 
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(Figure 1.1 cont'd) architecture of the templated agarose scaffold. (c) Cross-section of the 

scaffold channels prior to implantation. (d) Scaffold stained with toluidene Blue 4 weeks after 

implantation. Channels are filled with cells. (e, f ) Scaffold integration into the lesio n site. 

Notations: W = walls of the scaffold; C = channels of the scaffold (containing cells); R and C 

label represent the rostral and caudal locations of the lesion, respectively. Scale bars: (b) 200 μm, 

(c) 100 μm, (d) 250 μm, (e), (f ) 100 μm [20]. (Reproduced with permission from Ref. [20]. 

Copyright Elsevier Ltd.) 

 

When designing a scaffold for neural tissue regeneration, a primary consideration is the choice of 

material. The vast number of biodegradable synthetic and natural biopolymers makes choosing 

the material a challenge. Synthetic polymers with well characterized properties have been widely 

used in tissue engineering applications. With a reliable source of raw materials, these polymers, 

such as poly ethylene glycol (PEG), poly-β-hydroxybutyrate (PHB), and poly-ε-caprolactone 

(PCL), can be tailored to provide a broad range of mechanical properties and degradation rates. 

In addition, synthetic polymers can be designed to achieve desired qualities, for example poly 

(glycolic acid) (PGA) and poly (lactic acid) (PLA) can be reacted to form the copolymer poly 

(lactic-co-glycolic acid) (PLGA) which is  hydrophilic and have strong mechanical properties 

[24]. However, synthetic polymers have been found to provoke an immune response after 

transplantation as compared with natural materials [25]. Natural polymers, such as commonly 

derived proteins or carbohydrate polymers have been used as scaffolds for growing several types 

of tissues. These materials, such as collagen, fibronectin, chitosan, agarose, and alginate, are 

considered ideal matrices for engineered tissue constructs due to their non-toxic, non-

inflammatory properties [26] and similarity in structure and stiffness to the tissue being replaced. 
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Natural materials function biologically at the molecular level and are readily degraded and 

metabolized. Despite these advantages, natural materials are predominantly derived from animal 

sources which limit their application. Moreover, their complex structure and reduced liability (i.e. 

harder to control their mechanical properties) make them more difficult to manufacture. 

 
Optimizing the chemical and physical properties are significant challenges in scaffold design. 

Tissue engineering strategies for controlling neuronal cell adhesion and axon guidance can be 

categorized into three main areas of design: surface chemistry, contact guidance, and stiffness 

[19]. While stiffness of substrate has been manipulated to control neuronal cell adhesion [27], 

contact guidance [28] and surface chemistry using gradients of extracellular matrix (ECM) 

proteins [29] are commonly used to control axon growth. Contact guidance describes a 

phenomenon by which cells respond to extracellular topography, both isotropic and anisotropic 

topographies, by altering the cell morphology, orientation, and motility. Patterned surfaces 

chemistry with cell adhesive molecules such as ECM proteins has been found to guide axons as 

well as glial cell alignment [30]. For tissue repair after SCI, scaffolds using either engineered 

fibers or channels, which direct axon outgrowth to bridge the lesion site, have shown promising 

results [4]. 

 
The re-establishment of functional nerve connections in the scaffold further requires growth 

factors. In situ delivery of growth factors that enhance axon growth or anti- inflammatory drugs 

that suppress inhibitory molecules to axon growth are critical components for successful SCI 

therapies. Neurotrophic factors (NTFs) consist of several families of structurally related growth 

factors in the nervous system that enhance the growth and survival of developing neurons and 

maintain the function of mature neurons (Table 1.1), and thus have been incorporated into 
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transplantable scaffolds in tissue engineering applications for SCI [31]. The efficacy of a 

particular NTF is influenced by the delivery method, the site of release, the specific axonal 

system involved, the expression level of NTF receptors after injury and the presence of a 

substrate [5]. 

Table 1.1. NTFs involved in neural regeneration after SCI 

Abbreviation Full name Main function Reference 

NGF Nerve growth factor 
Survival and maintenance 

of sympathetic and sensory 

neurons 

Fiore et al. [32] 

BDNF 
Brain-derived neurotrophic 

factor 

Survival, differentiation and 

maintenance of multiple 
brain and spinal cord 

neurons; neurogenesis  

Binder et al. [33] 

NT-3 Neurotrophin-3 

Survival and differentiation 
of hippocampal, cortical 

and spinal motor and 
sensory neurons  

Maisonpierre et al. 

[34] 

FGF Fibroblast growth factor 
Survival and differentiation 

of multiple neurons; 
neurogenesis 

Zechel et al. [35]  

PDGF 
Platelet-derived growth 

factor 

Proliferation of 
oligodendrocyte progenitor 

cells 

Barres et al. [36] 

GDNF 
Glial cell line-derived 
neurotrophic factor 

Survival of motor and 

sensory neurons; enhance 
Schwann cell migration and 

myelination 

Deng et al. [37] 

 

1.3 Material properties of PDMS 

Polydimethylsiloxane (PDMS) is one of the most extensively used polymers to study cell–

substrate interactions due to its tunable mechanical properties. It is easy to achieve a 

physiologically relevant range of mechanical properties (1kPa to 2 MPa) with PDMS through 

varying crosslinking [38]. The chemical formula for PDMS is (H3C)3SiO[Si(CH3)2O]nSi(CH3)3, 

where n is the number of repeating monomer [SiO(CH3)2] units. Network of PDMS polymer is 

assembled by crosslinking the polymer chains which usually have vinyl groups at each end, 

using short crosslinker (polymethylhydro- siloxane) [39]. 
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To test the mechanical property of PDMS, usually a large-deformation tension experiment is 

conducted on macroscale specimens, while microscale tension experiments have also been tested 

on thin-film through micro- indentation [40-41]. Results from both stress-strain curve and force-

depth curve have indicated a non- linear, large-deformation rubber-elasticity model to represent 

the behavior of PDMS [42].  

 

Similar to rubber, the outstanding elastic property of PDMS can be explained by the molecular 

chain crosslinked network. The crosslinked molecular chains show highly twisted, kinked, and 

coiled morphology in an unstressed state, which results in an amorphous elastomer. Upon a 

tensile load, elastic deformation will occur which involves in partial uncoiling, untwisting, and 

straightening, and hence elongation of the chains in the stress direction, as shown in Figure 1.2. 

Once the stress is released, the chains will spring back to their unstressed conformations, 

resulting in the macroscopic piece to return to its original shape. During the elastic deformation, 

the crosslinkers act as anchor points between the chains, preventing the chain slippage to 

maintain the stability [43]. 
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Figure 1.2. Schematic of crosslinked polymer chain molecules. 

(a) Crosslinked polymer chain in an unstressed state and (b) during elastic deformation in 

response to an applied tensile load [43]. 

 

Besides the mechanical property, the surface chemistry also plays a role in regulating cell 

response. Due to the hydrophobic nature, it is rather difficult to maintain long-term culture of 

cells on PDMS. The challenge remains to modify the surface of PDMS with a stable cell-

adhesive layer, as the high chain mobility of PDMS can lead to surface reorganization [44]. One 

common solution is through plasma treatment, where the hydrophobic surface of PDMS has been 

found to turn into hydrophilic upon oxygen plasma treatment. The process conditions affect the 

surface wettability significantly. Recently there has been study reporting that lower RF power 

with shorter duration makes a thin layer of undamaged oxide on the surface of PDMS with active 

silanol groups, which largely facilitates an irreversible hydrophilic coating [45]. Long-term 

stability of oxidized PDMS surfaces is also known to be influenced by the storage condition [46]. 
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1.4 Aims and objectives 

Spinal cord injury (SCI) has been shown to result in devastating consequences including 

temporary or permanent deficit in sensory as well as motor function. The regenera tion of nerve 

after SCI is found to be a chaotic process due to unorganized axon alignment which is 

accompanied with limited remyelination. Therefore, in order to persuade sufficient regenerated 

axons to bridge the lesion site, properly organized axonal alignment is necessary. Furthermore 

demyelination after SCI strongly impairs the conductive capacity of surviving axons, 

remyelination is critical for proper function of the regenerated nerves. Schwann cells (SCs) 

migration is the key in axon regeneration and remyelination, as SCs are responsible for 

remyelination of the regenerated axons and provide guidance for regenerating axons. The goal of 

this doctoral work focuses on designing and characterizing engineering approaches to enhance 

both axon regeneration and SC migration. Therefore, this dissertation involves two main 

objectives: 1) design of a pre-stretch induced anisotropic surface to enhance axon alignment and 

myelination, and 2) developing a micropatterned channel system to promote SC migration.  

 

1.4.1 Design of pre-stretch induced anisotropic surface 

Chapter 2 outlines the methods of fabricating a pre-stretched substrate for cell culture and 

explores the effect of pre-stretch induced surface anisotropy on cell orientation. Mechanical cues 

in the cellular environment play important roles in guiding various cell behaviors, such as cell 

alignment, migration, and differentiation. Previous studies investigated mechanical stretch 

guided cell alignment predominantly with cyclic stretching whereby an external force is applied 

to stretch the substrate dynamically (i.e. cyclically) while the cells are attached onto the substrate. 

In contrast, in this chapter we created a static pre-stretched anisotropic surface in which the cells 
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were seeded subsequent to stretching the substrate, and quantified the extent of pre-stretch 

induced anisotropy and predicted the effective stiffness in the stretch direction as well as its 

perpendicular direction. We showed mesenchymal stem cells (MSC) aligned in the pre-stretched 

direction, and the cell alignment and morphology were dependent on the pre-stretch magnitude. 

In addition, the pre-stretched surface demonstrated an ability to promote early myoblast 

differentiation of the MSC. The cell orientation induced by the pre-stretch induced anisotropy 

provided insight into nerve tissue engineering applications for enhancing axon alignment in the 

absence of dynamic mechanical stimuli. 

 

Based on the preliminary results from Chapter 2, Chapter 3 further investigates the impact of 

pre-stretch induced surface anisotropy on axon growth. In this chapter, we demonstrate that static 

pre-stretch induced anisotropy promotes dorsal root ganglion (DRG) neurons to extend thicker 

axon aggregates along the stretched direction and form aligned fascicular- like axon tracts. 

Moreover, Schwann cells, when co-cultured with DRG neurons on the pre-stretched surface co-

localized with the aligned axons and expressed P0 protein, are indicative of myelination of the 

aligned axons, thereby demonstrating that pre-stretch induced surface anisotropy is beneficial in 

enhancing axon alignment, growth, and myelination. 

 

1.4.2 Design of micropatterned channels for SC migration 

Schwann cell migration is important for both spinal cord and peripheral nerve injuries, as 

Schwann cells are responsible for remyelinating the regenerated axons as well as providing 

guidance for regrowing axons. However, although numerous studies have focused on designing 

transplantable scaffolds for bridging the damaged nerve, few have taken into consideration the 
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migration of Schwann cells required for remyelination. Chapter 4 focuses on Schwann Cells 

migration on patterned PDMS microgrooved surface, studying the influence of channel diameter 

on the migration behavior of large populations of Schwann cells. Micropatterned 

polydimethylsiloxane (PDMS) channel surfaces with different channel sizes (50μm, 100μm, and 

150μm) were prepared through photolithography, which served to mimic the varying channel 

sizes of transplantable scaffolds in vitro. Schwann cells were seeded onto PDMS substrates and 

monitored daily for cell migration. The average cell migration speeds were quantified and 

normalized. The experimental results support higher Schwann cell migration speeds on PDMS 

channels with decreasing channel sizes, which was most prominent in the 50μm channels with 

migration speeds of 2.3 times greater than on the 150μm channels. In conclusion, the data 

provided in Chapter 4 suggest that Schwann cell migration into the scaffold, required for nerve 

repair, could be manipulated by controlling the scaffold channel size. Finally to test the axon 

growth in 3D channels, in Chapter 5 we further co-cultured DRGs and SCs at opposite ends of 

micropatterned channels of varying sizes (50μm, 100μm, and 150μm). Freshly isolated DRGs 

were seeded at one end of the channels and SCs were seeded at the other end to provide growth 

factors to the axons. As a positive control, in lieu of SCs, collagen gel pre- loaded with Nerve 

Growth Factor (NGF) was added at one end of the channels which provided growth factors. As a 

negative control, the one end of channels, previously seeded with SCs or coated with NGF-

containing collagen gel, was left blank. The results indicate that the addition of SCs or the NGF 

encapsulated gel effectively attracted axons to penetrate into the microchannels as compared to  

the negative control, therefore providing promising insight into design of transplantable scaffold 

for nerve repair. 
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1.5 Conclusions and future work 

Lastly, chapter 6 defines the significance of these works and their impact within the clinical 

setting, as well as the future direction of this technology. Specially, the collagen gel filled three 

dimensional microchannel scaffold is proposed to further study the axon penetration and SC 

migration. In addition, a schematic design of pre-stretched anisotropic channel scaffold is 

proposed for both in vitro optimization and in vivo transplantation. 

 

Chapter 6 also outlines the applicability of the Layer-by-Layer technology on transplantable 

scaffold design. Due to their technological ease and flexibility in structure and components, 

layer-by- layer (LbL) technology could provide functional coatings that possess adhesive 

properties, axon guidance and control drug release capabilities. These advantages enable LbL 

self-assembled films to be integrated into transplantable scaffolds to provide a robust and 

versatile platform for promoting cell adhesion and delivering drugs for SCI repair.  
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CHAPTER 2 EFFECT OF STATIC PRE-STRETCH INDUCED SURFACE 

ANISOTROPY ON ORIENTATION OF MESENCHYMAL STEM CELLS  

2.1 Introduction 

While chemical stimuli have long been understood to regulate cell behavior, in recent decades 

mechanical stimuli have gained increasing attention in tissue engineering. Engineers are able to 

induce various changes in both morphology and intracellular signaling by manipulating the 

mechanical environment of the cell. For example, mechanical stretching can regulate cell 

behavior through the induction of cell orientation, remodeling of the cytoskeletal fibers, and 

changes in cell signaling [47-49]. When subjected to an external stretch, stem cells have been 

found to align in a specific direction with certain protein synthesis up-regulated, showing 

promising differentiation potential [50-51]. Uniaxial cyclic stretching has been shown to direct 

cell orientation perpendicular to the stretching direction [52-54]. However, compared to the large 

body of research focused on cyclic stretching, few studies have examined the effects of static 

stretch on cell orientation and morphology. Collinsworth et al. [55] found that after applying 

static stretch, the originally randomly oriented mammalian skeletal muscle cells showed clear 

alignment in the direction of static stretch. In contrast, Goli-Malekabadi et al. [52] recently 

claimed that with MSCs static stretch is not as influential as cyclic stretching in directing cell 

alignment or changing cell morphology.  

 

While the alignment of cells on a statically stretched substrate is intuitive, the mechanism by 

which the cells sense the stretch is not easily understood. That is due in part to the confusion that 

arises from the preponderance of research where static stretching meant the cells are seeded first 

to ensure attachment prior to applying an external stretch. As a result, any change in the cell 
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orientation after the stretch was attributed to adaption to the sudden change followed by a slow 

recovery. In other words, the so-called static stretch in those prior studies is actually a one-time 

dynamic stretch without repetition. To address this issue, we undertook this study to create a 

purely statically stretched environment by seeding cells on a pre-stretched membrane. The major 

difference between our static pre-stretch and previous static stretch studies is that we applied the 

stretch prior to seeding the cells, and attributed the cell alignment to the pre-stretch induced 

anisotropy. A prior study by Haston et al. [56] used a similar procedure to ours; however they 

attributed their results to the topography induced by the fibrous collagen on the surface. In 

contrast, in our study the surface was coated with poly-L- lysine (PLL), which is not a fibrous 

matrix, and cell alignment was produced primarily as a result of the mechanical pre-stretch. We 

then proposed that cells behave actively by pulling the substrate to sense the mechanical 

environments and respond to the environmental condition by modulating their morphology and 

orientation after seeding, which can be predicted by using the theory of finite elasticity.  

 

We have previously applied an “active mechano-sensing” model to show that the size of a cell 

depends not only on the mechanical properties of the substrate, but also on the energy 

consumption during active cellular probing [57]. Following an investigation of cell alignment on 

anisotropic surface generated by fixed and free boundaries (unpublished data), the experimental 

results agreed with our “cell active mechano-sensing” model which suggests that the cells can 

feel and respond to the surface anisotropy by orienting in the direction of maximal effective 

stiffness (unpublished data). In this study, we applied this concept on a static pre-stretched 

(previously stretched) poly-dimethyl-siloxane (PDMS) membrane. By culturing the cells on the 

pre-stretched PDMS membrane, the effective stiffness the cells experienced in the stretched 
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direction was significantly larger than that in the un-stretched direction. This increase of the 

effective stiffness results in the cells orienting in the stretched direction as well as modulating the 

cytoskeleton and focal adhesion. 

 

This stretch- induced directional difference can be explained using Figure 2.1. Let the rectangular 

body on the far left of the figure be an isotropic material in the stress- free configuration. Let us 

first stretch this material in the vertical direction and deform it with a load F0 on a square shape, 

which we denote as the “pre-stretched configuration”. From the pre-stretched state, if we deform 

it equi-biaxially (same deformation in both directions) then, in addition to the original loading F0, 

we have to apply F1 and F2 in the vertical and horizontal directions, respectively. Now we will 

find that F1 should be larger than F2 in order to achieve the same deformation in both directions 

from the pre-stretched state, because the material will be stiffer in the vertical direction due to 

the prior deformation. Similarly, if F1 and F2 are the same, then the deformation in the vertical 

direction would be smaller than in the horizontal direction. Thus, when a cell is cultured on a 

pre-stretched substrate, F0 can be considered as the force holding the substrate in this 

intermediate or pre-stretched state, F1 and F2 are traction forces applied by the cell, and the 

deformation from this pre-stretched substrate are the forces that the cell senses. We will denote 

this anisotropic response of the cells to the pre-stretched substrate under active cellular probing 

as “stretch- induced anisotropy”. We propose, hence, that stretch is a natural mechanism to 

induce an anisotropic environment in the substrate for guiding cell morphology and functions. 

We should note that this stretch-induced stiffening arises from the change of the reference 

configuration for the strain measurement, which is different from a nonlinear material response 

called strain-hardening. We cannot capture this stiffening by linear elasticity because it uses only 
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one unchanged reference configuration to measure the strain. Instead, the theory of small 

deformation superimposed on large (often called “theory of small on large”) based on finite 

elasticity enables us to accurately estimate the degree of anisotropy by measuring the pre-stretch 

of the substrate [58].  

 

Figure 2.1. Schematic illustrating stretch induced anisotropy.  

The cells experience a stiffer surface in the direction of stretch and this stretc h- induced 

anisotropic cellular response on an isotropic substrate can be explained with a simple two-step 

deformation model (see text for details).  

 

In the present study, we predict the anisotropy induced by the theory and found that the 

distribution of cell alignment is in the stretch direction; therefore we interpret the cell alignment 

as the resistance to active cellular pulling. We employ the concept of active cellular mechano-

sensing, and present a method that uses mechanical quantities (i.e. linearized stiffness) which can 

be obtained from the mechanical analysis. Specifically, we theorize that cells actively pull on the 

substrate and sense the mechanical resistance of the substrate, i.e., the deformation upon active 

probing, and the cells thereby align in the direction of highest resistance upon active pulling. 
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Based on our previous study [57], we define an effective stiffness of the substrate that correlates 

with the stiffness that the cells sense. For the experiments, we created surface anisotropy with a 

uniaxially sustained stretching of the PDMS substrate and cultured MSCs on the pre-stretched 

substrate. The distributions of the orientation of the cells during culture were quantified and the 

surface properties were examined on surfaces with and without pre-stretch. The impact of the 

magnitude of the pre-stretch on cell orientation and morphology were evaluated. We demonstrate 

that the effective stiffness can be estimated using conventional finite elasticity analysis, and 

predict the cellular orientations that were experimentally confirmed. In addition, the pre-

stretched not only affects MSC morphology but also promotes early myoblast differentiation of 

the MSC. 

2.2 Materials and methods 

2.2.1 Materials 

The poly-(dimethylsiloxane) (PDMS) substrate was prepared using the 184 silicone elastomer kit 

purchased from Dow Corning (Midland, MI). FlexiPERM ConA Silicone chamber was 

purchased from Greiner bio-one (Monroe, NC). Dulbecco’s modified Eagle medium (DMEM), 

fetal bovine serum (FBS), penicillin, streptomycin, 0.25% trypsin-EDTA, 1X-phosphate buffered 

saline (PBS) and immunostaining components (mouse anti- vinculin antibody, Alexa Fluor 488 

goat anti-mouse IgG secondary antibody, Texas Red-X phalloidin, and DAPI) were purchased 

from Invitrogen (Carlsbad, CA). Bovine Serum Albumin (BSA) was purchased from US 

Biological (Marblehead, MA). Cultrex® Poly-L-Lysine was purchased from Trevigen 

(Gaithersburg, MD). Fibronectin was purchased from Sigma- Aldrich (St. Louis). MyoD primary 

antibody (Santa Cruz) was kindly provided by Dr. Bruce D. Uhal at Michigan State University. 
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2.2.2 PDMS substrate preparation 

The PDMS substrate was cured in polystyrene tissue culture dish by mixing a 35:1 solution of 

base and curing agent and pouring the mixture into the dish with a thickness of 1mm. The 

mixture was kept under vacuum for 20 minutes to remove air bubbles, prior to curing overnight 

at 60°C. The PDMS surface was further cleaned with a PX-250 plasma cleaning/etching system 

(March Instruments) for 3 minutes at 165 mTorr and 65 sccm flow of O2. A piece of rectangle 

membrane (5cm×3.5cm) was then stretched evenly with 10%, 20%, and 30% elongation in the 

longer axis and fixed on top of a plastic slide with a 1 inch diameter hole in the center. This was 

followed by placing a silicone chamber on top of the membrane. The silicone chamber without a 

bottom provides a circular well to hold the cell medium and at the same time enable a separate, 

flat PDMS membrane at the bottom (on which the cells are to be attached) to be pre-stretched. 

The entire device design is shown in Figure 2.2. Before seeding the cells, 1.5ml PLL was added 

to the chamber and incubated for 20 minutes to enhance cell attachment. Alternatively, 

fibronectin (1µg/ml) was added to the chamber and incubated for 2 hours to enhance cell 

attachment. 

 

2.2.3 PDMS surface characterization 

The surface topography was analyzed by scanning electron microscope (JSM-7500F cold field 

emission SEM, JEOL Corporation) in secondary electron imaging mode. An acceleration voltage 

of 12kV was used for all experiments. Images were taken at a magnification of 3000X. 
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2.2.4 Cell culture  

All procedures for cell isolation were approved by the Institutional Animal Care and Use 

Committee at Michigan State University.  

 

Bone marrow mesenchymal stem cells (MSCs) were isolated from 6-8 week old Sprague-

Dawley female rats. In brief, femurs and tibias from a 6-8 week old rat were dissected and both 

ends were cut off. The marrow was flushed using a needle and syringe. The cell suspension was 

then filtered through a 65μm nylon mesh to remove bone debris and b lood aggregates. Cells 

were cultured in DMEM with 10% FBS, 100 μg/ml streptomycin and 100U/ml penicillin added, 

and placed in the incubator with a humidified atmosphere containing 5% CO2 at 37°C. The 

medium was replaced every 3 to 4 days until the cells reached 80%-90% confluence. Confluent 

cells were detached using 0.25% trypsin-EDTA and plated at a density of 20,000 cells per mL 

with 2 mL added to the chamber.  

 

2.2.5 Quantification of cell orientation distribution and cell length 

Phase contrast images were collected with Leica DM IL inverted microscope (Bannockburn, IL) 

equipped with SPOT RT color camera (Diagnostics Instruments, MI) using 10X objective. 

Image-Pro Plus Version 4.5 was used to measure the cell orientation angles. Briefly, a straight 

line was drawn perpendicular to the stretch direction which was used as the reference to indicate 

zero degree orientation. For each cell, the cell orientation was measured by drawing a straight 

line through the longest axis of the cell body, and the angle between the cell axis and the 

reference line was automatically given by the software and recorded for further analysis. All 

experiments were repeated at least three times for statistical verification. For the stretched vs. 
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unstretched comparison, the cells seeded on the stretched and unstretched membranes were from 

passages 12 to 16. For each experiment, we took 4 images in each stretch chamber everyday and 

quantified the cell orientation angles. Since the cells proliferated quickly, from 100 cells in 4 

images on the first day to about 800 cells total on the fourth day, we normalized the cell number 

at each ten degrees of orientation to the total number of cells on that day. Two-sample 

Kolmogorov-Smirnov test were applied to evaluate the statistical significance. For the stretch 

magnitude analysis, we quantified the number of cells oriented at different angles (90º represents 

parallel to the stretch direction) for each 10º on 10%, 20%, and 30% pre-stretched surfaces as 

compared with the unstretched (control) surface. We counted the number of cells in the parallel 

orientation (90º±10ºangle) which was normalized to the total number of cells on each surface. 

The parallel orientation ratios were reported by the mean value and standard deviation. The cell 

length was measured using Image-Pro Plus by drawing a straight line through the longest axis of 

cell body starting from one end to the other end.  

 

2.2.6 Immunocytochemistry 

Immunocytochemistry was performed at room temperature on cells seeded on the stretched 

surface for 6 days. Cells were rinsed with PBS, followed by fixation with 4.0% 

paraformaldehyde in PBS for 15 min, rinsed 3 times in PBS, then permeabilized with 0.1% 

Triton X-100 in PBS for 15 min and washed 3 times with PBS. After washing, cells were 

blocked in 1% BSA for 30 minutes. After BSA blocking, the cells were incubated with Texas 

Red-X phalloidin (5μl stock per 200μl of 1% BSA solution) for 20 minutes to visualize actin 

filaments, and then incubated with mouse anti-vinculin primary antibody (1:400 dilution in 1% 

BSA solution) or rabbit anti-MyoD primary antibody (1:200 dilution in 1% BSA solution) for 1 
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hour followed by three washes in 1X PBS, and then incubated with Alexa Fluor 488 goat anti-

mouse or anti-rabbit IgG secondary antibody (1:500 dilution in 1% BSA solution) for 1 hour. 

Cells were washed again, three times in 1X PBS and then incubated for 5 minutes in 300nM 

DAPI to visualize the nucleus. The PDMS substrates were air dried and the silicone chamber was 

removed from the membrane, the stained PDMS membrane was finally kept in the dark to cure 

for 24 hours at room temperature. Confocal laser scanning microscopy (CLSM) images were 

obtained with Olympus FluoView1000 laser scanning confocal microscope using 60X oil, 40X 

oil and 10X objectives. Fluorescence intensity analysis was performed using software 

FluoView1000. Briefly, fluorescence images were taken using confocal microscopy. Each cell 

on the images was traced and the average cell intensity was measured automatically. The average 

intensity of each image was then calculated automatically by the software and the average 

intensity of 4 images was then calculated using Excel. For each condition, three samples were 

measured and the standard deviation and p-value were analyzed. 

 

2.2.7 Statistical analyses 

Data were expressed as the mean ± standard deviation of the mean. ANOVA-Tukey’s test was 

applied to assess for a significant difference in Figures 2.9 and 2.10h, Two-sample student t-Test 

was used to determine statistical significance for Figure 2.11e. The two-sample Kolmogorov-

Smirnov test was applied to evaluate the statistical significance for Figure 2.8 and Figure 2.12. In 

all cases, a p value of < 0.05 was considered statistically significant.  
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Figure 2.2. Design of static pre-stretching device 

2.3 Estimation of stretch-induced anisotropy 

2.3.1 Estimation of pre-stretch-induced anisotropy of the substrate in active cellular 

sensing: small on large theory 

The deformation of the substrate can be divided into two parts: large de formation during pre-

stretch and small deformation due to cell traction (Figure 2.3). A pre-stretch was applied before 

the cells were cultured on the substrate to induce anisotropy of the substrate prior to active 

cellular sensing/probing. The finite elastic behavior of the substrate was characterized by 

performing uniaxial tests of the substrate, and the effective stiffness and degree of anisotropy 

during cellular traction were calculated using the theory of small on large [58], which allowed us 

to accurately estimate the structural stiffening due to the pre-stretch (i.e., change in reference 

length for strain measurement) as well as the material stiffening (i.e., change of the slope in 
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stress-strain curve of Figure 2.4). The effective stiffness and degree of anisotropy represent the 

substrate responses sensed by the cells during active probing (i.e., small deformation).  

 

2.3.2 Characterization of finite elastic behavior of the substrate  

The mechanical properties of the substrate (i.e. PDMS membrane) were measured by the 

uniaxial tensile test, and the mechanical behavior was described by the incompressible, isotropic 

neo-Hookean model. Figure 2.4 shows the engineering stress of the PDMS membrane with 

respect to the change in the engineering strain obtained from the experimental data (dots) and a 

theoretical fit (solid line) using the neo-Hookean model.  

 

The deformation gradient of the substrate during uniaxial deformation can be obtained from
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           for FFC
T . The constitutive relation between the stress and strain is then given by 

         
  

  
   , where   is the Cauchy stress tensor and p is a Lagrange multiplier. Our 

preliminary study showed that the finite elastic behavior of a PDMS substrate could be described 

well with a neo-Hookean function,   
 

 
       with a material parameter c (Figure 2.4). The 

substrate was tested with the uniaxial tensile tester, and the material parameter determined by a 

nonlinear parameter estimation technique. See previous study [59] for details on the parameter 

estimation using a finite elastic constitutive model.  
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2.3.3 Estimation of stretch induced anisotropic response of substrate in active sensing  

In the theory of linear elasticity, the relationship between stress and strain is linear, and the stress 

induced by two-step loading is expressed by the sum of each stress (i.e.,   EεσεεEσ  00 , 

where σ , ε , and E  are stress, strain, and fourth-order elasticity tensor, respectively, and the 

superscript ‘0’ represents the pre-stress values). However, this superposition principle is not 

valid when the pre-stress    is induced by finite deformation, because the reference 

configuration of the second strain part ε is significantly different from the stress-free state which 

is the reference for the first strain part   . In this case, the stress-strain relationship could be 

derived from the finite elasticity theory (theory of small on large) and the incremental stress 

during small deformation is written as εÊσσ- 0 , where ε  is the strain measured from the pre-

stretched state, and the stiffness obtained with respect to the pre-stretched state is, in index 

notation [58, 60],                  
            

       , where       is the fourth-order tensor 

evaluated from the strain energy function at 0
ε , ik is the Kronecker delta, and Iσσ p 00ˆ . 

Since the cells were cultured on the stretched substrate and did not experience the pre-stretch, the 

strain induced during active cellular probing  0
σσ  is estimated by ε , and the stiffness that the 

cells sense is represented by the stiffness of pre-stretched substrate, Ê . As explained above and 

in previous studies [58, 60] , the Ê depends on not only the material stiffness (i.e., tangent of 

stress-strain curve) but also on the pre-stress    at 
0
ε . These two components are calculated 

from the finite deformation of the PDMS membrane and the mechanical properties using the 

uniaxial test. The stretch- induced anisotropy of the PDMS membrane is then represented by the 

ratio of effective stiffness in the stretched direction to its perpendicular direction  22221111 EE ˆˆ . 

Figure 2.5 shows the change in effective stiffness in both directions with respect to the change in 
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strain. When there is no pre-stretch,                      , which equals the elastic modulus 

of the material (35:1 crosslinked PDMS membrane). While the stiffness in the stretched direction 

increases, the stiffness in the perpendicular direction decreases as the PDMS membrane 

experience more strain during uniaxial stretching. At 10, 20, and 30% of strain of the PDMS 

membrane, the predicted anisotropy ratio  22221111
ˆˆ EE  is approximately 1.33, 1.73, and 2.20, 

respectively. MSCs aligned along the stretched direction on a PDMS membrane (see Figure 3.7) 

and were supported by the prediction based on the theory of small on large. 

 

Figure 2.3. Schematic drawing of the two-step deformation of the substrate in the 

experiment.  

For the test, the substrate is stretched in one direction to adjust the effective stiffness and 

anisotropy prior to culturing the cells. The relationship between the force applied by the cells and 

deformation of the substrate is then calculated by using the theory of “small on large”. 
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Figure 2.4. Stress-strain plot.  

The plot of the uniaxial test data (dots) of a 35:1 PDMS substrate and the theoretical fit (solid 

line) using an incompressible neo-Hookean model. 
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Figure 2.5. Effective stiffness.  

An effective stiffness plot in the stretched direction and its perpendicular direction with respect 

to the change of strain (                   at 10% strain). 

2.4. Experimental results 

2.4.1 Surface topography characterization  

Images of the surface topography were collected by applying the secondary electron imaging 

mode in SEM on PLL coated substrates, both unstretched (Figure 2.6a) and stretched (Figure 

2.6b). As shown in Figure 2.6, due to the dehydrated imaging condition, the PLL peptides 

aggregated to be large particles sitting on the surface. However, both surfaces show clear and 

smooth background without any orienting direction; thereby confirming the cell alignment 
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(under the medium condition) was not due to contact guidance. Comparing Figure 2.6b with 2.6a, 

the stretch did not change the surface topography. 

 

Figure 2.6. Surface topological characterization.  

SEM images of the 3D topography of (a) unstretched PLL coated 35:1 PDMS membrane, (b) 10% 

pre-stretched PLL coated 35:1 PDMS membrane, (c) unstretched 35:1 PDMS membrane without 

PLL coating, and (d) 10% pre-stretched 35:1 PDMS membrane without PLL coating. The 

images were taken at a magnification of 3000X.  
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2.4.2 Orientation quantification 

Figure 2.7 shows a comparison of MSC orientation on stretched and unstretched PDMS 

substrates. Cells orient parallel to the stretched direction (Figure 2.7a), whereas they show 

random orientation on the unstretched surface (Figure 2.7b). The orientation of the cells changes 

slightly over time as the cells become confluent, but the general trend remained. The cell 

orientation was quantified by determining the percentage of cells that aligned at each 10 degree 

angle during a 4 day culture (Figure 2.8). As shown in Figure 2.8, the pyramid shape of the bar 

graph is maintained for the stretched substrate. This indicates the cells oriented in the stretch 

direction and did not change significantly over time while on the unstretched surface the cells 

oriented more randomly. Two-sample Kolmogorov-Smirnov test applied to evaluate the 

statistical significance found the distribution of cell orientations on the unstretched samples for 

days 1, 2, 3 and 4 were statistically different from their respective stretched samples (p < 0.05). 

The p-values are 2.85E-04 for day 1, 2.85E-04 for day 2, 1.16E-05 for day 3, and 6.12E-05 for 

day 4. 

 

To further explore the impact of the magnitude of pre-stretch on cell alignment, we evaluated the 

cell alignment vs. the magnitude of pre-stretch. We quantified the number of cells oriented at 

different angles (90º represents parallel to the stretch direction) for each 10º on 10%, 20%, and 

30% pre-stretch surfaces as compared with the unstretched (control) surface. We counted the 

number of cells in the parallel orientation (90º±10ºangle) which was normalized to the total 

number of cells on each surface. The ratio of cells in parallel orientation was determined as the 

number of cells that orient in the pre-stretched direction (90º±10ºangle) divided by the total 

number of cells. We found the ratio of cells that oriented in the parallel direction increased 
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significantly when the stretch magnitude increased from 10%, 20%, and 30% pre-stretched 

surfaces as compared with the unstretched (control) surface (Figure 2.9).  

 

 

 

 

 

 

 

Figure 2.7. MSCs on stretched vs. unstretched PDMS substrate.  

Phase contrast (10X) images of MSCs on (a) 10% pre-stretched and (b) unstretched PLL coated 

35:1 PDMS membranes after 4 days of culture.  

 

 

(a) (b) 
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Figure 2.8. Quantification of the orientation angles on stretched vs. unstretched membrane.  

The percentage of cells that orient at every 10 degrees. The 90 degree angle represents the 

direction of pre-stretch. Cell orientation angles were quantified by ImagePro Plus for up to 4 
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(Figure 2.8 cont'd) days of culture on stretched (left) and unstretched (right) 35:1 PDMS 

membranes. Two-sample Kolmogorov-Smirnov test were applied to evaluate the statistical 

significance. The results showed that the unstretched samples for days 1, 2, 3 and 4 have 

statistically different distributions (p < 0.05) as compared to their respective stretched samples. 

The p-values are 2.85E-04 , 2.85E-04, 1.16E-05, and 6.12E-05 for days 1 – 4, respectively. 

 

Figure 2.9. Ratios of parallel orientation vs. magnitude of pre-stretch.  

The ratio of cells with orientation between 80º to 100º angles relative to the total number of cells 

on the pre-stretch substrate was quantified after 4 days of culture on PLL coated 35:1 PDMS 

membrane at 0%, 10%, 20% or 30% pre-stretch. The number of cells that aligned parallel to the 

stretched direction (within±10º) was normalized to the total number of cells on each surface. (*) > 

0% stretch, p value<0.000001; (#) > 10% stretch, p value<0.001; ($) >20% stretch, p 

value<0.0001. 
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2.4.3 Actin cytoskeleton alignment and cell morphology change 

To further confirm the cell orientation on the pre-stretched surface, we stained actin filaments 

and focal adhesion, which illuminated the cytoskeleton organization. As shown in Figure 2.10a 

& 2.10c, the actin filaments aligned in the pre-stretch direction on the stretched surface, but 

aligned randomly on the unstretched surface (2.10b & 2.10d). Similar results were obtained with 

the focal adhesion staining (Figure 2.10e – 2.10g), where vinculin staining showed clear 

alignment on the stretched surface. Thus the cytoskeleton also aligned on the pre-stretched 

surface, which likely resulted in the cell orientation and morphology observed. In addition to 

alignment, we found the cell morphology changed with the magnitude of pre-stretch. As the 

magnitude of pre-stretch increased from 0% to 30%, the cell morphology became more 

elongated and the average cell length increased (Figure 2.10e – 2.10g). The cell length 

quantification was shown in Figure 2.10h. 
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Figure 2.10. Actin filaments and focal adhesion staining of MSCs on stretched vs. 

unstretched surfaces.  

Fluorescence confocal microscopy images were taken of MSCs after 5 days of culture on 10% 

pre-stretched (a and c) and unstretched (b and d) 35:1 PDMS membranes stained with Texas 

Red-X phalloidin for actin. Images were taken at 10X (a and b) and 40X (oil) (c and d). F-actin 

filaments (red) and vinculin (green) staining of MSCs after 5 days of culture on (e) 0%, (f) 10% 

and (g) 30% pre-stretched 35:1 PDMS membrane with confocal microscopy (60X oil). The 

average lengths of the cells on 0%, 10% and 30% pre-stretched surfaces were quantified in (h). 

(*): > 0% stretch, p value < 0.001.; (#): > 10% stretch, p value < 0.0001. 
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(Figure 2.10 cont'd) 
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(Figure 2.10 cont'd) 
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2.4.4 MSC differentiation potential on pre-stretched surface 

We evaluated whether the pre-stretch impacted myoblast differentiation potential of the MSCs. 

The MSCs cultured on PLL coated 10% pre-stretched PDMS membrane for 4 days stained for 

MyoD1 (Figure 2.11). The MSCs on the pre-stretched surface stained positive for MyoD1 (green) 

through the entire cell body (Figure 2.11a) and an overlay with F-actin staining (red) showed 

orange (Figure 2.11b). In contrast, on the unstretched surface the MSCs did not stain for MyoD1 

(Figure 2.11c) and an overlay with F-actin showed more red than orange (Figure 2.11d). The 

increased expression of MyoD1 was quantified (Figure 2.11e) and showed that the expression 

level of MyoD1 on the stretched surface is significantly higher than on the unstretched surface, 

thereby indicating that pre-stretch is able to induce early myoblast differentiation of MSCs.  
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Figure 2.11. MyoD1 Staining of MSCs on stretched vs. unstretched surfaces.  
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(Figure 2.11 cont'd) Fluorescence images of MSCs after 4-day culture on 10% pre-stretched (a, b) 

and unstretched (c, d) 35:1 PDMS surface. (a) MyoD1 staining of MSCs on 10% pre-stretched 

PDMS substrate and (c) unstretched substrate. An overlay of MyoD1 (green), F-actin (red) and 

nuclei (blue) staining on (b) PLL coated 10% stretched 35:1 PDMS substrate and (d) PLL coated 

unstretched 35:1 PDMS substrate. Images were generated using confocal microscopy at a 

magnification of 60X (oil). (e) Quantification of fluorescence intensity of MyoD1 staining on the 

(a) stretched and (c) unstretched surfaces, *: p value = 0.0012. 

2.5 Discussion 

2.5.1 Bio-mechanical environment 

The mechanical environment is involved in the regulation of tissue structure and function. It is 

well known that the mechanical microenvironment has a significant impact on cell morphology 

and behavior. Cells are anchored on the substrate through focal adhesion and the cell 

morphology is dependent on the cytoskeleton organization. By changing the substrate stiffness 

[61], applying external force [62] or surface topography [63], the cytoskeleton organization can 

be manipulated, resulting in changes in cell morphology as well as orientation. In vivo, there are 

several types of cells that align directionally, such as cardiomyocytes [64] and blood vessel 

endothelial cells [65]. These cells align and are located in an environment that involves 

mechanical stress and strain. To properly study these cells in an in vitro environment that more 

closely mimics the in vivo conditions, i.e. to achieve aligned cells, external mechanical forces are 

required, such as cyclic stretch on cardiomyocytes or shear stress on blood vessel endothelial 

cells [66-67]. However, even in the absence of cyclic external mechanical stimuli or shear stress 

certain types of cells remain aligned, e.g., alignment of cells (neuron, glial, etc.) in the cerebellar 

cortex [68-69]. Therefore, the objective of this study is to elucidate a possible mechanism of cell 
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alignment independent of external mechanical forces, namely, through pre-stretch induced 

surface anisotropy. We believe that insights gained through this study could inform on tissue 

engineering applications. 

 

2.5.2 Static vs. cyclic stretching 

It is well established that cyclic stretching is able to induce cell orientation as well as impact cell 

proliferation and differentiation [49-50, 70]. Cyclic stretch is a much stronger interference 

process as compared to our static pre-stretch and the cells’ response to cyclic stretch has been 

shown to depend on the frequency of the cyclic stretch. The cell orientation appeared to be 

dependent on the magnitude and the frequency of the stretch. In other words, the higher the 

frequency the faster the cells respond [71] while the lower the frequency the slower the cells 

respond. When the cyclic stretching frequency is low, e.g. 0.5Hz, the MSCs do not orient, even 

after 8 hours [72]. Since our pre-stretch is static, it could be extrapolated to a zero frequency 

(cyclic) stretch, suggesting that the cells would need more time to respond to the anisotropy 

induced by the stretch and could explain why we have to wait until 24 hrs to see significant 

alignment as oppose to < 6 hrs with cyclic stretch.  

 

Wang et al. found that orientation was due to the actual reorientation of the cells rather than a 

selective detachment, and propose the cells subjected to cyclic stretching orient in the direction 

of minimal substrate deformation [53-54]. In contrast, our results indicate that cells seeded on a 

pre-stretched substrate preferentially aligned along the pre-stretched axis, which is in agreement 

with our “active mechano-sensing” model [57]. Nevertheless both studies, Wang et al. [54] and 

ours, can be explained by cytoskeleton remodeling even though different mechanical inputs were 
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imposed. When subjected to a dynamic mechanical environment (i.e. cyclic stretching), the cells 

re-organize their cytoskeletons and attempt to maintain a favorable environment by avoiding the 

external stimuli of cyclic elongation as well as compression by the substrate. In contrast, on a 

pre-stretched substrate, the cytoskeleton reorganizes due to the surface anisotropy experienced 

by the cells. Previously, we showed that cells attempt to maintain a favorable environment by 

maintaining similar levels of energy consumption through active cellular probing, which 

manifests as changes in their cell morphology [57]. Here, the cells orient in the stiffer direction, 

changing their morphology, as a result of active cellular probing because the cells can sense the 

pre-stretch induced surface anisotropy. These results illustrate that the cells can sense the pre-

stretch-induced surface anisotropy without having to experience an external stretching.  

 

2.5.3 Pre- vs. post-stretch 

In this study, a static stretch was achieved by pre-stretching the PDMS membrane prior to 

seeding the cells. In contrast, in almost all the previous studies on the effect of static stretching, 

the cells were seeded prior to the stretching process. In a recent study static stretching was found 

not to be as influential as cyclic stretching in inducing MSC orientation [52]. However, our 

results suggest that static stretch was sufficient to direct significant MSC orientation. We 

attribute this difference to the different experimental design, as the cells in this experiment did 

not experience dynamic changes from the external mechanical environment as compared with 

the previous studies [52]. The major difference between our study and the Goli-Malekabadi's 

study is that their static stretch started 24 hours after seeding of the cells to allow the cells to 

attach in [6]. In other words, they seeded the cells and allowed the cells to attach for 24 hours 

then stretched the cell-attached membrane by 10% and analyzed the results 24 hours after the 
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stretch was performed. In contrast, our substrate was pre-stretched prior to seeding the cells. 

Another more minor difference is that in their study they followed the cell orientation for another 

24 hours after the stretch, whereas we followed the cell alignment on a pre-stretched surface for 

up to 4 days. Nevertheless we performed the same experiment as in [6] and found the percentage 

of cells that align in the stretched direction (using their procedure) was 36%, which was not as 

high as that on the pre-stretched surface (69%). In their study, the alignment of the cells on the 

statically stretched surface was not sustained after 24 hours. The cells oriented randomly when 

cultured on an unstretched PDMS surface for 24 hours (Figure 2.12a, cell orientations are 

quantified in Figure 2.12d). The cells appeared to align on the PDMS substrate 24 hours after a 

10% static stretch of the cell-attached PDMS substrate (Figure 2.12b, cell orientations are 

quantified in Figure 2.12e). The alignment disappeared after 48 hours on the 10% static stretch 

PDMS substrate (Figure 2.12c, cell orientations are quantified in Figure 2.12f). However 

applying a two-sample Kolmogorov-Smirnov test on the orientation distribution from days 1 to 3 

suggest the three orientation distributions are not statistically different from each other. This is in 

accordance with the results of the static stretch reported in their paper [6]. The p-values from our 

statistical analysis are 0.0982 for day 1 vs. day 2, 0.4255 for day 1 vs. day 3, and 0.2182 for day 

2 vs. day 3. 

 

The exact mechanism for the difference is currently unknown. We hypothesize that stretching 

after cell attachment creates a disturbance to the cell environment, but the previous “memory” or 

“condition” of the cells in response to the substrate impacts their subsequent response upon 

stretching of the substrate, similar to pre-conditioning [73], to diminish the cells alignment. In 

other words, in the post-stretch case the cells are pre-conditioned to an isotropic surface for 24 
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hours and then a disturbance occurs such that the randomly aligned cells experience an 

“anisotropic” surface but the pre-conditioning or “memory” causes the cells to show a reduced 

response to the anisotropy. However in the pre-stretched condition, the cells are not experiencing 

a disturbance or change in the environment. Instead, one could liken it to cells being pre-

conditioned to an “anisotropic” surface for the first 24 hrs, and then this environment continues, 

such that the cells experience a “memory” of the anisotropy and when the anisotropy persists, the 

cells continue to align. 

 

Figure 2.12. MSC orientation upon stretching of cell-attached PDMS surface.  

(a) MSCs seeded on PLL coated unstretched 35:1 PDMS membrane for 24 hours (day 1) showed 

random orientation, orientation angle distribution is shown in (d). (b) MSCs aligned on the 

PDMS substrate 24 hours after a 10% static stre tch of the cell-attached 35:1 PDMS substrate 

(day 2), orientation angle distribution is shown in (e). (c) MSCs lose their alignment 48 hours 

after the 10% static stretch (day 3), and the orientation angle distribution is shown in ( f). The 

35:1 PDMS membranes are coated with PLL. Phase contrast images were obtained at a 

magnification of 10X. Two-sample Kolmogorov-Smirnov test was applied to evaluate the 
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(Figure 2.12 cont'd) statistical significance. The cell orientation distributions for days 1, 2, and 3 

are not statistically different when compared to each other. The p-values are 0.0982 for day 1 vs. 

day 2, 0.4255 for day 1 vs. day 3, and 0.2182 for day 2 vs. day 3.  

 

2.5.4 Mechanical force vs. contact guidance  

Researchers have long observed a significant effect of surface anisotropy on cell behavior, where 

the anisotropy is generated by changing the surface topography, which results in changes in both 

the mechanical properties and topography. In those previous studies, the anisotropic cellular 

behavior was due to the “contact guidance” [48, 74]. However, it might falsely indicate that 

anisotropy equals contact guidance. In this study, we used a pre-stretched surface and 

successfully induced surface anisotropy without modifying the surface topography. 

 

Even without topography, not all anisotropic surfaces are due to effective stiffness. In an earlier 

experiment, Haston et al. [56] stretched collagen matrix to induce fibroblast orientation. 

Although their experiment applied a static pre-stretched membrane they found the cells aligned 

as a result of the stretch- induced oriented collagen fibers. They suggested that contact with the 

aligned collagen fibers induced cytoskeleton reorganization and the cell alignment. However, in 

this study a thin layer of PLL coating was added to promote cell adhesion on the pre-stretched 

membrane, the surface characterization show that this protein layer was evenly distributed so it is 

not likely affecting the cell alignment. Taken together, in this study we successfully created a 

purely mechanical force induced anisotropic surface without the influence of contact guidance.  
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2.5.5 PLL vs. fibronectin coating 

PLL is a commonly applied coating that can enhance cell adhesion. There are a number of 

studies that show cells align on PLL coated patterned surfaces, such as James et al. [75] and 

Dowell et al. [76]. It is possible that the nonspecific binding of PLL could block potential 

chemical crosstalk and signaling between the substrate and the cell. Therefore to ensure our 

results are not due to nonspecific effects of PLL, we repeated the experiment with fibronectin 

and found the cells also aligned, as was observed with PLL, as shown in the Figure 2.13. Figure 

2.13a shows MSCs seeded on fibronectin coated pre-stretched surface and Figure 2.13b shows 

MSCs seeded on fibronectin coated unstretched surface. 

 

 

 

 

 

 

 

 

 

Figure 2.13. MSC oriented on fibronectin coated pre-stretched surface.  

F-actin staining of MSCs seeded on fibronectin coated 35:1 PDMS membrane with (a) 10% pre-

stretch and (b) without pre-stretch. Images were captured after 4-days of culture using confocal 

microscopy at a magnification of 10X. 

 

 

(a) (b) 
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2.5.6 Application of mechanical stretch in tissue engineering 

Mechanical stretch has been applied in tissue engineering to guide cell behavior. It is especially 

important for inducing cell alignment in connective tissues such as tendons and ligaments, 

cardiac muscle tissues and blood vessel endothelium [64, 66-67, 77]. Along these lines, we 

created, alternatively, a static pre-stretched anisotropic surface, in the absence of dynamic 

external mechanical stimuli that also induced cell alignment. The results of this study could have 

potential implications to neural cell alignment during development where dynamic mechanical 

stimuli are not likely playing a role [68-69]. 
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CHAPTER 3 THE IMPACT OF PRE-STRETCH INDUCED SURFACE ANISOTROPY 

ON AXON GROWTH  

3.1 Introduction 

As a leading cause of disabilities worldwide, spinal cord injury (SCI) is characterized by an acute 

traumatic lesion of neural elements in the spinal canal, which results in temporary or permanent 

deficits in sensory and motor function [78]. Structurally, axon tracts in the spinal cord, composed 

of highly ordered and aligned bundles of axons, form complex networks of connectivity. After 

acute SCI, axons sprout briefly, but soon undergo growth arrest and retraction due to the lack of 

secreted growth factors from associated glial cells and neurite orientation or alignment within the 

scar tissue, which prevent the axons from crossing into the lesion site [9-10]. If the nerve’s gap 

from an injury is large, the distal and proximal ends of the damaged nerves are unable to 

communicate efficiently, thereby deterring the regeneration process. Transplantation of Schwann 

cells (SCs) or olfactory ensheathing cells has been shown to induce axon regeneration to an 

extent, with partial recovery of motor and sensory functions, as unorganized axon alignment 

leads to disordered regeneration [79-80]. Therefore, to persuade a sufficient number of 

regenerating axons to bridge the lesion site, it is necessary to have properly organized axonal 

alignment.  

 

Biomaterials used to fabricate scaffolds and implantable substrates for nerve regeneration have 

been investigated for their ability to modulate mechanical cues such as substrate stiffness, 

topological features, and stretch to control neural cell growth, and have shown potential in neural 

regeneration post-SCI [81-84]. To elicit axon outgrowth from regenerating neurons, topological 

features have been reported as critical for providing contact guidance [81-82, 85]. Consequently, 
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significant effort has been invested in developing techniques that induce axon alignment to 

promote neural regeneration. Topological guidance achieved through aligned fibers, channels, 

and patterning have facilitated axon alignment [81, 86], but were unable to increase the length 

and thickness of the axons [87]. Furthermore, when transplanted in vivo, axons encounter 

difficulties in penetrating through the scaffold channels due to the formation of a reactive cell 

layer [20, 88]. 

 

Alternatively, gradually stretching the substrate at a constant rate has led to axon alignment in 

the stretch direction with increasing axon length over time [89]. Despite these promising results, 

translating these technologies into effective therapies remains elusive due to the complexity of 

the experimental setup. Therefore, alternative approaches for axonal regeneration are needed. 

Demonstration that anisotropic stress in vivo induces orientation and affects cell morphogenesis 

[90] inspired us to pursue an approach that capitalized on surface anisotropy based on static pre-

stretch to facilitate axon regeneration for SCI repair.  

 

We previously demonstrated that the static pre-stretch creates surface anisotropy that influences 

cell alignment and growth [87, 91-92]. While anisotropy is often attributed to the contact 

guidance provided by surface topography [93-96], it differs from surface anisotropy. Briefly, the 

surface anisotropy can be generated through mechanical stretching, i.e. pre-stretch, which we 

previously explored with poly-dimethyl-siloxane (PDMS) membranes to induce mesenchymal 

stem cells (MSCs) to express MyoD1. To predict the effective stiffness that the MSCs sense in 

the stretched direction, a finite elastic theory of “small deformation superimposed on large” [58] 

was applied. The MSCs were able to sense the anisotropy by actively pulling on the surface and 
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orienting in the pre-stretched direction [91]. Here we report axon alignment on a static pre-

stretched PDMS substrate and show that static pre-stretch induced surface anisotropy enhanced 

axon alignment and growth of dorsal root ganglion (DRG) neurons, and myelination of the axons 

by SCs. Both the DRG neurons and SCs are regularly used in clinical models of neural 

regeneration for spinal cord injury. DRG neurons have been demonstrated to survive upon 

clinical transplantation [97-99]. The roots of DRGs close to the lesion site are known to enter the 

spinal cord and extend processes across the host-graft interface [100]. DRG nerve constructs are 

amendable to nerve repair since their axons can lengthen extensively to bridge the lesion [101]. 

SCs can migrate to the spinal cord injury to promote neural repair and myelinate the regenerated 

axons [102]. 

 

We designed a static pre-stretched cell culture system that provided surface anisotropy without 

topological features, enabling DRG neurons to extend thicker axon aggregates along the 

stretched direction and form aligned fascicular- like axon tracts. Moreover, the SCs aligned and 

co-localized with the aligned axons and expressed P0 protein, a marker for mature SCs and an 

indicator of myelination, thereby demonstrating that surface anisotropy is beneficial in enhancing 

axon alignment and growth, and myelination. We also compared the effect of stretch- induced 

anisotropy with that of topography- induced anisotropy. Although axons from cultured DRG 

neurons showed alignment on micropatterned PDMS channels, the axons in the channels do not 

form neatly aligned axon tracts or increase their thickness as on the pre-stretched surface, 

indicating an advantageous effect of pre-stretch induced anisotropy on regenerating axon growth.  
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3.2 Materials and methods 

3.2.1 Materials 

PDMS substrates were prepared using an 184-silicone elastomer kit purchased from Dow 

Corning (Midland, MI). A FlexiPERM ConA Silicone chamber was purchased from Greiner bio-

one (Monroe, NC). Poly-L-Lysine was purchased from Trevigen (Gaithersburg, MD). Poly-D-

Lysine, Fluoro-2 deoxy-uridine, Uridine, Cytosine β-D-arabinofuranoside (AraC), Anti-Thy 1.1 

antibody (cat. no. M-7898), and Rabbit Complement were purchased from Sigma-Aldrich (St. 

Louis). Heat inactivated Fetal Bovine Serum was purchased from Hyclone (Logan, Utah). 

Bovine Pituitary Extract (BPE) was purchased from Clonetics (Allendale, NJ). Forskolin was 

purchased from Calbiochem (Billerica, MA). Type I Collagenase was purchased from 

Worthington (Lakewood, NJ). Neurobasal Medium 1X, B-27 Supplement, Glutamax-I, 

Albumax-I, Nerve Growth Factor, Dulbecco’s modified Eagle medium (DMEM), penicillin, 

streptomycin, 0.25% trypsin-EDTA, 1X-phosphate buffered saline (PBS), HEPES buffer and 

immunostaining components (mouse anti- β-III tubulin antibody (cat. no.4466), Alexa Fluor 488 

goat anti-mouse IgG secondary antibody, Alexa Fluor 546 goat anti-rabit IgG secondary 

antibody, and DAPI) were purchased from Invitrogen (Carlsbad, CA). Bovine Serum Albumin 

(BSA) was purchased from US Biological (Marblehead, MA). Rabbit anti-Myelin Protein Zero 

antibody (cat. no. ab31851) was purchased from Abcam (Cambridge, MA).  

 

3.2.2 Pre-stretched PDMS substrate preparation 

Each PDMS substrate was cured in polystyrene tissue culture dish by mixing a 10:1 solution of 

base and curing agent with the mixture in the dish at 1-mm thickness. The mixture was kept 

under vacuum for 20 minutes to remove air bubbles and then cured overnight at 60 °C. The 
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PDMS surface was further cleaned with a PX-250 plasma cleaning/etching system (March 

Instruments) for 3 minutes at 165 mTorr and 65 sccm flow of O2. A piece of rectangle PDMS 

membrane (5cm×3.5cm) was fixed onto the stretching frame and the frame was then placed on 

the stretching stage. The membrane was stretched evenly with 10% elongation in the longer axis 

and the stretch was fixed (Figure 3.1a). A silicone chamber was placed on top of the PDMS 

membrane, which provided a circular well to hold the culture medium. The entire device design 

is shown in Figure 3.1a. Before seeding the DRG neurons, 1.5 ml of PLL was added to the 

PDMS membrane and incubated for 2 hours within the chamber to enhance cell attachment.  

 

3.2.3 PDMS channel substrate preparation 

Different size (50 μm and 200 μm) channel patterns were designed with equally sized grooves 

and ridges using AutoCAD. Photolithography was used to fabricate the micropatterned silicon 

wafers that served as molds to transfer the microgrooves onto PDMS substrates as described 

previously [103]. PDMS substrates of 10:1 mixed base and curing agent were cured at 60 °C 

overnight. PLL was subsequently added to the chamber and incubated for 2 hours prior to 

seeding the DRG neurons. 

 

3.2.4 PDMS surface characterization 

Surface topography was analyzed by scanning electron microscope (JSM-7500F cold field 

emission SEM, JEOL Corporation) in the secondary electron imaging mode. An acceleration 

voltage of 12 kV was used for all experiments. Images were taken at a magnification of 1500X. 
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3.2.5 Tensile test 

The mechanical properties of the substrate (i.e. PDMS membrane) were measured by the 

uniaxial tensile test, and the mechanical behavior was described by the incompressible, isotropic 

neo-Hookean model described previously [104].  

 

3.2.6 DRG neuron and Schwann Cell isolation and culture  

All procedures for cell isolation were approved by the Institutional Animal Care and Use 

Committee at Michigan State University.  

 

DRG neurons are isolated from 5-8 day-old Sprague-Dawley rats. Briefly, after sacrificing the 

pups by decapitation, the skin overlying the spinal cord is cut away and any excess tissue is 

removed from the spinal cord. The spine is then completely removed from the body, and the 

spinal cord is extracted. Using a fine pair of tweezers and a pair of microsurgery scissors, 

approximately 10–16 DRGs are collected from both sides, trimmed of nerve roots and 

transferred to 5 ml of ice-cold HBSS buffer containing 1 ml penicillin/streptomycin. The 

dissection medium containing DRGs are then transferred into a new 15-ml tube, centrifuged at 

900 RCF at 4 ºC for 5 minutes. After centrifugation, the supernatant is removed and the DRGs 

are incubated in 6 ml of 0.05% Trypsin-EDTA (1X) (Sigma; 1 mg/ml, 45 min) at 37 ºC and 

followed by 2 ml collagenase (Sigma; 500 U/ml, 20 min) at 37°C. After chemical dissociation, 

the ganglia are centrifuged at 900 RCF in 4 ºC for 5 minutes and the supernatant is subsequently 

removed. The pellet is further resuspended in 10 ml of standard growth media and centrifuged, 

as described above. After washing with medium, the cells are resuspended in standard growth 

media containing Neuralbasal A medium containing B-27 supplement, antibiotic 
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(penicillin/streptomycin), Albumax-I and nerve growth factor. The dissociated neurons are then 

plated onto the PLL coated pre-stretched surface and incubated at 37 °C at 5% CO2.  

 

SCs are isolated using the same protocol as described previously [105]. One-day old pups are 

sacrificed by decapitation. The sciatic nerves are then extracted by making an incision from the 

tail up the spine to the inner thigh near the foot. Nerve sections are cut into small pieces and 

transferred into dissociation medium containing collagenase and trypsin and incubated for 45 

minutes at 37 °C. Mechanical dissociation is done using an 18-gauge needle and 10-ml syringe. 

Cells are then centrifuged for 5 minutes and resuspended in Dulbecco’s modified medium E 

containing 10% fetal bovine serum and 1% antibiotic (penicillin/streptomycin). Purification 

begins upon adding AraC into the medium after 48 hours of culture, followed by antibody 

selection using Anti-thy 1.1 antibody and Rabbit Compliment on day 5. 

 

The co-culture of DRG neurons and SCs was performed after 2 weeks of culture of purified 

DRG neurons on stretched and unstretched surfaces by adding the SCs to the DRG culture at a 

cell density of 5000 cells per ml. The co-culture was maintained for 1 week and then subjected to 

immuno-staining. 

 

3.2.7 Immunocytochemistry 

Immunocytochemistry was performed at room temperature on cells seeded on the stretched 

surface for 6, 12, and 21 days. Cells were rinsed with PBS, followed by fixation with 4.0% 

paraformaldehyde in PBS for 15 min, rinsed 3 times in PBS, then permeabilized with 0.1% 

Triton X-100 in PBS for 15 min and washed 3 times with PBS. After washing, the cells were 
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blocked in 1% BSA for 30 minutes. After BSA blocking, the cells were incubated with mouse 

anti-mouse β-III tubulin primary antibody (1μl stock per 500μl of 1% BSA solution) for 1 hour, 

or rabbit anti-P0 primary antibody (1:500 dilution in 1% BSA solution) for 1 hour followed by 

three washes in 1X PBS, and then incubated with Alexa Fluor 488 goat  anti-mouse or anti-rabbit 

Alexa Flour 546 secondary antibody (1:500 dilution in 1% BSA solution) for 1 hour. Cells were 

washed again, three times in 1X PBS and then incubated for 5 minutes in 300nM DAPI to 

visualize the nucleus. The PDMS substrates were a ir dried and the silicone chamber was 

removed from the membrane; the stained PDMS membrane was finally kept in the dark to cure 

for 24 hours at room temperature. Confocal laser scanning microscopy (CLSM) images were 

obtained with Olympus FluoView1000 laser scanning confocal microscope using 20X objectives.  

 

3.2.8 Quantification of axon orientation distribution and axon thickness 

Image-Pro Plus Version 4.5 was used to measure the axon orientation angles. Briefly, before 

measurements, the fluorescent images were converted into high contrast binary images to 

remove the background noise. A straight line was drawn perpendicular to the stretch direction, 

which was used as the reference to indicate zero degree orientation. For each axon, the 

orientation was measured by drawing a straight line to follow the axon pathway, and the angle 

between the traced line and the reference line was automatically given by the software and 

recorded for further analysis. All experiments were repeated at least three times for statist ical 

verification. For the stretched vs. unstretched comparison, the DRG neurons seeded on the 

stretched and unstretched membranes were from the same isolation. For each experiment, we 

took 8 images under the same condition and quantified the axon orientation angles. We counted 

the axons at each ten degrees of orientation and normalized the number to the total number of 
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axons in each condition. For axon thickness analysis, we enlarged each image by 10X, and 

measured the axon thickness by pixels, which were later converted into microns. The mean value 

and standard deviation of the axon thickness were reported.  

 

3.2.9 Quantification of co-localization of axon and SCs 

The fluorescent images of the co-culture were processed by setting the threshold of each color 

channel to remove background noise, and the co- localization was automatically quantified using 

the FV1000 software. The percentage of green that overlapped with red was calculated for both 

the stretched and unstretched surfaces. For statistical analysis, three biological samples were 

quantified, with 6 images analyzed for each sample.  

 

3.2.10 Statistical analyses 

Data were expressed as mean ± standard deviation. A two-sample Kolmogorov-Smirnov test was 

applied to evaluate the statistical significance for Figure 3.3. A two-sample Student’s t-test was 

used to determine statistical significance for Figure 3.4 and Figure 4.6e. ANOVA-Tukey’s test 

was applied to assess for significance in Figure 3.5. In all cases, p values of <0.05 were 

considered statistically significant. 

3.3 Results and discussion 

3.3.1 Design and characterization of pre-stretched surface  

Using a previously designed cell culture system that induced alignment of MSCs, we explored 

how surface anisotropy affects axon alignment and growth. The cell culture system is composed 

of a PDMS membrane fixed onto a sliding frame, and placed on a stretching stage used to control 

the magnitude of pre-stretch (Figure 3.1a). The DRG neurons were seeded subsequent to 
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stretching the PDMS substrate, i.e. substrate pre-stretch, ensuring no other external forces were 

applied to influence the axon growth. 

 

To ensure that there were no topographical features on the pre-stretched PDMS substrates that 

might affect axon alignment, e.g. fibers, the surface was imaged with the secondary electron 

imaging mode in SEM. SEM images of pre-stretched (Figure 3.1bi and 3.1bii) and unstretched 

(Figure 3.1biii and 3.1biv) surfaces, both with (Figure 3.1bii and 3.1biv) and without PLL 

coating (Figure 3.1bi and 3.1biii), showed that the stretch did not induce any topological features 

on the PDMS substrate (Figure 3.1bi and 3.1biii). The dehydrating imaging condition caused the 

PLL peptides to aggregate into large particles on the membrane surface (Figure 3.1bii and 

3.1biv). Nonetheless both surfaces, including the PLL coated surface, show a smooth 

background without any surface topography (i.e., orienting features) that would provide contact 

guidance for axon alignment. 

 

A non- linear parameter estimation method was used to fit a neo-Hookean model to the results of 

a uniaxial tensile test of the PDMS substrate. The material behavior shows a linear elastic 

behavior up to a strain of 0.2 as shown in the left panel in Figure 3.1c. A pre-stretch value of 0.1 

(10%) was used in the experiments. The left panel in Figure 3.1c shows the experimental data of 

the Cauchy stress vs. engineering strain for the 10:1 crosslinked PDMS membrane while the 

middle panel compares the model with the measured values of the engineering stress as a 

function of the engineering strain. See our previous study [59] for details on the parameter 

estimation using a finite elastic constitutive model.  
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The stretch- induced anisotropy of the PDMS membrane is represented by the ratio of effective 

stiffness in the stretched direction to its perpendicular direction (i.e.,               ). The effective 

stiffness in both directions with respect to the change in strain is shown in the right panel in 

Figure 3.1c. When there is no stretch,                (1.45 MPa), which provides the elastic 

modulus of the 10:1 crosslinked PDMS membrane. As the stiffness in the stretched direction 

increases, the stiffness in the perpendicular direction decreases as the PDMS membrane 

experiences more strain during the uniaxial stretch. The predicted anisotropy of the PDMS 

membrane under a 5% strain is approximately 1.158.  

  



 

60 
 

 

Figure 3.1. Pre-stretched PDMS substrate and surface characterization.  

(a) PDMS membrane was placed on the stretching frame, and after the stretch was selected and 

secured, the DRG neurons were seeded onto the chamber; (b) SEM images of pre-stretched (bi 

and bii) and unstretched (biii and biv) PDMS surface with (bii and biv) and without (bi and biii) 

PLL coating; and (c) Stretch-strain plot and effective stiffness curve. The tensile test was 

performed on the 10:1 crosslinked PDMS membrane and the true stress-strain curve is shown for 

one of the samples in the left panel. A neo-Hookean was used to fit the experimental data in the 

middle panel, and the predicted effective stiffness in both the stretch and perpendicular directions 

is depicted in the right panel.  
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3.3.2 Axon alignment on pre-stretched surface 

The DRG neuron cell suspension added to the chamber on the pre-stretched PDMS substrate was 

cultured for 6, 12, and 21 days to assess for DRG axon alignment. To examine axon growth, the 

cells on the pre-stretched and unstretched PDMS substrates were stained for β-III-tubulin (Figure 

3.2). The DRG axons on the pre-stretched surface aligned parallel to the stretched direction, 

while the axons on the unstretched surface aligned randomly and formed interconnected network. 

The axons on the pre-stretched substrate increased their alignment over time and formed longer 

and thicker fascicular axon tracts, which resembled the in vivo nervous systems. The pre-stretch 

induced axon alignment was quantified and compared with the axons on the unstretched 

substrates according to the orientation angle (Figure 3.3), where 90° is parallel to the pre-

stretched direction and has the highest effective stiffness. The axon alignment was quantified by 

determining the percentage of axons that aligned at 10° intervals. The pyramid shape of the bar 

graph is maintained over time on the stretched substrate indicating the percentage of axons that 

aligned remained constant. In contrast, the axons on the unstretched surface did not align. The 

distribution of cell orientation on the unstretched surface were statistically different than on the 

stretched samples based on a two-sample Kolmogorov-Smirnov test on days 6, 12, and 21  (p-

values are 0.001, 0.002, and 0.001, respectively).  
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Figure 3.2. Axon alignment on pre-stretched and unstretched surface.  
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(Figure 3.2 cont'd) Fluorescent images of DRG neurons seeded on the static pre-stretched surface 

for (a) 6, (c) 12, and (e) 21 days, as compared with DRG cells seeded on the unstretched surface 

for (b) 6, (d) 12, and (f) 21 days. Axons were stained with anti-mouse β-III tubulin, and imaged 

with confocal microscopy (10X). 
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Figure 3.3. Quantification of axon alignment on stretched vs. unstretched PDMS substrate.  

The ratio of DRG axon alignment at every 10 degrees on the pre-stretched and unstretched 

surfaces after 6, 12, and 21days, with 90 degrees representing the direction of the pre-stretch. 

Orientation angles were quantified by ImagePro Plus. The two-sample Kolmogorov-Smirnov test 

was applied to evaluate the statistical significance. The cells on the unstretched surface as 

compared to the cells on the corresponding stretched samples for 6, 12, and 21 days have 

statistically different distributions, p = 0.001, 0.002, and 0.001 respectively. 
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This observation is in agreement with our previous report of MSC alignment on pre-stretch 

induced anisotropic surface, which can be explained by the theory of active sensing. A possible 

explanation for the alignment of the DRG is that neurons can generate forces through the growth 

cone to sense the substrate stiffness [84, 106]. Growth cones can actively generate forces and 

sense the substrate stiffness and thus may be sensing the higher effective stiffness in the pre-

stretched direction leading to its alignment in the direction of maximum effective stiffness.  

 

During development and regeneration of the  nervous system, neuronal growth cones navigate 

through tissues and experience environments with different mechanical properties established by 

the cytoarchitecture of the nervous tissue and surrounding tissues [107]. Koch et al. previously 

showed the growth cones of DRG neurons generate extensive traction force during axon 

extension, which is strongly dependent on the substrate stiffness [106]. The contractile forces 

that growth cones exerted have been associated with filopodia [108]. Thus, the axon alignment 

on the pre-stretched surface is potentially due to the active sensing by growth cones. Similar to 

MSCs, the filopodia of the growth cone actively pull on the substrate though binding sites, 

allowing cells to sense the difference in effective stiffness of the substrate in different directions  

[18]. This could cause the growth cone to move in the direction of maximum effective stiffness. 

In the present study, both the pre-stretched and unstretched substrates were coated with PLL and 

showed no topological features (Figure 3.1b), ensuring that the axon alignment was due to the 

pre-stretch induced anisotropy. Taken together these results suggest that active cell sensing is 

likely to explain the axon growth. 
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3.3.3 Enhanced axon thickness growth on pre-stretched surface 

In addition to inducing axon alignment, the pre-stretch induced anisotropy appeared to enhance 

the fasciculation of axons. The aligned axons on the stretched surface formed thick clusters, 

which is quite different from the random axon network on the unstretched surface. The axons on 

the pre-stretched substrate grew thicker over time (Figure 3.4a), with some aggregates forming 

clusters that appear similar to fascicular tracts. To evaluate this fascicular- like effect on the pre-

stretched surface, we measured the thickness of each single unit of the axon in the images, where 

the unit might contain individual or multiple aggregated axons, which were not easily 

distinguishable. The axon cluster thickness on both the stretched and unstretched surfaces on 

days 6, 12 and 21 increased over time. However, the average axon cluster thickness after 21 days 

of culture on the stretched surface was 1.5 times greater than on the unstretched surface, 

suggesting that the anisotropic pre-stretched surface has the potential to promote extensive axon 

growth. 

 

Since axon alignment is a prerequisite for fascicle formation [109], the alignment might also be 

facilitating the fascicular- like effect observed on the pre-stretched surface. This fascicular- like 

effect has also been observed to increase on a gradually increasing stretching device, where 

axons were stretched daily using a stepper motor [89], similar to what was observed in this study. 

However, the quantification in Figure 3.4b was a combined effect of both fascicular- like tracts 

and single axon thickness increase. Thus, to differentiate between the fascicular- like tracts and 

single axons, we selected the 10 thinnest axon units on the stretched and unstretched surfaces in 

each image and measured their thicknesses and found that the mean single axon thickness on the 

pre-stretched surface was significantly larger than that on the unstretched surface (Figure 3.4c). 
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The average thicknesses of the single axons grew over time and were 1.17 μm, 1.60 μm, and 

4.31 μm on the pre-stretched surfaces and 1.01 μm, 1.43 μm, and 2.80 μm on the unstretched 

surface after 6, 12 and 21 days of culture, respectively. The results on the unstretched surfaces 

are in agreement with the 2-3 μm axon diameter reported in the CNS, which includes those in the 

brain that are typically thinner than in the spinal cord [12, 110], indicating the unstretched 

surface did not hamper the growth of axons. The axon thickness on the pre-stretched surface are 

similar to the mean diameters of 4.18 μm and 5.95 μm reported, respectively, for myelinated 

sensory axon proximal and distal to lumboscaral dorsal root ganglia [111], which are known to 

be the thickest axons in the CNS. Therefore, the pre-stretch induced anisotropic surface not only 

enhances fascicular- like tract formation but also increases single axon thickness.  

 



 

68 
 

 

Figure 3.4. Axon thickness growth on stretched vs. unstretched PDMS substrate.  

(a) Fluorescent images of the DRG axons on the stretched (left) and unstretched (right) surfaces 

after 6 (top), 12 (middle), and 21 (bottom) days. Axons were stained with anti-mouse β-III 

tubulin, and imaged with confocal microscopy (10X); (b) Quantification of DRG axon bundle 

thickness on the pre-stretched and unstretched surfaces after 6, 12, and 21 days; and (c) 

Quantification of single DRG axon thickness on the pre-stretched and unstretched surfaces after 

6, 12, and 21 days. $ p < 0.01, * p < 0.05, ** p < 0.01. 

 

Axon alignment, given its significance in neural regeneration, has been extensively investigated 

[20, 95, 112-114]. Topological features such as fibers and channels provide contact guidance and 
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are commonly used to guide axon extension along the surface topography. There has been no 

study to date that demonstrated topological contact guidance induces both increases in axon 

thickness and a fascicular- like effect. To test this, we further cultured DRG neurons for 21 days 

on micropatterned channel surfaces of 50 μm and 200 μm, wherein the ridges and channels were 

of equal dimensions (Figure 3.5a). The contact guidance induced by the channels causes the 

axons to align to some extent (Figure 3.5b), however, the thicknesses of the axons on the 

channels were significantly smaller than on the pre-stretched surface (Figure 3.5c), suggesting 

that the pre-stretch induced anisotropy could be more effective for enhancing axon growth for 

neural regeneration. 
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Figure 3.5 Quantification of axon thickness on micropatterned PDMS substrate.  
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(Figure 3.5 cont'd) (a) Phase contrast images (10X) of micropatterned channels of 50μm (left) 

and 200μm (right) widths; (b) DRG axons on channels of 50μm (left) and 200μm (right) widths 

after 21 days of culture were stained with anti-mouse β-III tubulin and imaged with confocal 

microscopy (20X); and (c) Comparison of axon thickness on the channels vs. on the pre-

stretched PDMS substrate after 21 days of culture. ANOVA-Tukey’s test was applied to assess 

for a significant difference. **: p < 0.01. 

 

The exact mechanism of this pre-stretch induced axon thickening and fascicular- like effect is 

unclear. Evidence suggests, however, that microtubules may be involved in this process [115]. 

There are three main filamentous components inside axon tubular structures, including 

microtublues, neurofilaments, and the microtrabecular matrix [116-117]. Although there have 

been studies that showed neurofilaments are responsible for providing mechanical strength, a 

recent study suggests that microtubules contribute a majority of the mechanical stiffness to the 

axons [118]. Previous studies indicate that mechanical tension facilitates the growth of the axon, 

which may be associated with tensile loading of the microtubule bundle and subsequent growth. 

Microtubules have been suggested as mechanical force sensors that can detect the force direction 

and magnitude [115, 119-120]. Axons on the pre-stretch surface showed more β-III-tubulin, a 

marker of microtubule components, indicating thicker axons, thereby raising a possibility that the 

pre-stretch might impact microtubule dynamics. Future experiments are needed to determine 

whether the pre-stretch induced surface anisotropy signals microtubule polymerization to cause 

the axonal thickening observed. 
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3.3.4 Co-culture of Schwann cells with aligned axons  

Schwann cells are able to migrate into areas of damaged central nervous system and remyelinate 

the demyelinated axons [121]. Since myelination is dependent on the axon thickness and thicker 

axons are preferentially myelinated, Schwann cells were co-cultured on stretched and 

unstretched surfaces with 2 week-old cultured and aligned DRG axons for a week (Figure 3.6). 

The axons were stained for β-III tubulin while the Schwann cells were stained for P0, an 

indicator of myelination. P0 is a marker of mature Schwann cells and is a component of the 

myelin sheath. Significant co-localization of green (β-III tubulin) and red (P0) fluorescence 

occurred on the stretched surface (Figure 3.6b) while on the unstretched surface the red and 

green fluorescence did not co- localized significantly (Figure 3.6d), The co-localization of β-III 

tubulin and P0 are quantified in Figure 6e, where the vertical axis represented the percentage of 

green fluorescence that overlapped with red fluorescence. From Figure 3.6e, the percentage of 

red and green fluorescence co-localized on the pre-stretched surface was ~80%, indicating the 

Schwann cells attached and aligned with the axons. In contrast, the percentage of co- localization 

on the unstretched surface was around 25%, indicating β-III tubulin and P0 did not co- localize 

significantly on the unstretched surface (Figure 3.6d). Therefore, as demonstrated in Figure 3.6 

the pre-stretched surfaces enhanced not only axon alignment and fascicular- like tract formation 

but also increased the attachment of SCs to the aligned axons, a requisite for myelination.          

 



 

73 
 

 

Figure 3.6. Co-cultured of Schwann cells with the DRG neurons on the stretched vs. 

unstretched PDMS substrates.  
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(Figure 3.6 cont'd) After culturing the DRG neurons on the stretched and unstretched surfaces for 

2 weeks, purified Schwann cells were added to the chamber and cultured for another week. (a) β-

III-tubulin (green) staining of axons on the stretched PDMS substrate; (b) Overlay of β-III-

tubulin (green), P0 (red) and DAPI (blue) sta ining on the stretched substrate; (c) β-III-tubulin 

(green) staining of axons on the unstretched substrate; and (d) Overlay of β-III-tubulin (green), 

P0 (red) and DAPI (blue) staining on the unstretched substrate. (e) Quantification of the 

percentage of colocalization (overlap) of β-III-tubulin (green) with P0 (red), using the FV1000 

software, for the stretched and unstretched surfaces. *: p < 0.01.  

 

Many studies, using topological features or motor stretch, demonstrated that axons can be 

induced to align, but they did not explore myelination on the aligned axons [76, 122-124]. 

Although myelination has been shown with SC and DRG neuron co-cultures, the myelination 

results in the previous study were achieved by adding growth factors [125]. Oligodendrocytes 

myelinated axons on randomly oriented electrospun nanofibers of 0.4 μm thickness or larger 

[126], in contrast, the aligned axons on the pre-stretched surface shown in this study not only 

myelinated, but also formed thicker axons, all of which are important for nerve regeneration after 

SCI. Recently Xia et al. demonstrated that aligned PMMA nanofibers can enhance the co-

localization of DRG neurons with SCs, however, they did not measure myelination [86]. In 

contrast, our study used P0 staining of SCs clearly indicates myelination of the aligned axons and 

suggests that the pre-stretched anisotropic surface is capable of enhancing myelination. In 

contrast, the SCs on the unstretched substrate also stained positive to P0, but with minimal co-

localization with β-III tubulin demonstrating the axons were not myelinated. The alignment and 

attachment of the SCs to the axons suggest enhanced myelination on the pre-stretched substrate 
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and is likely due to the combined effect of both axon alignment and increased axon thickness. 

Thus, the ability of pre-stretch induced anisotropic surfaces to guide attachment of SC to aligned 

axons suggests that surface anisotropy could be capitalized upon to enhance myelination of 

endogenous axons. 
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CHAPTER 4 SCHWANN CELLS MIGRATION ON PATTERNED PDMS 

MICROGROOVED SURFACE  

4.1 Introduction 

Schwann cells (SCs) are support cells for nerve processes in the peripheral nervous system and 

are responsible for the production of the myelin sheath [121]. After the injury, SCs migrate into 

the lesion site to remove axonal and myelin debris, secrete growth factors and promote axon 

regeneration [127-128]. In peripheral nerve injury, SCs migrate from each end of the severed 

nerve to align with the basal lamina cable to form bands of Büngner which guide the regenerated 

axons to the distal site [129]. Improperly regulated SC motility underlies the limited recovery to 

the lesion site and failure in remyelination. Given the instrumental role of SCs in aiding nerve 

repair, SC migration has received growing attention in therapeutic applications [127, 130]. Thus 

therapies to promote sciatic nerve repair, notably nerve guidance channels for transplantation, 

need to be tailored to enhance SC migration from the host [131]. Approaches that speed SC 

migration could accelerate peripheral nerve regeneration and thereby lead to more efficient 

therapies. 

 

Studies of SC migration have informed on scaffold design for neural regeneration, from 

peripheral nerve injury to spinal cord injury [127, 129]. To improve the alignment of 

regenerating axons and accelerate the migration of SCs, three-dimensional channels have shown 

promise [112]. However, due to limited knowledge on migrating SC populations within the 

channels, there have been few recent breakthroughs in scaffold designs. Numerous in vitro 

studies have focused on controlling SC behavior through contact guidance achieved by 

micropatterning ECM proteins [95], nano- or micro- fibers [93, 96, 114, 132-133], microgrooves 
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and channels [87, 94, 134]. However, the majority of studies on microgrooved substrates have 

focused on SC alignment [94, 134-135], rather than migration.  

 

Studies on SC migration have focused primarily on single cell motility, with one study tracking 

the migration of a small group of cells over several hours using time- lapse microscopy [87, 136]. 

However, the cells were isolated from each other with minimal cell-cell interaction and migrated 

randomly. Furthermore, the study neglected cell proliferation resulting in a model of averaged 

migration of several individual cells [136]. Thus, it is unclear how this model would inform on 

the migration of a large proliferating population of cells over a period of days. During neural 

tissue formation and repair, SCs do not migrate as discrete single cells but as a population of 

cells over physiologically relevant time and length scales [137-138]. Thus from a practical 

perspective, a better understanding of the dynamic interactions between a migrating population 

of SCs and the collective guidance cues from the surrounding environment could provide more 

relevant insights into neural tissue repair that could influence future designs of transplantable 

scaffolds [128, 139-140]. Thus, there is a need to understand how large populations of SCs 

migrate into the injury site, under a complex environment where cell-cell interaction, cell 

proliferation, and extracellular guidance exert influence [92, 141].  

 

This study investigates a large population of migrating SCs over a period of two weeks. We 

developed a method to quantify the migration speed of a large cell population while minimizing 

the confounding effect of cell proliferation. Micropatterned polydimethylsiloxane (PDMS) 

surfaces of different channel sizes, which served to mimic the topography and orientation of 

channel structures in transplantable scaffolds [142], were used to investigate the migration of 
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populations of SCs over two weeks. The migration velocities of the SC populations on different 

channel sizes were quantified and compared using two methods, one based on a leading edge 

velocity and a second based on a binary velocity. 

4.2 Materials and methods 

4.2.1 Materials 

The poly-(dimethylsiloxane) (PDMS) substrate was prepared using the Sylgard 184 silicone 

elastomer kit purchased from Dow Corning (Midland, MI). Borofloat33 4"-Wafer was purchased 

from WRS Materials (Reno, NV), SU-8 photoresist was purchased from MicropositTM 

(Marlborough, MA), Poly-D-Lysine, β-D-arabinofuranoside (AraC), Anti-Thy 1.1 antibody (cat. 

no. M-7898）, Rabbit Complement (cat. no. S-7764）, and Anti-S-100 antibody (cat. no. S2644) 

were purchased from Sigma- Aldrich (St. Louis). Heat inactivated Fetal Bovine Serum (FBS) 

was purchased from Hyclone (Logan, Utah). Bovine Pituitary Extract (BPE, cat. no. CC-4009) 

was purchased from Clonetics (Allendale, NJ). Forskolin was purchased from Calbiochem 

(Billerica, MA). Type I Collagenase was purchased from Worthington (Lakewood, NJ). 

Dulbecco’s modified Eagle medium (DMEM), penicillin, streptomycin, 0.25% trypsin-EDTA, 

1X-phosphate buffered saline (PBS), HEPES buffer and immunostaining components (Alexa 

Fluor 546 goat anti-rabit IgG secondary antibody, and DAPI) were purchased from Invitrogen 

(Carlsbad, CA). Bovine Serum Albumin (BSA) was purchased from US Biological (Marblehead, 

MA). Rabbit anti-Myelin Protein Zero antibody (cat. no. ab31851) was purchased from Abcam 

(Cambridge, MA). Silicone inserts with a defined cell- free gap (cat. no. 80206) were purchased 

from Ibidi (Martinsried, Germany). Mylar films are from InfinityGraphics (East Lansing, MI).  
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4.2.2 Microgrooved substrate fabrication 

Microgrooved substrates were fabricated as previously described [143]. Briefly, patterns were 

designed in AutoCAD (Autodesk), with 50, 100, 150 μm spacing, in 1x3 cm rectangular sections 

as shown in Figure 4.1. These patterns were printed on mylar films, which were used as masks to 

generate selectively polymerized regions on silicon wafers during the photolithography process. 

Photoresist SU-8 was spin-coated at 2,000 rpm for 40 s and baked at 110 °C for 1 min on a hot 

plate. Through conventional photolithography, the photoresist was patterned to expose openings 

on silicon wafers as desired. The alternating grooves and plateaus patterns were then transferred 

onto PDMS by curing a 10:1 solution of base and curing agent in polystyrene tissue culture dish 

at 60°C for at least 2 hours. After curing, the crosslinked PDMS was peeled off and cut at the 

edges into separated pieces. A substrate was fit into each well of a 6-well plate, which was 

treated with a PX-250 plasma cleaning/etching system (March Instruments) for 3 minutes at 165 

mTorr and 65 sccm flow of O2. The substrates were subsequently incubated with PDL solutions 

at 37°C for 2 hours prior to cell seeding. After the PDL coating, the surface is rinsed with sterile 

water. A piece of rectangular silicone insert was attached to the flat surface with one side 

aligning to the end of channels, which was used as a medium holder to maintain initial 

attachment of the cells within the square area. The medium holder also helped ensure the 

distance between the cell and channels was 50μm (width of the wall thickness) prior to 

commencing the migration study. The entire design is illustrated in Figure 4.1.  
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Figure 4.1. Schematic of channel design and PDMS preparation.  

PDMS culture substrate consists of channels and two flat surfaces at each end. The flat areas are 

leveled with the groove and the ridges are 50μm in height. Both the grooves and ridges are of 

equal widths. Three different channel sizes, 50μm, 100μm, and 150μm are prepared. After 

coating with PDL, a square medium holder is placed at one end of the flat area near the edge of 

the channels. Schwann cells are seeded in the holder for initial attachment. After 24 hours the 

holder is removed and the medium is added to the entire surface. Phase contrast images of the 

three different channel sizes, 50μm (, 100μm and 150μm are shown on the right.  

 

4.2.3 Cell culture 

All procedures for cell isolation were approved by the Institutional Animal Care and Use 

Committee at Michigan State University. Schwann cells were isolated using the same protocol as 

described previously [105]. One day old pups were sacrificed by decapitation. The sciatic nerves 
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were extracted by making an incision from the tail up the spine to the inner thigh near the foot. 

Nerve sections were cut into small pieces and transferred into dissociation medium containing 

collagenase and trypsin and incubated for 45 minutes at 37°C. Mechanical dissociation was 

performed using fire polished glass pasteur pipette. Cells were then centrifuged for 5 minutes 

and resuspended in DMEM containing 10% heat inactivated FBS and 1% antibiotic 

(penicillin/streptomycin). Purification procedure begins upon adding AraC into the medium after 

48 hours of culture, following by antibody selection using Anti-thy 1.1 antibody and Rabbit 

Complement on day 5. After purification, the cells were cultured in complete SC growth medium 

containing DMEM, 10% FBS, 1X Penn/Strep, 21 μg/ml BPE, and 4 μM forskolin and placed in 

a humidified incubator containing 5% CO2 at 37°C. The medium was replaced every 2 days 

until the cells reached 80%-90% confluence. Confluent cells were detached using 0.25% trypsin-

EDTA and plated at a density of 100,000 cells per mL with 150μl added to each medium holder.  

 

4.2.4 Immunocytochemistry 

Immunocytochemistry was performed at room temperature on cells seeded on the PDMS 

substrates for 6 days. Cells were rinsed with PBS, followed by fixation with 4.0% 

paraformaldehyde in PBS for 15 min, rinsed 3 times in PBS, then permeabilized with 0.1% 

Triton X-100 in PBS for 15 min and washed 3 times with PBS. After washing, cells were 

blocked in 1% BSA for 30 minutes. After BSA blocking, the cells were incubated with mouse S-

100 primary antibody (1μl stock per 500μl of 1% BSA solution) for 1 hour followed by three 

washes in 1X PBS, and then incubated with anti-rabbit Alexa Flour 546 secondary antibody 

(1:500 dilution in 1% BSA solution) for 1 hour, followed by three washes of 1X PBS. Confocal 
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laser scanning microscopy (CLSM) images were obtained with Olympus FluoView1000 laser 

scanning confocal microscope using a 40X oil objective.  

 

4.2.5 Migration quantification 

Figure 4.3 illustrates a flowchart for quantifying the migration velocities. The overall process is 

presented in Figure 4.3a. Phase contrast images were collected with a Leica DM IL inverted 

microscope (Bannockburn, IL) equipped with SPOT RT color camera (Diagnostics Instruments, 

MI) using 10X objective. Image-Pro Plus Version 4.5 was used to process the images. For each 

set of experiment, images were taken daily of each sample in a grid pattern for the entire 1 cm x 

1 cm patterned surface. A grid composed of successive rectangular images, with each rectangular 

image consisting of 1600 x 1200 pixels or 1212.12 x 909.09 µm, were numbered sequentially by 

column from end to end of the microgrooves and by row from top to bottom. This grid pattern 

was used to calculate the distance the cells traveled, by marking the cells in each image by their 

column and row. For example, image x-y represents an image located in column x and row y.  

An equivalent distance (e) of image x-y was calculated by multiplying the column number (x) by 

the length of the image (l).  

e= x * l 

The total cell distance (t) in image x-y was calculated by multiplying the number of cells (n) in 

image x-y by the equivalent distance (e).  

t = n * e 

After generating the grid, the distance a cell traverses was further analyzed using two different 

methods of calculating migration speed.  
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1) The leading edge velocity (shown in Figure 4.3b) uses the furthest image in each row which 

represents the leading edge of the migrating cell population. The total cell distance (T) is 

calculated as the sum of the total cell distance for each image in the leading edge. The total cell 

number (N) in the leading edge is a sum of the cell number in each image in the leading edge.  

T=∑t; N=∑n 

The average cell position (a) in the leading edge is defined by the total cell distance divided by 

the total number of cells in the leading edge.  

a=T/N 

By plotting the average cell position with time (days), the migration speed in the leading ed ge is 

determined by the slope.  

2) The binary velocity (shown in Figure 4.3c) uses a binary counting process which counts 

whether an image contains at least one cell, yes (1), or not, no (0), by asking “is this the furthest 

the cells have traversed in this row?” In this case, the total number of cells (N) equals the number 

of images that are counted as "1" (n1), and the total distance the cells traverses (t) in each image 

equals the equivalent distance (e).  

N=n1; t=e 

The total cell distance (T) in the binary analysis is the sum of the equivalent distance of the 

images counted as "1", and the average distance (a) in the binary analysis is calculated by the 

total cell distance T divided by the number of images counted as "1" (n1).  

T=∑e; a=T/n1 

The slope obtained by plotting the average distance over time gives the migration speed of the 

cell population in the binary analysis. The process of generating, analyzing and calculating the 
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migration speeds from the data using both the leading edge and binary methods for one set of 

experiment is provided in the supplemental file.  

For statistical significance, the experiments were repeated four times. Two-sample student t-test 

was used to determine statistical significance in Figures 4.4 and 4.5. A p-value of < 0.05 was 

considered statistically significant.  

Quantification of the orientation angles of the cells is described in [91], briefly we counted the 

number of cells in parallel orientation (90º±10ºangle) to the channels which was normalized to 

the total number of cells on each surface. This ratio of cells in the parallel orientation is reported 

by the mean value plus standard deviation. The two-sample Kolmogorov-Smirnov test was 

applied to evaluate the statistical significance in Figure 4.6. A p-value of < 0.05 was considered 

statistically significant. 

4.3 Results and discussion 

4.3.1 Design of microgrooved substrate 

The current microgrooved substrate (Figure 4.1) for cell migration contains two flat areas at each 

end of the microgrooves that are flush with the grooves, with 50μm high ridges. This design 

differs from previous studies by enabling SCs to migrate from a flat area onto the microgrooves 

to the flat area at the other end. The flat areas at the ends permit simulation of SC migration 

during the repair process, wherein the SCs have to migrate from the host tissue to the injury site 

through the channels of a transplanted scaffold. In this design, the SCs are initially seeded within 

a medium holder placed onto one of the flat surfaces to maintain an isolated environment for SC 

seeding and attachment. After the initial 24 hr of cell attachment, the medium holder is removed 

and fresh medium is added to cover the entire surface.  Different size channels (50μm, 100μm, 
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and 150μm) with equal sized grooves and ridges (Figure 4.1) were made such that the migration 

was similar on both the grooves and ridges.  

 

4.3.2 Schwann cells migrated on both the grooves and ridges 

After the initial 24 hrs of attachment the SCs initially migrated in all directions across the 50μm 

distance that is presented upon removal of the medium holder, until the SCs reach the 

microgrooves, whereupon they migrated directionally on the microgrooved surface. The cells 

migrated onto both the grooves and ridges (Figure 4.2a), suggesting that the cells must climb 

onto the 50μm ridge. This is in contrast to previous studies where the SCs were directly seeded 

onto the grooved surface resulting in random migration in all directions. Confocal fluorescent 

images in Figures 4.2b and 4.2c show the migrating SCs on the ridges and grooves 2 days after 

removal of the holder and the start of the migration. The cells were found on the flat area at the 

other end of the microgrooves; however the majority of cells remained at the start of the grooves. 

To analyze the migration behavior of the SC population across the channels, we captured images 

every other day for two weeks until the entire microgrooved surface was covered with SCs. 
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Figure 4.2. Migration of Schwann Cells (SCs) into the channels.  

SCs are seeded at one end of the flat area on the PDMS culture substrate, after removal of the 

holder, the cells migrate into the channels. (a) Phase contrast images illustrate SCs migrate on 

both microgrooves and ridges. Confocal images specially focused on the ridges (b) and grooves 

(c). Cells are stained 2 days after removal of the medium holder with S-100 primary antibody 

and Alexa-546 secondary antibody. Confocal fluorescent images are taken using a 40X oil 

objective. 
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4.3.3 Comparison of SC migration on different microgrooved surfaces 

Although this study focuses on the migration behavior of SC populations on the microgrooved 

surfaces over a period of 2-3 weeks, there is significant confounding effect due to the 

proliferation of the SCs. Therefore, the advancing SC population is the combined result of both 

SC migration and proliferation. The proliferation is more prominent at the entrance of the 

channels, while migration predominates at the leading edge of the SC population Thus to 

minimize the confounding effect due to proliferation, we calculated two different migration 

velocities, a leading edge, and a binary velocity, based on the distance traversed by the cells. 

Both methods aim to determine migration while minimizing the effect of proliferation at the 

backend of the migrating population. 

 

The leading edge is defined as the furthest location that the cells traversed in each row, and 

indicated by the column number of the image. Figure 4.3b shows a flowchart for the leading 

edge quantification. To calculate the leading edge migration, only the cells in the grids at the 

leading edge of the microgrooved surface are counted and the total distance the cells migrated is 

calculated by summing the total distance traversed by each cell in each image (t) in the leading 

edge, which is denoted as the total cell distance (T). To calculate the average distance (a) which 

indicates the average position of the migrating cells in the leading edge, the total cell distance (T) 

of the leading edge is divided by the total number of cells (N) in the leading edge grid. The 

average distance (a) is plotted versus time to determine the front of the SC population over time. 

The slope of the plot provides the migration velocity of the SC population with units of 

micrometers traversed per day. 
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The idea behind the binary processing method is that at least one of the cells in this image has 

traversed that far, but ignores the actual number of cells in the image. Using the binary method 

which counts images as yes (1) or no (0), the entire grid is converted to a binary field and only 

the images marked as "1" are selected for further calculation. The average position (a) is 

calculated by summing the total distance traversed (t) by the cells (i.e. the furthest column 

number denoted as “1”) divided by the number of images counted as 1. This is plotted over time 

and the slope provides the binary migration velocities of these cells. 
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Figure 4.3. Flowcharts illustrating the various steps in the quantification of SC migration 

speed.  

(a) The overall process of obtaining the SC migration speed. The migration of SC into the 

channels is monitored by capturing images in a grid pattern, and calculating the average position 

of the leading edge of the migrating SCs. (b) The algorithm for calculating the average position 

of the binary migration velocity. (c) The algorithm for calculating the normalized migration 

velocity of the leading edge. 
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Figure 4.4. Comparison of SC migration in the different size channels using the leading 

edge velocity.  

The migration speed of the leading edge in the different size channels is normalized to the speed 

in the 150μm size channels. 

 

Figure 4.5. Comparison of SC migration in the different size channels using the binary 

velocity.  

The binary migration speed in the different channels is normalized to the speed in the 150μm 

size channels.  



 

91 
 

Figures 4.4 and 4.5 show a comparison of the relative migration on the microgrooved surfaces 

for three different size microgrooves using both the leading edge and binary processing methods. 

The average migration velocity shows some variance between the different batches of cells. To 

minimize the impact of cell batch variance, the ratio of the average migration velocity of each 

channel size is divided by the migration velocity on the 150 μm microgrooved channel. This 

ratio indicates how much faster the cells traversed on each microgrooved channel over the 150 

μm microgrooved surface. Using both quantification methods (Figures 4.4 and 4.5) the relative 

migration results show the cells traversed differently along the three different size microgrooves 

and fastest on the smallest size (50μm) microgrooved surface. 

 

The ratios calculated using the leading edge method differs slightly from the binary method. The 

calculation based on the leading edge counts the real number of cells located at the leading edge, 

where the cell number for a grid in each row represents the frequency that the cells traverse a 

certain distance. Therefore, the results based on the leading edge method indicate how far the 

cells migrated on the different microgrooved channel sizes. In contrast, the binary method 

simplifies the actual number of cells in each image with a "yes (1) or no (0)", and indicates how 

far the cells can migrate on the different microgrooved surfaces. The results from both methods 

consistently show the fastest SC migration on the smallest size microgrooved surface. 

 

Prior studies investigated the migration of single cells over a few hours [144-145], however, the 

results do not inform on how tissues within a complex environment of large populations of cells 

would behave. Recently, an SC migration study on microgrooved surfaces using time lapse 

microscopy demonstrated anisotropic microgrooved surface promoted cell migration in the 
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direction parallel to the microgrooves [87]. However, the migration speed was calculated based 

on the net distance a single cell traversed over several minutes and did not provide clear trends as 

a function of the microgroove size. Although the study calculated the net migration speed in the 

direction parallel to the microgrooves, the speed was bi-directional since the cells were seeded 

directly onto the microgrooved surfaces and migrated in both directions. In contrast, the current 

experimental design wherein the cells are seeded on a flat area on one side of the microgrooves 

induced directionality resulting in the migration of the cells to the flat area on the other side. 

Therefore, this design better simulates a migration behavior of SC population into scaffold 

channels.  

 

4.3.4 Comparison of SC alignment in different channels 

Previous studies indicated that cell morphology is causally linked to cell motility [146-147]. The 

bipolar morphology of SCs includes a long, spindle shaped soma which is flanked by two thin 

extensions, rendering them an ideal cell type for migration [148]. The direction of migration 

follows the long axis of the cell body, therefore the orientation of a cell determines the direction 

it migrates [149]. We evaluated the SC orientation on the different size microgrooved surfaces 

and quantified the cell orientation angle after 6 days of culture and calculated the ratios of cells 

that aligned in the channel direction. Figure 4.6 shows a comparison of the ratio of aligned cells 

on the different size microgrooved channels and found the ratio of aligned cells on the 50μm 

channel surface is significantly higher than the 100μm and 150μm surfaces, with the ratio on the 

100μm also significantly higher than on the 150μm microgrooved channel. Thus, the cell 

alignment on the microgrooved surface exhibits a similar trend to the cell migration speed, i.e. 

both are greatest on the smallest size microgrooved channel. 
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It was demonstrated that cytoskeletal filaments and focal adhesions align along the edges of 

subcellular grooves [150], which was explained by the contact guidance that resulted from the 

mechanical stresses created through cell adhesion [63, 151]. Studies have shown that actin 

microfilaments and microtubules align parallel to subcellular sized grooves on surfaces [152-

154]. Although cell alignment on subcellular sized grooved surfaces has been investigated, none 

to date have explored the motility of cells on microgrooved substrates with dimensions larger 

than the cell body, i.e. sizes close to the dimensions of channels in transplantable scaffolds, until 

this study.  

 

Figure 4.6. Comparison of SC alignment in the different size channels.  

The orientation angles of the cells are measured after 6 days of culture on the different channel 

sizes. The ratios of aligned cells (within a range of 180±10°) are plotted for the different channel 

sizes. 
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4.4 Conclusion 

This study investigated and quantified the cell alignment and migration on large-scale 

anisotropic topography over a period of weeks. Two strategies were used to calculate the 

velocity of the migrating SC population. Both methods aimed at minimizing the confounding 

effects due to cell proliferation, and showed similar trends, i.e. SC population migrated fastest on 

the smallest size microgrooved surface. These results of the SC migration presented in this study 

provide insights that could inform on future designs of transplantable tissue scaffolds.  
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CHAPTER 5 SCS ENHANCE REGENERATED AXONS PENETRATION INTO 

PATTERNED CHANNELS  

5.1 Introduction 

In the central nervous system (CNS) and peripheral nervous system (PNS) axons fail to 

spontaneously regenerate after nerve injury, resulting in permanent deficits of motor, sensory or 

autonomic function. Nerve regeneration after injury show limited axonal plasticity due to the 

presence of inhibitory molecules both in the extracellular matrix [155] and in the myelin [156], 

as well as the lack of appropriate spatial and temporal growth factor gradients to stimulate 

growth [128, 157].  

 

Bioengineered scaffolds have the potential to enhance the organization of axon growth and 

guidance through the injury site after spinal cord injury [158-160]. Considerable progress has 

been made in enhancing the growth potential of injured adult axons, including aligning, 

lengthening, thickening, and myelinating the axons. Seeded with bone marrow stromal cells 

expressing neurotrophin-3 (NT-3), templated agarose scaffolds have induced 83% of the axons 

to penetrate into the scaffolds and grow over a 2 mm distance [20]. We have previously 

developed a pre-stretched anisotropic surface that successfully induced axon alignment and 

thickness of dorsal root ganglion (DRG) neurons and myelination [142]. Despite promising 

demonstrations in animal models, repair of long distance nerve injury with functional recovery is 

still challenging due to multiple factors, including axonal disruption, growth inhibitory 

molecules in the scar, lack of growth-promoting molecules, and incomplete remyelination [161-

163]. Therefore, treatments to overcome these multiple deficits will require a multifaceted 
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strategy, i.e. a multifunctional scaffold that can not only enhance axon growth and alignment but 

also deliver growth factors and promote myelination.  

 

Schwann cells (SCs) are essential to the survival and function of neurons and play a vital role in 

the PNS by maintaining and aiding in the regeneration of axons [164]. It is known that SCs 

provide trophic support to promote the growth of axons from developing neurons [165]. The 

exact mechanism is unknown, however recently evidence suggests that two key factors secreted 

by SCs, glial cell line-derived neurotrophic factor (GDNF) and NT-3, may play a substantial role 

in the growth regulatory process of axons [166]. SCs are also known to migrate into the CNS and 

remyelinate the demyelinated axons after spinal cord injury (SCI). Due to their ability to secrete 

multiple growth factors, transplanting SCs hold promise as a therapeutic strategy for spinal cord 

repair [167-168]. Transplanting SC engineered to secrete neurotrophin and chondroitinase 

enhanced axonal regeneration, and improved locomotor and sensory function [169]. 

 

We showed previously that the size of the channels of transplantable scaffolds strongly affects 

SC migration speed [170]. Here we explore axon growth in channels coupled with the migration 

of SCs, which offer trophic support to the regenerating axons. We designed a micropatterned 

channel platform using polydimethylsiloxane (PDMS) and co-cultured DRG neurons with SCs 

for 21 days to investigate the presence of migrating SC on the penetration of axon into the 

channels. The effect of SCs on the axons were compared with nerve growth factor (NGF) 

released from a collagen gel and in different size channels.  
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5.2 Materials and methods 

5.2.1 Materials  

PDMS substrates were prepared using an 184-silicone elastomer kit purchased from Dow 

Corning (Midland, MI). Poly-L-Lysine was purchased from Trevigen (Gaithersburg, MD). 

Sodium bicarbonate, Poly-D-Lysine, Fluoro-2 deoxy-uridine, Uridine, Cytosine β-D-

arabinofuranoside (AraC), Anti-Thy 1.1 antibody (cat. no. M-7898), and Rabbit Complement 

were purchased from Sigma-Aldrich (St. Louis). Heat inactivated Fetal Bovine Serum was 

purchased from Hyclone (Logan, Utah). Bovine Pituitary Extract (BPE) was purchased from 

Clonetics (Allendale, NJ). Forskolin was purchased from Calbiochem (Billerica, MA). Type I 

Collagenase was purchased from Worthington (Lakewood, NJ). Neurobasal Medium 1X, B-27 

Supplement, Glutamax-I, Albumax-I, Nerve Growth Factor, Dulbecco’s modified Eagle medium 

(DMEM), penicillin, streptomycin, 0.25% trypsin-EDTA, 1X-phosphate buffered saline (PBS), 

HEPES buffer were purchased from Invitrogen (Carlsbad, CA). Fluo-4 AM, cell permeant (cat. 

no. F-14201) was purchased from ThermoFisher Scientific (Grand Island, NY). Bovine Serum 

Albumin (BSA) was purchased from US Biological (Marblehead, MA). Rabbit anti-Myelin 

Protein Zero antibody (cat. no. ab31851) was purchased from Abcam (Cambridge, MA). Mylar 

films were from InfinityGraphics (East Lansing, MI). Type I collagen (cat. no. #354236) was 

purchased from Corning (Corning, NY).  

 

5.2.2 Patterned channel cell co-culture system fabrication 

The entire design is shown in Figure 6.1. The micropatterned PDMS channels are prepared as 

previously described in Chapter 5, with two squares cut closely along with both ends of channels  

as an open area to seed cells. In order to create a sealed channel environment, the side of channel 
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pattern is facing down and tightly attached to the PLL coated polystyrene substrate. Crosslinked 

collagen gel (375μl type I collagen + 27μl NaHCO3 + 50μl DMEM) was used as a glue to seal 

the edges, which helps to prevent the cells to be flushed outside the channel system.  

 

5.2.3 DRG neuron and Schwann Cell isolation and culture  

All procedures for cell isolation were approved by the Institutional Animal Care and Use 

Committee at Michigan State University.  

 

DRG neurons are isolated from 5-8 day-old Sprague-Dawley rats as described in Chapter 3. 

Briefly, after sacrificing the pups by decapitation, the skin overlying the spinal cord is cut away 

and any excess tissue is removed from the spinal cord. The spine is then completely removed 

from the body, and the spinal cord is extracted. Using a fine pair of tweezers and a pair of 

microsurgery scissors, approximately 10–16 DRGs are collected from both sides, trimmed of 

nerve roots and transferred to 5 ml of ice-cold HBSS buffer containing 1 ml 

penicillin/streptomycin. The dissection medium containing DRGs are then transferred into a new 

15-ml tube, centrifuged at 900 RCF at 4 ºC for 5 minutes. After centrifugation, the supernatant is 

removed and the DRGs are incubated in 6 ml of 0.05% Trypsin-EDTA (1X) (Sigma; 1 mg/ml, 

45 min) at 37 ºC and followed by 2 ml collagenase (Sigma; 500 U/ml, 20 min) at 37°C. After 

chemical dissociation, the ganglia are centrifuged at 900 RCF in 4 ºC for 5 minutes and the 

supernatant is subsequently removed. The pellet is further resuspended in 10 ml of standard 

growth media and centrifuged, as described above. After washing with the medium, the cells are 

resuspended in standard growth media containing Neuralbasal A medium containing B-27 

supplement, antibiotic (penicillin/streptomycin), Albumax-I and nerve growth factor. The 
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dissociated neurons are then plated onto the PLL coated pre-stretched surface and incubated at 

37 °C at 5% CO2.  

 

Schwann cells were isolated using the same protocol as described previously [105]. One day old 

pups were sacrificed by decapitation. The sciatic nerves were extracted by making an incision 

from the tail up the spine to the inner thigh near the foot. Nerve sections were cut into small 

pieces and transferred into dissociation medium containing collagenase and trypsin and 

incubated for 45 minutes at 37°C. Mechanical dissociation was performed using fire polished 

glass pasteur pipette. Cells were then centrifuged for 5 minutes and resuspended in DMEM 

containing 10% heat inactivated FBS and 1% antibiotic (penicillin/streptomycin). Purification 

procedure begins upon adding AraC into the medium after 48 hours of culture, following by 

antibody selection using Anti-thy 1.1 antibody and Rabbit Complement on day 5. After 

purification, the cells were cultured in complete SC growth medium containing DMEM, 10% 

FBS, 1X Penn/Strep, 21 μg/ml BPE, and 4 μM forskolin and placed in a humidified incubator 

containing 5% CO2 at 37°C. The medium was replaced every 2 days until the cells reached 80%-

90% confluence. Confluent cells were detached using 0.25% trypsin-EDTA and plated at a 

density of 5,000 cells per mL with 100μl added to the cut open square.  

 

5.2.4 Fluorescent imaging 

The penetration of axons into channels was visualized through fluorescent live cell imaging, by 

adding 1μl of Fluo-4 into each well and incubate the cells at 37 °C for 30 mins. Fluorescent 

images were taken by a Leica DM IL inverted microscope (Bannockburn, IL) equipped with 

SPOT RT color camera (Diagnostics Instruments, MI) using a 10X objective. 
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5.2.5 Pre-loaded collagen gel with NGF 

The collagen gel was prepared by adding 10% reconstruction buffer (4.77g HEPES, 2.2g 

NaHCO3 and 0.2g NaOH in 100ml H2O) and DMEM into type I collagen solution to achieve a 

final concentration of 2 mg/mL collagen, the mixed gel was then incubated at 37 °C overnight to 

crosslink. NGF was reconstituted to 100 mg/ml in sterile phosphate buffered saline (PBS, Sigma).  

To pre- load NGF into collagen gel, 20μl of NGF stocking solution was added into 1ml collagen 

gel before crosslinking. 

 

5.2.6 Quantification of axon penetration depth 

The axon penetration depth is defined as the furthest position the axons reach in each condition 

on each size channel. To quantify the axon penetration depth, a stage micrometer was first placed 

on objective to measure the diameter of the field viewed in eye pieces. The axon penetration 

depth was quantified under the microscope according to the diameter and the size of channels. 

All the numbers are estimated values down to tens. 5 batches of biological replicates were 

quantified with each batch containing at least 4 identical replicates for each condition and each 

channel size. 

 

5.2.7 Statistical analyses 

Data were expressed as a mean ± standard deviation. ANOVA-Tukey’s test was applied to assess 

for significance in Figure 5.3, 5.4 and 5.5. In all cases, p values of <0.05 were considered 

statistically significant. 
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5.3 Results and discussion 

5.3.1 Design of the patterned channel cell co-culture system 

We co-cultured DRGs and SCs at opposite ends of the micropatterned channels and evaluated 

different size channels (50μm, 100μm, 150μm, and 200μm) as shown in Figure 5.1c. Freshly 

isolated DRGs were seeded at one end of the channels so that the cell bodies attached to the open 

area. As the axons grew and reached the start of the channels, they begin to penetrate into the 

channels, whereupon SCs were seeded at the other end of the channels to provide growth factors 

and migrate to the axons. As a positive control, in lieu of SCs, collagen gel pre- loaded with NGF 

was added at one end of the channels as shown in Figure 5.1d, which provided growth factors to 

the axons extending from the other side. As a negative control, the one end of the channels, 

previously seeded with SCs or coated with NGF-containing collagen gel, was left blank (Figure 

5.1b).  
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Figure 5.1. Schematic of micropatterned co-culture platform.  

(a) Side view of the sealed channels. Polystyrene substrate is coated with a thin layer of PLL 

prior to overlaying the micropatterned PDMS. The sides of the channels are flush with the 

substrate to ensure a sealed channel environment for the axons to penetrate. (b) Top view of the 

platform. Freshly isolated DRG neurons are seeded in the open area at one end of the channels, 

with the regenerated axons penetrating into the channels. The open area on the opposite end of 
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(Figure 5.1 cont'd) the channels is left empty in the negative control group. (c) As the 

regenerated axons reach the end of the channels, SCs are seeded at the other end of the open area 

to promote axon penetration. (d) Collagen gel pre- loaded with NGF is alternatively added to the 

other end of the channels as a positive control.  

 

5.3.2. Axons penetration into patterned channels 

Figure 5.2 shows the regenerating axons penetrating into the channels towards the SCs or NGF 

loaded collagen of 21 day-old culture of DRGs. The Fluorescent images were illustrated by Fluo-

4 live staining, which stained the calcium channel of live cells [171]. The axons penetrated into 

the channels and aligned in the channel direction. In the smaller size channels (50 and 100μm), 

single axons aligned straight and penetrated the channels, while in the larger size channels (150 

and 200μm), multiple axons penetrated but with some degree of curvature. In the SC group, 

some of the SCs are shown in the images indicating that they had migrated from the other end 

and through the channel to the DRG. In the 150μm channels, the axons appear to cluster together 

to form fascicular- like bundles.  
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Figure 5.2. Penetration of regenerated axons into channels.  

Freshly isolated DRG neurons were seeded in the open area, around 5 or 6 days later as the 

axons reached the channels and begin to penetrate into the channels, SCs were seeded in the 

open area at the other end. Collagen gel pre- loaded with NGF was used as a positive control. 

After 21 days of culture, fluorescent images were taken by Fluo-4 live staining using a 10X 

objective. Scale bar indicates 100μm. 
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5.3.3 Comparison of axon penetration depth under different conditions  

Figure 5.2 shows the axons successfully penetrated into the channels. Next we quantified the 

penetration depth after 21 days of culture, and compared among each group (including all the 

channel sizes) as shown in Figure 5.3. From the comparison results, both SC group and NGF 

group are significantly higher than the control group, indicating SC addition enhances axons 

penetration into the channels.  

 

Figure 5.3. Quantification of axon penetration depth.  

Comparison of penetration depth with all three conditions across all the channel sizes. ANOVA-

TUKEY's test, * > control, p-value < 0.05. 
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Figure 5.4. Comparison between different channel sizes in SC group.  

Axon penetration depth in SC group in different sized channels. ANOVA-TUKEY's test, * > 

50μm, p-value < 0.05. 
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(a) 

 

(b) 

 

Figure 5.5. Comparison of SCs group with positive and negative control groups for each 

channel size.  

Axon penetration in (a) 50μm, (b) 100μm, (c) 150μm, and (d) 200μm. ANOVA-TUKEY's test, 

* > control, p-value < 0.05. 
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(Figure 5.5 cont'd) 

(c) 

 

(d) 

 

Both the SC and the positive control group show much longer axons than the negative control 

group for all four channel sizes (Figure 5.3). However the difference between the SC and 

positive control group is not significant, but nevertheless differs with the channel size (Figure 

5.4). The addition of SCs minimized the effect of channel size. The results indicate that the 
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addition of SCs or the NGF encapsulated gel effectively promote the penetration of the axons 

into the microchannels as compared to the negative control. Findings from this study could 

inform the future transplantable scaffold design for nerve repair.  

 

The addition of SCs offers two main advantages. First SCs are known to secrete growth factors 

that are beneficial to axon growth, and second migrating SCs decreases the diffusion distance to 

the axons thereby accelerating the delivery of the secreted growth factors. However, it is 

important to regulate the timing of SC addition since SCs could hamper the growth of the axons 

due to competition for nutrition as well as secretion of factors inhibitory to axon growth. 

Therefore, an ideal transplantable scaffold should be able to inhibit SCs from migrating towards 

the axons until after the axon growth period is completed. However, the scaffold should attract 

SCs towards the axons after their growth period to thereby myelinate the axon. To enable better 

control of SC migration, LbL self-assembled multilayers could be used to provide sandwich 

layers of compounds to repel and attract the SCs [88]. 
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CHAPTER 6 CONCLUSION AND FUTURE WORK  

6.1 Summary 

The objective of this study was to design and characterize engineering approaches to promote 

both axon regeneration and SC migration. The first part of this study introduced the concept of 

pre-stretch induced anisotropy and created a pre-stretching device to induce axon regeneration 

and myelination. In the second part, we explored SC migration in micropatterned channel 

surfaces and evaluated the relationship between migration speed and channel size. 

 

Chapter 2 and 3 demonstrated a novel approach to induce surface anisotropy through static pre-

stretch, based on the finding that cells can sense and orient in the direction of maximum stiffness. 

This concept can be used to induce both stem cell differentiation and axon growth. Chapter 2 

reported on MSC alignment on a statically pre-stretched surface which induced and 

differentiation without any addition of exogenous factors. In Chapter 3 we applied the same 

concept of pre-stretch induced anisotropy and extended the approach to promote axon alignment. 

We demonstrated that static pre-stretch induced anisotropy induced DRG neurons to form neatly 

aligned fascicular-like axon tracts. By showing the co-localization of SCs with the aligned axons 

and expression of myelin sheath component protein, we concluded that pre-stretch induced 

surface anisotropy is beneficial to enhancing axon alignment, growth, and myelination. The axon 

fascicles on the pre-stretched surface in vitro may be directly harvested and transplanted in vivo. 

Alternatively we could build this idea of pre-stretch induced anisotropy into future scaffold 

design for transplantation. However, due to the non-biodegradable property of PDMS, if pre-

stretch is incorporated into transplantable scaffolds, alternative biodegradable materials are 

needed before in vivo application of the technology can be attempted.  
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Chapter 4 explored the extended migration of a large population of SCs on micropatterned 

channel surfaces with different channel sizes. We developed two methods to quantify the 

migration speed of a large cell population while minimizing the confounding effect of cell 

proliferation. The migration velocities of the SC population on different channel sizes were 

compared and the migration speed with respect to channel size was calculated. The results from 

both methods consistently indicate that a smaller size microgrooved surface channel accelerated 

the migration of SCs, which is be an important design variable to consider in transplantable 

scaffolds. This study simulated a migration behavior of SC population into empty scaffolds, and 

could be explored in transplantable scaffolds to determine whether the observations observed in 

vitro on cell migration translates in vivo.  

 

Chapter 5 investigated the axon growth into channeled scaffolds combined with SC migration by 

co-culturing DRG neurons with SCs on micropatterned channels. This co-culture system aimed 

to mimic transplantable scaffolds in vivo, where axons penetrate into the channels and at the 

same time SCs migrate into the injury site to myelinate the axons. The results showed the 

presence of migrating SCs enhanced the axon penetration depth into the channels, independent of 

the channel size. An interesting finding is that axons bound together to form fascicular bundles in 

the 150μm channels, which was not observed in other size channels. Further study is needed to 

explore this fascicular behavior and test the myelination of axons.  
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6.2 Future perspectives 

6.2.1 The penetration of axons into collagen filled 3D channel scaffold 

One of the biggest challenges that emerged in the application of transplantable scaffolds is the 

transition from 2D to 3D design. Apart from a limited number of studies on 3D environment, it 

remains a major challenge to mimic the real 3D in vivo environment. One option is to fill the 

sealed channels with 3D gels such as collagen or other ECM components, however we found the 

axons had difficulty penetrating into the gel filled channels. Therefore, further research is needed 

to modify the design of 3D channels and manipulate the experimental variables to enable the 

axons to penetrate into the gel.  

 

6.2.2 The incorporation of pre-stretch with channel scaffold 

Chapters 2 and 3 characterized the pre-stretch induced anisotropic surface and investigated its 

ability to control cell behavior including stem cell differentiation and axon regeneration. In 

chapters 4 and 5 the migration of SCs and its impact on axon regeneration in patterned channels 

were explored. Thus a future study could combine the pre-stretched surface with patterned 

channels to create a pre-stretched anisotropic cell culture system with microchannels that possess 

multiple functions. The pre-stretched surface enhances axon alignment and thickness, while the 

migrating SCs in the patterned channels promotes axon penetration, therefore a pre-stretched 

anisotropic microchannel cell culture system could be developed to promote neatly aligned axons 

that penetrate into channels, with thicker axons that bind together to form fascicles and SCs to 

fulfill myelination. This idea can be designed in two ways, first is to place a micropatterned 

channel piece on the flat pre-stretched surface such that the effects of the pre-stretch and 

channels are combined, which acts as a transient design to compare with the previous studies. In 
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the second design the patterned microchannels will be directly pre-stretched without flat 

substrate. In this case, further mechanical engineering is required to provide an even stretch to 

the channels, and more features, i. e. cover piece, are need to ensure the sealing of the system, 

the medium diffusion in the channels, and the seeding of cells. In both cases, the SC migration 

into patterned channels on pre-stretched surface would need to be measured, such as the axon 

length, thickness, as well as fascicular behavior and myelination.  

 

Investigating pre-stretched anisotropic microchannels would provide insight into the future 

development of transplantable scaffolds for nerve regeneration. These in vitro results will 

provide valuable information into the design of pre-stretched into a channel containing scaffolds 

for transplantation, i.e. the degree of pre-stretch, the size of channels. Figure 6.1 depicts a 

schematic of a pre-stretched microchannel both for in vitro optimization and future in vivo 

transplantation. 
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Figure 6.1. Schematic of pre-stretched microchannel design.  

The left side shows a design of the in vitro study for parameter optimization. Microchannels are 

sealed in the center area with two flat spaces for seeding the neurons and SCs at opposite ends. 

The whole cell culture platform could be pre-stretched. The right side shows a future design of 

transplantable pre-stretched microchannel scaffold.  

 

6.2.3 The applicability of the Layer-by-Layer technology on transplantable scaffold 

design  

In recent decades, PEMs have been employed in tissue engineering, regenerative medicine, and 

drug delivery applications [172-174]. Simply by altering the pH [175], ionic strength [176], 

thickness [177], and post assembly modifications [178], researchers have successfully 
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manipulated the chemical, physical, and topographical properties of these multilayer structures 

[179]. Their highly tunable properties render them a wide range of abilities in modulating 

cellular behaviors. Therefore, LbL coated scaffolds could be designed to not only assist cell 

adhesion and axon guidance, but also deliver drugs locally to promote nerve regeneration and 

remyelination after SCI (Figure 6.2). In this section we report on studies that modulate the 

chemical and physical properties of PEMs for tissue engineering applications as well as recent 

research efforts using PEMs to maintain and direct neural regeneration after SCI. An important 

aspect that has not been examined extensively is the application of PEMs in enhancing 

myelination; therefore we close with a perspective on the incorporation of PEMs to enhance 

myelination through transplantable scaffolds. 

 

Figure 6.2. Applicability of the LbL technology for SCI repair.  

Two major problems after SCI are nerve regeneration and remyelination. Neuronal cell adhesion 

and axon alignment are required for nerve regeneration, and Schwann cell migration is required 

for remyelination. LbL-coated scaffolds could address both issues by providing cell adhesive 

properties, axon guidance, and growth factor release. 
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It is well known that cell-substrate adhesion is essential for tissue regeneration. The interaction 

between the adherent cell and its microenvironment ultimately determines cell fate. On an 

artificial substrate, such as a scaffold, cell adhesion involves the following steps: (1) initial 

attachment, (2) cellular probing and sensing, (3) cytoskeleton organization, and (4) focal contact 

formation [104]. To enhance tissue integration, biomaterial surfaces can be modified with 

adhesion molecules that mimic the ECM to promote cell attachment. Upon attachment, the cells 

actively pull on the substrate and sense the response of the substrate, which causes the cells to 

modulate the cytoskeleton organization and thereby the cell shape and orientation. The resultant 

focal adhesion triggers intercellular signaling pathways that impact cell morphology, attachment, 

function, viability, and proliferation [180]. Incorporating a monolayer or multilayer coating of 

adhesion molecules or surface charge has been a standard method for enhancing focal adhesion 

formation, which leads to desired tissue integration with the scaffold [181].  

 
Over the last decade, the layer-by-layer (LbL) technique has been more frequently applied to 

generate PEM surfaces which contain bioactive molecules to support living tissues [172-173, 

182]. In particular, PEMs have been extensively explored as a coating to modulate cell adhesion. 

PEM films with strong cytophilic as well as cytophobic properties have been successfully 

constructed [183], as well as films that can reverse their adhesive properties from being cell 

repelling to cell binding [184]. These developments hold promise for designing transplantable 

scaffolds with more versatile and diverse capabilities.  

 
The LbL technique produces nanoscale coatings by sequential adsorption of polycationic and 

polyanionic materials. The initial layer of deposition of either polycation or polyanion is 

dependent on the substrate charge. Since each adsorption step reverses the charge on the surface, 



 

117 
 

alternating the deposition of positively and negatively charged compounds leads to a self-

assembled bilayer structure, stabilized by strong electrostatic forces [185-186], that can be tuned 

to achieve a desired number of bilayers with specific thicknesses [187-188]. Although the 

construction of LbL multilayers is mainly driven by electrostatic attraction between the 

positively and negatively charged compounds, other types of forces i.e. hydrogen bonding, 

hydrophobic interactions and van der Waals forces may also be employed to build LbL films. 

These forces have been found to affect the stability, morphology, as well as thickness of the 

films [189]. Since most of the biomaterial and adhesion molecules are inherently charged, they 

can be readily incorporated into the LbL process.  

 
Factors essential to LbL film formation, their mechanical properties and stability include the pH, 

concentration, and ionic strength of the polyelectrolytes used in building the bilayers. Different 

adsorption parameters, such as pH, salt concentration, and the number of bilayers impact the 

intrinsic properties of the PEM films, such as their surface roughness, stiffness, the degree of 

hydration, and thickness, which subsequently determine the ability of the cells to adhere onto the 

surface [183, 190-191]. The thickness of PEM films depends on the ionic strength, however, this 

dependence can be modulated by salt- induced phase separation of the polyelectrolyte complexes 

[192]. The growth of the LbL films can be either linear or exponential, mainly depending on the 

polyelectrolytes used as well as the number of bilayers applied [193-196], whereby the resulting 

film thickness largely affects the adhesive behavior of the cells on the PEM films [190-191, 197-

198]. For linearly growing multilayers the thickness increases with the number of bilayers and 

can result in a shift in the cell adhesion behavior. Increasing the number of bilayers of 

poly(diallyldimethylammonium chloride) (PDAC)/ sulfonated poly(styrene) (SPS) from 10 to 20, 

corresponding to a film thickness of ~ 38 to 96 nm, respectively, altered the film from being 
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cytophilic to cytophobic [57], highlighting the versatility (i.e. easily controlled cell adhesive 

properties) of these self-assembled PEMs. 

 
Compared to traditional coating approaches, PEM films have many advantages: (1) the LbL 

process and equipment are relatively simple and easy to apply; (2) they are suitable for coating 

almost all charged surfaces; (3) there are abundant natural and synthetic colloids with an intrinsic 

charge that can be used to build bilayer complexes; (4) their flexibility to conform to any surface 

facilitates coating of nanometer thickness on irregular shapes and sizes; (5) the assembly and 

disassembly of the coating is easily controlled; and (6) the desired thickness is easily regulated 

by the number of multilayers deposited [172, 185-186, 199-202]. Thus they can be applied to 

virtually any charged substrate, attesting to their adaptability to transplantable devices for tissue 

engineering applications. However, the long term stability of LbL films in vivo is still dubious, as 

even minor changes in pH can alter the film structure resulting in instability of the films [203-

204]. Nevertheless, the instability induced by pH change could be addressed by cross- linking the 

polyelectrolyte layers either chemically or through photo-coupling [205-207]. 

 

There is growing interest in incorporating bio-recognition moieties into tissue engineering 

constructs. As such, LbL coatings can readily incorporate ECM components onto tissue 

engineering scaffolds. ECM molecules, such as collagen and laminin, known to promote axonal 

regeneration, neural cell differentiation, adhesion, and migration in the CNS [208], can be easily 

incorporated into PEMs for these purposes [209]. Compared to other techniques for creating 

biomaterial-adhesion molecule composites, such as blending [210] and surface deposition [211], 

electrostatic and covalent bonded polyelectrolyte bilayer complexes can produce much stronger 

and more stable structures [212]; providing a better approach. 
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In addition to native biomolecules and peptides, non-native proteins and peptides have been used 

to promote neural adhesion. For example, poly-L (D)- lysine (PLL, PDL), known to enhance 

neural cell adhesion, proliferation, and neurite elongation [213], can form electrostatic bonds, 

due to their positive charge, with the negatively charged cell membrane to assist cell adhesion 

[214]. Capitalizing on this, researchers have designed PEM films using PLL or PDL as the 

polycations and as the terminated layer, which showed excellent cell adhesive properties [8, 184, 

215-216]. Besides polypeptides, natural polyelectrolytes including nucleic acids, proteins and 

polysaccharides, such as, alginic acid, chondroitin sulfate, heparin, chitosan, HA, cellulose 

sulfate, and dextran sulfate have been used to build PEM films [217-219].   

 
The LbL technique has proved to be an attractive means of incorporating functional molecules 

that can enhance neural cell adhesion. In contrast to adhesion studies of cortical neurons and 

neural stem cells, adhesion of glial cells i.e. oligodendrocytes and Schwann cells, to PEM films 

has not been extensively investigated. One study found that scaffolds coated with laminin 

enhanced adhesion of the Schwann cells to the surface [220]. The incorporation of Schwann cells 

into scaffolds for SCI could aid neurite regeneration as well as remyelination [17]. Given their 

flexibility and ease of application, the LbL technique could be exploited for incorporating ECM 

molecules as well as growth factors into PEM coated scaffolds to enhance Schwann cell 

adhesion and growth, and remyelination of axons.  

 

LbL coatings have been applied to tissue engineering constructs, e.g. implantable scaffolds, to 

enhance cell adhesion [221]. However, in a preponderance of studies, PEMs were deposited on 

silicon or glass substrates [222-223], rather than transplantable scaffolds or biomaterials. In 
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addition, compared to the extensive studies of endothelial cells and fibroblasts, which are used as 

models to study cellular adhesion, proliferation, and cytotoxicity [200, 224], studies of neural 

cell adhesion have been relatively few. Thin films composed o f laminin/Poly-D-lysine (PDL) or 

fibronectin/PDL bilayers with poly(styrenesulfonate) (PSS)/ poly(ethyleneimine) (PEI) 

multilayers as precursor film have been assembled on silicone rubber substrate to increase the 

hydrophilicity of the rubber surface. These ultra-thin films (bilayer thickness 3.5-4.4 nm) 

enhanced adhesion of primary neurons, without apparent cytotoxicity [225]. Similarly, nanoscale 

PEI- laminin films constructed on oxide covered silicon wafers also showed significantly 

enhanced chick cortical neuron adhesion and differentiation without deleterious effects on the 

impedance of the electrodes [226]. These findings suggest that ultra-thin LbL coatings lend 

themselves well to supporting neural activity recording. Wu et al. demonstrated that LbL 

assembly of hyaluronic acid (HA) based films, mimicking ECM, deposited on amino-

functionalized glass slides successfully supported hippocampal and cortical neuron cell adhesion, 

neurite extension and network formation [197]. Kotov's group reported neural stem cell adhesion 

and differentiation on LbL coated carbon nanotube (CNT). They demonstrated both cell 

adhesion and early differentiation of neural stem cells on PEI/ single-walled carbon nanotubes 

(SWNTs) films, as indicated by positive staining for neuron marker MAP2 [7]. Similarly, 

heparin/poly-L- lysine (PLL) multilayers built on electrospun PCL scaffolds provided enhanced 

adhesive properties for neuronal progenitor cells to  attach and furthermore coating the PLL 

terminating layers with BDNF enhanced neurite outgrowth [8]. Studies using LbL as a coating to 

enhance neural adhesion are summarized in Table 6.1. 
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Table 6.1. LbL application in neural adhesion 

Year LbL films Cell type Outcome Reference 

2003 
[PSS/PEI]3+[fibronectin/PDL]4 

[PSS/PEI]3+[laminin/PDL]4 
Primary neurons  

Cell adhesion 
and neuronal 

network 

development 

Ai et al. [225] 

2005 [laminin/PEI]n Cortical neurons  

Cell adhesion 

and 
differentiation 

potential  

He et al. [226]  

2006 
[HA/poly(allylamine 

hydrochloride) (PAH)]n 

[HA/collagen (COL)]n 

Hippocampal 
neurons 

Cortical neurons  

Neurite length 
decreases with 

bilayer number 

Wu et al. 
[197]  

2007 [SWNT/PEI]6 Neural stem cells 

Cell adhesion 

and 
differentiation 

potential  

Jan et al. [7] 

2008 [heparin/PLL]5 Neuronal progenitors  

Cell adhesion 
and improved 

neurite 
branching 

Thouas et al. 

[227]  

2011 [heparin/PLL]n+BDNF Neuronal progenitors  
Cell adhesion 
and improve 

neurite length 
Zhou et al. [8] 

 

To mimic the organization and complexity of nerve tissue architecture, not only are cell-surface 

interactions with the scaffold important but also cell-cell interactions. Patterned co-cultures of 

multiple cell types have been employed to mimic the micro-environment through spatial 

localization of different cell types [228-229]. Among the approaches to generate patterned co-

cultures, micro-contact printing has been frequently applied to selectively adhere different cell 

types to specific regions, facilitated by patterned surface molecules [230-232]. Similarly, LbL 

films have also been used to fabricate patterned surfaces of cell co-cultures [85, 233].  

 
Neural regeneration requires neuron-glial cell interactions [234]. This requires selective growth 

of neuronal processes, and well-controlled surface properties could facilitate the necessary cell-

cell interactions. With a high-aspect-ratio, axons are very responsive to topographical features, 
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such as substrate curvature and fiber diameter [235-236], which can be manipulated to promote 

their growth. Glial cells (astrocytes and oligodendrocytes) have their own requirements for 

adhesion and growth. Neurons and glial cells function as interdependent networks, and there 

exists bidirectional communication between these cells [237-238]. Thus, it is important to 

mediate the intercellular communication during nerve regeneration after SCI. An approach to 

guiding neural regeneration could be through engineering spatial organization of the adhesive 

molecules on a substrate that is selectively permissive to either neuron or glial cell adhesion. 

Indeed patterned co-cultures of neurons and astrocytes were achieved using LbL incorporated 

microcontact printing, where the neurons attached to areas coated with SPS, followed by 

subsequent seeding and attachment of the astrocytes on areas coated with PDAC as shown in 

Figure 6.3 [85]. Since glial cells are an abundant source of soluble factors which impact neuronal 

cell growth [239], spatially organized co-culture of neurons and glial cells could be engineered to 

provide a favorable environment for neuron growth.  
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Figure 6.3. Co-culture of primary neurons and astrocytes on LbL-coated surfaces.  

(a) Monoculture of neurons on non-patterned SPS surface. (b) Co-culture of neurons and 

astrocytes on non-patterned SPS surface. (c) Primary neurons on patterned surface. (d) Co-

culture of neurons and astrocytes on patterned surface (Scale bars: 200 μm). Neurons were 

labeled with neurofilament staining (green), and astrocytes were labeled with glial fibrillary 

acidic protein (GFAP) staining [100]. (Reproduced with permission from Ref.  [100]. Copyright 

Wiley-VCH Verlag GmbH & Co. KGaA.) 
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In addition to cell adhesion applications, PEM films with tunable drug delivery capabilities have 

engendered much interest and hold promise as a versatile coating for implantable devices and 

tissue engineering scaffolds. A variety of biomolecules such as antibiotics, cytokines, and growth 

factors, when incorporated into PEM films, have been able to retain their bioactivity [88, 240-

241]. A drug delivery system utilizing PEMs offers promise for implantable devices, ranging 

from preventing infection [242] to delivery of growth factors to enhance tissue regeneration 

[243]. In vivo, hybrid LbL films coated on three-dimensional scaffolds have been shown to 

release microgram-level of Bone Morphogenetic Protein 2 (BMP-2) over a period of two weeks. 

The released protein was capable of directing the native progenitor cells to differentiate into bone 

[244]. In general, drugs can be integrated into PEM films through a variety of forces such as pH-

induced ionic attraction, electrostatic interactions, or covalent bonding. Thus, the drug release 

can be controlled by manipulating the environment through changes in the pH, ionic strength, 

and temperature [189].  

 
Over the years the application of LbL drug delivery has shifted from non-degradable to 

degradable films. The non-degradable systems relied on diffusion of chemicals of low molecular 

weight from the films. The loading of drugs on these films can be easily controlled by varying 

the number of layers. However, the diffusion controlled drug release from these non-degradable 

LbL films could only be sustained for a few hours. Typically a "burst" profile is associated with 

these non-degradable LbL [245]. Using degradable synthetic polymers in LbL films overcame 

the initial burst limitation and produced a more linear release profile. These release rates could 

be tuned by controlling the polymer degradation rates. These degradable LbL drug release 

systems capitalize on a change in the pH to release the drug to the environment [246]. 

Macdonald et al. showed that a linear drug release profile can be achieved through manipulating 
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the hydrolytic surface degradation of the biocompatible and degradable polymers, instead of 

relying on diffusion, bulk release, or large pH changes [247]. This surface erosion induced linear 

release and enabled better control of the drug release characteristics of the system. Chen et al. 

reported another approach to prolong a controlled, linear drug release is to manipulate the 

arrangement sequence. LbL films were built with positively charged 21-arm poly[2-

(dimethylamino)ethyl methacrylate] (star-PDMAEMA) and negatively charged insulin (INS) and 

glucose oxidase (GOD). These films were sensitive to glucose since GOD can convert glucose 

into gluconic acid. A subsequent decreased in the pH of the solution resulted in rearrangement in 

the morphology of the star polymer layer, resulting in the in vitro release of insulin [241]. Thus, 

the drug release behavior in degradable PEM films is mainly dependent on the erosion or 

degradation of the multilayer nanostructures.  

 
The incorporation of LbL drug delivery systems into therapeutic approaches for biomedical 

applications has grown in recent years [223, 240, 248-250]. An area that could benefit from the 

development of LbL drug delivery systems is neural medicine. In situ delivery of functional 

molecules from biodegradable LbL surface coatings on transplantable scaffolds are being 

explored [251].  LbL drug delivery systems could be capitalized upon to provide local controlled 

delivery of neuroprotective or neuroregenerative drugs for conditions including SCI repair [88, 

216, 251]. To overcome the drawbacks of directly injecting soluble neurotrophins, growth 

factors such as BDNF could be incorporated into PEM coating on transplantable scaffolds for 

SCI repair. As discussed in section 1.2, NTFs play a vital role in enhancing neural cell survival 

and axon outgrowth during development as well as after trauma. They promote survival and 

provide neuroprotection to motor and sensory neurons, as well as enhance axonal regeneration 

[31]. The delivery of NTFs several weeks post- injury leads to improvement in neuronal survival 
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and axonal regeneration in the spinal cord [252]. However, the half- life of NTFs through a single 

injection is only a few hours, thus approaches to facilitate sustained local delivery is key [253]. 

In addition to the release time, the dosage, the location of NTF delivery, and release kinetics 

must also be tightly controlled. Therefore, a controlled, sustained release of NTFs should be an 

integral component of any strategy that aims to achieve functional regeneration of axons after 

SCI. LbL drug delivery systems have demonstrated their unique advantage in providing a longer 

release profile as compared to other drug delivery methods [254]. Gradual degradation of a 

hydrogen-bonded PAA/PEG/lysozyme film on agarose scaffold was found to successfully 

release active protein over a period of one month. Since the protein size and isoelectric point of 

lysozyme is similar to BDNF, this LbL drug release system hold promise for sustaining release 

of active BDNF from three-dimensional agarose scaffolds [251]. The cumulative lysozyme 

release profile is shown in Figure 6.4. 
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Figure 6.4. Lysozyme release profile from LbL for 4 weeks.  

(a) Physiological pHtriggered cumulative release of lysozyme from LbL-coated 3% agarose 

hydrogel. (b) Total and enzymatically active lysozyme released per day [119]. (Reproduced with 

permission from Ref. [119]. Copyright Wiley- VCH Verlag GmbH & Co. KGaA.) 

 

In addition, the LbL approach enables the loading of multiple growth factors within the 

multilayer structure [240]. This is significant since different NTFs are required in the nervous 

systems, for example, the subset of rat dorsal root ganglions that mediate pain (nociceptors) 

contain different subpopulations of neurons, with 65% depending on GDNF, 35% depending on 

NGF alone, and 9% depending on both factors [255]. Thus, to regenerate the nervous system 
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after trauma or injury would require multiple NTFs. LbL techniques would be amenable and 

could easily incorporate and deliver multiple growth factors for neural regeneration after SCI. 

Much work is needed to study delivery systems that can deliver multiple growth factors for SCI 

repair.  

 

Effective therapies for SCI do not exist. Therapies for SCI must be able to regrow axons that 

traverse the lesion site, myelinate the axons, protect from neuronal death, suppress inflammation 

and prevent the formation of a reactive cell layer, and up-regulate the beneficial effects of glial 

cells (i.e. growth factor secretion and neuronal protection). Successful therapies may require 

scaffolds that can address each of these issues. We propose that the LbL approach could help to 

achieve most if not all of these goals through their: 1) flexibility in coating any surface 

topography, 2) tunable thickness and architecture, and 3) ability to incorporate multiple bio-

functional molecules (i.e. drugs, growth factors, ECM proteins, nucleic acids, etc.) required for 

proper nerve regeneration. These LbL films could perform simultaneous roles as structural 

elements, drug carriers, and cell binding sites. Biodegradable PEM coated transplantable 

scaffolds that are capable of in vivo drug release of anti- inflammation drugs or growth factors 

could be useful in long-term nerve regeneration and myelination after SCI. These scaffolds could 

be situated close to the lesion site, ensuring not only physical guidance for axon alignment, but 

also long-term sustained release of growth factors.  

 
In summary, due to their technological ease, flexibility in structure and components, and the 

ability for controlled release, LbL self-assembled films could be integrated into transplantable 

scaffolds to provide a robust and versatile platform to create novel scaffolds that promote cell 

adhesion and deliver drugs to repair spinal cord injury. 
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Appendix SC migration velocity quantification 

      A.1 Grid pattern for data acquisition.  

For each set of experiment, the images were taken daily of each sample in a grid pattern for the 

entire 1 cm * 1 cm patterned surface. The grid is composed of successive rectangular images 

(1600 * 1200 pixel) which are numbered sequentially (column and row) from one end to the 

other end of the microgrooves and from top to bottom. The number of cells in each image were  

counted and entered into each grid. Table A.1 - A. 6 show the grid records of SC migration from 

day 8 to day 15 on 50µm, 100µm, and 150µm microgrooved surfaces.  

 

Table A.1. Grid record of SC migration on day 8 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

                  1 

            3 23 21 2 

        2 7 2 0 26 3 

                18 4 

  1 0 1 2 0 1 0 15 5 

          2 1 1 13 6 

  1 3 3 0 0 7 8 28 7 

          4 1 6 46 8 

          1 3 0 26 9 

    2 1 9 0 1 1 3 10 

      6 5 3 6 6 5 11 
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(Table A.1 cont'd) 

(b) 

9 8 7 6 5 4 3 2 1   

  1 10 4 1 1 2 0 2 1 

    2 0 4 1 1 1 0 2 

            2 2 2 3 

        2 0 0 0 0 4 

      1 1 1 0 2 1 5 

    2 3 13 4 2 2 7 6 

          2 0 3 4 7 

  1 1 1 2 1 1 1 12 8 

1 0 0 2 1 0 0 3 19 9 

  2 0 6 2 1 0 4 27 10 

  1 2 2 0 5 0 0 1 11 

 

(c) 

9 8 7 6 5 4 3 2 1   

                  1 

              1 15 2 

              1 24 3 

      1 0 0 2 1 24 4 

            2 3 9 5 

              7 24 6 

    2 3 0 1 0 2 15 7 

    2 2 6 0 0 1 5 8 

              1 2 9 

          2 2 0 3 10 

      2 0 0 0 0 3 11 
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Table A.2. Grid record of SC migration on day 9 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

1 1 0 2 9 15 1 1 0 1 

  1 2 6 1 0 5 27 32 2 

    2 0 2 10 4 5 45 3 

      3 0 0 0 5 21 4 

2 1 0 2 0 0 4 5 22 5 

            1 3 24 6 

  1 10 2 0 0 11 19 41 7 

1 0 2 8 1 6 4 12 62 8 

    1 0 4 3 5 4 51 9 

    2 1 6 0 1 2 19 10 

1 0 4 8 9 5 8 6 10 11 

 

(b) 

9 8 7 6 5 4 3 2 1   

2 1 4 3 0 0 1 0 0 1 

  4 6 1 3 1 0 1 0 2 

  3 0 2 2 1 7 3 0 3 

    7 0 3 0 0 0 0 4 

  1 8 2 2 0 0 1 2 5 

    3 5 15 7 2 2 10 6 

              5 0 7 

  2 0 0 2 3 7 0 18 8 

  1 6 1 3 0 2 5 28 9 

  1 0 3 3 0 0 1 37 10 

  1 2 0 0 6 2 0 6 11 
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(Table A.2 cont'd) 

 (c) 

9 8 7 6 5 4 3 2 1   

    1 0 0 2 2 1 14 1 

      2 0 0 1 3 46 2 

              4 31 3 

    1 1 1 3 3 4 34 4 

        2 1 1 1 24 5 

    2 0 0 0 0 11 44 6 

  2 1 4 6 3 1 5 28 7 

              1 9 8 

      1 0 0 0 1 8 9 

    4 1 1 6 0 2 2 10 

      1 0 0 0 0 5 11 

 

Table A.3. Grid record of SC migration on day 10 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

  1 2 4 8 15 4 0 2 1 

    2 3 0 0 9 28 24 2 

    2 0 4 8 5 5 25 3 

      3 0 0 1 8 9 4 

      1 1 0 4 11 14 5 

      1 0 0 2 8 14 6 

  1 7 5 1 1 4 15 36 7 

  2 1 2 2 1 5 15 35 8 

        4 1 6 9 48 9 

    2 1 2 2 1 0 27 10 

    4 9 9 1 7 3 9 11 
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(Table A.3 cont'd) 

(b) 

9 8 7 6 5 4 3 2 1   

    4 6 1 0 0 1 0 1 

    3 0 1 0 3 2 0 2 

  2 2 1 2 1 2 0 1 3 

    6 0 0 4 0 1 2 4 

  1 4 3 1 0 0 0 2 5 

  1 3 3 3 4 1 9 7 6 

  2 0 1 5 11 3 1 0 7 

1 1 0 1 0 1 4 2 19 8 

    2 3 5 2 2 8 20 9 

1 0 0 1 2 0 0 1 12 10 

  1 0 0 3 6 2 0 9 11 

 

(c) 

9 8 7 6 5 4 3 2 1   

          2 2 3 11 1 

      1 0 2 7 6 35 2 

            2 12 40 3 

  1 2 0 1 5 6 22 64 4 

        2 0 0 7 20 5 

              12 33 6 

  1 1 4 4 1 1 13 37 7 

      1 0 0 0 3 14 8 

    1 0 0 0 0 1 5 9 

                2 10 

      2 0 0 0 1 4 11 
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Table A.4. Grid record of SC migration on day 13 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

2 7 8 15 25 35 21 11 16 1 

2 3 9 10 5 13 24 44 56 2 

    14 13 20 17 25 46 67 3 

3 15 13 9 1 1 6 25 61 4 

      2 4 5 15 31 44 5 

1 0 0 3 1 7 15 33 49 6 

  10 30 18 4 8 17 29 70 7 

5 12 12 29 18 9 31 64 137 8 

1 3 5 11 6 10 21 64 106 9 

  1 1 9 2 0 11 59 100 10 

  3 17 28 27 34 18 22 49 11 

 

(b) 

9 8 7 6 5 4 3 2 1   

  4 4 0 1 0 0 0 0 1 

  2 15 6 0 2 2 3 4 2 

  7 14 18 2 5 16 14 7 3 

3 28 44 22 1 0 2 7 40 4 

9 47 22 4 4 0 0 4 11 5 

2 4 6 21 7 10 4 14 22 6 

    3 7 31 20 12 21 23 7 

8 20 8 5 25 60 63 35 44 8 

  1 12 14 12 11 9 22 52 9 

  1 0 7 12 21 4 13 51 10 

    4 5 5 14 17 11 29 11 
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(Table A.4 cont'd) 

 (c) 

9 8 7 6 5 4 3 2 1   

    5 9 6 24 55 36 27 1 

  2 1 3 8 26 31 44 96 2 

        2 6 30 93 119 3 

  1 0 3 14 23 80 90 112 4 

  3 3 1 1 1 15 70 104 5 

      1 1 1 51 120 209 6 

  5 5 5 3 6 40 97 151 7 

2 5 3 5 3 3 5 54 104 8 

      1 0 0 0 18 75 9 

            2 9 27 10 

      1 5 2 1 13 20 11 

 

Table A.5. Grid record of SC migration on day 14 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

16 24 5 18 37 41 55 15 39 1 

6 6 8 1 0 10 32 71 79 2 

  5 9 20 21 32 35 55 82 3 

12 30 15 15 1 1 13 40 85 4 

      1 3 0 18 29 70 5 

2 0 3 3 2 5 12 40 82 6 

4 15 33 38 17 13 16 44 117 7 

8 21 22 26 18 11 48 92 149 8 

2 3 6 3 7 10 22 94 121 9 

      8 7 4 20 57 81 10 

  2 4 10 18 27 16 33 68 11 
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(Table A.5 cont'd) 

 (b) 

9 8 7 6 5 4 3 2 1   

  2 4 0 0 0 0 0 2 1 

  5 14 5 1 2 1 3 1 2 

  5 22 18 1 6 14 11 9 3 

5 35 63 20 10 1 3 12 29 4 

17 38 30 12 6 0 0 5 14 5 

  5 6 23 9 13 12 25 17 6 

1 0 4 11 44 30 26 19 26 7 

  24 4 8 22 68 52 26 33 8 

  2 13 13 8 9 19 24 48 9 

      4 8 8 5 18 47 10 

    2 4 13 7 17 7 35 11 

 

(c) 

9 8 7 6 5 4 3 2 1   

    13 33 6 4 5 36 60 1 

1 5 4 0 2 27 43 55 123 2 

      1 0 7 50 109 142 3 

  2 0 1 7 33 71 97 131 4 

  2 1 0 2 0 48 97 142 5 

          13 60 129 267 6 

  6 9 7 4 10 39 91 187 7 

1 1 1 2 3 1 10 59 156 8 

      1 0 0 2 21 66 9 

        1 0 14 14 43 10 

          1 0 2 1 11 
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Table A.6. Grid record of SC migration on day 15 for 50µm (a), 100µm (b), and 150µm (c) 

microgrooved surfaces. 

(a) 

9 8 7 6 5 4 3 2 1   

47 50 18 27 95 63 83 36 79 1 

17 22 15 17 37 31 50 99 122 2 

3 13 28 47 44 40 59 81 129 3 

14 70 37 23 6 10 19 60 121 4 

    1 1 6 8 36 53 131 5 

  2 8 5 6 24 33 66 117 6 

7 41 48 47 33 20 19 66 128 7 

13 37 46 41 54 42 77 135 230 8 

2 5 14 20 26 33 62 107 171 9 

1 3 2 12 10 14 53 102 190 10 

  3 15 25 31 56 35 82 143 11 

 

(b) 

9 8 7 6 5 4 3 2 1   

  8 24 1 2 4 3 0 7 1 

  10 27 13 3 7 16 15 11 2 

2 9 36 20 11 10 17 30 31 3 

23 39 42 29 10 8 7 34 51 4 

38 84 52 17 7 2 2 19 37 5 

4 11 13 33 22 27 35 49 20 6 

8 11 6 46 102 59 67 39 32 7 

15 55 17 19 24 58 58 74 62 8 

1 16 34 43 24 16 35 49 88 9 

5 3 2 11 11 11 21 35 83 10 

5 1 4 8 41 24 31 16 35 11 
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(Table A.6 cont'd) 

 (c) 

9 8 7 6 5 4 3 2 1   

    1 1 1 4 3 12 55 1 

        3 12 52 53 108 2 

  1 0 1 0 7 91 94 169 3 

      2 0 2 49 102 149 4 

    3 2 6 10 67 127 163 5 

          9 77 112 201 6 

1 0 3 2 1 14 49 93 215 7 

    1 4 2 1 5 34 90 8 

          4 2 15 37 9 

        1 1 12 9 29 10 

          1 4 2 1 11 

 

      A.2 Definition of leading edge.  

The leading edge is defined as the furthest location that the cells traversed in each row and is 

highlighted in yellow. An equivalent distance (e) of image x-y was calculated by multiplying the 

column number (x) by the actual length of the image (l).  

9 8 7 6 5 4 3 2 1   

  4 4 0 1 0 0 0 0 1 

  2 15 6 0 2 2 3 4 2 

  7 14 18 2 5 16 14 7 3 

3 28 44 22 1 0 2 7 40 4 

9 47 22 4 4 0 0 4 11 5 

2 4 6 21 7 10 4 14 22 6 

    3 7 31 20 12 21 23 7 

8 20 8 5 25 60 63 35 44 8 

  1 12 14 12 11 9 22 52 9 

  1 0 7 12 21 4 13 51 10 

    4 5 5 14 17 11 29 11 

 

Figure A.1. Definition of leading edge. 
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(Figure A.1 cont'd)  The leading edge is highlighted in yellow illustrated by the grid record of 

day 13, 100µm microgrooved surface.  

      A.3 Binary method.  

The binary method counts images as yes (1) or no (0), and converts the entire grid to a binary 

field where only the images marked as "1", highlighted in yellow, are selected for subsequent 

calculations. 

9 8 7 6 5 4 3 2 1   

0 1 0 0 0 0 0 0 0 1 

0 1 0 0 0 0 0 0 0 2 

0 1 0 0 0 0 0 0 0 3 

1 0 0 0 0 0 0 0 0 4 

1 0 0 0 0 0 0 0 0 5 

1 0 0 0 0 0 0 0 0 6 

0 0 1 0 0 0 0 0 0 7 

1 0 0 0 0 0 0 0 0 8 

0 1 0 0 0 0 0 0 0 9 

0 1 0 0 0 0 0 0 0 10 

0 0 1 0 0 0 0 0 0 11 

 

Figure A.2. Binary processing method.  

The images counted as "1" are highlighted in yellow after binary processing. The figure is 

illustrated by the grid record of day 13, 100µm microgrooved surface.  

 

      A. 4 Calculation of migration velocities 

The average distance the cells traverse based on the column number is plotted over time, the y-

axis indicates the column number in the images (Figure A.4). The slope is then converted into 

micron per day by multiplying the actual distance in the image (1212.12 µm) to obtain the 

migration velocity (Figure A.5). 
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Figure A.3. Plot of average position at leading edge vs. time. 

 

 

Figure A.4. Plot of migration velocity with channel size. 
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