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Neurotraumatic injuries result in an irreplaceable cell loss and concomitant deficit in 

motor and sensory functions.  Cell transplantation therapies could potentially address the 

deficit of neuronal tissues, but remain challenged by limited survival, organization, and 

integration of transplanted cells.  Substrates designed to present specific neurotrophic cues, in 

precise configurations are candidates for maintaining cell differentiation in vitro and enhancing 

integration and survival of transplanted cells in vivo.  The goal of this dissertation was to design 

biologically active interfaces based on key developmental neural cell adhesion molecules 

previously shown to promote neuritogenesis, neuronal differentiation, and survival of neural 

cells.  Specifically, this thesis focuses on modulating the display of protein fragments derived 

from L1 cell adhesion molecule and N-cadherin and examining cellular responses. 

We investigated the efficacy of L1-derived peptide sequences displayed via non-

permissive human albumin nanoparticles, which elicited modest neuronal adhesion and neurite 

outgrowth of primary neurons.  In contrast, substrate-bound L1-Fc chimera promoted 

enhanced neuronal responses.  Following this result, we utilized protein A to maximize L1-Fc 

effectiveness and yield a systematically oriented, multivalent presentation compared to passive 

adsorption methods.  Protein A-presented L1-Fc, displayed from polymeric substrates, greatly 

improved neurite outgrowth of spinal cord and cerebellar neurons and neuronal differentiation 
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of human embryonic stem cell-derived neural stem cells (hESC-NSCs), compared to L1-Fc 

presented from the cationic polymer, poly-D-lysine.  Next, we sought to address limitations of 

L1 functionalized substrates, namely, inadequate L1-mediated cell adhesion and limited lineage 

restriction of hESC-NSCs.  To this end, we investigated the effects of presenting N-cadherin-Fc 

and L1-Fc on differentiation, neurite outgrowth, and survival of hESC-NSCs.  Low density N-

cadherin substrates promoted greater neuronal differentiation and survival of hESC-NSCs.  

Enhanced neurite outgrowth and neuronal differentiation was observed in hESC-NSCs cultured 

on N-cadherin-/L1-Fc substrates, demonstrating the synergistic effect of these two fragments.  

Findings from this thesis support the paradigm of designing stem cell-bioactive materials by 

fine-tuning surface concentrations and microscale organization of ligands that regulate 

different stages of neural development.  Such materials could be candidates for recapitulating 

the microenvironment in the context of biomimetic materials for neural developmental models 

as well as transplantation devices for neural tissue engineering.            
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Chapter 1 

Introduction 

 

1.1.  Spinal Cord Injury 

Traumatic injury to the spinal cord or brain is highly prevalent, yet there is still a 

severe lack of effective treatments that have the ability to preserve or restore motor and 

cognitive functions.    An estimated 11,000 Americans suffer from spinal cord injuries (SCI) 

and 1.5 million people sustain brain trauma[1]. Medical treatment for these conditions is 

extremely costly, with SCI treatment estimated to be $11 billion and brain trauma treatment 

estimated to be over $56 billion[1].  Available treatments do no stimulate neurogenesis, 

myelination, repair of damaged neurons, and guided axonal growth following injury within 

the CNS.  Instead, clinical treatments seek to mitigate the severity of secondary damage or 

inflammation caused by macrophages and activated astrocytes, which leads to formation of 

the glial scar[2].  For example, the steroid methylprednisolone administered systemically, at 

high doses, immediately following injury in order to attenuate the inflammatory response 

that occurs immediately following injury[2].  While methylprednisolone modestly 

suppresses severe inflammation, administration within 8 hours of injury is required and it 

does not stimulate tissue regeneration or neurogenesis, myelination of axons, nor restore 

function of damaged neurons.  Furthermore, the required high doses of 

methylprednisolone, due to systemic delivery, lead to adverse side effects[3]. The lack of 

effective SCI treatments represents a significant gap in the field, and motivates extensive 

research into new approaches to treat traumatic CNS injuries. 

The body’s response to SCI is complex and consists of both acute and chronic 

phases.  The primary response or acute phase of SCI involves the damage and death of 
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neurons, astrocytes, and oligodendrocytes, which leads to demyelinated axons.  Traumatic 

spinal cord injuries resulting from crushed or severed axon processes rarely result in the 

regeneration of damaged structures and functional restoration,   ultimately leading to 

permanent structural and functional impairment.  One major barrier of CNS regeneration 

lies in neuronal death[4]  and the inability of projection neurons to reconnect with their 

targets due to demyelination, the lack of protective, guidance cues, and the presence of 

inhibitory factors[5].  Following injury to the spinal cord, studies observed that severed 

axons do begin to sprout within six hours of injury after which growth cones develop at the 

nerve endings[6].  However, the sprouts extend only a short distance before growth is 

aborted and the new sprouts are resorbed[4].  Therefore, an environment that promotes 

survival of remaining neural tissue is necessary for recovery to occur. 

The secondary response to SCI includes the inflammatory response and glial scar 

formation, which proceeds from several hours to several weeks following initial damage.  

The glial scar consists of macrophages or microglia, astrocytes, meningeal cells, as well as 

several inhibitory molecules and extracellular matrix molecules[7].  The glial scar creates a 

physical barrier against axonal re-growth and results in an environment that  limits tissue 

regeneration by blocking re-growth of severed axons to their target sites[4,8], while 

inhibitory molecules pose a chemical barrier that prevents axonal regrowth and extension.  

In order for damaged or severed neurons to regenerate, a permissive environment that 

provides survival and guided growth promoting cues must be established. 

Current research into new therapeutic interventions for SCI typically focus on 

several key goals:  1) replace neurons and glia lost during the acute injury phase, 2) 

neutralize axonal growth-inhibiting molecules, 3) promote regeneration of axons into and 

beyond the injury site, and 4) re-establish neuronal circuitry to restore functional 

connections[9].  Extensive research is currently underway to address one or more of these 
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therapeutic targets and new approaches to SCI treatment have shown great promise[10,11].  

In particular, one area that has gained much attention is cell replacement therapy, 

particularly with the recent emergence of new sources of clinically relevant, human cell 

sources for transplantation.  Due to cell loss and nerve tissue degeneration following SCI, 

cell replacement therapy represents a promising approach for SCI treatment, as well as 

treatment of traumatic brain injury and neurodegenerative diseases.   

1.2.  Stem Cells:  A Source for Cell Replacement Therapy in Neural Tissue Engineering 

Cell replacement therapy has become an area of great interest as a potential 

treatment for SCI and neurodegenerative diseases[11-13].  Cell replacement therapy or cell 

transplantation involves replacing  damaged tissue with an exogenous cell source to re-

establish damaged neuronal circuitry and promote functional recovery[14].  Stem cell biology 

advances have garnered considerable interest in regeneration-based treatment of CNS 

injuries, using stem cells.  Cell transplantation therapy has been widely investigated as a 

therapeutic option for the treatment of SCI and other traumatic CNS injuries[5,15-23].  Current 

research aims to design and develop treatments for SCI that the use of stem cells for cell 

transplantation therapy.  Several cell types have been investigated as potential candidates 

for cell replacement therapy for treatment of SCI in animal models such as mesenchymal 

stem cells, olfactory ensheathing cells, Schwann cells, and neural stem cells[24,25].  Each of 

these cell types has a specific functional purpose in mind, which can include replacement of 

neuronal cells to restore functional neuronal circuitry, replacement of glial cells to promote 

axonal regeneration and remyelination, or incorporation of cells that secrete anti-

inflammatory or neurotrophic factors to promote cell survival and mediate the immune 

response to injury.   Neural stem cells are especially promising due to their ability to 
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differentiate to multiple neural cell types while providing trophic support that can 

encourage endogenous cell survival[14,26]. 

1.2.1.  Neural Stem Cells 

Neural stem cells (NSCs) are multipotent cells, which possess the ability to self-

renew or differentiate into neurons, oligodendrocytes, and astrocytes[27-29].  During CNS 

development, NSCs are present in many regions of the brain such as the hippocampus, 

cerebellum, ganglionic eminence, and the spinal cord[28].  While adult primary NSCs   are 

present within the adult brain [30,31] and the central canal of the spinal cord[32], including 

difficulty isolating these cells, scarcity, the propensity to differentiate into glial cells versus 

neurons, and cell senescence during long term culture[33],  prevent these cells from 

becoming a viable option for therapeutic use.  Other stem cell sources have been explored 

for generating NSCs, such as fetal brain-derived NSCs[34,35],human embryonic stem cells and 

human induced pluripotent stem[36,37].  This thesis will focus on the use of NSCs derived 

from human embryonic stem cells due to their capacity for extensive expansion and 

differentiation to neural lineages. 

1.2.2.  Human Embryonic Stem Cell-Derived Neural Stem Cells 

Derived from the inner cell mass of a pre-implantation blastocyst, human embryonic 

stem cells (hESCs) are represent a promising source for cell replacement therapies as they 

have the ability to self-renew, thus providing an unlimited cell source, and can give rise to 

most somatic cell lineages[33,38-41].  Directed differentiation of hESCs towards the neural 

lineage or neural stem cells has been achieved by various protocols, including those that use 

soluble factors, artificial extracellular matrices, co-cultures, or a combination thereof[37,42-50].  

Moreover, several approaches have been used to direct hESCs towards specific types of 

neural cells such as neurons[51], oligodendrocytes[23], dopaminergic neurons[52], motor 
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neurons[53], and other neuronal subtypes[54-56].  Directed neural differentiation is typically 

achieved by supplementing the media with growth factors and their antagonists.  

Neuroectodermal cells have been generated through Noggin supplementation[57], while 

FGF2, FGF8, and sonic hedgehog (SHH) treatment yielded hESC-derived forebrain and 

midbrain neurons[53,58], and oligodendrocytes have been produced by combining bFGF, 

epidermal growth factor (EGF), and retinoic acid treatment[23].  Although protocols utilized 

to generate specific types of neural cells from hESCs are varied, they are also consistent in 

the sense that they rely on exposing cells to specific proteins, morphogens, and growth 

factors that mimic signals cells encounter during embryonic development and neuronal 

specification.  Therefore, it would be advantageous to use molecules in engineering 

neurogenic microenvironments, inspired by their key roles in neural development for 

directed neural phenotypes. 

Transplantation studies of NSCs for treatment of SCI have shown varying degrees of 

success.  A recent, extensive review highlighted several preclinical studies where NSCs were 

transplanted into the injured spinal cord[25].    In the studies where no improvement in 

functional behavior was observed, poor NSC survival[59,60] and neuropathic pain, which may 

have been the result of significant glial differentiation, were observed[61].  Poor engraftment 

following transplantation of NSCs into the injury site of spinal cord is a common 

observation[62].  Additionally, the harsh microenvironment of the injury site is not amenable 

to neuronal differentiation of transplanted NSCs, as uncommitted transplanted cells tend to 

differentiate into glia[61,63,64].  Researchers aim to improve the outcome of NSC 

transplantation into SCI lesions through neural tissue engineering and biomaterial 

approaches, which allow for better control of the local microenvironment of the 

transplanted cells[12].  
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1.3.  Biomaterial Scaffolds for Neural Tissue Engineering 

During tissue repair, cells must receive the appropriate cues from the surrounding 

environment in order to function properly.  Given that the natural cell environment is three-

dimensional in geometry and with organized biological cues at the micro/nanoscale; 

implantable constructs must mimic these features for proper cellular functions.  The 

importance of an appropriate scaffolding matrix for cell therapies is evidenced by the poor 

engraftment efficiency of direct cell seeding (in the absence of scaffolding/matrix) at the 

site of injury[65].  Studies have demonstrated that less than 10% of cells engraft, following 

direct injection of stem cells into the injury site [62,66,67].  Poor engraftment efficiency might 

be caused by cell death due to the absence of an appropriate ECM or scaffold that provides 

adequate and proper physical interactions essential for survival and functional integration 

of transplanted NSCs[65,68].  Biomaterial scaffolds represent a favorable approach for neural 

tissue engineering as they have the ability to simulate specific parameters found in the 

native microenvironment that support adhesion, proliferation, differentiation, and survival 

of NSCs in vitro and following in vivo transplantation[68,69].  Fabricated from both natural and 

synthetic materials, a diverse array of scaffold configurations has been investigated for 

neural tissue engineering, including hydrogels,  guidance conduits, and fibrous scaffolds 

[12,62,70-72].  The use of fibrous scaffolds as delivery vehicles for cell transplantation has 

gained considerable interest as fibrous scaffolds possess an architecture that closely mimics 

the native ECM[70]. The work in this thesis focuses on fibrous scaffolds fabricated from 

synthetic polymers via electrospinning.   

Electrospinning, a method used to fabricate 3-D scaffolds, allows for fine tuning of 

specific parameters in order to mimic cellular microenvironments found in vivo[73].  Due to 
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the ability finely control fiber diameter, alignment, as well as inter-fiber spacing, 

electrospun scaffolds are capable of recapitulating local tissue environments, supporting 

newly transplanted and host cells, and maintaining endogenous architecture at the site of 

injury[70,73].   Scaffolds that result from electrospinning can result in fibers that are on the 

nano-scale (tens of nanometers in size), or micro-sized fibers that are few microns in 

diameter[74], resulting in structures similar to that of endogenous ECM[70,73,75].  In designing 

three-dimensional (3-D) scaffolds, the fiber size, fiber orientation, and porosity play a 

crucial role in scaffold function for cell-cell interactions and cell-ECM interactions.  

Electrospun fibrous scaffolds fabricated from natural and synthetic polymers have been 

investigated for neural tissue engineering[12,62,70,72,76,77].  Synthetic polymers are commonly 

used because they have better mechanical properties, are more consistent, and they afford 

the ease of tuning various parameters  compared to natural polymers[71], but they usually 

lack bioactive cues and therefore require biofunctionalization[12,71].     

1.4.  Biofunctionalized Biomaterials for Engineered Neural Stem Cell 

Microenvironments  

Biomaterials offer a support structure and the ability to design microenvironments, 

in vitro, that mimic those found in vivo.  Engineering microenvironments for directing 

neural stem cell behavior requires the modification of materials with specific biomolecules, 

as many synthetic materials do not provided appropriate biological cues.   Several 

approaches have been investigated for the presentation of biomolecules for neural tissue 

engineering applications including physical adsorption, covalent linking, and blending[78]. 

  The manner in which a biomolecule, whether a protein fragment, peptide, or 

growth factor is presented from the biomaterial surface greatly influences the efficacy of the 

biomolecule.  For example, laminin was covalently linked or adsorbed onto the surface of 
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electrospun PLLA scaffolds, or mixed into the polymer solution prior to electrospinning, and 

PC12 cells were cultured on these substrates[79].  Scaffolds in which laminin electrospun 

along with PLLA promoted longer neurite lengths compared to surface immobilized or 

adsorbed laminin[79].  The presentation strategy growth of factors has also been shown to 

modulate the bioactivity of tethered or immobilized growth factors.  Immobilized BDNF[80], 

EGF[81], GDNF[82] promoted enhanced neuronal differentiation and neurite outgrowth 

compared to the soluble form.  Additionally, immobilized EGF activated a different signaling 

pathway compared to soluble EGF[81], further highlighting the role of surface 

biofunctionalization of materials for neural tissue engineering.  Immobilizing bioactive 

molecules to biomaterials is advantageous, as immobilization can not only sustain the long-

term stability of the bioactive cues, but also render higher local concentrations compared to 

soluble administration and promote multivalency[83].  Numerous biological molecules have 

been investigated for their ability to elicit desired cellular responses for neural tissue 

engineering such as neurotrophins[84,85], proteins or protein-derived fragments found in the 

native ECM such as laminin, collagen, and fibronectin[76,86], and ECM protein-derived 

peptides [87,88].  Neural cell adhesion molecules also represent promising candidates for the 

design of biomaterials for neural tissue engineering applications.  Neural cell adhesion 

molecules are expressed throughout CNS development as well as the adult nervous system 

and are critical to the normal function of the central nervous system.  This thesis research 

focuses on two major classes of cell adhesion molecules.  As such, the biology and surface 

functionalization of cell adhesion molecules is reviewed further next.   

1.5.  Cell Adhesion Molecules  

Cell adhesion molecules are cell surface proteins that mediate cell-cell interactions 

as well as cell-ECM interactions[89].  They are composed of an extracellular domain that 
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binds in a homophilic manner or heterophilic manner with other cell adhesion proteins or 

with the ECM, a transmembrane region, and an intracellular domain, which mediates 

binding between the cell adhesion molecule and proteins of the cytoskeleton[89].  There are 

four major classes of cell adhesion molecules such as selectins, integrins, cell adhesion 

molecules from the immunoglobulin superfamily, and cadherins, which are all present 

during different stages of neural development[90].  The work performed for this dissertation 

was focused on engineered presentation of two key neural proteins involved in nervous 

system development, L1, a member of the immunoglobulin superfamily, and a member of 

the cadherin family, N-cadherin, and they are discussed in more detail.   

1.5.1.  L1 Cell Adhesion Molecule 

L1 is a neural cell adhesion, transmembrane, glycoprotein expressed on the surface 

of post-mitotic neurons in the CNS, on Schwann cells in the peripheral nervous system, and 

on growth cones of axon[91-93].  L1 acts through homophilic or L1-L1 interactions and 

through heterophilic interactions with other cell adhesion proteins such as NCAM and 

contractin, as well as ECM proteins such as laminin and tenascin[92,94,95].  A member of the 

immunoglobulin superfamily, the extracellular region of L1 is composed of six Ig-like 

domains and five fibronectin type III repeats (Figure 1.1) and these domains contain 

important binding sites for adhesion, neurite outgrowth, and survival[96-99].  The 

intracellular domain of L1 contains a highly conserved sequence, which binds to ankyrin, an 

adaptor protein that links L1 to the actin cytoskeleton via spectrin[92,100].  L1 is a key 

adhesion ligand for promoting neuronal survival, differentiation, neuritogenesis, adhesion, 

and migration of neural cells both in vitro and in vivo[93,96-99,101-103], as well as 

fasciculation[104,105]. and subcellular synapse organization[106].  Soluble L1 is capable of 

promoting recovery of motor function in adult rats that endured a contusion induced spinal 
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cord injury[102,107-109] and regenerative growth of Purkinje cell axons[110].  L1-transfected 

mouse embryonic stem cells (mESCs), injected into the site of a spinal cord lesion, 

maintained integrity, were migratory, and enhanced functional recovery in comparison to 

non-transfected mESCs[111].  More recently, mESCs engineered to secrete an L1 trimer, while 

expressing full length L1 at the cell membrane, were promoted superior locomotor 

recovery, reduced glial scar volume, and enhanced regrowth, sprouting, and remyelination 

compared to mESCs only expressing full length L1 and parental cells, in a contusion spinal 

cord injury model[112].   

 

Figure 1.1.  Schematic of L1 cell adhesion molecule.  L1 cell adhesion molecule is composed of six 
immunoglobulin-like (Ig-like) domains, five Fibronectin type III repeats, a transmembrane region, 
which links L1 to the cytoskeleton via adaptor proteins.   

L1 has been reported to play a role in proliferation and differentiation behaviors of 

NSCs.  Surface-bound L1 reduced inhibited proliferation, while increasing neuronal 

differentiation and accelerated the production of GABAergic neurons and decreasing 

astrocyte differentiation of primary mouse neural stem cells[113].  Overexpression of L1 in 

mESC-derived neural precursors resulted in reduced proliferation and astrocytic 

differentiation, in addition to increased neuronal differentiation and inhibiting astrocytic 

differentiation[102,111,114].  Due to the beneficial effects of L1 on both neurons and neural stem 
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cells in vitro, as well as its ability to promote functional recovery in rodent SCI in vivo 

models, combined with its crucial role in neural development, L1 holds great promise for 

use as a biomimetic in designing bioactive biomaterials for treatment of SCI and other 

traumatic nervous system injuries. 

1.5.2.  N-cadherin 

N-cadherin is a part of the classical cadherin family, containing five extracellular 

domains (Figure 1.2) that mediate cis and trans homophilic and heterophilic 

interactions[115].  The conserved intracellular domain of N-cadherin binds to β-catenin and 

p120-catenin, following homophilic interactions of N-cadherin, and this N-cadherin-β-

catenin complex is ultimately coupled to actin by interactions with α-catenin, forming 

adherens junctions that mediate cell-cell signaling[116,117].  N-cadherin is highly expressed in 

neuroepithelial cells during early embryonic and neonatal development, and in 

neuroanatomical connections during late embryonic stages and early postnatal 

development[118].  N-cadherin expression and function is required for several phases of 

neuronal development such as synaptogenesis, axonal and dendritic morphogenesis and 

synaptic plasticity[119-122].  Cell-cell contact mediated by N-cadherin plays a dynamic role 

during neural development in the balance between self-renewal, migration, and 

differentiation of neural stem cells[116,123]. For example, during development, high 

expression of N-cadherin-mediated cell-cell contacts promote neural stem cell maintenance 

and self-renewal, while decreased N-cadherin expression allows neural stem cells to 

dissociate and migrate to their proper microenvironment to differentiate further[123]. 

This same phenomenon has been observed in vitro, and demonstrates that the 

influence of N-cadherin on neural stem cell behavior translates to in vitro culture systems.  

The ability of N-cadherin to promote self-renewal and maintenance of neural stem cells and 
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neuronal differentiation, when presented as an artificial extracellular matrix, has been 

demonstrated in immortalized, embryonic mouse forebrains-derived NSCs[124].  

Furthermore, E-cadherin-/N-cadherin-Fc co-presenting poly-styrene substrates, supported 

self-renewal and neuronal differentiation of mouse embryonic stem cells and mouse 

induced pluripotent stem cells[125].  Other groups have demonstrated the ability surface 

adsorbed N-cadherin to promote or enhance neurite outgrowth, survival, and functionality 

of primary neurons isolated from different regions of murine or rat CNS[126-129].  These 

studies, combined with the emergent understanding of N-cadherin’s role during neural 

development, point to N-cadherin as a promising candidate for designing biomimetic 

biomaterials for neural tissue engineering applications. 

 

Figure 1.2.  Illustration of N-cadherin.  N-cadherin, a calcium dependent adhesion protein that 
mediates cell-cell contacts through cis- and trans-interactions.  The intracellular domain of N-
cadherin interacts with the cytoplasmic protein, β-catenin, which links N-cadherin to the 
cytoskeleton via α-catenin, following N-cadherin-N-cadherin binding. 

1.6.  Thesis Overview 

The goal of this dissertation was to investigate substrate modification approaches to 

create “biomimetic”, neurogenic scaffolds and to elucidate the biointerfacial responsiveness 

of such substrates to human neural stem cells or hESC derived neurons, for potential 

application to SCI treatment.  Several problems associated with regeneration following 
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spinal cord injury and current research avenues that are being explored in the field of 

neural tissue engineering.  However, there is an unmet need for the development of 

bioactive biomaterials for neural cell transplantation.  In Chapter 2, we explored a minimal 

approach for directing neural cell behavior by presenting neural adhesion molecules from 

nanoscale substrates.  Specifically, we investigated the feasibility of using human albumin 

nanoparticles to present an L1 cell adhesion molecule-derived peptide, in order to promote 

high efficacy and spatial control of bioactivity of the peptide.  The L1 peptide is derived from 

a region of L1 that was shown to mediate neurite outgrowth[130].  The idea of presenting L1 

peptide from nanoparticles was to enhance the effectiveness of the peptide by increasing 

peptide exposure and binding activity.  Previous work from our laboratory demonstrated 

the advantage of using the albumin nanoparticle system to present the cell adhesion domain 

of fibronectin9-10 to primary keratinocytes and fibroblasts[131-133].  Therefore, we 

hypothesized that albumin nanoparticle system would improve L1 peptide efficacy, over 

presenting the peptide alone, in promoting enhance neural cell behaviors.  Before delving 

into the complex system of hESC derived neural stem cells and testing how L1 peptide 

nanoparticles influenced neuronal differentiation and neurite extension, we opted to test 

our L1 peptide-albumin nanoparticle system on model, primary neuronal cells in order to 

determine which parameters (e.g. L1 peptide concentration and albumin nanoparticle size) 

would promote enhanced neurite outgrowth compared to presenting the peptide alone, 

with the aim of translating the use of this system to hESC-NSCs.  We observed that the L1 

peptide-nanoparticle system promoted only modest adhesion and process extension of 

murine cerebellar neurons, motor neurons, and Schwann cells compared to the peptide 

alone.  However, we did observe the larger derivative of L1, which enhanced neurite 

outgrowth. 
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In chapter 3, we shifted our focus toward aimed to investigate a different approach 

for designing bioactive biomaterials for neural tissue engineering.  Instead of moving 

further with the L1 peptide nanoparticle system for controlling hESC derived NSC 

behaviors, we decided to use a larger, more inclusive fragment of L1.  The results from our 

studies in Chapter 2 prompted us to use L1-Fc as a candidate for the design of our 

biomaterials.  However, since the neurite outgrowth promoting effects of this region has 

been shown before, we sought to develop a design that would improve the effectiveness of 

L1 compared to the conventional presentation of L1.  Therefore, we selected protein A to 

present L1-Fc in a multimeric fashion from two dimensional surfaces and polymeric 

electrospun scaffolds, whereby this presentation would mimic the physiological orientation 

of L1 to primary neurons and hESC-NSCs.  We postulated that this presentation strategy 

would maximize L1-Fc function and enhance neurite outgrowth and neuronal 

differentiation.  In Chapter 4, a similar presentation design based on protein A was used to 

investigate the differential presentation of N-cadherin-Fc to hESC-derived NSCs alone or in 

combination with L1-Fc.  Here, we sought to investigate the effects of varying 

concentrations of N-cadherin on neuronal differentiation of hESC-NSCs, as N-cadherin is 

expressed early during neural development and involved in key neuronal developmental 

events.  Additionally, we examined the optimal configurations for combining N-cadherin-Fc 

and L1-Fc that would promote enhanced neuronal differentiation and neurite outgrowth, as 

both proteins elicit different responses from neuronal cells.  Chapter 5, summarizes the 

findings and implications of this dissertation and outlines potential future applications that 

could further our understanding of how neural cell adhesion biomimetic scaffolds promote 

neuronal development, with the goal of adapting these constructs to models of SCI.   
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Chapter 2 

Effects of L1-peptide Functionalized Albumin Nanoparticles on Adhesion and Neurite 

Outgrowth of Primary Motor Neurons, Cerebellar Neurons, and Dorsal Root Ganglion 

Cells 

Abstract 

The overall goal of this study was to investigate the potential of albumin 

nanoparticles (ANPs) to maximize the efficacy of an L1 cell adhesion molecule-derived 

peptide (L1p) in promoting enhanced adhesion and neurite outgrowth of primary neurons.  

The use of the ligand-ANP system as a tool to control neuronal cell behavior was inspired by 

previous studies in which fibronectin fragment III9-10 (Fnf) conjugated to ANPs promoted a 

more motile phenotype in keratinocytes compared to those cultured on Fnf-only substrates.  

An increase in endocytosis and a clustered ligand display, which induced integrin clustering, 

were responsible for the enhanced keratinocyte response.  This study used a similar 

platform, testing the ability of ANPs to improve L1p-mediated responses in comparison to 

L1p and ANPs.  L1 peptide was successfully tethered to ANPs and remained functional and 

accessible for cell binding, but L1p-ANPs promoted only modest adhesion or outgrowth 

compared to L1p alone, when presented as a physiosorbed substrate or as a soluble cue to 

dissociated primary neurons.  In contrast, dorsal root ganglion cells (DRGs) adhered to L1p-

ANPs and appeared to have a denser network of neurites compared to an ANP-treated 

substrate, in the presence of serum.  Although L1p is neuritogenic, conjugating this small 

ligand to a relatively large, non-permissive albumin nanoparticle seemingly obstructed L1p 

affects when presented to dissociated neurons, under serum-free conditions.  Provision of 

adhesion promoting serum proteins allowed cells to interact with L1p-ANPs and extend 

neurites along the surface, suggesting that combining L1p-ANPs with a factor that 
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encourages adhesion is necessary to elucidate the full potential of ANP-presented L1p.  

Further modifications to the ANP system are required in order for it to be an optimal 

presentation platform of neural peptides for neural tissue engineering applications. 

2.1.  Introduction 

Traumatic central nervous system (CNS) injuries rarely result in the regeneration of 

damaged structures and functions.  Ultimately, permanent structural and functional 

impairment is the outcome due to the limited ability of the CNS to self-repair and 

regenerate[1-3].  Existing treatments aim to reduce secondary damage caused by 

macrophages that migrate to the injury site and activated astrocytes[2], but fail to promote 

regeneration of damaged neuronal cells.  In order to promote restoration of motor 

functions, damaged tissues require external cues to encourage axonal regeneration and lost 

cells need to be replaced with functional, exogenous cell source.  Current research efforts 

seek to combine biomaterials, exogenous cell sources, and biological cues to design 

treatments to support and promote axonal regeneration[3-5]. Derivatives of proteins and 

growth factors native to the neuronal microenvironment, such as laminin, brain derived 

neurotrophic factor (BDNF), and the cell adhesion molecule, L1 have been investigated, in 

combination with biomaterials and cell sources, for stimulating neuritogenesis[6-8].    

L1 is a key transmembrane glycoprotein that plays a critical role in neurite 

outgrowth and adhesion [9-11], neuronal survival[12,13], , and migration[14-16] of neuronal cells, 

in addition to differentiation of stem cells[11,17,18].  Here we evaluated the ability of an L1 

derived peptide, presented from albumin nanoparticles, to enhance adhesion and neurite 

outgrowth of motor neurons, cerebellar neurons, and dorsal root ganglion.  The ligand-ANP 

system has been shown by the Moghe laboratory to increase exposure and binding activity 

as well as endocytosis kinetics of ligands[19,20].  The nanoscale presentation of adhesion 
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ligands could also be coupled with nanoparticles of different inertial mass (sizes), which 

could in turn regulate specific cell response[21,22].  This study aimed to use a similar platform 

for presenting peptides derived from L1. The peptide selected is based on previous research 

that demonstrated the effectiveness of this motif on adhesion and neurite outgrowth of 

neural cells[23].  Studies performed in the laboratory of Dr. Melitta Schachner also showed 

the ability of the peptide to promote enhanced survival of cerebellar neurons in the 

presence of oxidative stress (unpublished data).  When presented in a substrate-

physisorbed configuration, the ligand-ANP system also has the benefit of facilitating rapid 

internalization of the peptide, which plays a role in L1-mediated outgrowth and 

migration[24].  We hypothesized the ANP based L1p presentation would modulate the 

kinetics of adhesion and neurite outgrowth neuronal cells.  The use of ANPs to present the 

ligands could potentially be exploited to (a) further enhance its "exposure"; and (b) 

accelerate the endocytosis of the peptide within neurons, hypothesized to emulate the L1 

effect on increased neurite outgrowth.  Presenting the peptides in a clustered manner 

mediates receptor clustering[25-28], which increases exposure and binding activity between 

the peptides and their receptors, and resulting in increased endocytosis, steps critical to 

accelerate significant neurite outgrowth neuronal cells. 

Engineered substrates that present spatially controlled biological cues may be 

relevant for the development of cell-based tissue regenerative therapies.  Several studies 

have shown that the control and regulation of cellular adhesion, growth, and cell function 

can be modulated significantly by presenting biological molecules in a manner that 

enhances ligand-receptor interactions[27-33].  For example, Maheshwari et al. investigated the 

effects of clustered RGD peptides on cell adhesion and motility and discerned, following 

growth factor stimulation, a high-ligand density display increased adhesion, while clustered 
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RGD reduced the ligand density needed to increase migration speeds[27].  Mannix et al. also 

demonstrated the benefits of ligand-clustering using 30 nm, superparamagnetic beads 

functionalized with N1-2, 4-dinitrophenyl-L-lysine (DNP-Lys)[28].  Clustering of DNP-Lys 

was promoted by applying an electromagnetic field, which caused the beads to be attracted 

to one another and inducing integrin clustering.  An increase in calcium signaling, which 

plays a role in cellular responses, was observed as a result of integrin clustering[28].  While 

that system can turn cell responses on and off, the use of superparamagnetic beads for 

therapy is not ideal as cytotoxicity is a likely issue.  

Our group previously demonstrated that substrates based on biofunctionalized 

albumin nanoparticles (ANPs) promoted ligand exposure and cell binding as well as 

epithelial cell motility and connective tissue matrix assembly[19,20].  Specifically, ANPs 

functionalized with III9-10 fibronectin fragment (Fnf) significantly enhanced cell motility in 

keratinocytes compared to Fnf alone[20].  The ligand-ANP system has been shown to 

increase exposure and binding activity as well as endocytosis kinetics of ligands, which is 

hypothesized to play a role in migration[19,20,34].  Due to the nanoscale presentation of cell 

adhesion molecules and possible receptor-based endocytotic fates, the substrates based on 

ANPs functionalized with neural adhesion molecules like L1 offer a method to target neural 

cell motility and functions.  We investigated different concentrations of L1 peptide tethered 

to ANPs; using adsorbed and soluble presentations of L1 peptide functionalized albumin 

nanoparticles.  To assess the effects of L1 peptide albumin nanoparticles on cellular 

adhesion and neurite outgrowth cerebellar neurons and motor neurons were used in the 

studies, as well as dorsal root ganglion.   
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2.2.  Materials and Methods 

2.2.1.  Synthesis of Albumin Nanoparticles 

Albumin nanoparticles (ANPs) were synthesized from recombinant human serum 

albumin (HSA) utilizing the coacervation method previously described[35,36].  Some 

fabrication steps were modified as described by Naczynski et al.[36].  Briefly, HSA powder 

was dissolved to 10% (w/v) in 2.5 mM NaCl and the pH was adjusted to 8.5.  The albumin 

nanoparticles (ANPs) were formed by the continuous addition of 2 ml of ethanol, using a 

syringe pump (Harvard Apparatus PHD 2000, Holliston, MA) at a rate of 1.5 ml/min, to 500 

µl of the HSA solution.  During the addition of ethanol, the HSA solution was stirred the 

entire time (700 rpm), at room temperature.  Immediately following the addition of the 

ethanol, 5.85 µl of 8% glutaraldehyde was added to crosslink the nanoparticles.  

Additionally, crosslinking the nanoparticles results in the autofluorescence of the ANPs.  

The crosslinking reaction was performed under stirring for 18 h at room temperature.  

Following the crosslinking step, the ANPs were purified by three rounds of centrifugation at 

16,100 g, for 8 min each time at, 4°C, followed by resuspension by sonication (15 min) in 2 

ml of sterile PBS without Ca2+ and Mg2+.  

2.2.2.  Albumin Nanoparticle Characterization 

The size and morphology of the ANPs were determined using dynamic light 

scattering (DLS) and scanning electron microscopy (SEM), respectively.  The Malvern 

Zetasizer Nano (Zen 3690, Malvern Instruments Ltd, Malvern, Worcestershire, UK) was 

used to determine the size and polydispersity index (PDI) of the ANPs.  The samples were 

diluted 1:50 in deionized water and measured at 37°C at a scattering angle of 90° and 

scanned three times.  SEM was used to visualize ANP morphology.  ANP samples were 

adsorbed onto an aluminum stub overnight at 4°C and washed two times with PBS and two 
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times with water in order to remove free ANPs and residual salts.  The ANPs were air dried, 

sputtered coated with gold-palladium, and imaged at 20 kV acceleration potential.  Samples 

for SEM imaging were dried under vacuum and sputter-coated with gold-palladium[37].   

2.2.3.  Fabrication of L1 Peptide Albumin Nanoparticles 

The L1 peptide (L1p), ELEGIEILNSSAVLVKWRPVDC (Genscript, Piscataway, NJ), 

was conjugated to the ANPs using the heterobifunctional crosslinker Sulfo-LC-SPDP 

(Pierce), as previously described[36].  The schematic depicting the first step of the 

functionalization process is shown in Figure 2.1A.  The ANPs were re-dispersed in PBS-

EDTA (PBS containing 1 mM EDTA and 0.02% sodium azide, at pH 7.5).  1 mM of SPDP was 

added to 2 mg of ANPs for 30 min at room temperature, while rocking, and unreacted SPDP 

was removed by dialysis overnight, at room temperature.  The SPDP-activated ANPs were 

reacted with L1p, which was covalently linked to ANPs through the formation of a disulfide 

bond between the thiol group (-SH), located on the cysteine of L1p, and the pyridyldithiol 

group (PD) located on the free end of the SPDP (Figure 2.1B).  Free L1p was removed using 

overnight dialysis.   
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Figure 2.1.  Schematic for covalent linkage of L1p to ANPs.    A)  ANPs were reacted with the 
heterobifunctional crosslinker, SPDP, in which the NHS ester of SPDP reacted with primary amines of 
ANPs, resulting in an active ANP.  Following dialysis, the activated ANPs were mixed with the 
sulfhydryl containing L1p, in which pyridyldithiol reacted with the sulfhydryl group on the peptide, 
forming a disulfide bond and resulting in L1p-ANPs, as well as the production of the byproduct, 
pyridine-2-thione.  ANPs:  albumin nanoparticles, L1p:  L1 peptide.  Schematic adapted from 
http://www.piercenet.com/instructions/2160279.pdf 

 

2.2.4.  Quantification of L1peptide Loading Efficiency 

The byproduct, Pyridine-2-Thione was used to determine the L1p loading efficiency 

onto ANPs.  Pyridine-2-Thione (py2SH) is released once the free end of SPDP, 2-

pyridyldithiol (PD), reacts with a thiol group (Figure 2.1B) and py2SH is detectable at an 

absorbance of 343 nm.  Prior to functionalizing reacting L1p with the ANPs, the 

concentration of free PD groups, which would indicate the maximum amount of L1p to be 

conjugated to the ANPs, was determined by reacting activated ANPs with dithiothreitol 

(DTT).  DTT is thiol containing compound that would react with free PD groups of activated 

ANPs.  The supernatant concentration of reaction by product, py2SH was determined by 

absorbance measurements at 343 nm.  A standard curve of β-mercaptothione (Sigma), 
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ranging from 0 – 20 µg/ml, was used to determine the levels py2SH generated.  To ensure 

the maximum number of L1p was conjugated to the ANPs, a 3-fold concentration of L1p was 

reacted with the ANPs.  The release of py2SH corresponds with the conjugation of L1p to 

the free end of SPDP, therefore every mole of py2SH detected was calculated to equal a mole 

of L1p conjugated to ANPs.  After the reaction of L1p with ANPs, L1p-ANPs were diluted 

1:10 in PBS-EDTA and the absorbance of the sample was read at 343 nm.  A standard curve 

of β-mercaptothione (Sigma), ranging from 0 – 20 µg/ml, was used to determine the levels 

py2SH generated from the L1p-ANP reaction.   

2.2.5.  L1 Peptide ELISA 

In addition to using the py2SH assay to quantify the loading efficiency of L1p onto 

ANPs, enzyme linked immunosorbant assay (ELISA) was used to detect the presence of L1p 

as well as to determine that the peptide was functional.  L1p-ANPs were adsorbed onto 

maxisorb, 96 well plates overnight at 4°C.  The wells were washed with PBS once, for 2 

minutes and treated with a blocking buffer, composed of 1% bovine serum albumin (BSA, 

Sigma Aldrich, St. Louis, MO, USA) in PBS, for 1.5 hours at room temperature.  After one 

wash for 2 minutes in PBS, the samples were incubated for 1.5 hours with a monoclonal rat 

anti-L1 557 antibody (kindly provided by Dr. Melitta Schachner, Hamburg, Germany), which 

recognizes the sequence within L1 that corresponds to L1p[23] The wells were washed three 

times for 5 minutes each with PBS containing 0.05% Tween-20 (PBST) and subsequently 

treated with the secondary antibody, horseradish peroxidase conjugated-goat anti-rat IgG 

antibody (1:1000) (Sigma-Aldrich) for 1.5 hours at room temperature.  Following three, 5 

minute washes with PBST, 0.5 mg/ml of OPD (Sigma-Aldrich) was added to each well and 

allowed to react with the samples for up to 30 minutes in the dark at room temperature.  

The reaction was stopped with 2.5 N H2SO4 and absorbance was read on an absorbance 



31 

 

plate reader at 490 nm.  The absorbance readings were used to assess the presence and 

accessibility L1p on the ANPs, compared to the respective controls. 

2.2.6.  Substrate Preparation for Cell Studies 

 Tissue culture polystyrene (TCPS) well plates or glass coverslips were coated with 

100 µg/ml of poly-L-lysine (Sigma) for 1 hour and washed three times with phosphate 

buffered saline (PBS).  Next, PLL surfaces were treated with the following with the 

following:  L1p-ANPs (50 and 100 µg/ml of L1p), ANPs alone, L1p alone (50 and 100 

µg/ml), or L1-Fc (10 µg/ml), or PBS (for the PLL control).    The concentration of the ANP 

control was based on the resulting ANP concentration used for L1p-ANPs to achieve a final 

concentration of 50 µg/ml or 100 µg/ml of L1p.  After coating overnight at 4°C, each surface 

was washed three times with PBS and neuronal cells were plated onto the surfaces 

immediately.  In the case where ANPs were introduced as a soluble cue, the cells were 

allowed to attach for two hours onto surfaces treated with 10 µg/ml of PLL and L1p-ANPs 

were added to the media at 1, 10, and 100 µg/ml based on the L1p concentration.  The 

concentration of ANPs added to the medium corresponded to the ANP concentration of L1p-

ANPs.   

2.2.7.  Neuronal Cell Cultures 

Cerebellar granule neurons were isolated from cerebella of P6-P8 C57BL/6J mice 

and dissociated with 0.025% trypsin (Lonza) and plated at 3.3x104 cells/cm2.  The cells 

were cultured in serum-free, chemically defined medium composed of Neurobasal-A media 

(Life Technologies) supplemented 1 mg/ml BSA, 12.5 µg/ml insulin (Sigma), 100 µg/ml 

transferrin (Calbiochem), 30 nM sodium selenite (Sigma), 1% penicillin/streptomycin 

(pen/strep) (Lonza), 2 mM L-glutamine (Life Technologies), 4 nM thyroxine (Sigma), and 1x 

B27 supplement (Life Technologies) 



32 

 

Motor neurons were isolated from spinal cords of e13 – e15 C57BL/6J mouse 

embryos and dissociated with 0.01% Collagenase (Life Technologies) and 0.025% trypsin.  

Following two purifying, gradient spins with 25%/50% Opti-prep (Axis Shields) followed 

by 3% BSA, motor neurons were plated onto substrates at 3.3x104 cells/cm2.  Motor 

neurons were cultured in serum-free, DMEM/F/12 (1:1) (Life Technologies) supplemented 

with the following:  30 nM sodium selenite, 8 ng/ml hydrocortisone (Sigma), 20 nM 

progesterone (Sigma), 29 µg/ml putrescine (Sigma), 9 µg/ml insulin, 5 µg/ml transferrin, 9 

µg/ml BSA, 1% Pen/Strep, 1x B27, and 2 mM L-glutamine. 

Chick dorsal root ganglion explants (DRGs) (Charles River Laboratories, 

Wilmington, MA) were isolated from E8 chick embryos, following a protocol previously 

described[38].  In brief, chick embryos were incubated in a chamber at 37°C for 8 days.  Using 

sterilized, fine forceps, the DRGs were removed from the vertebral column and transferred 

to cold Hanks’ Balanced Salt Solution (HBSS)  without Ca2+ or Mg2+ (Lonza) and kept on ice 

until seeded onto the culture surface.  DRGs were cultured in media composed of 88% 

DMEM (Cellgro), 10% FBS (Life Technologies), 2 mM glutamine, 1% pen/strep, and 100 

ng/ml of nerve growth factor (NGF) (R&D Systems).   

2.2.8.  Cell Adhesion to Biofunctionalized ANP substrates 

To examine adhesion of cerebellar and motor neurons to substrates coated with 

L1p, L1p-ANPs, ANPs, L1-Fc and poly-L-lysine (PLL), each cell type was plated onto well 

plates treated with L1p, L1p-ANPs, ANPs, L1-Fc, and PLL.  After 4 hours, the cells were fixed 

with 2.5% glutaraldehyde, and stained with 1% toluidine blue/1%methylene blue in 1% 

borax (Sigma).  10 images were taken for each condition and the total number of cells were 

counted using ImageJ (http://rsb.info.nih.gov/ij/). 

http://rsb.info.nih.gov/ij/
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2.2.9.  Neurite Outgrowth on Biofunctionalized ANP substrates 

To examine neurite outgrowth of cerebellar neuron and motor neurons, the cells 

were fixed with 2.5% glutaraldehyde, and stained with 1% toluidine blue/1% methylene 

blue in 1% borax after 24 hours.  The samples were visualized using the KS image analysis 

system (Kontron, Zeiss, München, Germany).  To examine neurite outgrowth from DRGs, 

after 3 days, DRGs were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton-

X (Sigma), and blocked with 5% normal goat serum (MP Biomedicals) in PBS for 1 hour.  

Following blocking, DRGs were immunolabeled with anti-neurofilament-200 (Sigma) 

overnight at 4°C.  Next, DRGs were washed three times with PBS and immunostained with 

goat anti-mouse IgG-594, for 1 hour, and washed three times with PBS, and visualized using 

a Nikon epifluorescence microscope (Nikon).   

2.3.  Results 

2.3.1.  Morphology and Size of ANPs 

A representative plot of the size distribution intensity generated DLS is shown in 

Figure 2.2A.  For each sample measured, three measurements were taken and each time a 

single peak was observed, indicating the uniformity of the ANPs.  DLS measurements 

showed that the average size of ANPs was 150 ± 1.5 nm and the particles were very 

monodisperse as shown by the low PDI of 0.041 ± 0.02 (Figure 2.2B) SEM images showed 

the spherical morphology of ANPs and confirmed the DLS results showing ANPs that were 

uniform in size. (Figure 2.2C)  Following conjugation to L1p, the size of the ANPs increased 

to by 30 nm to 182 ± 4.4 nm.  L1p-ANPs had a higher PDI of 0.119 ± .01, compared to 

unconjugated ANPs, but still low, suggesting that L1p-ANPs remained monodisperse.    
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2.3.2.  L1 Peptide Conjugated to ANPs Maintains Functionality and Accessibility for 

Antibody Binding 

An ELISA was used to detect the presence of the peptide conjugated to the nanoparticles, as 

well as to determine the accessibility of the conjugated peptide.  The antibody used, 557, 

was raised against the specific region of L1 that contains the sequence of the L1p[23].  The 

results of the ELISA verified that L1p was both present and accessible for antibody binding 

as shown by increases in absorbance with an increase in adsorbed L1p-ANPs (Figure 2.3).  

The 1000 ng L1p-ANP absorbance reading was much greater compared to ANPs adsorbed 

at the same albumin nanoparticle concentration.  The results of the ELISA, combined with 

the results of the py2SH assay, indicate that L1p was successfully conjugated to ANPs and 

peptide functionality was maintained. 
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Figure 2.2. Size and morphology of ANPs A) The size distribution intensity plot generated using 
DLS indicates that ANPs are over 100 nm and uniform in size.  B) The average sizes and PDIs of ANPs 
and L1p-ANPs.  L1p-ANPs were about 20% larger than ANPs and not as uniform in size as ANPs. C)  
SEM images show that ANPs are spherical and uniform in size. ANPs: albumin nanoparticles,L1p:  L1 
peptide, DLS: dynamic light scattering, PDI:  polydispersity index 
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Figure 2.3.  L1p is functional following conjugation to ANPs.  ELISA was used to detect the 
presence and the accessibility for binding after L1p was tethered to ANPs.  The absorbance readings 
increased as the mass of L1p-ANPs increased, similar to L1p, and in contrast to ANPs.  L1p-ANPs:  L1 
peptide albumin nanoparticles, ANPs:  albumin nanoparticles, L1p:  L1 peptide 

 

2.3.3.  L1p-ANP Effects on Adhesion and Neurite Outgrowth of Cerebellar and Motor 

Neurons 

  Once the presence and functionality of L1p to ANPs had been established, the next 

step was to test the ability of L1p functionalized-ANPs to improve the neurite outgrowth 

promoting effects of L1p.  Cerebellar neurons derived from P7 mouse pups were used in 

these studies, as previous work has shown the effectiveness of both L1-Fc and an antibody 

against the sequence of L1p in promoting neurite outgrowth of cerebellar neurons[23].  Two 

concentrations of L1p-ANPs were examined and compared to L1p alone, L1-Fc, ANPs alone, 
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and PLL.  To assess adhesion, neurons were observed after 4 hours and after 24 hours in 

culture for neurite outgrowth.  Cell attachment was greatly impaired in CGNs cultured on 

substrates treated with L1p-ANPs, at both concentrations, as well as ANPs (Figure 2.4B).  

While the degree of adhesion was marginally better with L1p-ANPs presenting 100 µg/ml of 

L1p, compared to ANPs alone, adhesion was much less than that observed on L1p alone and 

PLL.  Cerebellar neuron morphology after 24 hours (Figure 2.4A) showed that in addition to 

low cell attachment on L1p-ANP and ANP substrates, only a small percentage of cells that 

did attach extended neurites (red arrows).  Additionally, cerebellar neurons cultured on 

ANPs appeared clumped together compared to cerebellar neurons cultured on other 

surfaces.  Quantification of the percent of cells that extended neurites further confirmed 

only a small percentage of cells extended neurites when grown on L1p-ANPs and ANPs 

(Figure 2.4C).    
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Figure 2.4.  Morphology, adhesion, and neuritogenesis of cerebellar neurons in the presence 
of L1p-ANPs.  A)  Cerebellar neurons after 24 hours on glass coverslips coated with PLL (100 µg/ml) 
followed by L1-Fc (10 µg/ml), L1p (100 µg/ml), L1p-ANPs (low – 50 µg/ml) or L1p-ANPS (high – 100 
µg/ml), or ANPs, which had an equivalent albumin concentration to that in high L1p-ANPs.  Neurite 
extension is indicated by red arrows.  B)  After 4 hours, adhesion of cerebellar neurons was examined 
with the fewest cells adhering to ANPs alone.  L1p-ANPs, both high and low, promoted a slight 
increase in attachment over ANPs, but much less than the background treatment of PLL.  C)  L1p-
ANPs (low and high L1p concentrations) promoted little neurite extension compared to L1p and PLL.    

 

 Since adhesion was greatly reduced when L1p-ANPs were presented adsorbed to 

the surface of PLL coated coverslips, we were curious if the soluble presentation of L1p-

ANPs would have a positive effect on neurite outgrowth, as soluble L1 has been reported to 

be effective in promoting neurite outgrowth as well as nanoparticles[39].  Two hours after 

cerebellar neurons were plated onto PLL-coated coverslips, low, medium, and high L1p-
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ANPs (1, 10, 100 µg/ml of L1p, respectively) was added to the culture media.  The same 

mass of ANPs matching that of L1p-ANPs was added as a soluble cue as well.  Similarly to 

that observed in cerebellar neurons cultured on physiosorbed L1p-ANPs, the percentage of 

cells that extended neurites in the presence of soluble L1p-ANPs, at all concentrations, was 

much less than the percent of cells that extended neurites on L1p alone (Figure 2.5A-B).  In 

comparison to neurons treated with ANPs, a higher percentage of neurons did extend 

neurites following treatment with 1 µg/ml (low), 10 µg/ml (med), and 100 µg/ml (high) of 

L1p-ANPs. 

 

Figure 2.5.  Response of cerebellar neurons to soluble L1p-ANPs.  A)  After 2 hours, cerebellar 
neurons, plated on a 100 µg/ml of PLL, were treated with varying concentrations of soluble L1p-
ANPs [low (1 µg/ml L1p), medium (10 µg/ml) or high (100µg/ml)] or corresponding concentrations 
of ANPs.  Adsorbed L1p (100 µg/ml) and L1-Fc (10 µg/ml) and PLL alone were used as controls.  The 
red arrows indicate cells that extended neurites for each condition.  B)  Quantification of the 
percentage of neurons that extended neurites.  L1p-ANPs had a higher percentage of cells that 
extended neurites, compared to ANPs alone, but not greater than that observed on PLL.    
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2.3.4.  Dorsal Root Ganglion Explants Extend Neurites on L1p-ANP Substrates in the 
Presence of Serum 

 In addition to testing the L1p-ANPs in promoting neurite outgrowth of dissociated 

cerebellar and motor neurons, we also examined how DRGs would respond to L1p-ANPs.  

DRG explants are commonly used as a model cell type for studies examining neurite 

outgrowth.  DRGs mimic more closely how cells might behave in vivo as they were not 

dissociated and were left intact with supportive cells, such as Schwann cells.  In the 

previous experiments, we used serum free media that was supplemented with B27 

(http://www.patentgenius.com/patent/6506576.html), as those culture conditions have 

been optimized for those cell types and the presence of serum may have confounded 

observations of cell responses.  We found that L1p-ANPs promoted very little cell adhesion 

of dissociated neurons.  Therefore, DRGs were cultured in serum containing media, as the 

serum proteins might assist in promoting cell attachment on substrates treated with ANPs 

and allow the cells to come in contact with L1p presented from ANPs.  Prior to coating the 

surface with L1p-ANPs or ANPs, glass coverslips were treated with oxygen plasma to 

facilitate serum protein adsorption as well as ANP adsorption, as no PLL was used for these 

studies.  DRGs were plated onto substrates coated with L1p-ANPs, ANPs, or plasma treated 

glass.  Neurite extension was observed in DRGs for each condition.  However, a qualitative 

difference in the distance of outgrowth and the density of neurites between DRGs cultured 

on L1p-ANPs and ANPs alone (Figure 2.6), demonstrating the neuritogenic effects L1p-

ANPs.  While the distance of neurite extension appeared to be similar between DRGs 

cultured on plasma treated glass only and L1p-ANPs, L1p-ANPs substrates appeared to 

generate denser neurite network.  These results point to the need to combine adhesion 

promoting factors with L1p-ANPs in order elucidate the ability of this presentation strategy 

to enhance L1p effectiveness.    
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Figure 2.6.  Neurite extension of DRGs cultured on L1p-ANPs.  Glass coverslips were oxygen-
plasma treated and L1p-ANPs (100 µg/ml L1p), ANPs were adsorbed overnight at 4°C.  DRGs were 
plated onto each substrate, cultured for 3 days in serum containing media, and immunolabeled with 
neurofilament-200 (red).  Neurites extending from DRGs cultured on L1p-ANPs appeared to be 
longer and denser compared to DRGs cultured on ANPs, demonstrating the ability of L1p-ANPs to 
promote neurite outgrowth.   

 

2.4.  Discussion 

The overall goal of these studies was to engineer a delivery system for L1 peptide 

that would improve the peptide efficacy and promote enhanced cellular behaviors of 

neuronal cells such as neurite outgrowth.  Albumin is an ideal material for nanoparticle 

applications because it is a naturally occurring protein, therefore biocompatible, and 

albumin nanoparticles have recently been approved by the FDA as a drug delivery system 

for cancer therapeutics[40].  While studies have demonstrated the usefulness of albumin 

nanoparticles in modulating cell behavior as both an adsorbed substrate[19,20,34,37] and 

soluble cue[41], the results of our studies demonstrate that neural cells, specifically 
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dissociated, murine cerebellar and motor neurons do not respond favorably.  In contrast, 

dorsal root ganglion showed improved outgrowth on L1p-ANPs compared to ANPs alone, in 

the presence of serum proteins.  Perhaps the result here was due to the presence of 

supportive cells and cell-cell contacts not present in dissociated cultures, as well as the 

serum proteins aiding cell attachment to the surface.    

Albumin nanoparticles are composed of groups of monomeric albumin that come 

together to form nanoparticles that reach sizes that are over 100 nm, in contrast to 

monomeric albumin, which is only 6 nm.  Plausibly, conjugating L1p to albumin monomers 

versus nanoparticles would attenuate the degree of non-permissiveness of the L1p-albumin 

system, as the ratio of L1p to albumin would be higher compared to L1p conjugated to a 

much larger albumin nanoparticle.  Another possible approach for converting ANPs into a 

more permissive system for neural cell attachment is to add a cationic coating to ANPs.  

Poly-L-lysine (PLL) or poly-D-lysine (PDL) is commonly used as surface coatings that 

encourage the adhesion of neurons to various surfaces[42,43].  Treating ANPs with PDL or PLL 

prior to conjugating L1p to ANPs could possibly attenuate the anti-adhesive effect of 

albumin.  Park et al. used PDL coated, growth factor loaded nanoparticles in combination 

with PGLA scaffolds to promote neuronal differentiation of PC12 cells[44].  The positive 

charge provided by PDL was pivotal in promoting PC12 adhesion.  Another study by 

Nojehdehian et al. used PLL to coat retinoic acid-loaded PLGA microspheres for nerve tissue 

engineering and observed an increase in cell adhesion with the PLL coating compared to 

uncoated microspheres[45], and the increase in surface area as a result of coating with PLL 

improved cell attachment and expansion[46].  An additional advantage to using PLL or PDL to 

coat the nanoparticles is the presence of several amine groups, which could also be used for 

the conjugation of L1p to the particles and might result in enhanced conjugation efficiency 
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of the peptide.  Studies have been underway in our laboratory to assess the effects treating 

ANPs with (PDL).  Preliminary work demonstrated that PDL treatment of ANPs reduced the 

formation of ANP aggregates, which formed following functionalization of ANPs with the 

peptide growth factor sequestering peptide, P14[47].  It is plausible that some degree of 

aggregation of L1p-ANPs occurred, as the polydispersity index increased close to a full 

order of magnitude over ANPs alone, which would increase the effective surface area of 

non-permissive albumin, further reducing the effectiveness of L1p.  Thus, PDL treatment 

would serve to promote cell adhesion and as an aid for maintaining a uniformity of ANPs. 

Our studies show that L1-Fc promotes significantly better adhesion and outgrowth 

compared L1p with and without ANPs.  The data suggests that larger protein fragments of 

L1 are better suited for promoting adhesion and outgrowth of the neural cells tested within 

our system.  Our initial goal aimed to determine the minimal effects of neural cell adhesion 

molecules, such as L1, presented from non-permissive substrates previously shown to 

maximize ligand function.  However, we observed that L1p-ANPs were significantly less 

effective in promoting neuronal adhesion, despite the presence of PLL, in contrast to L1-Fc.  

As a result, we shifted our efforts to using protein fragments and focused on multimeric 

presentation larger fragments.  To this end, the remaining work described within this thesis 

utilized L1-Fc, which is a fusion protein composed of the extracellular domain of human L1 

and the Fc region of human IgG1.  L1-Fc contains several sequences involved in L1-

mediated cell attachment, neurite outgrowth, and survival in contrast to the peptide.  Co-

conjugation of L1p with other, more adhesive peptides could also prove to be beneficial in 

overcoming the non-permissiveness of albumin nanoparticles.  Peptides such as RGD or 

fragments such as fibronectin type III 9-10, which bind to α5β1 integrins, have been shown 
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to promote cell adhesion, onto non-permissive substrates, when coated with fibronectin 

type III 9-10 alone or conjugated to albumin nanoparticles[37]. 

In summary, albumin nanoparticles functionalized with L1-derived peptides were 

investigated for their ability to promote enhanced neurite outgrowth of neuronal cells, with 

the intention of translating the system for use with human embryonic stem cell-derived 

neural stem cells.  Albumin nanoparticles were selected as the carrier of L1 peptides as a 

way to present the peptides in a clustered manner, which was hypothesized to enhance the 

exposure of L1 peptides to further increase peptide-receptor binding, leading to enhanced 

cells responses such as neurite outgrowth.  Based on results from several in vitro 

experiments, the albumin nanoparticle system is not the ideal approach for presenting L1 

peptides to neuronal cells.  Both cell attachment and neurite outgrowth of dissociated 

primary neurons were greatly reduced when cultured on L1p-ANPs.  In contrast, larger L1 

derivative, L1-Fc, promoted enhanced neurite outgrowth, indicating the need to display 

large fragments of L1 from alternative substrates.  Because small nanoparticles are not 

ideally suited to display such large protein fragments (MW of L1-Fc is 200 kDa), an 

alternative approach for presenting L1 was explored and is discussed in Chapter 3 of this 

dissertation.    
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Chapter 3 

Oriented, multimeric biointerfaces of the L1 cell adhesion molecule:  An approach to 

enhance neuronal and neural stem cell functions on 2-D and 3-D polymer substrates 

 

Note:  This chapter is reproduced from the following publication:  Cherry JF, Carlson AC, 
Benarba FL, Sommerfeld S, Verma D, Loers G, Kohn J, Schachner M, Moghe PV.  
Oriented, multimeric biointerfaces of the L1 cell adhesion molecule:  An approach to 
enhance neuronal and neural stem cell functions on 2-D and 3-D polymer substrates.  
Biointerphases, 2012.  7(1-4):22. 

 

Abstract 

This article focuses on elucidating the key presentation features of neurotrophic 

ligands at polymer interfaces.  Different biointerfacial configurations of the human neural 

cell adhesion molecule L1 were established on two-dimensional films and three-

dimensional fibrous scaffolds of synthetic tyrosine-derived polycarbonate polymers and 

probed for surface concentrations, microscale organization, and effects on cultured primary 

neurons and neural stem cells.  Underlying polymer substrates were modified with varying 

combinations of protein-A and poly-D-lysine to modulate the immobilization and 

presentation of the Fc fusion fragment of the extracellular domain of L1 (L1-Fc).  When 

presented as an oriented and multimeric configuration from protein A-pretreated polymers, 

L1-Fc significantly increased neurite outgrowth of rodent spinal cord neurons and 

cerebellar neurons as early as 24 hours compared to the traditional presentation via 

adsorption onto surfaces treated with poly-D-lysine.  Cultures of human neural progenitor 

cells screened on the L1-Fc/polymer biointerfaces showed significantly enhanced neuronal 

differentiation and neuritogenesis on all PA oriented substrates.   Notably, the highest 

degree of β-III-tubulin expression for cells in 3-D fibrous scaffolds were observed in 
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protein-A oriented substrates with PDL pretreatment, suggesting combined effects of cell 

attachment to polycationic charged substrates with subcellular topography along with L1-

mediated adhesion mediating neuronal differentiation.  Together, these findings highlight 

the promise of displays of multimeric, neural adhesion ligands via biointerfacially 

engineered substrates to "cooperatively" enhance neuronal phenotypes on polymers of 

relevance to tissue engineering. 

3.1.  Introduction 

Neurodegenerative diseases and traumatic injuries can cause irreversible damage to 

the central nervous system (CNS), resulting in a significant deficit in motor and sensory 

function due to a limited endogenous capacity for regeneration and targeted axonal 

regrowth[1].  An ideal strategy for CNS repair would promote regrowth/sprouting, neuronal 

survival, synaptogenesis, and remyelination of host axons while stimulating transplanted 

exogenous neural cells to survive, migrate, and integrated within host tissue[2].  Engineered 

biomaterials involving specific neural cell adhesion ligands have been recently explored for 

their ability to support neurite outgrowth and neuronal differentiation relevant for CNS 

repair[3,4].  However, the effective integration of neuronal bioactivity along with 

transplantable substrate designs remains a major challenge.  Conventional bioactive or 

biomimetic substrates for neural engineering applications have presented peptides, 

extracellular matrix proteins, growth factors, and cell adhesion proteins[5-9]. 

A key adhesion ligand for promoting neuronal survival and differentiation, as well 

as regeneration after trauma is the neural cell adhesion molecule L1. L1 is a transmembrane 

glycoprotein of the immunoglobulin superfamily that also shares several binding domains 

with fibronectin[10].  L1 acts through homophilic (L1-L1) interactions, as well as heterophilic 

interactions[11-13] and plays a critical role in neural cell adhesion[14-16], neurite fasciculation, 



50 
 

neuronal protection[17,18], synaptic plasticity, axonal outgrowth and adhesion[19], 

subcellular synapse organization and cell migration[20,21].  It is expressed on the cell surface 

of postmitotic neurons in the CNS and peripheral nervous system (PNS), as well as Schwann 

cells in the PNS[22].  L1 has also been shown to improve functional recovery and improved 

corticospinal tract regrowth following spinal cord injury in mice[23]. 

The role of L1 in neuronal differentiation of neural stem cells has also been 

investigated.  Primary mouse neural stem cells demonstrated enhanced neuronal 

differentiation and decreased astrocyte differentiation when cultured on substrates 

pretreated with L1-Fc or fibroblasts engineered to express L1-Fc, compared to poly-D-

lysine and laminin-treated surfaces[24].  Additionally, L1-Fc treated surfaces primarily 

promoted GABAergic differentiation over other cell types, suggesting that L1 can influence 

neuronal subtype specification in the absence of growth factors[24].  In another study, L1-

transfected mouse embryonic stem cells exhibited enhanced process extension and 

migration in comparison to non-transfected stem cells when injected into a spinal cord 

lesion site, which induced enhanced recovery of function[25].  Both studies demonstrate that 

L1 promotes neuronal versus astrocytic differentiation of stem cells.   

Despite the widespread interest in the biological activity of L1, mechanisms and 

approaches for optimally presenting L1 from biomedically relevant materials for cell 

transplantation remain to be systematically examined.  A variety of materials of natural and 

synthetic origin, have been previously shown to promote adhesion, proliferation, neurite 

extension, and neuronal differentiation of neural cells in vitro and in vivo[26-28]. Synthetic 

polymer based biomaterial scaffolds have the added advantage of controlled chemistries, 

resulting in graded mechanical properties and degradation rates, which can all influence 

protein adsorption, adhesion ligand presentation, and cell behavior[29,30].  Synthetic polymer 

based scaffolds are also amenable to specific presentation of bioactive cues that can 
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promote neurite outgrowth and neuronal differentiation, including growth factors and ECM 

proteins[31,32].  Various scaffold configurations have also been proposed including conduits, 

porous polymer scaffolds, hydrogels, and fibers.[27,28,30]  Electrospun fibrous substrates in 

particular exhibit high surface area and porosity, controllable geometric features, and the 

ability to elicit contact guidance cues for neurite orientation and while recapitulating the 

topography of native extracellular matrix[33,34].   

In this study, we combined both 2-D and 3-D substrate configurations fabricated 

from biodegradable synthetic polymers, with the goal of modulating controlled surface 

presentation of the neural adhesion molecule L1. Polymer films (2-D) and fibrous polymer 

scaffolds (3-D) were fabricated from tyrosine-derived polycarbonates, a combinatorial 

library of degradable polymers with tunable mechanical properties, surface properties, and 

degradation rates[35,36].  Specifically, the base monomer poly(desaminotyrosyl tyrosine ethyl 

ester carbonate) (poly(DTE carbonate)) can be copolymerized with variable amounts of 

desaminotyrosyl tyrosine (DT) and/or poly(ethylene glycol) (PEG), resulting in polymers 

with similar structures but variable degradation rates and protein adsorption properties.  

We used three different approaches to establish biointerfaces of L1-Fc:  1) the conventional 

adsorption of L1-Fc onto substrates pretreated with poly-D-lysine, 2) presentation of L1-Fc 

from substrates pretreated with PDL and protein A and 3) presentation of L1-Fc from 

substrates pretreated with protein A alone.  We hypothesized that the presentation of L1-Fc 

via substrate-coated protein A would promote the outward display of surface-bound L1-Fc, 

while presenting L1-Fc in a more optimal, physiologically-relevant manner, compared to the 

random orientation of L1-Fc/PDL coated substrates.  We report that multimeric 

presentation of L1-Fc via binding to protein A enhanced adhesion and neurite outgrowth in 

2-D configurations and that this effect was also replicated in a 3-D configuration, consisting 

of aligned scaffolds of polymer fibers biofunctionalized with L1-Fc.  This is also the first 
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report of effects of substrate biofunctionalized L1 on human neural progenitor cell 

behavior. 

3.2. Materials and Methods 

3.2.1.  Biointerfaces on Polymer Thin Films 

 A 1% (w/v) poly(DTE-co-10% DT-co-1% PEG1k carbonate) polymer solution was 

prepared by dissolving the polymer in tetrahydrofuran (THF) (Sigma-Aldrich, St. Louis, MO, 

USA) overnight at room temperature.  The polymer solution was then filtered using a 0.45 

µm Whatman pTFE filter and spin-coated onto 12 mm coverslips.    The thin films were 

dried for at least 24 hours under vacuum and UV sterilized for 15 minutes, prior to coating 

with proteins.    The thin films were then coated with 100 µg/ml of poly-D-lysine (PDL) (70-

150 kDa; Sigma-Aldrich) for 1 hour at room temperature.  After three washes with 

ultrapure water, the films were coated with 1.25 µg/ml of protein A (PA) (Invitrogen, 

Carlsbad, CA, USA) for 1 hour at room temperature.  Following three washes with ultrapure 

water, the films were coated with 2, 10, or 50 µg/ml of human L1-Fc (R&D Systems, 

Minneapolis, MN, USA) overnight at 4°C.  L1-Fc is the fusion of the Fc region of human IgG1, 

which contains two disulfide bonds, to two extracellular domains of human L1.   For 

controls, the thin films were kept hydrated with phosphate buffered saline (PBS, Lonza, 

Walkersville, MD, USA) overnight.  Prior to seeding the cells, the films were washed three 

times with PBS and used immediately.  The resulting conditions were as follows:  L1-

Fc/PDL, L1-Fc/PA/PDL, and L1-Fc/PA and the corresponding controls. 

3.2.2.  Verification of L1-Fc Functionality  

Enzyme-linked immunosorbent assay (ELISA) was used to determine the presence 

of L1-Fc on different substrates.  Each substrate was prepared as described above.  Next, the 

thin films were washed in PBS one time for 2 minutes and treated with a blocking solution 
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composed of 1% bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA), in PBS for 

1.5 hours at room temperature.  After one wash for 2 minutes in PBS, the samples were 

incubated with a monoclonal mouse anti-L1 antibody, clone L1.1 (1µg/ml) (Invitrogen), 

specific for the extracellular domain of human L1 for 1.5 hours and washed three times for 

5 minutes each with PBS containing 0.05% Tween-20 (PBST).  The substrates were then 

treated with the secondary antibody, alkaline phosphatase conjugated-goat anti-mouse IgG 

antibody (Sigma-Aldrich) for 1.5 hours at room temperature.  Following three, 5 minute 

washes with PBST, the substrates were reacted with alkaline phosphatase yellow (pNPP) 

liquid substrate (Sigma-Aldrich) for up to 30 minutes in the dark at room temperature.  The 

reaction was stopped with 3 N NaOH and the substrates were read on an absorbance plate 

reader at 405 nm.  The absorbance readings were used to assess the presence of L1-Fc on 

each substrate compared to the respective controls. 

3.2.3.  Quantification of Protein Layer on Polymer Thin Films 

Deposition of polypeptide and proteins layers on polymer thin films was measured 

using a quartz crystal microbalance with dissipation (QCM-D) (Qsense E4, Biolin Scientific, 

Linthicum Heights, MD, USA). Polymer thin film substrates using gold-coated sensor crystals 

(QSX301, Biolin Scientific, Linthicum Heights, MD, USA) were prepared as described above 

using spin coating except dioxane (Fisher Scientific, Pittsburgh, PA, USA) was used as the 

solvent. Prior to measurement, the polymer coated sensor crystals were equilibrated in PBS 

for at least 1 hour at 37°C to establish a stable baseline.  Subsequently, PDL (100 µg/ml), PA 

(20 µg/ml) and L1-Fc (10 µg/ml) were perfused through the flow system for 30 minutes at 

a flow rate of 24.2 µl/min.  The deposition of each layer was followed by a PBS wash for at 

least 30 minutes. Control experiments were conducted replacing deposition of respective 

layer with PBS perfusion. The frequency and dissipation were measured during each 

experiment. For raw data analysis the fifth overtone (25 MHz) was used. Hydrated mass per 
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surface area of L1-Fc was modeled from the frequency and dissipation of the fifth and 

seventh overtone according to the Voigt model (Q-tools software)[37].  From the information 

obtained from the Voigt model and the bulk L1-Fc concentration applied to the crystals, the 

percent of L1-Fc deposited onto each thin film was also determined.    

3.2.4.  AFM Analysis of Biointerfaces on Thin Films 

Atomic force microscopy (AFM) was utilized to visualize of L1-Fc spatial 

distribution and the thickness of each thin film.  Each thin film was prepared as described 

above.  Next, films were blocked in a blocking solution of 1% BSA in PBS for 30 minutes at 

room temperature.  Following three washes with PBS, the substrates were treated with the 

L1.1 antibody (1µg/ml) for 30 minutes.  The substrates were washed three times with PBS 

and incubated with Nanogold® goat anti-mouse IgG antibody (1:40 dilution) (Nanoprobes, 

Yaphank, NY, USA) for 30 minutes.  To amplify the gold signal, thin films were treated for 5 

minutes with a silver enhancement kit, which would increase the gold particle size from 30-

100 nm, depending on treatment time (LI Silver Enhancing Kit, Invitrogen).  We chose to 

use the shortest treatment time possible as large variability in particle size has been shown 

to increase with time[38].  The samples were then washed with ultra-pure water and air 

dried in a desiccator overnight prior to AFM imaging.  AFM height images in tapping mode 

were collected using a Multimode AFM having a Nanoscope-IIIa controller equipped with a 

J-type piezo scanner (Veeco Metrology Group, Santa Barbara, CA, USA).    

3.2.5.  Fibrous Polymer Scaffold Fabrication and Characterization 

Fibrous scaffolds were fabricated by electrospinning poly(DTE-co-10% DT-co-1% 

PEG1k carbonate).  An 18% (w/v) solution was prepared by dissolving the polymer in glacial 

acetic acid (Fisher) overnight at room temperature.  Fibrous scaffolds were produced by 

flowing the polymer solution through an 18-gauge needle at a flow rate of 1 ml/hr, 
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controlled by a programmable syringe pump (KD Scientific, Holliston, MA, USA).  A voltage 

of +24kV was applied to the needle by a 30 kV dual polarity power supply (Gamma High 

Voltage Research, Inc, Ormond Beach, FL, USA) and the fibers were collected on a rapidly 

rotating mandrel spaced 18 cm from the needle.  The scaffolds were allowed to dry under 

vacuum for at least 3 days and were UV sterilized for 30 min prior to protein treatment and 

cell culture.   

 Surface morphology of the electrospun scaffolds was observed on an AMRAY 1830 

I scanning electron microscope (SEM).  Samples for SEM imaging were dried under vacuum, 

and sputter-coated with gold-palladium[39].  Imaging was performed at 20 kV acceleration 

potential.  Quantification of the fiber diameter distribution was based upon measurement of 

100 individual fibers in either 1000x SEM images using NIH-ImageJ software 

(http://rsb.info.nih.gov/ij/). 

 Fiber alignment was quantified from SEM images using ImageJ, similar to a 

previously described method[40].  Briefly, ImageJ was used to measure the angle of 

alignment of each fiber in a given SEM image and the angle difference between each fiber 

and the mean fiber angle was calculated.  This data is shown as a histogram of angle 

differences.  The alignment of at least 100 fibers was measured. 

3.2.6.  Primary Neuronal Cell Cultures 

Spinal cord neurons (SCNs) were obtained following a protocol that was adopted 

and modified from what was previously described[41], using embryonic day 15 rat embryos 

obtained from pregnant Sprague-Dawley rats (Taconic, Germantown, NY, USA).  The spinal 

cord neurons were cultured in serum free neurobasal medium (Invitrogen) supplemented 

with 1x B27 supplement (Invitrogen), 2mM glutamine (Invitrogen) and 1% 

penicillin/streptomycin (Lonza) and maintained for 24 hours.   

http://rsb.info.nih.gov/ij/
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Cerebellar neurons (CNs) were obtained from P8 Sprague-Dawley rat pups, following 

a protocol previously described[42].  The cells were cultured in serum free neurobasal-A 

medium (Invitrogen), supplemented with 1x B27 supplement, 25mM KCl, 2mM glutamine, 

and 1% penicillin/streptomycin.   

3.2.7.  Quantification of Neurite Outgrowth 

For neurite outgrowth studies of spinal cord neurons and cerebellar neurons, both 

cell types were plated at 2x104 cells/cm2 onto thin films or 3.1x104 cells/cm2 onto scaffolds 

pretreated with different L1-Fc presentations and controls.  The cells were fixed and 

immunostained with mouse monoclonal β-III-tubulin (clone TUJ1, Covance, Berkeley,CA, 

USA) after 24 hours in culture.  For each condition, 10 fields of view at 40x magnification 

were imaged using a Leica TCS.SP2 confocal microscope system (Leica Microscope, Exton, 

PA). For image analysis, total neurites were measured using NIH-ImageJ imaging software.  

Only neurites that were equal to or greater than the diameter of a cell body were measured.  

In the case of SCNs, the average length of the longest neurite was also measured for cells 

with multiple membrane processes.   

3.2.8.  Functional Blocking Assays of Cell Adhesion and Neurite Outgrowth 

To determine if L1-Fc presentation affected the availability of different binding sites, 

we investigated how blocking interactions between substrate bound L1-Fc and cellular L1 

or αvβ3 integrin receptors influenced neurite outgrowth and cell attachment.  To block L1-

L1 homophilic interactions, each substrate was treated with 50 µg/ml of anti-L1 antibody, 

clone L1.1 or mouse IgG1 isotype control (R&D Systems), for 1 hour, prior to seeding SCNs.  

In order to competitively inhibit the interaction between L1 and αvβ3, SCNs were treated 

with various concentrations of cyclic RGD (cyclo-RGDfV) peptide (Peptides International, 

Louisville, KY, USA) for 1 hour prior to plating the cells onto the different L1-presenting 
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substrates.  SCNs were cultured for 24 hours, immunostained with β-III-tubulin, and 

analyzed for cell attachment and neurite outgrowth.  For each metric, 10 fields of view were 

taken for each condition and the number of nuclei for each view was counted or neurites 

were measured using NIH-ImageJ imaging software.  

3.2.9.  hESC-Derived Neural Progenitor Cell Culture and Differentiation 

ENStem-A neural progenitor cells (NPCs) were purchased from Millipore (Millipore, 

Temecula, CA, USA).  These neural progenitor cells were derived from NIH approved H9 

human embryonic stem cells (hESCs).  For cell expansion and maintenance, NPCs were 

cultured in 6 cm culture dishes coated with ¼x  stock Matrigel (BD Biosciences, Franklin 

Lakes, NJ, USA) in ENStem-A neural expansion medium (Millipore) at 37°C in 5% CO2.  

Medium was changed every 2 days and cells were passaged, by mechanical dissociation, 

once they reached 90-95% confluence (every 4-5 days) at a ratio of 1:2 or 1:3.   

 NPC differentiation was initiated once the cells reached about 85-90% confluence, 

by removing  ENStem-A medium, washing two times with warm neurobasal medium,  and 

replacing the medium with neural differentiation medium (NDM) composed of neurobasal 

medium, 1x B27 supplement, 2mM glutamax (Invitrogen), 1% penicillin/streptomycin.  

After four days in NDM, the cells were passaged with Accutase (Invitrogen) and plated on 

L1-Fc coated thin films and scaffolds at a density of 6.25x104 cells/cm2 or 2x104 cells/cm2, 

respectively and allowed to differentiate for 7 days, with medium changes every two days.   

3.2.10.  Immunocytochemistry of Neuronal Phenotypes 

  After 24 hours (SCNs or CNs) or 7 days (NPCs), culture medium was removed and 

the cells were fixed in 4% paraformaldehyde for 20 minutes at room temperature and then 

washed three times with PBS.  The cells were then permeabilized with 0.1% Triton-X, 
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followed by three PBS washes.  To prevent non-specific antibody binding, the samples were 

blocked with 5% normal goat serum (MP Biomedicals, Solon, OH, USA) in PBS (blocking 

buffer), for 1 hour at room temperature.  Primary antibodies were then diluted in the 

blocking buffer and applied to the samples overnight at 4°C.  Following the removal of the 

primary antibody, the cells were washed three times, for 20 minutes each time, and the 

secondary antibodies, along with 1 µg/ml of Hoechst 33258 (Sigma-Aldrich) were diluted in 

blocking buffer and applied for 1 hour at room temperature, followed by three, 20 minutes 

washes with PBS.  Primary antibodies mouse anti-β-III-tubulin and mouse anti-nestin 

(IgG1) (Millipore) followed by isotype specific Alexa Fluor 488, 594, or 647 goat-anti mouse 

secondary antibodies (Invitrogen) were used for the studies. 

3.2.11.  Statistical Analysis 

The data is expressed as mean ± the standard error of the mean.  Variance of 

analysis using one-way ANOVA was used followed by post hoc means comparison with 

Tukey’s test.  Differences between conditions were considered statistically significant with 

p values < 0.05.  All data represents three independent experiments performed in duplicate.   

3.3.  Results 

3.3.1.  Protein A Coated Polymer Films Support Increased Surface Adsorption of L1-Fc 

The relative amount of the neuritogenesis-promoting domain exposed within L1-Fc 

adsorbed onto polymer thin films treated with PDL, PA/PDL, or PA was determined by 

ELISA (Figure 3.1A).  We examined three different concentrations (2 µg/ml, 10 µg/ml, and 

50 µg/ml) to characterize L1-Fc epitope exposure on the surface using multimeric versus 

random modes of presentation.  ELISA results showed increased and dose-dependent L1-Fc 

increased exposure of the neuritogenesis-promoting epitope on PA containing substrates 

compared to PDL controls. These results support a more outward display of L1 on PA-
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treated substrates, given the nature and location of antibody binding epitopes within the N-

terminal, first and second Ig-like domains of the ectodomain of L1[43]. 

 The amount of L1-Fc adsorbed on the polymer thin films was quantified using QCM-

D.  Representative QCM-D plots of frequency over time show subsequent frequency drops 

indicating deposition of PDL, PA, and L1-Fc, respectively (Figure 3.1B). An average 

frequency change for the deposition of PDL of Δf = -9 ± 0.9 Hz was observed. The frequency 

change for the deposition of PA was higher for surfaces with prior PDL deposition with Δf= -

15 ± 0.3 Hz as compared to Δf= 7 ± 4.1 Hz for PA on uncoated polymer surfaces.  For both 

PDL and PA, only small changes of dissipation were observed with ΔD < 10.  Deposition of 

L1-Fc subsequent to deposition of PA and PDL led to much larger changes of -70 ± 17.3 Hz  

and a dissipation change of ΔD = 8 ± 3.4. The hydrated mass per surface area of L1-Fc was 

calculated using the Voigt model for all conditions (Figure 3.1C). The Voigt mass of L1-Fc 

was highest with m = 2.8 ± 0.84 μg/cm2 subsequent to coating the polymer surface with 

both PDL and PA. A slightly lower mass of L1-Fc was deposited on the polymer surface 

treated only with PA with m = 1.9 ± 0.56 μg/cm2. In comparison, the deposited mass of L1-

Fc onto the exclusively PDL treated polymer surfaces was even lower with m = 0.8 ± 0.15 

μg/cm2.    The percent of L1-Fc deposited onto the surface from the added bulk ligand 

concentration is shown in (Figure 3.1D).  The results of the ELISA and QCM-D studies 

confirm that PA-based presentation of L1-Fc results in increased levels of L1-Fc adsorption 

onto the polymer thin films.    
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Figure 3.1.  Presentation of L1-Fc by protein A results in enhanced L1 adsorption and 
improved directed presentation of L1-Fc.  (A)  ELISA was used to determine the relative amounts 
of L1-Fc on the polymer thin films treated with and without PA.  L1-Fc (2, 10, 50 µg/ml) was 
adsorbed on PDL with and without PA (PDL, PA/PDL) or PA alone (PA).  (B) Representative QCM-D 
plots of frequency versus time: L1-Fc deposition on PDL (red); PA/PDL (blue), and PA (green).  (C) 
Voigt mass of L1-Fc deposition modeled from QCM-D data subsequent to PDL, PA/PDL, or PA 
deposition.  (D) The percent of L1-Fc adsorbed onto each surface during the QCM-D, from a bulk 
concentration of 10 µg/ml of L1-Fc.  PDL:  poly-D-lysine.  PA:  protein A.  (* denotes p<0.05).   

 

3.3.2.  Spatial Distribution of L1-Fc when Presented on PDL and Protein A 

We hypothesized that L1-Fc presentation was multimeric and oriented on PA coated 

polymer thin films (Figure 3.2B) compared to a more randomly, oriented presentation on 

PDL coated polymer films (Figure 3.2A). Atomic force microscopy, using dry tapping mode, 

was used to quantify the spatial distribution, substrate thickness, and relative sizes of L1 

complexes using gold-conjugated antibodies and silver counterstaining.  L1-Fc adsorbed 
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onto PDL resulted in complexes diffusely distributed on the thin films with a surface 

thickness of 23.5 ± 1.9 nm.  L1-Fc presented from PDL and PA or PA alone also resulted in 

diffusely distributed L1-Fc protein complexes with surface thicknesses 23.5 ± 1.8 nm and 

23.2 ± 1.5 nm respectively (Figure 3.2C).  While there was no difference in the thickness of 

each substrate, which was a result of adsorbed L1-Fc complexed with the primary and gold-

conjugated-silver enhanced secondary antibodies, it was clear that PA-presented L1-Fc 

resulted in increased L1-Fc adsorbed to the surface, as is indicated by the increase in the 

density of the complexes in the two-dimensional images and three-dimensional images of 

substrate topography (Figure 3.2C).  We also measured the width of the protein complexes 

using the cross-sectional profiles of the complexes shown in the third column of Figure 3.2C.  

Thin films of L1-Fc/PDL exhibited well-defined peaks indicative of less aggregation, 

whereas L1-Fc presented from PA/PDL or PA alone resulted in peaks that were wider and 

less defined, suggesting the close apposition of multiple complexes, and greater density that 

is consistent with increased surface concentrations of L1-Fc quantified via ELISA in Figure 

3.1A. 
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Figure 3.2.  Differentially treated polymer films alter surface presentation of L1-Fc. (A) 
Schematic representation of how L1-Fc might randomly orient when coated onto a layer of 
PDL.  (B) PA presentation will result in four L1-Fc molecules per PA molecule[68]enabling the 
multimeric, oriented presentation of L1-Fc.  (C) AFM images (1x1 µm2, two and three dimensional) 
and cross-sectional profiles of the protein complexes, which correspond to the lines drawn on the 
images of thin polymer films coated with L1-/Fc/PDL, L1-Fc/PA/PDL, or L1-Fc/PA.  Thin films in 
which L1-Fc is presented from PA revealed increased in L1-Fc adsorption as shown by the increase in 
protein complexes in the 2-D and 3-D images.  PA presented L1-Fc resulted in cross-sectional profiles 
with wider peaks compared to L1-Fc adsorbed on PDL.  A summary of the thickness of the thin films 
and the width of the protein complexes is shown in the tables to the far right.  PDL:  poly-D-lysine.  
PA:  protein A.  (* denotes p<0.05 compared to both PDL and PA/PDL controls, § denotes p<0.05 
compared to PA control, # denotes p<0.05 compared to the L1-Fc/PDL condition). 
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3.3.3.  Multimeric L1 Presentation Enhances Neurite Outgrowth of Cultured Neurons 

on 2-D Films 

Spinal cord neurons (SCNs) were cultured on variable L1-Fc configurations for 24 

hours (Figure 3.3A-3.3C).  At increasing concentrations of L1-Fc, L1-Fc elicited longer 

neurite extensions of SCNs when presented on PA containing films compared to thin films 

only coated with PDL (Figure 3.3A).  The average SCN neurite lengths on the L1-deficient 

controls PDL, PA/PDL, and PA averaged around 53 ± 2.4 µm (Figure 3.3B) and were 

comparable to 2 µg/ml of L1-Fc presented from PDL and PA/PDL.  In contrast, the earliest 

significant increase in neurite length (75.9 ± 8.4 µm) was elicited by 2 µg/ml of L1-Fc 

presented from PA alone.  Increased L1-Fc concentrations progressively elicited enhanced 

neurite extension.  Both L1-Fc/PA/PDL and L1-Fc/PA promoted increased neurite lengths 

on 10 µg/ml (145.1 ± 12.1 µm and 154.8 ± 12.7 µm, respectively) and 50 µg/ml (186.4 ± 5.5 

µm and 182.8 ± 13.4 µm, respectively) of L1-Fc in comparison to the PDL/L1-Fc substrates 

(73.4 ± 4.5 µm and 93.1 ± 10.3 µm).  These results show that 1) PA presentation greatly 

improves L1-Fc mediated neurite outgrowth of spinal cord neurons and 2) PDL does not 

additionally contribute to enhanced cell attachment or extensions when L1-Fc is presented 

from PA.   

Cell-L1 binding has been reported to be cell type specific[44].  Therefore, we also 

examined how a different source of neurons, namely cultured cerebellar neurons (CNs), 

responded to variable L1-Fc presentation after 24 hours.  Similar to the observation with 

SCNs, polymer films where L1-Fc was presented via PA/PDL or PA alone promoted 

enhanced neurite outgrowth (112 ± 5.8 µm and 115.3 ± 7.8 µm, respectively) when 

compared to L1-Fc coated onto PDL (82.4 ± 6.6 µm) (Figure 3.3E).  In addition, CNs grown 

on L1-Fc/PA extended thinner, finer neurites compared to thicker extension observed on 
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L1-Fc/PA/PDL surfaces (Figure 3.3D) suggesting that PDL may have a modest cooperative 

influence over neurite adhesion for cerebellar neurons. 

3.3.4.  Multimeric L1 Presentation Enhances Neurite Outgrowth of Cultured Neurons 

in 3-D, Fibrous Substrates 

Next, neurite extension was examined on fibrous scaffolds fabricated from poly(DTE 

carbonate) polymer, combined with fiber-based multimeric L1-Fc presentation.  Scaffolds 

with aligned fiber orientation were designed to promote directional neuronal cell 

growth,[45,46] fabricated by electrospinning and visualized using SEM.  The morphology of 

the aligned scaffolds is shown in Figure 3.4A, where the average fiber diameter was found 

to be 1.25 ± 0.5 µm.  The alignment quantification of the fibers demonstrates that the 

scaffolds have a high degree of fiber alignment, with the predominant fiber counts falling at 

an angle difference of 0 degrees, the fiber axis parallel to the reference line (Figure 3.4B).  

All scaffolds treated with L1-Fc showed extensive neurite outgrowth along the direction of 

the aligned fibers (Figure 3.4C).  However, L1-Fc/PA/PDL and L1-Fc/PA promoted 

significantly longer neurite outgrowth (99.5 ± 5.2 µm and 103 ± 6.7 µm, respectively) 

compared to PDL/L1-Fc (71.8 ± 5.1 µm) and the controls (Figure 3.4D).   As observed with 

SCNs, all presentations of L1-Fc resulted in directional growth of CNs, but enhanced 

neuritogenesis was observed on L1-Fc/PA/PDL (97.04 ± 5.6 µm) or L1-Fc/PA (104.88 ± 9.1 

µm) presenting scaffolds as well (Figure 3.4E-3.4F). 
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Figure 3.3.  Protein A presentation of L1-Fc enhances neurite outgrowth in spinal cord and 
cerebellar neurons.  (A) Spinal cord neurons (SCNs) were plated on L1-Fc adsorbed onto PDL (L1-
Fc/PDL), a combination of PDL and PA (L1-Fc/PA/PDL), and PA alone (L1-Fc/PA), as well as control 
surfaces that did not contain L1-Fc.  SCNs cultured for 24 hours on L1-Fc/PA/PDL or L1-Fc/PA 
extended longer neurites compared to those on L1-Fc/PDL treated films.  At 2 µg/ml, L1-Fc/PA was 
the only condition in which neurites were longer compared to the controls, suggesting that PA 
promoted more L1-Fc adsorption to this surface, making small amounts of L1-Fc effective. (B) 
Quantification of the average total neurite outgrowth indicated that on 10  or 50 µg/ml of L1-Fc, 
there was no significant difference in outgrowth between the two conditions in which L1-Fc was 
presented from protein A (with or without PDL).  (C) Quantification of the average length of the 
longest neurite per cell.  (D) Morphology of cerebellar neurons that were seeded onto the same 
substrates listed above, where 10 µg/mL of L1-Fc was used. (E) Substrates in which L1-Fc was 
presented using PA resulted in enhanced neurite outgrowth of cerebellar neurons compared to 
neurons cultured on L1-Fc presented from PDL.  Scale bar = 75 µm.  PDL:  poly-D-lysine.  PA:  protein 
A.  (* denotes p<0.05, ** denotes p<0.01). 

 

 



66 
 

3.3.5. Role of L1-L1 Homophilic Cell-Substrate Adhesion Underlying Neurite 

Outgrowth on Multimeric L1 Films 

To establish that the multimeric L1-Fc presenting films engendered L1 cell receptor-

mediated adhesion, each surface was treated with a monoclonal antibody against L1 prior 

to plating spinal cord neurons. A significant reduction in neurite outgrowth of SCNs 

cultured on L1-Fc/PA/PDL and L1-Fc/PA treated surfaces in the presence of the anti-L1 

antibody was observed, with a more pronounced inhibition seen in the L1-Fc/PA condition.  

Given that L1 multimeric exposure is differentially more amenable to inhibition on L1-

Fc/PA substrates indicates a more potent role for L1-L1 adhesion underlying neurite 

outgrowth of SCNs cultured on L1-Fc/PA compared to L1-Fc/PDL (Figure 3.5A).  In the case 

of SCNs cultured on L1-Fc/PDL, neurite outgrowth was also reduced in the presence of the 

anti-L1 antibody, however not as markedly as on the other substrates (Figure 3.5B), 

suggesting that the binding epitopes on L1 are not as accessible for SCN binding when L1-Fc 

is adsorbed onto PDL treated films.  Thin films treated with the isotype control resulted in 

SCNs with a similar morphology to SCNs cultured on untreated thin films.  Additionally, we 

examined specific binding of the Fc region of L1-Fc to protein A by blocking the Fc region of 

L1-Fc with an anti-Fc antibody.  Neurite outgrowth was greatly reduced in spinal cord 

neurons cultured on L1-Fc/PA/PDL and L1-Fc/PA surfaces, but not on L1-Fc/PDL treated 

surfaces, suggesting that L1-Fc is oriented in a specific manner when coupled with protein A 

(data not shown). 
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Figure 3.4.  Protein A-presented L1-Fc increases neurite outgrowth in aligned, polymeric 
scaffolds.  (A) Morphology and fiber diameter of aligned scaffolds that were fabricated by 
electrospinning.  (B)  Histogram depicting the degree of fiber alignment of the scaffolds.  (C)  Spinal 
cord neurons (SCNs) were plated onto scaffolds treated with L1-Fc presented from PDL, PA/PDL, or 
PA alone, as well as control surfaces that did not contain L1-Fc.  PA presented L1-Fc results in longer 
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neurite lengths when cultured on aligned scaffolds.  Neurons cultured on 10 µg/ml L1-Fc passively 
adsorbed onto the fibers extended longer neurites than on the PDL control.  The three-dimensional 
scaffold results are similar to those observed on the polymer thin films.   (D)  Quantification of the 
average total neurite lengths of SCNs cultured on the different L1-Fc presentations showed L1-
Fc/PDL resulted in SCNs with shorter neurites compared to L1-Fc/PA/PDL and L1-Fc/PA, suggesting 
that the manner in which L1-Fc is presented on nanofibrous scaffolds influences its efficacy.  (E, F)  
Cerebellar neurons (CNs) were plated onto scaffolds pretreated with different L1-Fc presentations 
and controls as mentioned above.  PA presented L1-Fc resulted in CNs that were more spread and 
grew longer along the fibers compared to CNs cultured on L1-Fc adsorbed onto PDL.  The three-
dimensional scaffold results correlate to the results observed on the polymer thin films.  Scale bar = 
75 µm.  PDL:  poly-D-lysine, PA:  protein A.  (* denotes p<0.05). 

 

3.3.6. Multimeric L1 Films Support RGD Peptide-Sensitive Integrin Mediated Cell 

Adhesion and Neurite Outgrowth  

The L1 molecule contains one RGD sequence located within the sixth-Ig like domain, 

which has been reported to bind to integrins α5β1 and αvβ3[47].  The interaction of αvβ3 and 

L1 has been reported to stimulate neurite outgrowth of the rat pheochromocytoma cell line, 

PC12, as well as chick dorsal root ganglion cells[48,49].  We examined the possible 

interactions of αvβ3 cell adhesion receptors and L1-presentation and the resultant effects on 

cell responses.  To this end, cyclic RGD peptides (cyclo-RGDfV) reported to bind αvβ3 with 

high affinity[50] and inhibit binding of L1 and αvβ3[48],  were added to SCNs at different 

concentrations, prior to cell plating onto the different substrates, and cell attachment and 

neurite outgrowth were examined.  Attachment of SCNs cultured on L1-Fc/PA (Figure 3.5C) 

was considerably reduced to 14.9 ± 3.2% in the presence of 1 µg/ml of cyclic RGD and 

further reduced to 8.2 ± 2.9% when treated with 10 µg/ml of cyclic RGD.  Cell attachment 

was mildly affected, following cyclic RGD peptide treatment of SCNs cultured on L1-Fc/PDL 

with no significant decrease, compared to untreated cells.  These results suggest that cell 

attachment on L1-Fc/PDL-based substrates is only partially dependent on L1-integrin 

binding.  In contrast, on L1-Fc/PA substrates, αvβ3-L1 binding plays a major role in cell 

attachment.  When PDL and PA were combined to present L1-Fc, only treatment with 20 

µg/ml of cyclic RGD peptide resulted in a significant reduction of cell attachment.   
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 Reduced neurite lengths were observed in SCNs pretreated with cyclic RGD 

peptides and the results were quantified (Figure 3.5D).  Neurite outgrowth was reduced by 

51% from 88.7 ± 7.5 µm to 45 ± 4.2 µm in SCNs cultured on L1-Fc/PA coated substrates.  A 

further reduction in neurite length was observed after treatment with 10 µg/ml and 20 

µg/ml of cyclic RGD peptide with no significant difference between the three concentrations 

of cyclic RGD peptide.  In contrast, neurite outgrowth was not affected by cyclic RGD 

treatment in SCNs cultured on L1-Fc/PDL.  In the case of SCNs cultured on L1-Fc/PA/PDL 

coated thin films, outgrowth was reduced by 28.5% from 77.2 ± 3.7 µm to 55 ± 11.1 µm 

when treated with 1 µg/ml of cyclic RGD peptide.   

3.3.7. L1 Films Promote Neuronal Differentiation of Human Neural Progenitor Cells 

but Oriented Presentation is Not Necessary in 2-D. 

Next, we examined the ability of L1-Fc to support neuronal differentiation and 

outgrowth of human embryonic derived-NPCs.  We used laminin coated PDL substrates 

(LN/PDL) as the positive control.   NPCs were cultured in NDM for 4 days, plated onto 

substrates treated with PDL, LN/PDL, L1-Fc/PDL, PA/PDL, and L1-Fc/PA/PDL and cultured 

an additional 7 days in NDM.  In contrast to the primary neuronal cultures, L1-Fc/PA coated 

substrates were not included for the human NPC studies as NPCs failed to attach to this 

surface, suggesting the importance of cooperative presentation of PDL and multimeric 

presentation of L1 for these cells.  After 7 days in culture, NPCs were fixed and 

immunostained for the neural stem cell marker nestin and the early neuronal marker β-III-

tubulin, clone TUJ1 (Figure 3.6A).  A reduction in nestin expression and an increase in β-III-

tubulin, along with neurite extensions, confirmed early differentiation into neurons.  In  
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Figure 3.5.  Anti-L1 Antibody and cyclic RGD treatment reduces cell attachment and neurite 
outgrowth.  (A) Reduced neurite outgrowth of SCNs was observed for each L1-Fc presentation (L1-
Fc/PDL, L1-Fc/PA/PDL, and L1-Fc/PA) when the surface was pretreated with a monoclonal anti-L1 
antibody.  (B)  SCNs cultured on L1-Fc/PA treated thin films exhibited a drastic decrease in neurite 
outgrowth compared to SCNs cultured on L1-Fc/PDL and L1-Fc/PA/PDL treated thin films when the 
anti-L1 antibody directed against the second Ig-like domain was added, suggesting that the epitope 
to which the L1 antibody binds is more exposed due to an outward display of L1-Fc presented from 
PA.  (C)  Dose-dependent reduction in cell attachment was observed in SCNs pretreated with cyclic 
RGD peptide prior to plating onto the different L1-Fc containing substrates.  SCNs cultured on L1-
Fc/PA treated thin films exhibited the greatest reduction in cell attachment indicating that L1-Fc 
presented from PA strongly interacts with αvβ3 integrins, which was interrupted by the presence of 
cyclic RGD peptide.  Cell attachment on control substrates was not affected.  (D)  Similar to cell 
attachment, neurite outgrowth of SCNs was greatly diminished, in a dose-dependent manner, in the 
presence of cyclic RGD peptide.  The greatest inhibition of neurite outgrowth, compared to untreated 
SCNSs, was observed in SCNs cultured on L1-Fc/PA thin films in the presence of cyclic RGD peptide, 
where as little as 1 µg/ml of cyclic RGD peptide inhibited cell attachment by 80%.  Addition of 10 
µg/ml of cyclic RGD peptide also resulted in a decrease in average neurite length of SCNs cultured on 
L1-Fc/PA/PDL coated thin films, although the effect was less prominent.  The average neurite length 
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of SCNs cultured on L1-Fc/PDL was not affected by any concentration of cyclic RGD, similar to the 
controls.  Scale bar = 75 µm.  SCNs:  spinal cord neurons, PDL:  poly-D-lysine, PA:  protein A.  (* 
denotes p<0.05, ** denotes p<0.01). 

 

order to quantify the degree of neuronal differentiation, the percent of nestin 

positive+ cells and β-III-tubulin+ cells was determined by taking the ratio of nestin+ or β-

III-tubulin+ cells to the total number of cells, as indicated by Hoechst stained nuclei.  Both 

presentations of L1-Fc resulted in an increase in β-III-tubulin+ cells compared to the PDL 

and PA/PDL (Figure 3.6B), suggesting that L1-Fc promoted neuronal differentiation of 

NPCs.  However, there was no significant difference in the degree of neuronal differentiation 

elicited by the two different L1-Fc presentations in 2-D.   

 Additionally, neurite outgrowth was quantified for NPCs cultured on each substrate 

(Figure 3.6C).  L1-Fc/PDL and L1-Fc/PA/PDL coated thin films significantly promoted 

increased neurite outgrowth compared to PDL or PA/PDL controls.  The average neurite 

lengths on L1-Fc/PDL and L1-Fc/PA/PDL were 71.1 ± 12.7 µm and 79.1 ± 16.5 µm, 

respectively, which was comparable to those elicited by LN/PDL coated controls (71.1 ± 

11.8 µm).  There was no significant difference in lengths of neurites observed on LN/PDL, 

L1-Fc/PDL, and L1-Fc/PA/PDL.  Thus, while L1-Fc promoted neurite outgrowth comparable 

to that of laminin, the nature of L1-Fc presentation did not appear to sensitively influence 

the extent of neurite length of differentiating NPCs on 2-D films. 
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Figure 3.6.  L1-Fc Supports neuronal differentiation and neuritogenesis of neural progenitor 
cells.  (A) NPCs were cultured on PDL, PA/PDL, L1-Fc/PDL, L1-Fc/PA/PDL, and LN/PDL for 7 days in 
neuronal differentiation media and then immunostained for the nestin (green) to identify neural 
stem/progenitor cells, β-III-tubulin (red) to identify neurons, and Hoechst 33258 (blue) to label the 
nuclei.  After 7 days, NPCs differentiated toward the neuronal lineage, to some degree, when cultured 
on all substrates, as in indicated the β-III-tubulin+ cells.  (B)  Quantification of the percent of NPCs 
(nestin+) and neuronal cells (β-III-tubulin+) of NPCs after 7 days of differentiation.  Both L1-Fc 
substrates promoted increased neuronal differentiation over controls and had a greater neuronal to 
neural progenitor cell population.  (C)  Average neurite lengths were quantified for NPCs after 7 days 
in culture.  L1-Fc/PDL and L1-Fc/PA/PDL coated thin films promote a significant increase in neurite 
length compared to the PDL and PA/PDL controls.  LN/PDL served as a positive control.  Scale bar = 
75 µm.  NPCs:  neural progenitor cells, PDL:  poly-D-lysine, PA:  protein A, LN:  laminin.  (* denotes 
p<0.05 compared to PDL and PDL/PA controls, § denotes p<0.05 comparing nestin+ cells to β-III-
tubulin+ cells within each condition). 

 

3.3.8. Oriented, Multimeric L1 Presentation triggers Enhanced Neuronal 

Differentiation of Human Neural Progenitor Cells in 3-D Fibrous Scaffolds. 

The human NPCs were cultured on aligned, fibrous scaffold pretreated with 

different L1-Fc presentations, laminin, and controls to investigate how the combination of 

topographical cues from the scaffold and L1-Fc affect neuronal differentiation and neurite 

outgrowth of NPCs.  Scaffolds treated with L1-Fc, with or without PA, promoted directed 

neuritogenesis of NPCs, comparable to LN, as is indicated by the elongated processes that 

follow the direction of the aligned scaffolds (Figure 3.7A).  To determine the degree to 
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which L1-Fc influenced neuronal differentiation of NPCs, the percent of nestin+ and β-III-

tubulin+ cells were quantified by taking the ratio of nestin+ and β-III-tubulin+ cells to the 

total number of cells, as labeled by Hoechst (Figure 3.7B).  A smaller nestin+ population 

compared to β-III-tubulin population was observed on both L1-Fc presentations, similar to 

the LN/PDL treated scaffold, which served as a positive control.  Additionally, both L1-Fc 

treated scaffolds yielded in an increase in neuronal differentiation compared to PDL and 

PA/PDL controls (Figure 3.7B).  Both presentations of L1-Fc from the fibrous scaffolds 

promoted increased neurite lengths compared to the controls.  Notably, NPCs cultured on 

protein A-presented L1-Fc (L1-Fc/PA/PDL) exhibited an increase in β-III-tubulin+ cells 

(65.9% ± 5.4%) compared to those cultured on L1Fc/PDL (48.1% ± 4.6%).  Further, the 

average total neurite length of β-III-tubulin+ positive cells was quantified (Figure 3.7C).  

The oriented display of L1-Fc, presented from PA/PDL, promoted increased neurite lengths 

over L1-Fc adsorbed onto PDL treated scaffolds.    These results suggest that protein-A 

presented L1-Fc has a greater influence on neuronal differentiation of NPCs when 

presented from aligned fibrous scaffolds compared to two-dimensional thin films.   

3.4.  Discussion 

Biointerfacial displays of neurotrophic factors has the potential to significantly 

influence neural cell behaviors relevant to CNS repair, including adhesion, differentiation, 

and neurite extension.[51,52]  In this study, we investigated multiple presentation schemes 

for the neural cell adhesion molecule L1 to elucidate the effects of presentation on primary 

neurons and human embryonic stem cell-derived neural progenitor cells (NPCs) on 2-D and 

3-D polymer substrates.  We found that protein A (PA)-mediated oriented and multimeric 

display of L1-Fc significantly enhanced neurite extension of primary spinal cord and 

cerebellar neurons relative to L1-Fc presented from poly-D-lysine (PDL). We also report 
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that the combination of multimeric L1-Fc presentation and fibrous geometries of 3-D 

scaffolds cooperatively enhanced neuronal differentiation of human NPCs.   

 

Figure 3.7.  L1-Fc supports neuronal differentiation and neuritogenesis of neural progenitor 
cells within aligned scaffolds.  (A) NPCs were cultured on aligned, fibrous scaffolds pretreated with 
L1-Fc presented from PDL or PA/PDL.  After 7 days of differentiation, the NPCs were immunostained 
for the nestin (green) to identify neural progenitor cells, β-III-tubulin (red) to identify neurons, and 
Hoechst 33258 (blue) to label the nuclei.  NPCs cultured on scaffolds treated with L1-Fc, with or 
without PA, extended neurites along the scaffold fibers.  NPCs differentiated toward the neuronal 
lineage, to some degree, when cultured on all substrates, as in indicated the β-III-tubulin+ cells.  (B)  
Quantification of the percent of NPCs (nestin+) and neuronal cells (β-III-tubulin+).  Both L1-Fc 
substrates promoted increased neuronal differentiation over controls and had a greater neuronal to 
neural progenitor cell population.  L1-Fc/PA/PDL scaffolds resulted in more β-III-tubulin+ cells 
compared to L1-Fc/PDL coated scaffolds.  (C)  Quantification of the average total neurite length.  
NPCs cultured on L1-Fc/PA/PDL treated scaffolds extended longer neurites compared to those 
cultured on L1-Fc/PDL.  Scale bar = 75 µm.  NPCs: neural progenitor cells, PDL:  poly-D-lysine, PA:  
protein a, LN:  laminin.  (* denotes p<0.05 compared to PDL and PA/PDL controls, § denotes p<0.05 
comparing nestin+ cells to β-III-tubulin+ cells within each condition, # denotes p<0.05 compared to 
the L1-Fc/PDL condition). 

 

The spatial mode of presentation of biochemical cues such as growth factors and 

adhesion ligands plays a critical role in determining their bioactivity and function. For 

example, immobilized interferon gamma can potentiate neuronal differentiation of rat 
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neural progenitor cells compared to soluble interferon gamma[53].  Similarly, while L1 has 

been largely used as a soluble ligand[54,55], L1 can also be anchored onto substrates as L1-Fc 

and presented via PA[56,57], or used in a trimeric form, which was reported to result in 

increased PC12 cell neurite outgrowth relative to monomeric L1[58].  Using a combination of 

PDL treatment to enable improved cell-polymer adhesion and L1-Fc/PA presentation, we 

report on the concentrations and biointerfacial configurations that promote and enhance L1 

bioactivity.  We also obtained two broad insights regarding L1-functionalized tyrosine-

derived polycarbonate biomaterials:  (a) PA/polymer interfaces can elicit multimeric and 

oriented presentation of L1 from such biomaterials (b) The L1-biointerfaces can markedly 

modulate adhesion and neuronal activity of both primary neurons and human neural 

progenitor cells.  While the biomaterials used in this study are biodegradable, we do not 

expect the degradation of the polymer to be significant enough to have an effect on cell 

behavior within the time frame of the studies conducted.  Magno et al. found no change in 

the behavior of pre-osteoblasts (metabolic rate) cultured on polymers from the same 

tyrosine-derived polycarbonate library, which had faster degradation rate compared to the 

polymer used in this study.[59]  Furthermore, tyrosine-derived polycarbonate biomaterials, 

with varying degradation rates, did not elicit any changes in cell behavior (proliferation and 

differentiation) after 14 days in culture[60].  

L1-functionalized substrates can selectively promote neuronal cell attachment 

compared to astrocytes and fibroblasts[61] and thus be potentially advantageous over more 

generic cell adhesive treatments such as poly-lysine (PDL or PLL).  The multimeric nature of 

PA-based L1-Fc presentation could be important for both promoting cell adhesion for a 

given concentration of L1 as well as enhancing neurite extension activity as the second Ig-

like domain of L1 regulates neurite outgrowth of neural retinal cells and directly mediates 

L1-L1 homophilic interactions[62,63].  The marked inhibition of neurite outgrowth following 
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antibody-based blocking studies of the L1-Fc/PA treated surfaces suggests that the second 

Ig-like domain of L1 is more exposed on PA-treated substrates compared to those based on 

PDL.  Another domain within L1 is the RGD domain located within the sixth Ig-like domain. 

Our studies with cyclic RGD peptide pretreatment showed reduction in SCN attachment and 

neurite outgrowth when plated onto L1-Fc/PA/PDL and L1-Fc/PA treated thin films, 

suggesting that this domain was also exposed and available for αvβ3 integrin binding. Thus, 

we propose that the PA-based treatment of the polymers not only facilitated oriented 

display of L1-Fc, but also engendered a display of L1-Fc molecules in close proximity to one 

another, which may mirror the close apposition of highly organized and clustered L1 

molecules on the cell surface.[43,64]  Using AFM imaging of substrate counterstained with 

L1 antibodies, we established that L1-Fc/PA substrates showed adsorbed L1-Fc. The cross-

sectional profiles acquired from the AFM images of L1-Fc/PA/PDL and L1-Fc/PA substrates 

depicted wider, less defined peaks, which suggest that these protein complexes were more 

proximally associated compared to L1-Fc adsorbed on PDL, where the peaks were narrow 

and more defined.  The results of the AFM images, in combination with the functional 

results, where neurons extended longer neurites on L1-Fc/PA treated substrates, indicate 

that the arrangement of PA-presented L1-Fc influences the efficacy of L1-Fc.  The 

presentation of multimeric, closely associated L1-Fc, in combination with fibrous scaffolds 

could prove beneficial to the design of neurotrophic materials for neural tissue engineering. 

Both spinal cord and cerebellar neurons displayed increased neurite lengths when 

cultured on PA-presented L1-Fc.  One interesting difference between the behaviors of 

rodent neurons and human neural progenitor cells was evident through the polymer-

treatment with PA and PDL.  While the neuronal cultures showed robust adhesion and 

neurite extension even in the absence of PDL, a combination of PDL and PA was necessary 

for the NPC cultures suggesting that multimeric L1-based receptor-ligand binding is critical 
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but not sufficient for the NPC cultures, requiring cooperative cell-substrate adhesion 

facilitated by polycationic PDL treatment.  

The possible role of L1 presentation on neurogenesis in three-dimensional 

substrates is of great interest to scalable constructs for cell transplantation. We observed 

that fibrous, aligned polymer scaffolds treated with L1-Fc resulted in an increase in 

neuronal differentiation and neurite lengths compared to the scaffolds that were not treated 

with L1-Fc.  However, in contrast to the two-dimensional thin films, NPCs cultured on L1-

Fc/PA/PDL treated scaffolds had a larger neuronal population and enhanced neurite 

lengths relative to NPCs cultured on L1-Fc/PDL treated scaffolds.  These results suggest that 

the NPC response to the different L1-Fc presentations on 2-D thin films and the 3-D fibrous 

scaffolds could be due to the combined effects of fiber topography and the outward display 

of L1-Fc.  This suggests cooperative enhancement of L1 signaling on subcellular scales of 

substrate geometry, a phenomenon that deserves further mechanistic analysis.  Scaffold 

topography has been shown to influence and enhance cellular responses[65-67], as the 3-D 

architecture better emulates in vivo conditions compared to 2-D thin films.   

3.5.  Summary and Conclusions 

We investigated biointerfaces incorporating L1-Fc on to polymer films and aligned, 

fibrous polymer scaffolds that would elicit multimeric, oriented presentation of L1-Fc.  

While L1-Fc has been shown to be effective in the treatment of nervous system injury 

models, we have demonstrated that the function of L1-Fc can be enhanced in vitro with the 

optimal substrate presentation using protein A.  We showed that on two-dimensional films 

and aligned, fibrous scaffolds treated with protein A-presented L1-Fc promotes enhanced 

neurite lengths of primary neuronal cells, as well as increased neuronal differentiation and 

neuritogenesis of human embryonic stem cell-derived neural progenitor cells.  We 
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combined this presentation of L1-Fc with poly(DTE carbonate), which can be fine-tuned for 

the desired stiffness, degradation rate, and protein adsorption, all of which are important 

factors to consider when designing implantable devices for nerve injury repair.  The 

bioactive, three-dimensional substrates investigated in this study could prove as useful 

implantable devices for neural tissue engineering applications.  
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Chapter 4  

N-cadherin and L1 Biomimetic Substrates Modulate Neuronal Differentiation and 

Neurite Extension of Human Embryonic Stem Cell Derived-Neural Stem Cells 

 

Note:  This chapter is in preparation for publication elsewhere as part of an article entitled:  
“N-cadherin and L1 Biomimetic Substrates Modulate Neuronal Differentiation and Neurite 
Extension of Human Embryonic Stem Cell Derived-Neural Stem Cells.”  Jocie F. Cherry, Neal K. 
Bennett, Melitta Schachner, Prabhas V. Moghe 
 

Abstract 

The field of neural tissue engineering seeks to recapitulate the complex 

microenvironment that arises as molecular events drive neurodevelopment in hopes of 

promoting regeneration of neural tissue following traumatic injury or disease.  Given the 

diverse set of biological molecules required for nervous system development and 

regeneration following traumatic injury or degeneration of neural cells, we hypothesized 

that a combined biomimetic strategy could realize both enhanced differentiation into the 

appropriate lineage as well as the maintenance of responses such as neurite outgrowth and 

survival.  Specifically, we sought to determine the effects of recombinant chimera proteins 

N-cadherin-Fc and L1-Fc in promoting neuronal differentiation of neural stem cells (NSCs) 

derived from H9 human embryonic stem cells (H9), given their established roles in 

neuronal differentiation and their somewhat distinct regulation of dendritic and axonal 

development and axonal outgrowth.  Using protein-A pre-adsorbed substrates, N-cadherin-

Fc was presented alone and in combination with L1-Fc from two-dimensional substrates 

and fibrous, electrospun scaffolds fabricated from tyrosine-derived polycarbonate 

polymers. H9 human embryonic derived-neural stem cells (H9-NSCs) were cultured on the 

biofunctionalized substrates and the effects on neuronal differentiation, neuritogenesis and 
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neurite extension, and survival were quantified. We found that substrates presenting a 

relatively low concentration (0.6875 – 1.375 µg/ml) of N-cadherin-Fc, alone, promoted an 

increase in MAP2+ positive cells and improved cell survival in the presence of oxidative 

stress compared to responses elicited by a high concentration (2.75 – 5.5 µg/ml) of N-

cadherin-Fc.  Additionally, the combination of low N-cadherin-Fc and a relatively higher 

concentration of L1-Fc resulted in enhanced neurite outgrowth, MAP2+, and neurofilament-

M+ cells compared those either on low or high concentrations of N-cadherin-Fc alone, or 

following combinations of L1-Fc with a higher concentration of N-cadherin-Fc.  H9-NSCs 

displayed better neuronal differentiation, as well as survival within low N-cad-Fc presenting 

3-D fibrous scaffolds.  These trends highlight the differential nature of the cooperative effect 

between N-cadherin and L1 in inducing neuronal differentiation.  To understand why lower 

neuronal yields were observed with substrates presenting a higher density of N-cadherin-

Fc, we blocked cell surface N-cadherin with an antibody against extracellular N-cadherin 

and treated cultures with a pharmacologic antagonist to fibroblast growth factor receptor, 

PD173074, to inhibit N-cadherin or L1 mediated activation.  We found by blocking cell 

surface N-cadherin, newly formed neurons extended longer neurites when cultured on high 

N-cadherin- alone or in combination with L1-Fc and neuronal differentiation improved 

following PD173074 treatment, suggesting high concentrations of surface presented N-

cadherin hinders neurite outgrowth due to increased cell-surface N-cadherin interactions 

and triggers FGFR pathways that impede neuronal differentiation of H9-NSCs.  These 

studies highlight two key new findings:  (1) The substrate-display of selected combinations 

of N-cadherin and L1 recapitulates a biomimetic, “neurotrophic” microenvironment that 

enhances neuronal differentiation and neurite outgrowth of human neural stem cells; (2) 

The substrate-based biofunctionalization with N-cadherin and L1 can be further combined 

with 3-D microfabricated scaffolds, which can similarly promote neuronal differentiation 
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and neurite extension within “transplantable” scaffolds with high surface area per volume.  

Thus, the insights from this study have both fundamental and translational impacts for 

neural stem cell-based regenerative medicine. 

4.1.  Introduction 

Traumatic central nervous system (CNS) injury and neurodegenerative diseases 

result in irreplaceable cell loss and concomitant deficit in function.  Cell transplantation 

therapy represents a promising approach for treatment for traumatic injury to the CNS as it 

holds the potential to replace damaged or diseased cells and reestablish functional neuronal 

circuits[1,2].  Progress in stem cell biology has generated much interest in regeneration-

based treatment of CNS injuries and diseases, using stem cells with engineered levels of 

lineage plasticity.  Various stem cell sources have been explored as candidates for treatment 

of CNS injuries such as mesenchymal stem cells and olfactory ensheathing cells[3], as well as 

neural stem cells [4-13].  Neural stem cells (NSCs) are multipotent in nature and have the 

ability to differentiate into neurons, astrocytes, or oligodendrocytes and their effectiveness 

in models of CNS injuries and ailments has been explored, demonstrating their potential for 

use in cell replacement therapy[14-16].  Human embryonic stem cells are an excellent source 

for NSCs due to their ability to self-renew and differentiate into various types of neural 

cells[17-19].  While cell transplantation holds promise for treatment of the injured CNS, 

limitations such as poor engraftment efficiency and altered cell state, such as differentiation 

into an undesired lineage, leaves room for improvement of this approach[20-22].  Neural 

tissue engineering aims to create tissue equivalents by mimicking natural 

microenvironments in vitro, through the combination of cells, bioactive molecules, and a 

biomaterial scaffold to support survival of transplanted cells, control the local 

microenvironment of transplanted cells with the ultimate goal to replace damaged or 

diseased tissue.  Cells receive cues and signals mediated by cell-cell and cell-substrate 
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contacts that are governed by the local extracellular matrix (ECM), and the manipulation of 

each can sensitively modulate and direct cell behaviors such as aggregation, proliferation, 

differentiation, and survival[23-25].  Determining the right combination and appropriate 

presentation of self-renewal and differentiation promoting molecules is a key component of 

the design of the next generation of substrates to be used for functional replacement of 

degenerative disease states.  Substrates presenting a combination of peptides derived from 

extracellular matrix proteins, laminin and fibronectin, promoted increased neuronal 

differentiation compared to either sequence alone or combinations including collagen I and 

collagen IV[26].  Haque et al determined that the combined presentation of E-cadherin and N-

cadherin supported self-renewal of mouse embryonic stem cells and induced pluripotent 

stem cells under proliferative conditions, and promoted neural differentiation under 

differentiating culture conditions[27].  In addition, the manner by which bioactive molecules 

are presented greatly influences function, as was demonstrated when tethered BDNF 

stimulated improved differentiation over the soluble form[28], and immobilized EGF fostered  

differentiation and neuritogenesis, while soluble EGF promoted proliferation[29].   

Nervous system development and function are dependent on a concert of 

sequenced, regulatory processes that include neural induction, cell proliferation, 

differentiation, cell migration, and synapse formation[30].  A multitude of growth promoting 

and guidance molecules are present that facilitate proper nervous system development and 

regeneration such as neurotrophic factors, ECM proteins, and cell adhesion molecules[31].  

Two neural cell adhesion molecules that play a major role in normal central nervous system 

development are N-cadherin and L1.  N-cadherin is homophilic binding glycoprotein that 

mediates cell adhesion, cell migration, synaptogenesis, and synaptic plasticity[32,33].  N-

cadherin was shown to promote neurite outgrowth through fibroblast growth factor 

receptor (FGFR) activation and signaling and is involved in dendritic arborization[32].  N-
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cadherin, expressed early during development, is expressed on the surface of neural stem 

cells and involved in migration differentiation.  Recombinant N-cadherin, when presented 

as an extracellular matrix cue, is able to maintain neural stem cell cultures and promote 

differentiation[27,34].  L1, a homophilic binding, transmembrane protein expressed on the cell 

surface of post mitotic neurons, plays a role in axonal extension and guidance, neuronal 

survival, and L1 overexpressing stem cells promote cortical tract regeneration following 

spinal cord injury[35-39].  L1 participates in heterophilic binding with integrins, as well as 

fibroblast growth factor receptor[30,38,40-42].  Both N-cadherin and L1 are involved in axonal 

extension and are promising candidates for designing bioactive scaffolds that promote 

axonal outgrowth of newly derived/differentiated neurons.  Together these two proteins 

have the potential to result in increased maturation of neurons derived from human 

embryonic stem cells, as synergistic effects, on neurite outgrowth, between N-cadherin and 

L1 rat hippocampal and cortical neurons[43,44].  Both Shi et al and Castellanos et al showed 

preferential dendritic growth on N-cadherin coated surfaces, while axons preferentially 

extended along areas functionalized with L1[43,44].  Previously, we demonstrated that 

cellular-presented N-cadherin induced neural differentiation of hESCs[45], demonstrating the 

ability of N-cadherin to promote neuronal differentiation of hESCs.  Additionally, we 

demonstrated that electrospun scaffolds functionalized with protein-A presented L1-Fc 

positively influences neuronal differentiation of H9 hESC-derived neural stem cells (H9-

NSCs)[46].  While the results suggested the potential for L1-Fc substrates to promote and 

support neuronal differentiation and neurite outgrowth of H9-NSCs, several gaps remained 

to be addressed.  Firstly, the L1-adhesivity for cells is low, and thus robust cell adhesion and 

differentiation on purely L1-functionalized substrates is difficult to sustain.  Secondly, the 

L1-display does not adequately recapitulate the early lineage restriction of undifferentiated 

NSCs, which was one of the goals of the current study. In contrast to the later expression of 
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L1 during nervous system development[47], N-cadherin expression is upregulated during 

neural tube formation and closure and regulates maintenance and neuronal differentiation 

of neural stem cells[48-50].   

Current research efforts aim to develop optimal scaffolds for transplantation of 

neuronal precursor or stem cells that will provide structural support to both transplanted 

cells and those spared after injury, generate cues to direct the behavior of transplanted 

cells, and direct growth of newly formed axons[20,25].  Several types of scaffold configurations 

have been studied, such as hydrogels, porous polymeric scaffolds, conduits and electrospun 

fibers[14,20,22,25,51].  Electrospun, fibrous scaffolds hold great potential for neural tissue 

engineering due to the ease in controlling geometric features, they possess high surface 

area, and ability to recapitulate the topography of native extracellular matrix.  To promote 

the bioactivity of fibrous scaffolds, biologically relevant molecules such as peptides, growth 

factors, and recombinant proteins can be incorporated onto or within scaffolds resulting in 

a bioactive platform that directs and modulate cell behavior[21,25,52].  A combinatorial 

approach with biofunctionalized scaffolds and neural stem cells has been shown to improve 

not only survival of transplanted cells, but also functional recovery in vivo[53].   

This study aimed to systematically discern the role of the substrate display of 

varying combinations of recombinant N-cadherin-Fc (N-cad-Fc) and L1-Fc that would 

promote neuronal differentiation and maturation of H9 human embryonic stem cell-derived 

neural stem cells (H9-NSCs).  We first tested the ability of N-cad-Fc, at varying 

concentrations, to promote adhesion, neuritogenesis and outgrowth, neuronal 

differentiation, and oxidative stress survival.  We then examined whether and how these 

behaviors were further augmented when L1-Fc was combined with N-cad-Fc at varying 

concentrations, and presented from 2-D films and 3-D scaffolds of synthetic polymers.  The 

substrates were fabricated from tyrosine-derived polycarbonates, a combinatorial library of 
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degradable polymers in which surface and mechanical properties, as well as degradation 

rates can be finely tuned[54,55].  For example, variable amounts of desaminotyrosyl tyrosine 

(DT) and/or poly(ethylene glycol (PEG), can be copolymerized with the base monomer, 

Poly(desaminotyrosyl tyrosine ethyl ester carbonate) [poly(DTE carbonate)], leading to 

polymers that are relatively similar in structure, but with different rates of degradation and 

protein adsorption properties.  In this study, we kept the polymer composition constant.  

We report that surfaces presenting low concentrations of N-cad-Fc combined with L1-Fc 

enhance neuronal differentiation and neurite outgrowth of H9-NSCs versus when L1-Fc is 

co-presented with higher concentrations of N-cad-Fc.  We also found that the use of low 

concentrations of N-cad-Fc alone, resulted in increased neuronal differentiation and 

survival compared to high N-cad-Fc functionalized substrates, demonstrating the influence 

of surface protein density in modulating cellular response.  The research outcomes show 

new insights regarding 1) dose-dependent responsiveness of H9-NSCs to N-cad-Fc and 2) 

the effects of the co-presentation of N-cad-Fc and L1-Fc, at different ratios, on behaviors of 

hESC-derived neural stem cells. 

4.2.  Materials and Methods 

4.2.1.  Fabrication of Polymer Thin Films and Electrospun Scaffolds 

Polymer thin films were generated by spin coating a solution of 1% (w/v) poly(DTE-

co-10% DT-co-1% PEG1k) in tetrahydrofuran (Sigma-Aldrich, St. Louis, MO, USA).  Prior to 

spin coating, the polymer solution was filtered with a 0.45 µm Whatman pTFE filter and 

spin coated onto 12 mm coverslips.  After 24 hours under vacuum, the films were UV 

sterilized for 15 minutes prior to treatment with proteins. 

For scaffold fabrication, glacial acetic acid (Fisher) was used to dissolve poly(DTE-

co-10% DT-co-1% PEG1k) polymer, overnight at room temperature, for an 18% solution 
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(w/v).  The polymer solution was flowed through an 18-gauge needle, with a syringe pump 

(KD Scientific, Holliston, MA, USA), at a flow rate of 1 ml/hr.  The morphology of the 

scaffolds was visualized using an AMRAY 1830 I scanning electron microscope (SEM) (See 

chapter 3).  The samples were for SEM imaging by drying under the samples under vacuum 

and sputter coating with gold palladium and images were taken at 20 kV acceleration 

potential.  Fiber diameter was quantified by measuring 100 individual fibers in 1000x SEM 

images using NIH-ImageJ software (http://rsb.info.nih.gov/ij/).   

4.2.2.  Preparation of N-cadherin-and L1-Fc Culture Substrates 

 To prepare the culture substrates, 2-D films and 3-D scaffolds were coated with 1.25 

µg/ml of protein A (PA) (Life Technologies, Carlsbad, CA, USA) for 1 hour at room 

temperature.  Following three washes with Dulbecco’s phosphate buffered saline (DPBS), 

the substrates were coated with 0.6875, 1.375, 2.75, or 5.5 µg/ml of human N-cadherin-Fc 

(N-cad-Fc) (R&D Systems, Minneapolis, MN, USA), alone, or in combination with 10 µg/ml of  

human L1-Fc (R&D Systems) for 1 hour at room temperature.  For L1-Fc only substrates, 10 

µg/ml was used as well.   The schematic of substrate preparation and the resulting 

substrates are shown in Figure 4.1A.  Control substrates were kept hydrated with 2 mM 

calcium chloride, the buffer used to make N-cadherin- and L1-Fc protein solutions.  For 

poly-D-lysine (PDL) and poly-D-lysine/laminin (PDL/LN), 2-D films and 3-D scaffolds were 

coated with 10 µg/ml of PDL for 1 hour at room temperature.  Surfaces were washed three 

times with DPBS and coated with 10 µg/ml of mouse laminin (Sigma). 

4.2.3.  Detection of Substrate Bound N-cadherin-Fc and L1-Fc  

 Enzyme-linked immunosorbent assay (ELISA) was used to detect N-cadherin-Fc and 

L1-Fc as previously described[46].  In brief, 2-D films were prepared as described above, 

washed one time with phosphate buffered saline (PBS), and blocked with 1% bovine serum 

http://rsb.info.nih.gov/ij/
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albumin (BSA, Sigma Aldrich, St. Louis, MO, USA) for 1.5 hours.  A polyclonal sheep antibody 

against the extracellular domain of N-cadherin was used to detect N-cad-Fc (R&D Systems), 

while a monoclonal mouse anti-L1 antibody was used to detect L1-Fc.  Both antibodies were 

used at 1 µg/ml.  Following incubation with the primary antibody, secondary antibodies 

alkaline phosphatase conjugated-goat anti-sheep IgG was applied to N-cad-Fc substrates 

and alkaline phosphatase goat anti-mouse IgG was applied to L1-Fc substrates.  Following 

three washes, the 2-D films were reacted with alkaline phosphatase yellow (pNPP) liquid 

substrate (Sigma-Aldrich), the reaction was stopped after 30 min with 3 N NaOH, and the 

samples were analyzed using an absorbance plate reader at 405 nm.   

4.2.4.  H9-NSC Neural Stem Cell Culture 

 H9-NSCs, derived from NIH approved H9 hESCs were purchased from Millipore 

(ENStem-A neural progenitor cells, Millipore, Temecula, CA, USA).  During cell expansion 

and maintenance, H9-NSCs were cultured in 75cm2 flasks, coated with 0.25x Matrigel (BD 

Biosciences, Franklin Lake, NJ, USA) in neural proliferation medium (NPM), composed of 1:1 

mixture of DMEM/F12:Neurobasal medium (Life Technologies), supplemented with 0.5x 

B27 supplement without vitamin A and 0.5x N2 (Life Technologies), in addition to 20 ng/ml 

bFGF (Peprotech, New Jersey, USA) and 1% penicillin/streptomycin (Lonza), at 37°C in 5% 

CO2.  The medium was changed every 2-3 days and H9-NSCs were passaged, using Accutase 

(Stem Cell Technologies, Vancouver, Canada) once they reached 90-95% confluence.   

 To start the differentiation process, once H9-NSCs reached 85-90% confluence, NPM 

was removed and replaced with neural differentiation medium (NDM), following two 

washes with warm neurobasal medium.  NDM contained of neurobasal medium, 1x B27 

supplement without vitamin A, 1% penicillin/streptomycin, and 10 ng/ml of BDNF 

(Peprotech).  Following 4 days in NDM, H9-NSCs were dissociated using Accutase and 

plated onto N-cad-/L1-Fc coated 2-D films and fibrous scaffolds at a density of 7.5x104 
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cells/cm2 or 1.75x105 cells/cm2, respectively and allowed to differentiate for 7 days.  The 

medium was changed every two days, during the differentiation period.  

4.2.5.  Immunocytochemistry of H9-NSCs 

 After the desired culture period, H9-NSCs were fixed in 4% paraformaldehyde for 

20 minutes at room temperature and washed 3 times with DPBS.  Cells were permeabilized 

with 0.1% Triton-X for 5 min, followed by 3 DPBS washes.  Non-specific antibody binding 

was prevented by blocking the samples with 5% normal goat serum (NGS) (MP 

Biomedicals, Solon, OH, USA) or 5% donkey serum (DS) (Millipore), depending on the 

source of the secondary antibody.  Primary antibodies were diluted in either 5% NGS or 5% 

DS and applied to the samples overnight at 4C°.  The samples were then washed 3 times 

with DPBS, for 20 minutes each time, and the secondary antibodies along with 1 µg/ml of 

Hoechst 33258 (Sigma-Aldrich), diluted in either NGS or DS, was applied for 1 hour at room 

temperature, followed by 3, 20 minute washes.  The following antibodies were used:  

polyclonal sheep anti-N-cadherin, 1:100 (extracellular domain), mouse anti-βIII-tubulin 

IgG2a, 1:1000 (Covance), mouse anti-MAP2 IgG1, 1:500 (BD Biosciences), mouse anti-

neurofilament-M IgG2a, 1:500 (Life Technologies), mouse anti-β-catenin IgG3, 1:50 (R&D 

Systems).  All secondary antibodies, purchased from Life Technologies, were isotype 

specific Alexa Fluor 488, 594, or 647 goat-anti mouse antibodies, or Alexa Fluor 488 donkey 

anti-sheep. 

4.2.6.  Quantification of Neurite Outgrowth and Neuronal Differentiation 

 To quantify neurite outgrowth, after the desired culture times, H9-NSCs were 

immunostained as described above and analyzed for neurite outgrowth.  Images were taken 

using confocal microscopy (Leica TCS.SP2, Leica Microscope, Exton, PA, USA).  To get a 

sense of how the substrates influenced neuritogenesis, the percent of cells that extended 
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neurites was quantified.  The number of cells possessing a neuronal phenotype and neurites 

were manually counted and the ratio of cells that met these criteria to the total number of 

cells, as indicated by Hoechst nuclei.  Total neurite length and the length of the longest 

neurite was determined using ImageJ imaging software.  Only neurites equal to or greater 

than the diameter of a cell body were measured.  Neuronal differentiation was quantified by 

counting the number of neurofilament-M+ and/or MAP2+ cells and normalizing to the total 

number of cells present, for each condition.   

4.2.7.  Antibody Blocking of Cellular N-cadherin  

 To understand the role of N-cadherin/N-cadherin interactions played in neuronal 

differentiation and neurite outgrowth, an antibody against the extracellular domain of N-

cadherin was used to interrupt cell-substrate N-cadherin interactions.  Following 

dissociated H9-NSCs as described above, H9-NSCs were treated with 50 or 100 µg/ml anti-

N-cadherin or sheep IgG isotype control (R&D Systems) for 1 hour prior to seeding the cells 

onto 2-D films.  After 5 days in culture, H9-NSCs were immunostained with βIII-tubulin, 

MAP2, and neurofilament-M.  The extent of neuronal differentiation and neurite outgrowth 

of the longest neurite was determined as described above.   

4.2.8.  Fibroblast Growth Factor Receptor Inhibition Assay 

 Interactions of both N-cadherin and L1 with fibroblast growth factor receptor 

(FGFR) have been reported to play a role in the neurite outgrowth of primary neurons [56].  

Additionally, FGFR signaling influences proliferation and differentiation activity of NSCs[57].  

Therefore, the inhibition of FGFR signaling was used as a tool to determine if activation of 

FGFR mediated any of the responses observed in H9-NSCs on N-cad-Fc and N-cad-/L1-Fc 

substrates.  H9-NSCs were plated onto N-cad-Fc and N-cad-/L1-Fc 2-D films.  After 24 hours, 
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H9-NSCs were treated with the FGFR inhibitor, PD173074 (Tocris, Minneapolis, MN, USA), 

and cultured for an additional 6 days.  The medium was changed every two days, with or 

without PD173074.   

4.2.9.  Oxidative Stress Survival Assay 

 The stress-protective capacity of N-cad-Fc and N-cad-/L1-Fc 2-D films and 3-D 

scaffolds was tested by inducing oxidative stress with hydrogen peroxide (H2O2) treatment.  

H9-NSCs were cultured and plated onto 2-D films and scaffolds at the same seeding as 

mentioned above in NDM.  After a 7 day culture period, the medium was switched from 

NDM to neurobasal medium supplemented with anti-oxidant free, 1x B27 without vitamin A 

and 1% pen/strep for 24 hours prior to H2O2 treatment.  BDNF was not added to the 

medium for survival studies, as BDNF can act as a neuroprotective agent[58] and we wanted 

to discern to what degree the biofunctionalized substrates were neuroprotective.  After a 24 

hour acclimation period in anti-oxidant free medium, 20 µM of H2O2 was added to culture 

medium and the cells were exposed for 6 hours.  Alamar Blue (Life Technologies), a cell 

viability probing reagent, was applied to each sample and cells were incubated at 37°C for 

an additional 24 hours.  The samples were analyzed using a fluorescent plate reader, where 

samples were read at 570 nm and 600 nm.  Cell viability was determined using calculations 

provided in the manufacturer’s instructions.  The test conditions were normalized to 

fluorescent readings of H9-NSCs cultured on PDL/LN substrates in NDM containing BDNF.  

Cells treated with 1% saponin, in anti-oxidant free NDM, were used as a condition to in 

which the yield of cell death was high.  

4.2.10.  Statistical Analysis 
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 The data shown represents the means ± standard error of the mean.  For the FGFR 

inhibition study, student’s t-test, for unpaired samples, was used to determine statistical 

differences between treated and control samples.  Variance of analysis using one-way 

ANOVA, along with post hoc means comparison with Tukey’s test was used to determine 

statistical differences amongst conditions for the remaining studies.  Statistical significance 

was indicated with p values < 0.05. 

4.3.  Results 

4.3.1.  N-cad-Fc and L1-Fc Functionalized 2-D Films 

 To verify the presence of both N-cad-Fc and L1-Fc and 2-D polymers films, an ELISA 

was employed.  The relative amount of N-cad-Fc on the surface increased in a dose 

dependent manner (Figure 4.1B) where N-cad-Fc was applied alone or in combination with 

L1-Fc.  N-cad-/L1-Fc substrates resulted in less N-cad-Fc on the surface in comparison N-

cad-Fc only substrates.  An L1-Fc ELISA was performed on substrates that were treated 

with both recombinant proteins and compared to substrates that were only treated with 

L1-Fc.  The results indicate the amount of L1-Fc present on the surface was relatively 

similar in magnitude on 2-D films alone or in combination with all concentrations of N-cad-

Fc (Figure 4.1C).   

4.3.2.  N-cad-/L1-Fc Substrates Promote H9-NSC Attachment 

 In order for a substrate to be a candidate for promoting differentiation and growth 

of H9-NSCs, the substrate must be permissive for cell attachment.  The adhesion of the H9-

NSCs was determined after 24 hours by counting the number of Hoechst 33258 stained 

nuclei in each field of view (10 per condition) (Figure 4.1D).  Poly-D-lysine (PDL) and 

laminin (LN) treated substrates were effective in promoting attachment of neurons and 

NSCs.  Integrins bind to laminin, while the positive charge of PDL interacts with the negative 
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charge of the cells membrane.  To this end, the percent cell attachment to each surface was 

determined using PDL/LN as the substrate that resulted in maximum H9-NSC attachment.  

There was a slight decrease in cell attachment as the N-cad-Fc concentration was increased 

(77%, 74%, and74.1%).  H9-NSC attachment was only slightly lower for conditions where 

L1-Fc was presented along with N-cadherin-Fc (70.5%, 73.7%, and 68.1%) compared to the 

corresponding N-cad-Fc concentrations.  L1-Fc alone and protein A (PA) treated substrates 

resulted in the very low cell attachment (12.4% and 12%, respectively) and were 

considered non-permissive for cell attachment.   

4.3.3.  Surface N-cad-Fc Induces Differential Localization of Cellular N-cadherin 

Immunofluorescence was used to determine cellular localization within H9-NSCs 

after 24 hours in culture.  H9-NSCs were immunostained with an antibody against the 

extracellular domain of N-cad, which could also label surface adsorbed N-cad-Fc.  Due to 

surface binding of the extracellular N-cad antibody to substrate-functionalized N-cad-Fc, 

areas where cells appear black and the surrounding regions look green, represent surface 

N-cad-Fc (Figure 4.1E).  H9-NSCs were also labeled with β-catenin as well as an antibody 

against an intracellular epitope of N-cadherin.  Using confocal microscopy, 0.5 µm optical 

sections (top to bottom) were taken to visualize N-cadherin localization throughout the 

cells.  N-cadherin in H9-NSCs cultured on low N-cad-Fc 2-D films appeared to be localized 

around or at the cell membrane (Figure 4.1E, middle), similar to that observed in H9-NSCs, 

grown on PDL/laminin, in contact with one another (Figure 4.1E, top).  Images that were 

taken closer to the basement membrane of H9-NSCs on low N-cad-Fc substrates revealed 

areas where N-cadherin was not localized at the cell membrane, but as clusters more 

central to the cell.  In the case of H9-NSCs grown on high N-cad-Fc 2-D films, cellular N-

cadherin was localized, away from the membrane, in a cluster more central within the cell 

(Figure 4.1E, bottom).  β-catenin assumed a similar localization pattern as extracellular N-
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cadherin (4.S1), suggesting that the engagement of substrate presented N-cad-Fc with 

cellular N-cadherin promoted sequestration of β-catenin. 

 

 
Figure 4.1:  H9-NSC attachment and N-cadherin localization in response to N-cad-Fc 2-D films.  
A)  Schematic showing the treatment of polymer films with N-cad- and L1-Fc.  B)  1.375, 2.75, 5.5 
µg/ml (Low, Med, High, respectively) of N-cad-Fc was applied alone or in combination with 10 µg/ml 
of L1-Fc and an ELISA was used to detect relative amounts of N-cad-Fc on the surface.  An increase of 
N-cad-Fc was detected in a dose dependent manner whether applied to 2-D films alone or in 
combination with L1-Fc, but less N-cad-Fc was detected when applied with L1-Fc.  (§ denotes p <0.05   
C)  L1-Fc ELISA where the relative amounts of L1-Fc was detected when combined with varying 
concentrations of N-cad-Fc or deposited on the polymer film alone.  The absorbance reading for L1-
Fc was the same when combined with all concentrations of N-cad-Fc or applied to the 2-D films 
alone.  D)  H9-NSCs attached to N-cad-Fc or N-cad-L1-Fc 2-D films with the same efficiency after 24 
hours, with very low attachment to L1-Fc and PA substrates.  Each condition was normalized to H9-
NSC attachment to PDL/LN 2-D films.  E)  After 24 hours in culture, H9-NSCs, immunocytochemistry 
was used to determine cellular N-cadherin localization (white arrows) in response to low and high N-
cad-Fc 2-D films and optical sections were taken using confocal microscopy.  The antibody used 
against extracellular domain of N-cadherin also detected surface adsorbed N-cad-Fc, causing black 
areas where cells attached for low and high N-cad-Fc substrates.  H9-NSCs grown on PDL/LN 
exhibited typical N-cadherin localization, resulting in bright green bands at cell-cell boarders (white 
arrows) at each section.  N-cadherin localization in H9-NSCs cultured on low-N-cad-Fc 2-D films was 
similar to that observed on PDL/LN, with bright bands of green at the cell membrane in the first two 
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sections, as well as areas more central within the cell.  H9-NSCs cultured on high N-cad-Fc exhibited 
localization of N-cadherin away from the membrane a large cluster more central within the cell.  
(* denotes p < 0.05 compared to PA and Fc controls [C,D] or between N-cad-Fc and N-cad-/L1-Fc 
conditions [B].) 

 

4.3.4.  N-cad-Fc Combined with L1-Fc Influences Neuritogenesis and Neurite 

Outgrowth  

 During neural development, neural stem cell, cell-cell contacts are strongly 

mediated by homophilic engagement of N-cadherin and the degree of engagement 

influences neural stem cell differentiation [50].  To test the role of N-cadherin presentation of 

NSC neuronal differentiation, H9-NSCs were cultured on 2-D films low, med, or high (1.375, 

2.75, or 5.5 µg/ml) of N-cad-Fc alone or in combination with 10 µg/ml of L1-Fc.  After 7 days 

in culture, the cells were immunostained with β-III-tubulin, and the following was 

quantified:  the percent of cells that extended neurites, the average total neurite length, and 

the longest neurite lengths.  Due to low attachment of H9-NSCs to L1-Fc and PA treated 2-D 

films, those two conditions were omitted from these studies.  The morphology of H9-NSCs 

grown on N-cad-Fc and N-cad-/L1-Fc substrates was observed through immunolocalization 

studies of a key early neuronal marker, β-III-tubulin (Figure 4.2A).  All conditions possessed 

cells that were β-III-tubulin+ and the typical neuronal morphology.  In addition, there were 

also β-III-tubulin+ cells that did not possess a neuronal morphology, but were larger in size, 

compared to the neuronal looking cells, and did not extend neurites.  The percent of cells 

that possessed a neuronal morphology and extended neurites was quantified for each 

condition (Figure 4.2B).  As N-cad-Fc concentration increased, the percent of H9-NSCs 

extending neurites decreased, with 40.8%, 29.6%, and 24.7% of H9-NSCs extending 

neurites on low, med, and high concentrations of N-cad-Fc on 2-D films, respectively (Figure 

4.2B).  When N-cad-Fc and L1-Fc were combined, low N-cad-/L1-Fc presenting substrates 
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enhanced neuritogenesis (56.2%) compared to the equivalent low concentration of N-cad-

Fc alone.  Additionally, med N-cad-/L1-Fc 2-D films promoted an increase in cells extending 

neurites (43.3%) compared to med N-cad-Fc alone.  However, in the case where N-

cadherin- and L1-Fc were presented at equal molar ratios (high N-cad-/L1-Fc), the 

percentage of cells that extended was greatly reduced, almost down to the levels elicited by 

high N-cad-Fc alone, demonstrating there might be threshold of N-cadherin that might 

impede neuronal differentiation of neural stem cells.  Neurite lengths (total and longest) 

were also quantified, after 7 days.  The total neurite length indirectly correlated to N-cad-Fc 

concentrations as low N-cad-Fc substrates promoted longer total neurite lengths, at 251.5 

µm compared to lengths observed on med-N-cad-Fc (191.7 µm) and high N-cad-Fc (165.2 

µm) 2-D films (Figure 4.2C).  H9-NSCs grown on N-cad-/L1-Fc 2-D films displayed enhanced 

total neurite outgrowth compared to substrates presenting N-cad-Fc alone.  The greatest 

lengths were observed on low N-cad-/L1-Fc (383.9 µm), followed by med N-cad-/L1-Fc 

(282.6 µm), and high N-cad-/L1-Fc (254.72 µm).  Quantification of the longest neurite 

lengths revealed there was only a slight decrease in H9-NSCs cultured on high Ncad-Fc (97.6 

µm) compared to low and med N-cad-Fc presenting substrates (125.3 µm, 122.6 µm, 

respectively) (Figure 4.2D).  In contrast, there was a significant decrease in the lengths of 

the longest neurite as the N-cad-Fc concentration increased when combined with L1-Fc 

(Figure 4.2D) suggesting that as N-cad-Fc concentration increases, the influence of L1-Fc in 

promoting neurite extension decreases.  
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Figure 4.2.  N-cad-and L1-Fc, combined, influence neuritogenesis and neurite outgrowth of H9-
NSCs on 2-D substrates.  A)  Morphology of H9-NSCs, after immunolabeling with β-III-tubulin 
(green) and Hoechst (blue) cultured on varying concentrations of N-cad-Fc low, med, and high 
(1.375, 2.75, and 5.5 µg/ml, respectively) alone and in combination with L1-Fc (10 µg/ml), which 
resulted in 0.25:, 0.5:, and a 1:1 ratio of N-cadherin-Fc:L1-Fc, respectively.  B)  Quantification of the 
percent of H9-NSCs that extended neurites after 7 days.  The lowest concentration of N-cad-Fc (1.375 
µg/ml), co-presented with L1-Fc, induced greater neuritogenesis compared to other combinations of 
N-cad- and L1-Fc and N-cad-Fc alone.  C)  Quantification of the average total neurite lengths of NSCs 
after 7 days.  D)  Quantification of the longest neurite length of H9-NSCs after 7 days in culture.  
(* denotes p < 0.05). 
 

4.3.5.  Surface Presented N-cad-Fc Combined with L1-Fc Enhances Neuronal 

Differentiation 

To obtain a more comprehensive readout of NSC differentiation patterns, in addition 

to probing for the early neuronal marker β-III-tubulin, H9-NSCs were immunolabeled with 

antibodies against MAP2 and neurofilament-M, which are both markers used to detect 
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maturing neurons[59].  H9-NSCs, positive for both MAP2 and neurofilament-M, were 

observed across all N-cad-Fc or N-cad-/L1-Fc presenting 2-D films (Figure 4.3A).  However, 

quantification of MAP2 cells, possessing a neuronal morphology showed that low N-cad-Fc 

(1.375 µg/ml) contained a higher percentage of MAP2+ cells (37%) compared to medium N-

cad-Fc (2.75 µg/ml) (25.3%) and high N-cad-Fc (5.5 µg/ml) (18%) (Figure 4.3B).  Low N-

cad-Fc substrates also promoted a slightly higher percentage of neurofilament-M+ cells 

(31%) compared to cells grown on substrates presenting medium concentration of N-cad-

Fc (21%) and high concentration of N-cad-Fc (22.5%) (Figure 4.3C).   Similar to our 

previous observations with β-III-tubulin immunofluorescence, there were some 

MAP2+/neurofilament-M negative cells that also did not show a neuronal morphology.  As a 

result, those cells were excluded for quantifying MAP2+ cells.  Notably, the presentation of 

low concentration of N-cad-Fc, combined with 10 µg/ml of L1-Fc, resulted in the highest 

percentage of MAP2+ cells (49%) (Figure 4.3B), as well as the highest percentage of 

neurofilament-M+ cells (58.1%) (Figure 4.3C).  The percentage of MAP2+ and 

neurofilament-M+ cells decreased with increasing concentrations of N-cad-Fc when 

combined with L1-Fc (Figure 4.3B-4.3C).  The NSCs were also immunostained with an 

antibody against NeuN, which is a mature, post-mitotic neuronal marker.  NeuN+ cells were 

not observed on any of the N-cad-Fc or N-cad-/L1-Fc 2-D films (data not shown), suggesting 

that neither N-cad-Fc alone or N-cad-/L1-Fc substrates promoted post-mitotic maturation 

of the newly formed neurons within the first 7 days in culture.  The lengths of the longest, 

neurofilament-M neurites per cell was quantified and low N-cad-Fc combined with L1-Fc 

promoted the longest neurite lengths (Figure 4.3D), similar to that observed of the longest 

neurite length that was β-III-tubulin positive.  These results indicate that the density of 

surface presented N-cad-Fc greatly modulates signaling linked to neuronal differentiation 
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and neurite outgrowth and that there may be a certain threshold in which the synergy of N-

cadherin and L1 is attenuated in altering H9-NSC behaviors.   

 

 
Figure 4.3.  Neuronal differentiation of neural stem cells in response to N-cadherin-Fc and L1-
Fc presenting 2-D substrates.  A)  H9-NSCs were immunostained with neuronal markers MAP2 
(green) and neurofilament-M (red), and nuclei were stained with Hoechst (blue) after 7 days in 
culture.  All conditions supported neuronal differentiation and H9-NSCs positive for both neuronal 
markers.  B)  Quantification of the percent of MAP2 positive cells showed that low levels of N-cad-Fc 
alone or combined with L1-Fc resulted in a greater percentage of MAP2+ cells, with a neuronal 
morphology, followed med N-cad-Fc combined with L1-Fc.  C)  All the substrates in which N-cad- and 
L1-Fc were combined yielded a higher percentage of neurofilament-M+ cells compared to substrates 
where N-cad-Fc was presented alone, with low N-cad-/L1-Fc 2-D films resulting in the highest 
percentage of neurofilament-M+ cells.  D)  Low N-cad-/L1-Fc combined promoted longer 
neurofilament-M+ neurites, while medium (2.75 µg/ml) and high (5.5 µg/ml) concentrations of N-
cad-Fc, co-presented with L1-Fc, resulted in a modest increase in neurite length compared to the 
presentation of N-cad-Fc alone. (* denotes p < 0.05) 
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4.3.6.  Interruption of Cell-Substrate N-cadherin Engagement Leads to Improved 

Neurite Outgrowth, But No Change in Neuronal Differentiation 

 A limited degree of neurite outgrowth was observed in H9-NSCs grown on high N-

cad-Fc (5.5 µg/ml) substrates, even in the presence of L1-Fc.  We hypothesized that this 

response was likely governed by an increase in cell-substrate adhesion, mediated by 

homophilic N-cad-N-cad engagement.  A previous study demonstrated that 

oligodendrocytes displayed increased migration along astrocytes following the inhibition of 

N-cadherin function[60], while another study found that N-cadherin inhibits Schwann cell 

migration along astrocytes[61].  Additionally, Kawauchi showed that high N-cadherin 

expression interrupted neuronal migration in vivo[62]  To determine if cell-substrate N-

cadherin interaction played a role in the neuronal differentiation in our studies, cellular N-

cadherin was blocked with an antibody against the extracellular domain of N-cadherin prior 

to seeding H9-NSCs onto high N-cad-Fc (5.5 µg/ml) alone or co-presented with L1-Fc.  An 

increase in neurite lengths was observed following treatment with anti-N-cadherin (Figure 

4.4A).  When H9-NSCs were treated with 50 µg/ml or 100 µg/ml of anti-N-cadherin and 

cultured on high N-cad-Fc or high N-cad-/L1-Fc coated substrates, neurite lengths were 

significantly greater than those observed on high N-cad-Fc alone and combined with L1-Fc, 

Notably, neurite lengths of  H9-NSCs treated with 100 µg/ml  of anti-N-cadherin on high N-

cad-Fc alone or combined with L1-Fc conditions were comparable to that of H9-NSCs that 

had been grown on low N-cad-/L1-Fc substrates.  The results of this study suggest that 

there is a threshold level of substrate presented N-cadherin that causes longer neurite 

extensions.  In the case of anti-N-cadherin-treated NSCs, which were cultured on PDL and 

laminin coated substrates, there were no differences in NSC organization and outgrowth 

compared to H9-NSCs that were not treated with the antibody (data not shown), indicating 

that the antibody itself was not responsible for promoting increased neurite lengths of NSCs 
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following antibody treatment.  Additionally, there were no differences observed in isotype 

control treated H9-NSCs (4.S2), indicating the response was specific to N-cad/N-cad 

interactions.  Additionally, we investigated the degree to which the N-cad/N-cad 

interactions between the substrate and cells influenced the expression of neuronal markers 

MAP2 and neurofilament-M.  Treatment of H9-NSCs with anti-N-cadherin did not appear to 

alter neuronal differentiation, as the percentage of MAP+ cells was relatively similar in H9-

NSCs treated with 50 (20%) or 100 µg/ml of anti-N-cadherin compared to untreated H9-

NSCs (20.7%) cultured on high N-cad-Fc 2-D films (Figure 4.4B).  The same trend was also 

observed in the percentage of neurofilament-M+ (Figure 4.4B) cells and in H9-NSCs 

cultured on N-cad-/L1-Fc presenting 2-D films (Figure 4B). 

 

 

 

 
Figure 4.4.  Interruption of N-cadherin Interactions Improves Neurite Outgrowth on 2-D 
substrates.  A) H9-NSCs were treated with either 50 or 100 µg/ml of anti N-cadherin and cultured 
on thin films treated with high N-cadherin-Fc (5.5 µg/ml) alone or in combination with 10 µg/ml of 
L1-Fc and compared to cells cultured on low N-cadherin-Fc (1.375 µg/ml) alone or combined with 
L1-Fc (10 µg/ml), for 5 days.  Quantification of the longest neurite length showed improved neurite 
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growth following treatment with 100 µg/ml of anti N-cadherin for NSCs cultured on high N-cadherin-
Fc alone or combined with L1-Fc, which was comparable to neurite lengths observed on low N-cad-
/L1-Fc surfaces.  There was no difference observed between N-cadherin alone and the combination 
of N-cadherin- and L1-Fc. (* denotes p < 0.05). 
 

4.3.7.  Inhibition of Fibroblast Growth Factor Receptor Modulates Neuronal 

Differentiation 

 The fibroblast growth factor receptor (FGFR) is known to regulate neural stem cell 

proliferation and differentiation.  Further, N-cadherin/FGFR interactions have been 

implicated in N-cadherin mediated neurite outgrowth of primary neuronal cells cultured 

along cells overexpressing N-cadherin or on substrates where N-cadherin was adsorbed.  

Studies have also demonstrated that L1-mediated neurite outgrowth of primary neurons 

involves L1/FGFR interactions[30,42].  To inhibit FGFR activity, PD173074, a molecule known 

to prevent auto-phosphorylation of FGFR, was applied to cultures at 750 nM 24 hours after 

plating onto functionalized 2-D films and applied to culture medium every two days for a 

period of 6 days.  H9-NSCs neuronal differentiation was assessed by quantifying the percent 

of MAP2+ and neurofilament-M+ cells that possessed neuronal morphology.  Following 

treatment with the FGFR inhibitor, H9-NSCs grown on high N-cad-Fc 2-D films exhibited an 

increase in MAP2+ cells to 48.5%, from the 29.1% observed in H9-NSCs that were not 

treated with the inhibitor (Figure 4.5A).  Similarly, the percentage of MAP2+ H9-NSCs also 

increased to 48.2% from 30.8% when cultured high N-cad-/L1-Fc 2-D films (Figure 4.5A).  

FGFR inhibition also resulted in an increase in neurofilament-M+ cells in H9-NSCs grown on 

high-N-cad-Fc to 38.4% and high N-cad-/L1-Fc to 44.7%, over untreated cells (26.5% and 

30% respectively) (Figure 4.5B).  In the case of low N-cad-Fc presenting substrates, there 

was a more modest increase in MAP2+ cells (from 39.2% to 48.3%) (Figure 4.5A) and 

neurofilament-M+ cells (34.4% to 40.6%) (Figure 5B).  In contrast, FGFR inhibition in H9-

NSCs that were exposed to low N-cad-/L1-Fc 2-D films resulted in minute increases in 
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MAP2+ and neurofilament-M+ cells (Figure 4.5A-4.5B).  H9-NSCs cultured on PDL 2-D films 

did not display a change in neuronal differentiation following treatment with the FGFR 

inhibitor (data not shown), suggesting that the changes observed were specific to substrate 

N-cad-Fc and FGFR interactions. 

Treatment of H9-NSCs cultured on high N-cad-Fc may have reduced the activity of 

N-cad-Fc/FGFR signaling to levels comparable with the activity of low N-cad-Fc/FGFR 

interactions.  An increase in neuronal differentiation of H9-NSCs grown on high-N-cad-Fc 2-

D alone or with L1-Fc, following FGFR inhibition, suggests that high N-cad-Fc presenting 

substrates activate or alter FGFR signaling that, in turn, reduces neuronal differentiation of 

H9-NSCs.  Additionally, the lack of improvement or decline in neuronal differentiation, 

following FGFR inhibition, in H9-NSCs from low N-cad-/L1-Fc 2-D films, indicates that FGFR 

is not solely responsible for the synergy between N-cad-Fc and L1-Fc and other receptors 

and signaling pathways are involved in neuronal differentiation are activated.  

 
Figure 4.5.  Inhibition of FGFR improves neuronal differentiation of H9-NSCs cultured on high 
N-cad-Fc 2-D films.   H9-NSCs were cultured on N-cad-Fc or N-cad-/L1-Fc substrates were treated 
with the FGFR inhibitor, PD173074 and neuronal differentiation was compared to H9-NSCs not 
exposed to the inhibitor.  A)  Following FGFR inhibition, the percentage of MAP2+ cells increased in 
H9-NSCs cultured on high N-cad-Fc and high N-cad-/L1-Fc functionalized 2-D films.  There was a 
marginal increase in MAP2+ in H9-NSCs grown on low N-cad-Fc substrates and effectively no change 
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in observed on low N-cad-/L1-Fc substrates.  B)  The percentage of neurofilament-M+ cells also 
increased in H9-NSCs exposed to high N-cad-Fc and high N-cad-/L1-Fc 2-D films. (* denotes p < 0.05). 
 

4.3.8.  Combined Display of N-cadherin and L1-Fc has Synergistic Outcomes in NSCs 

cultured in Fibrous 3-D Scaffolds  

As neural tissue engineering aims to combine bioactive molecules and biomaterials, we 

sought to determine how the cell responses elicited by 2-D, N-cad-/L1-Fc functionalized 

surfaces can be translated to 3-D, fibrous scaffolds.  We tested all of the conditions that were 

tested in 2-D, and given the inherent surface area and curvature of the fibrous scaffolds, we 

also included an even lower concentration of N-cad-Fc (very low, 0.6875 µg/ml) (Figure 

4.6A) as well as L1-Fc (Figure 4.6B).  Very low N-cad-Fc and low N-cad-Fc, in combination 

with L1-Fc,  promoted longer neurite lengths (240.5 µm and 210.8 µm, respectively) 

compared to the corresponding very low N-cad-Fc (150.9 µm) and low N-cad-Fc (137.9 µm) 

only treated scaffolds (Figure 4.6C).  L1-Fc functionalized scaffolds promoted neurite 

extensions that were comparable in length (150.3 µm) to H9-NSCs grown on very low N-

cad-Fc and low N-cad-Fc functionalized scaffolds, as well as that of med-N-cad-/L1-Fc 

(160.5 µm)  and high N-cad-/L1-Fc (157.7 µm), but slightly longer than that observed on 

med N-cad-Fc (113.2 µm) and high N-cad-Fc (117.4 µm) treated  scaffolds.  Another cellular 

response of note was the difference in organization displayed by H9-NSCs in response to the 

different substrates.  At lower concentrations of N-cad-Fc (very low and low), H9-NSCs 

appeared to cluster slightly more in comparison to med and high N-cad-Fc treated scaffolds 

(Figure 4.6A).  The addition of L1-Fc somewhat disrupted clustering of H9-NSCs on lower N-

cad-Fc presenting scaffolds. As the concentration of N-cad-Fc increased, H9-NSCs appear 

more spaced out with fewer cell-cell contacts.  H9-NSC attachment was also observed on PA 

only treated scaffolds, indicating non-specific interactions between cells and the scaffold, 

such as surface chemistry or topography, which facilitates adhesion to the scaffolds. It is 
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also possible that PA modulates hydrophilicity[63] of the substrates, thereby facilitating non-

specific adhesion, although this was not the case on 2-D films; further indicating the role 

scaffold topography plays in cell adhesion.  The results of these studies suggest that 1) the 

display of N-cad-Fc and L1-Fc from the scaffolds further support the importance and benefit 

of three dimensional topography, as cells were able to attach and exhibit a favorable 

response at an even lower N-cad-Fc, as well as L1-Fc in contrast to 2-D films and 2) The 

synergistic effect of N-cad-Fc and L1 translates over to electrospun scaffolds, thereby 

highlighting the potential of the use of this biofunctionalized scaffold for neural tissue 

engineering applications.  The influence of N-cad-Fc or N-cad-/L1-Fc functionalized 

scaffolds on neuronal differentiation was determined by quantifying the number of MAP2+ 

cells (Figure 4.6D) and neurofilament-M+ cells (Figure 4.6E).  Very low N-cad-Fc resulted in 

32.2% MAP2+ cells, while 43.9% of H9-NSCs grown on low N-cad-Fc were positive for 

MAP2.  We observed a peak in MAP2+ cells on low N-cad-Fc substrates, as both med and 

high N-cad-Fc substrates resulted in a lower MAP2+ population at 21.9% and 17.3%, 

respectively.  A similar trend in MAP2+ was observed on N-cad-/L1-Fc treated scaffolds, 

where very low and low N-cad-/L1-Fc substrates resulted more MAP2+ cells (32.7% and 

35.9%, respectively), followed by med N-cad-/L1-Fc (22.2%) and high N-cad-/L1-Fc 

(21.4%).  L1-Fc resulted 20.6% MAP2+ H9-NSCs, followed by PA where only 6.8% of H9-

NSCs were MAP2+.  In the case neurofilament+ H9-NSCs, both very low N-cad-Fc (24.6%) 

and low N-cad-Fc (23.6%) substrates possessed more neurofilament-M+ cells compared to 

med N-cad-Fc (14.1%) and high N-cad-Fc (13.5%) functionalized scaffolds (Figure 4.6E).  

Combining L1-Fc with very low and low N-cad-Fc promoted an increase in the percent of 

neurofilament-M+ cells compared to med N-cad and high N-cad combined with L1-Fc 

(Figure 4.6E).  H9-NSCs grown on L1-Fc scaffolds had a neurofilament-M+ population 
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comparable to med and high N-cad-Fc alone or combined with L1-Fc and PA treated 

scaffolds resulted in the neurofilament-M positive population (4.1%).   

4.3.9.  Low N-cad-Fc Presenting 2-D films and Scaffolds Promote H9-NSC Survival 

 The release of reactive oxygen species following injury to CNS is a major trigger for 

neuronal cytotoxicity-related death[64].  Substrates designed for cell transplantation 

therapies that promote survival under harsh conditions following injury would be ideal 

candidates for priming cells prior to transplantation and providing the appropriate 

neuroprotective and neurotrophic cues post-transplantation.  N-cadherin and L1 have been 

reported to promote cell survival[65,66].  Therefore, we sought to determine the degree to 

which 2-D films and 3-D scaffolds functionalized with N-cad-Fc and/or L1-Fc promoted 

survival of H9-NSCs.  H9-NSCs, cultured on 2-D films or scaffolds functionalized with N-cad-

Fc or both N-cad-/L1-Fc, were introduced to oxidative stress conditions through exposure 

to 20 µM H2O2, for 6 hours in anti-oxidant free medium.  Following the 6 hour incubation 

period, Alamar Blue, a reagent used to assess cell viability, was applied and cells were 

assayed 24 hours later using a fluorescent plate reader.  Cell survival was determined by 

comparing fluorescent readings of H9-NSCs cultured on PDL/LN substrates, in medium 

supplemented with BDNF, as BDNF has been shown to provide neuroprotection.  H9-NSCs 

cultured on 2-D films functionalized with low N-cad-Fc alone (120.4%) and combined with 

L1-Fc (103.7%) resulted in increased cell survival in comparison to med N-cad-Fc 

presenting substrates (77.9%) or med N-cad-/L1-Fc substrates (74%) and high N-cad-Fc 

presenting substrates alone (78.3%) or in combination with L1-Fc (69.1%) (Figure 4.7A).   

We also examined the ability of 3-D scaffolds functionalized with N-cad-Fc to or N-cad-/L1-

Fc to promote survival of H9-NSCs (Figure 4.7B).  We found that scaffolds functionalized 

with very low concentrations of N-cad-Fc  and low N-cad-Fc resulted in the highest degree 

of survival (139% and 100.6%, respectively) in comparison to H9-NSCs cultured on high N-
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cad-Fc functionalized scaffolds (75.2%).  While the addition of L1-Fc caused a reduction in 

survival, very low N-cad-/L1-Fc did promote better survival compared to L1-Fc combined 

with low (86.7%) and high N-cad-Fc (78.7%) as well as L1-Fc alone (81.8%).  It is important 

to note that all tested conditions resulted in significantly better cell survival compared PA 

treated scaffolds, which yielded 32.4% in H9-NSC survival, demonstrating that N-cad-Fc 

and/or L1-Fc functionalized 2-D films and 3-D scaffolds promote survival of H9-NSCs under 

oxidative stress conditions. 
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Figure 4.6.  N-cad-/L1-Fc presenting scaffolds affect neuritogenesis and neuronal 
differentiation.  A) NSC morphology, after 7 days of growth on electrospun scaffolds 
biofunctionalized with very low, low, medium, or high N-cad-Fc alone (0.6875, 1.375, 2.75, or 5.5 
µg/ml, respectively) or in combination with L1-Fc (10 µg/ml).  The cells were labeled with β-III-
tubulin (green) and nuclei were labeled with Hoechst 33258 (blue).  B)  The morphology of NSCs 
cultured on L1-Fc (10 µg/ml) and PA.  C)  Scaffolds functionalized with very low and low N-cad-Fc, 
combined with L1-Fc, promoted the best growth of the longest neurite compared to other conditions, 
including L1-Fc alone.  Quantification of cells positive for D) MAP2 and E) neurofilament-M was used 
to determine the degree of neuronal differentiation of H9-NSCs on the various N-cad-Fc 
functionalized scaffolds.  As N-cad-Fc concentration increased, MAP2+ and neurofilament-M+ cells 
decreased indicating a threshold of N-cad-Fc alone or in combination with L1-Fc necessary to 
promote neuronal differentiation within three dimensional scaffolds. (* denotes p < 0.05). 
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Figure 4.7.  Low levels of N-cad-Fc promotes increased H9-NSC survival in the presence of 
hydrogen peroxide.  NSCs were treated with 20 µM of hydrogen peroxide for 6 hours and then 
assayed for survival using Alamar blue.  A)  2-D films presenting a relatively low concentration of N-
cad-Fc (low, 1.375 µg/ml) promoted the greatest NSC survival over the control H9-NSCs cultured on 
PDL/LN in BDNF supplemented medium.  H9-NSCs cultured on low N-cad-Fc (1.375 µg/ml) 
combined with L1-Fc (10 µg/ml) showed better survival compared to cells cultured on high N-cad-Fc 
(5.5 µg/ml) alone or in combination with L1-Fc.  However, 2-D films presenting high N-cad-Fc did 
provide some protection compared to H9-NSCs in the saponin treated control, where cell survival 
was low as expected.  B)  Fibrous scaffolds presenting very low N-cad-Fc (0.6875 µg/ml) promoted 
better survival of H9-NSCs, followed by very low N-cad-Fc with L1-Fc, suggesting that in the presence 
of N-cad-Fc, the additional benefit of cell-cell contact enhances survival under oxidative stress 
conditions.  While there were no appreciable differences in survival of H9-NSCs cultured on scaffolds 
functionalized with high N-cad-Fc with and without L1-Fc, low N-cad-/L1-Fc, and L1-Fc alone, these 
substrates did prove to be neuroprotective in comparison to PA treated scaffolds.  PDL:  poly-D-
lysine, LN:  laminin, PA:  protein A.  (* denotes p < 0.05, + denotes p < 0.05 compared to PDL/LN-
saponin or PA conditions) 
 

4.4.  Discussion  

 
Directing cell behavior in vitro for the purpose of cell transplantation following 

central nervous injury or onset of neurodegenerative diseases requires a balance of 

relevant, bioactive cues and structural supporting scaffolds to create a transplantable 

construct for treatment.  Several research studies have examined in what manner 

neurotrophic factors, extracellular matrix proteins, and neural cell adhesion molecules can 
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be used alone or in combination for directing cell behaviors such as adhesion, proliferation, 

and differentiation into a specific neural cell type[26,27,67,68].  In this study, we aimed to 

investigate how N-cad-Fc, at varying concentrations, influenced adhesion, neuronal 

differentiation, neurite outgrowth, and survival of H9-NSCs, when presented from 2-D films 

and 3-D, electrospun scaffolds.  We also aimed to discern whether combinations of N-cad-Fc 

and L1-Fc could generate synergistic effects in these same NSC behaviors.  We found that N-

cad-Fc supports H9-NSC attachment across a range of concentrations on 2-D polymer films 

as well as on fibrous scaffolds, while L1-Fc only supported appreciable attachment onto 

fibrous scaffolds.  We determined a range in which N-cad-Fc and L1-Fc can act 

synergistically in promoting neuronal differentiation and neuritogenesis on both 2-D films 

and 3-D scaffolds.  Specifically, relatively low concentrations of N-cad-Fc afford this 

cooperative activity with L1-Fc in generating a larger population of cells positive for 

neuronal markers MAP2 and neurofilament-M and bearing longer neurite extensions, in 

contrast to relatively higher concentrations of N-cad-Fc.  We found as N-cad-Fc 

concentration increased, the synergistic effect between the two cell adhesion molecules was 

lost, as was demonstrated by fewer MAP2+ and neurofilament-M+ H9-NSCs, as well as the 

lack of enhanced neurite outgrowth.  To better understand the differential responses, a 

closer look had to be taken into how H9-NSCs responded to substrates where low N-cad-Fc 

and high cad-Fc were presented alone.  We examined H9-NSC adhesion, differentiation, 

neurite outgrowth, and survival when cultured on N-cad-Fc presenting substrates.  

The role of N-cadherin very early in neural development is well established.  In 

order for neural stem cells to migrate to their target niche and differentiate, N-cadherin 

mediated cell-cell contacts must first be disrupted[50].  After 24 hours, H9-NSCs cultured on 

N-cad-Fc substrates appeared more scattered in comparison to H9-NSCs cultured 

PDL/laminin substrates, indicating that cell-cell contacts were disrupted.  We did not 
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observe any differences in H9-NSC attachment across the different concentrations of N-cad-

Fc, showing that even the lowest concentration tested in 2-D (1.375 µg/ml) was sufficient to 

promote adhesion.  However, there were differences in other cellular responses across the 

varying concentrations of N-cad-Fc, suggesting a change in signaling due to altering the 

density of substrate bound N-cad-Fc.  Notably, E-cadherin presenting substrates were 

previously shown to modulate cellular function.  For example, primary hepatocytes cultured 

in the presence of E-cadherin-Fc functionalized microbeads exhibited an increase 

proliferation and a decrease in differentiation due to the microbeads disrupting E-cadherin 

engagement, which in turn led to degradation of E-cadherin and an increase in 

proliferation[69].  Another study by Semler et al presented substrate bound E-cadherin-Fc 

either alone or protein A presented to hepatocytes and observed an increase in 

differentiation of hepatocytes as the concentration of E-cadherin-Fc increased.  Low cell 

densities resulted in the highest degree of functional activity, suggesting hepatocytes 

responded to substrate E-cadherin despite the lack of cell-cell contacts and juxtacrine 

signaling[70].  These two studies demonstrate the effect of protein presentation on cadherin 

signaling and the resultant epithelial cell function and differences in cadherin activity. 

In our studies, we observed contrasting responses of H9-NSCs in response to N-

cadherin concentration.  On low N-cadherin presenting substrates, we observed more 

neuronal differentiation compared to high N-cad-Fc presenting substrates, as indicated by 

MAP2+ cells, with neuronal morphology.  The contrasting response of H9-NSCs on low 

versus high N-cadherin substrates indicates the tunable effects and control of N-cadherin 

mediated signaling, simply by varying surface density of N-cadherin.  Based on the results of 

the immunocytochemistry of extracellular N-cadherin, it is apparent that the density of 

surface presented N-cadherin alters the localization of cellular N-cadherin and possibly 

acting as a switch for directing cellular response and function.  We observed bands of N-
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cadherin localized at the periphery of cells cultured on low N-cad, but not in cells cultured 

on high N-cad-Fc, where the localization was more clustered and central, at a single spot.  

Therefore, we believe that low Ncad-Fc substrates more closely mimic native N-cadherin 

mediated cell-cell contacts and resulting signaling, while still interrupting cell-cell contacts 

in vitro.   

Further support of the idea of low N-cad-Fc substrates being more physiologically 

relevant and as a mimetic of N-cadherin mediated cell-cell contacts lies in the oxidative 

stress studies.  We observed improved H9-NSC survival, following oxidative stress 

exposure, in H9-NSCs cultured on low N-cad-Fc presenting substrates, on 2-D films.  In the 

case of 3-D scaffolds, we observed survival was maximal on substrates where N-cad-Fc 

concentration was lower and cells were able to form cell-cell contacts.  Although H9-NSC 

survival was highest on low N-cad-Fc presenting substrates, high N-cad-Fc presenting 

substrates also proved to be neuroprotective as demonstrated by a higher percentage of 

survival compared to saponin treated H9-NSCs or H9-NSCs cultured on PA treated scaffolds.  

Previously, cancerous, epithelial cells, and neuronal cells have been shown to undergo 

apoptosis following disruption of cadherin adhesion[71-73].  Tran et al found that N-cadherin 

engagement promoted survival in cancer cells through activation of the P13-kinase/Akt 

anti-apoptotic signaling pathway, resulting in phosphorylation of the pro-apoptotic protein, 

Bad and suppression of apoptosis[74].  Pretreatment of rats with amine-modified, single wall 

nanotubes promoted neuronal protection under ischemic conditions, created by induced 

stroke, and it was determined that increased N-cadherin expression and activation of Akt 

survival pathway were, in part, responsible for the neuroprotective effect of the 

nanotubes[75].  N-cadherin mediated survival as a result of cell-surface N-cadherin 

engagement was also demonstrated in primary neurons cultured on N-cadherin substrates 

in contrast to neurons cultured on poly-D-lysine, signifying the ability of substrate 
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presented N-cadherin and cellular N-cadherin engagement to be sufficient in promoting 

anti-apoptotic signaling, through down regulation of BIM within the Erk 1/2 MAP kinase 

pathway, mediated by N-cadherin engagement[65].  These studies indicate the various 

survival signaling pathways that can be activated following N-cadherin engagement through 

cell-cell contacts or cell-substrate interactions.  In our system, the greatest degree of cell 

survival was observed on substrates presenting low N-cad-Fc, which promoted localization 

of N-cadherin similar to that observed when two cells come into contact with one another 

or when cells were actually able to cluster together.  Figure 4.8A depicts a proposed model 

for H9-NSC survival within our system. 

N-cadherin homotypic engagement has been shown to maintain neural stem cells in 

a maintenance state, in vivo, and as N-cadherin expression decreases and cell-cell contacts 

are disturbed, neural stem cells migrate, and differentiation occurs[50].  Here, by presenting 

substrate bound N-cad-Fc, cell-cell contacts were interrupted on 2-D films at low, medium, 

and high N-cad-Fc concentrations, as indicated by the scattered morphology of H9-NSCs on 

each concentration of N-Cad-Fc, in 2-D.  However, neuronal efficiency was greater on low N-

cad-Fc presenting substrates compared to high N-cad-Fc presenting substrates after 7 days 

and 14 days (4.S3).  One possibility for enhanced neuronal differentiation across on low N-

cad-Fc substrates might involve β-catenin.  We observed some β-catenin localized at the 

membrane in H9-NSCs cultured on low N-cad-Fc substrates, suggesting a recruitment of β-

catenin to the cell-substrate interface in response to surface N-cadherin/cellular N-cadherin 

engagement on low N-cad-Fc substrates.  In the case of high N-cad, β-catenin was not found 

to be localized at the membrane and appeared more diffuse.  Several reports have 

implicated the role of β-catenin signaling in differentiation of stem cells[76] and the 

sequestration of β-catenin at the cell membrane due to cadherin engagement has been 

reported to promote differentiation due to the decrease of β-catenin available for 
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translocation to the nucleus[77,78].  β-catenin sequestration to cadherin junctions results in 

decreased β-catenin signaling[79] and decreased β-catenin signaling has been linked to 

neuronal differentiation of cortical neural precursors in vivo[80,81] and in vitro[49], while 

inhibition of Wnt/β-catenin signaling has been shown to promote neuronal differentiation 

of mouse embryonic stem cells[82].  While studies have shown that N-cadherin engagement 

is a positive regulator of β-catenin signaling and maintenance of neural stem cells, we 

believe that β-catenin signaling might play role in neuronal differentiation within our 

system based on the observation of increased neuronal differentiation of H9-NSCs cultured 

on low N-cad-Fc substrates, where β-catenin was localized at the cell membrane (Figure 

4.8A), similar to N-cadherin.  While we do observe a diffuse, cytoplasmic pool β-catenin 

within H9-NSCs, the cells were not proliferative as indicated by a decrease in the percentage 

of Ki67+ cells (4.S4), suggesting that β-catenin may not be actively translocating to the 

nucleus and promoting proliferation.   

Across the different N-cad-Fc substrata, we observed differences in cell morphology, 

with more cells with a non-neuronal phenotype on high N-cad-Fc substrates.  These cells 

did not take on the typical neuronal morphology, yet they were positive for MAP2.  Despite 

being positive for this neuronal marker, these non-neuronal cells could likely be glial in 

nature as glial precursors have been shown to express MAP2[83].  While high N-cad-Fc 

substrates did not promote a high degree of neuronal differentiation, the cells were not 

proliferative; as these cells had the lowest percentage Ki67+ cells (4.S4).  One possible 

difference in the degree of neuronal differentiation as well as the morphology of H9-NSCs 

on different N-cad-Fc surfaces could lie in FGFR signaling.  Several reports have indicated 

interactions between FGFR and N-cadherin that mediate several cell behaviors such as 

survival, neurite outgrowth, and motility[84-86].  In our studies, following inhibition of FGFR 

activation, we observed an increase in neuronal differentiation of H9-NSCs cultured on high 
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N-cad-Fc presenting 2-D films indicating a change in FGFR signaling that influenced 

neuronal differentiation of H9-NSCs.  One possible explanation could be frequent or 

continuous interactions of N-cadherin and FGFR on high N-cad-Fc substrates, which 

potentially leads to continuous FGFR signaling, subsequent activation of MAPK/ERk1/2 and 

PLCγ signaling.  Suyama et al found that N-cadherin stabilized and sustained FGFR1 

signaling, which lead to tumor metastasis[85].   In neural stem cells, MAPK/ERk1/2 signaling 

reportedly reduces induced or spontaneous neuronal differentiation and prompts self-

renewal of NSCs, whereas PLCγ signaling is necessary for both neuronal and 

oligodendrocyte differentiation potential, as inhibition of PLCγ signaling resulted in 

astroglial differentiation[57].  We suspect the latter is the case as H9-NSCs cultured on high 

N-cadherin substrates have a low percentage of Ki67+ cells, suggesting the cells are no 

longer proliferative.  Additionally, N-cadherin dependent activation of FGFR signaling 

results in activation of the PLCγ cascade, leading to a transient influx of Ca2+, and ultimately 

neurite outgrowth[30].  Perhaps the change in substrate density of N-cad-Fc turns influences 

differentiation of H9-NSCs into the neuronal or oligodendroglial direction (Figure 4.8B) by 

modulating the activation of FGFR.  This change in FGFR signaling warrants further 

investigation and may be the molecular switch responsible for differences in H9-NSC 

behaviors such as differentiation observed across varying N-cad-Fc concentrations.   
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Figure 4.8.  Proposed model for N-cadherin and L1 mediated H9-NSC behaviors.  A)  In the case 
of H9-NSCs cultured on low N-cad-Fc substrates, decreased β-catenin signaling might occur due to its 
sequestration at the cell membrane as a result of cellular N-cadherin engaging with substrate-bound 
N-cad-Fc.  Because of the decrease in β-catenin signaling, H9-NSCs are more likely to differentiate 
into neurons versus H9-NSCs cultured on high N-cad-Fc presenting substrates where β-catenin did 
not appear to be localized at the cell membrane.  Additionally, the higher degree of survival in H9-
NSCs cultured on low N-cad-Fc presenting substrates possibly linked to the activation of the PI3-
K/Akt anti-apoptotic signaling pathway, following N-cadherin engagement.  B)  The interaction of 
H9-NSCs with substrates presenting a higher density of N-cad-Fc perhaps leads to increased and 
sustained FGFR signaling and subsequent activation PLCγ, which is necessary for both 
oligodendrocyte and neuronal differentiation.  Fewer neurons and more  cells with a non-neuronal 
phenotype were observed in H9-NSCs cultured on high N-cad-Fc substrates, giving way to the 
possibility of a switch to oligodendroglial differentiation.  C)  The synergistic effects of N-cad-Fc and 
L1-Fc resulting in enhanced neuronal differentiation and neurite outgrowth may be the result of the 
different signaling pathways converging and amplifying differentiation and neurite outgrowth.  N-
cadherin activates FGFR, while L1 has been shown to activate FGFR and EGFR.  The activation of both 
FGFR and EGFR signaling pathways can lead to the activation of PLCγ, which has been reported to be 
involved in neurite extension and neuronal differentiation.   
 

 

The differential responses of H9-NSCs to varying concentrations of N-cad-Fc give 

some insight as to why synergistic effects were observed on certain substrates presenting 

both N-cad-Fc and L1-Fc.  N-cad-Fc promoted adhesion, at varying concentrations, in 

contrast to L1-Fc substrates, indicating N-cad-Fc prompts the initial response of H9-NSCs 

and sets the stage for subsequent cell behaviors.  Low N-cad-Fc alone resulted in a 

significant increase in MAP2+, but not neurofilament-M positive H9-NSCs compared to high 
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N-cad-Fc.  By incorporating L1-Fc, the NSCs received an additional cue that further 

prompted differentiation and improved neuritogenesis.  Previous work demonstrated that 

L1 increased neuronal differentiation of mouse neural stem cells[87] and heterophilic 

interactions were possibly involved.  While H9-NSCs do not express L1 (data not shown), L1 

has been reported to participate in heterophilic interactions with cell surface receptors 

such as α5β1 and αvβ3, as well as FGFR[42,88].  Within our culture time period, H9-NSCs did not 

reach the post-mitotic stage, but they did exhibit features typical of maturing cells, as 

indicated by an increase in MAP2+ cells and longer neurites that were neurofilament-M 

positive.    The combination of N-cad-Fc and L1-Fc enhanced neuronal differentiation and 

neuritogenesis, but survival of H9-NSCs cultured on very low or low N-cad-/L1-Fc 

substrates, resulted in less survival, but better than higher concentrations of N-cad-Fc 

combined with L1-Fc.  The drop in cell survival when L1-Fc was presented on the substrate 

could be due to disruption in cell-cell or cell-substrate adherens junctions by L1-Fc, as L1 

has been reported to disrupt E-cadherin formed junctions[89] and disruption in N-cadherin 

junctions has been shown to increase cell death[73,74].   Within the fibrous scaffolds, we 

observed less clustering in H9-NSCs grown on low N-cad-/L1-Fc compared to low N-cad-Fc, 

suggesting there was a slight interruption in cell-cell contacts.  Our results of L1 and N-

cadherin, combined, resulting in enhanced neurite outgrowth of differentiating H9-NSCs 

goes in line with previous work that demonstrated a synergistic effect between surface 

adsorb L1 and N-cadherin on neurite outgrowth of primary cortical neurons[43].  To date, 

this is the first investigation into synergistic effects of these two cell adhesion molecules in 

promoting neuronal differentiation of H9-NSCs.   We examined the role of FGFR activation 

and signaling in the cooperative effect of N-cad-Fc and L1-Fc on neuronal differentiation by 

inhibiting FGFR activation.  However, we did not observe any differences between cells 

treated with an FGFR inhibitor and untreated cells, implying other receptors and signaling 
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pathways are likely responsible for the response, which deserves further mechanistic 

investigation.  It is plausible that the presence of other L1-Fc activated pathways that 

converge on N-cadherin signaling, such as FGFR, resulting in enhanced neurite outgrowth 

and neuronal differentiation.  Aside from FGFR, L1 has been implicated in direct 

interactions with epidermal growth factor receptor (EGF), as well as EGFR activation[90,91].  

EGFR activation within NSCs was previously shown to be involved in PLCγ signaling[92,93],, 

which results in transient calcium influxes that lead to neurite outgrowth.  EGF was also 

shown to support neuronal survival and neurite outgrowth of cortical and cerebellar 

neurons[94], as well as neuronal differentiation in PC12 cells that overexpressed EGFR[95].  

The same PLCγ signaling pathway is involved in neurite outgrowth mediated by N-cadherin 

and FGFR interactions, as well as FGFR and L1 interactions[30,56].  A proposed model of N-

cadherin and L1 interactions with FGFR and EGFR is depicted in Figure 4.8C.        

 Ultimately for cell transplantation, the behavior of H9-NSCs on three-dimensional 

scaffolds functionalized with N-cad-Fc and/or L1-Fc is of great interest.  Within the fibrous 

scaffolds, we observed a synergistic effect on neurite outgrowth and neuronal 

differentiation of N-cad-Fc and L1-Fc when N-cad-Fc was low relative to the concentration 

of L1-Fc.  Additionally, conditions where N-cad-Fc substrates allowed for a certain degree of 

cell-cell contact resulted in increased cell survival, with N-cad-Fc alone or in combination 

with L1-Fc.  While surface bound N-cadherin disrupts cell-cell contacts, the fibrous 

architecture of the scaffolds allowed for the establishment of cell-cell contacts when the N-

cad-Fc density was low, in contrast to 2-D thin films.  Poly-D-lysine treated, electrospun, 

fibrous scaffolds were previously shown to promote increased cell-cell contacts, and 

subsequently viability, self-renewal, and directed differentiation of human embryonic stem 

cells[96], demonstrating the benefit and ability of the fibrous architecture to mimic the 

endogenous microenvironment and foster cell interactions through microscale 
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confinement, in contrast to more planar scaffolds.  However in the case of scaffolds 

functionalized with higher N-cadherin density, cell-cell contacts were disrupted by the 

interaction of cellular N-cadherin with substrate bound N-cadherin, resulting in less 

survival and neuronal differentiation of H9-NSCs.  We also determined that a much lower 

concentration of N-cad-Fc, alone or co-presented with L1-Fc, could be combined with 3-D 

scaffolds promoting significant adhesion, neuronal differentiation, as well as neurite 

outgrowth of H9-NSCs, in contrast to 2-D films.  These results point to the additive benefit of 

the topography of the fibrous scaffolds and biofunctionalization with N-cad-Fc and L1-Fc in 

promoting enhanced cell behaviors and further emphasize the importance of balancing 

concentration and presentation of biological cues with geometric properties of biomaterials 

so as to promote the desired cellular outcomes.    

4.5.  Summary and Conclusions 

We investigated the effects of two dimensional polymer films and fibrous scaffolds 

functionalized with N-cadherin-Fc and/or L1-Fc in promoting enhanced behaviors of H9-

NSCs such as neuronal differentiation, neurite outgrowth, and survival during oxidative 

stress.  N-cadherin-coated substrates have been previously shown to promote neural 

differentiation, as well as maintenance and neural differentiation of neural stem cells.  

However, no studies have examined how varying concentrations of substrate presented N-

cadherin-Fc affect neuronal differentiation, survival, and outgrowth of human embryonic 

stem cell-derived neural stem cells in 2-D and more importantly within 3-D, fibrous 

scaffolds.  We showed as N-cadherin-Fc concentration increased, neuronal differentiation, 

neurite outgrowth, and survival of H9-NSCs decreased.  In addition, we demonstrated that 

co-presentation of N-cadherin-Fc and L1-Fc enhances neuronal differentiation as well as 

neurite outgrowth, but only when N-cadherin-Fc was at a low concentration, relative to L1-
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Fc.  We presented the cell adhesion proteins from polymeric two dimensional thin films and 

fibrous scaffolds made from poly(DTE carbonate), in which important parameters such as 

degradation rate, stiffness, and protein deposition can be tailored for implantable devices 

for nervous system repair.   
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4.6.  Supplemental Data 

 

Figure 4.S1.  Co-localization of N-cadherin and β-catenin in H9-NSCs cultured on N-cad-Fc 
substrates.  After 24 hours, immunocytochemistry was used to determine the localization of N-
cadherin (green) and β-catenin (red) in H9-NSCs cultured on PDL/LN (top), low N-cad-Fc, and high 
N-cad-Fc functionalized 2-D films.  Hoechst 32258 was used to label nuclei (blue).  In H9-NSCs 
cultured on PDL/LN substrates, N-cadherin was localized at cell-cell junctions, resulting in bright 
green bands around the cell membrane (white arrows).  Co-localization of β-catenin was also 
observed at the cell membrane (white arrows, third column).  A similar localization pattern was 
observed in H9-NSCs cultured on low-N-cad-Fc presenting 2-D films, in contrast to H9-NSCs cultured 
on high N-cad-Fc, which promoted a clustered localization of both N-cadherin and β-catenin away 
from the cell membrane.  These results suggest that N-cadherin engagement between cellular N-
cadherin and low N-cad-Fc substrates mimics cell-cell N-cadherin engagement and that the 
engagement is adequate in sequestering β-catenin.  
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Figure 4.S2.  Isotype control treatment of H9-NSCs for the N-cadherin antibody blocking 
studies.  Similar to H9-NSCs treated with varying concentrations of anti-N-cadherin, H9-NSCs were 
treated with 100 µg/ml of sheep IgG isotype control to determine if interactions with sheep IgG had 
an influence on the cell behavior of H9-NSCs following treatment with sheep anti-N-cadherin.  The 
longest neurite lengths of H9-NSCs treated with sheep IgG were comparable to that of untreated H9-
NSCs.   
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Figure 4.S3.  MAP2 expression and morphology of H9-NSCs cultured on N-cad-Fc substrates 
after 2 weeks on 2-D films.  After 14 days in culture, H9-NSCs positive for MAP2 (red) were 
identified using immunocytochemistry and nuclei were labeled with Hoechst 33258 (blue).  H9-NSCs 
cultured on low N-cad-Fc and low N-cad-/L1-Fc 2-D films exhibited a large degree of cells possessing 
a neuronal morphology that were positive for MAP2.  In contrast, a majority of H9-NSCs cultured on 
high N-cad-Fc and high N-cad-/L1-Fc exhibited a non-neuronal phenotype, consisting of cells that 
were larger in size. 
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Figure 4.S4.  Ki67 expression of H9-NSCs in response to N-cad-Fc substrates.  After 7 days of 
culture in NDM, H9-NSCs Ki67 expression was determined using immunocytochemistry.  High N-cad-
Fc resulted in the lowest percentage of Ki67+ cells (17%), followed by low N-cad-Fc functionalized 2-
D films (27%).  PDL/laminin had a higher percentage of Ki67+ cells (40%), but lower than the 
control, H9-NSCs cultured in NPM, supplemented with bFGF (83%). (* denotes p < 0.05, + denotes p < 
0.05 compared to control).  NDM:  neural differentiation medium, PDL:  poly-D-lysine, LN:  laminin, 
NPM:  neural proliferation medium, bFGF:  basic fibroblast growth factor 
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Chapter 5 

Dissertation Summary and Future Directions 

  

5.1.  Dissertation Summary 

The field of neural tissue engineering aims to combine cells, biomaterials, and 

bioactive factors to replace lost cells, support sparred neural tissue, and promote 

integration of transplanted cells with native tissue following injury to the central nervous 

system or the onset of neurodegenerative diseases.  Several approaches have been 

investigated for potential cell sources for cell transplantation therapy, the type and 

configuration of the biomaterials, as well as the biological cues that would recapitulate the 

endogenous microenvironment that promotes neural cell development and function.  An 

ideal design of transplantable cell/bioactive scaffolds would 1) provide a permissive growth 

substrate for transplanted cells to integrate with this host tissue and 2) encourage the host 

tissue to grow beyond the site of injury, reconnect to targets, and reestablish cell functions 

for restoration of motor function.  While the field has made considerable progress in 

identifying cell sources and testing their efficacy in promoting regeneration of injured tissue 

and functional recovery, several challenges still exist, such as increasing survival and 

function of transplanted cells.  Bioactive, biomaterial scaffolds have gained much attention 

as an approach to address problems associated with cell survival following transplantation 

into injured or diseased neural tissue[1-3].  

The goal of this thesis was to design and optimize three-dimensional, implantable 

bioactive scaffolds, through examining the effects of protein presentation and the combined 

effects of neural cell adhesion proteins on H9 human embryonic stem cell-derived neural 

stem cells (H9-NSCs).  The findings of the thesis demonstrate the ability to modulate neural 

cell behaviors such as neurite outgrowth, survival, and differentiation by altering protein 
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presentation as well as the combining two key neural adhesion proteins necessary for 

normal nervous system development.  Specifically, utilizing protein A to present the 

extracellular domain of L1, fused with the Fc region of human IgG, promoted improved 

efficacy of L1-Fc as demonstrated by enhanced neurite outgrowth, as well as neuronal 

differentiation of H9-NSCs.  These results further reveal the importance of protein 

orientation in designing biomimetic constructs for neural tissue engineering and substrates 

for cell transplantation therapy.  For the first time, the effects of L1, functionalized 

polymeric fibrous scaffolds on differentiation behaviors of human neural stem cells were 

identified.  Additionally, work from this thesis detected differential responses of H9-NSCs to 

varying concentrations of N-cadherin, as well as the combination of N-cadherin and L1.  

These differences were manifested in changes in neuronal differentiation, neurite 

outgrowth, and survival.  Previous studies have investigated the use of N-cadherin as an 

artificial extracellular matrix for neuronal cells, as well as stem cells[4-6], but have not 

investigated and identified optimal dosing conditions for promoting neuronal 

differentiation of human embryonic derived-neural stem cells.  For the first time, it has been 

determined the density of surface presented N-cadherin-Fc influences neuronal 

differentiation efficiency of H9, human embryonic stem cell (hESC)-derived neural stem 

cells (H9-NSCs).  Another insight highlighted in this work is the synergy between N-

cadherin and L1 in enhancing neuronal differentiation and neurite outgrowth of hESC-

derived NSCs, further emphasizing the importance and benefit of presenting multiple 

biomolecules, which are involved in different processes of neural development, for the 

design of biomimetics for neural tissue engineering.  While other groups have shown 

differential and synergistic effects between L1 and N-cadherin[7,8], none have examined the 

combined effects of the two proteins on hESC-NSCs behaviors.  Moreover, this work 

demonstrated the feasibility of translating specific orientations of L1-Fc and N-cadherin-Fc 
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onto both aligned and randomly oriented electrospun scaffolds, setting the stage for use of 

these cellularized, bioactive-scaffold constructs within in vivo models of spinal cord injury, 

traumatic brain injury, or neurodegenerative disease models.      

As reviewed in Chapter 1, cell replacement therapy is a promising approach for 

treatment of spinal cord injury, traumatic brain injury, and neurodegenerative disorders 

such as Alzheimer’s and Parkinson’s disease.  The transplantation of neuronal cells, 

combined with a supportive, three-dimensional bioactive scaffold, would be ideal as the 

supportive structure of the scaffold in providing anchorage for the transplanted cells and 

improved cell survival and integration of endogenous tissue.  The work from this thesis 

establishes that electrospun scaffolds, biofunctionalized with L1-Fc, N-cadherin-Fc, alone or 

in combination promote and support neuronal differentiation, neurite outgrowth, and 

survival of neural stem cells derived from hESCs in vitro.      

5.2.  Future Directions 

5.2.1. Identifying the Molecular Basis of L1/N-cadherin Functionalized Substrates in 

Modulating NSC Behaviors 

The work performed in Chapter 4 highlighted the synergistic effects of L1-Fc and N-

cadherin Fc in promoting neuronal differentiation and neurite outgrowth of hESC-NSCs, 

when combined at a specific ratio.  One receptor that we hypothesized to be involved in this 

synergistic effect was the fibroblast growth factor receptor (FGFR).  We postulated FGFR 

was a likely candidate due to several studies demonstrating that L1 and N-cadherin 

mediated outgrowth of neuronal cells is dependent on FGFR activation[9,10].  Kulahin et al 

identified two motifs within the third and fifth fibronectin type III repeats of L1, one of 

which binds to the acidic domain within FGFR[11] and a motif within the fourth domain  of N-

cadherin that has been shown to interact with FGFR[12].  In order to elucidate the role of 
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FGFR in the response of hESC-NSCs to the different N-cadherin presenting substrates, as 

well as the synergistic effect of L1 and N-cadherin in neuronal differentiation and neurite 

outgrowth of H9-NSCs, we used a FGFR inhibitor, PD173074, as this inhibitor has been 

shown to reduce neurite outgrowth mediated by N-cadherin and L1[12].  Findings of studies 

outlined in Chapter 4 suggest that 1) FGFR signaling acts as a regulator of neuronal 

differentiation observed in H9-NSCs cultured on N-cadherin presenting substrates and 2) 

FGFR signaling plays less of a role or may not be solely responsible for synergistic effect 

between L1-Fc and N-cadherin-Fc.  Additional studies need to be performed to better 

understand the involvement of FGFR signaling pathways involved in the response of H9-

NSCs to N-cadherin-Fc and L1-Fc substrates.  Small interfering RNA sequences (siRNA) are 

often used to knockdown gene expression and this technique would be useful in modifying 

H9-NSC FGFR gene expression to further understand how FGFR impacts neuronal 

differentiation of H9-NSCs.  Additionally, to truly understand the mechanism of action of 

FGFR signaling, the use of pharmacological inhibitors to block PLCγ, P13K, and MAPK 

(MEK/ERK) signaling cascades would be necessary[13,14].  Epidermal growth factor receptor 

(EGFR) signaling also activates PLCγ[15,16] signaling, similar to FGFR.  Reports have 

demonstrated the involvement of EGF and EGFR in neuronal differentiation and neurite 

outgrowth[17,18], and EGFR has been shown to interact with L1[19,20].  Inhibition of EGFR 

function though the use of siRNA or pharmacological inhibitors would better elucidate the 

role of EGFR in neuronal differentiation and neurite outgrowth mediated by N-cad-/L1-Fc 

functionalized substrates.   

5.2.2.  Improvement in Neuronal Yield and Alternative Cell Sources for Cell 

Transplantation 
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 The degree of neuronal differentiation was limited in the studies performed, with 

relatively low efficiency in neuronal differentiation and lack of differentiation of hESC-NSCs 

into different neuronal subtypes.  This is in part due to relatively short culture periods.  We 

used 7 days as an endpoint to investigate early on how L1 and N-cadherin substrates 

influenced the development of hESC-NSCs in vitro.  Therefore, significantly longer culture 

periods are necessary for more robust differentiation, as demonstrated in other studies[21].  

Additionally, very few factors were present in our culture system.  The differentiation 

medium used for culturing the cells only consisted of neuralbasal medium, B-27 

supplement, and the neurotrophic factor, BDNF.  We selected this simple formulation 

because soluble BDNF does not interrupt the trilineage potential of NSCs[22], thereby 

enabling us to better discern how the L1-Fc and N-cadherin-Fc substrates influenced neural 

stem cell differentiation.  Within the culture time period of our studies, there were no signs 

of subtype specific neuronal differentiation.  Therefore, longer culture periods are 

necessary to properly characterize neuronal subtypes that may arise after growth of H9-

NSCs on the various L1-Fc and N-cad-Fc substrates.  Many groups have developed protocols 

for achieving high neuronal yields as well as protocols to direct differentiation into specific 

neuronal subtypes such as GABAergic[23], dopaminergic[24], and motor neurons[25], using 

specific combinations of growth factors.  Culturing H9-NSCs on L1 and/or N-cadherin 

functionalized scaffolds in combination with a cocktail of growth factors, small molecules, 

or morphogens would be better suited for directed, subtype specific differentiation NSCs.     

Another interesting approach would be to combine the L1-Fc biofunctionalized 

scaffolds with hESC-NSCs that overexpress L1, possibly leading to a mature and functional 

bioactive scaffold/cell construct.  Chen et al. found that L1-overexpressing mouse 

embryonic stem cells transplanted into the contused mouse spinal cord showed better 

survival and promoted regrowth of the corticospinal tract axons[26].  Another study, 
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demonstrated the ability of Schwann cells, engineered to express L1 on the cell surface and 

in a soluble form, promoted early functional recovery and myelination in a mouse contusion 

spinal cord injury model[27].  More recently, He et al transplanted neural stem cells that both 

expressed L1 on the cell surface and secreted a trimeric form of L1 and found these cells 

enhanced motor function, reduced the glial scar volume, prevented axonal degeneration, 

and improved myelination[28].  All of these studies illustrate the benefit of having neural 

cells express L1 or the benefit of presenting a soluble form of L1 to the harsh environment 

of the injured spinal cord.  Combining neural stem cells that secrete soluble L1 with 

scaffolds biofunctionalized with L1 and/or N-cadherin, might further improve survival of 

transplanted cells, as well as provide structural support, which could mediate better 

integration of transplanted cells at the injury site, as this has been demonstrated when 

primary neural cells were transplanted within scaffolds into the injured spinal cord[29-31].  

Conceivably cells engineered to overexpress of L1 or a trimeric form, at the cell surface 

and/or as a soluble factor, in combination with L1-biofunctionalized scaffolds could be 

another avenue to explore for cell transplantation therapy.   

 Current differentiation procedures for neuronal differentiation of human embryonic 

stem cells can be time-consuming.  As a result, research efforts have focused on directly 

converting H9-hESCs and human induced pluripotent stem cells (iPSCs) into induced 

neurons (iNs) using a combination of defined transcription factors[32].  Neuronal cells 

produced with this method expressed β-III-tubulin and MAP2 after 8 days and fired 

spontaneous action potentials after only 6 days.  More recently a single factor has been 

shown to generate iNs in under two weeks, which formed pre- and post-synaptic 

connections and integrated into existing neuronal networks following transplantation into 

mouse brain[33].  L1-/N-cadherin-Fc biofunctionalized fibrous scaffolds would be 

advantageous substrates for iNs in vitro studies for development and disease models and 
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for in vivo models as these substrates have the potential to promote synapse formation, 

provide physical support and a permissive substrate for neurite extensions, foster cell-cell 

contacts, and promote survival following transplantation.  Differentiation procedures 

involving the combination transcription factors reprogramming to generate iNs and 

morphogens or growth factors would have to be put in place in order to generate the 

appropriate neuronal subtype.  Research is currently underway in our laboratory to 

generate motor neurons using transcription factor-reprogramming combined with sonic 

hedgehog and retinoic acid.   

5.2.3.  Alternative Approach for Tethering L1-Fc and N-cadherin-Fc 

 The approach used to immobilize L1-Fc and N-cadherin-Fc involved the use of 

protein A.  While this presentation scheme results in an orientation of both proteins that is 

physiologically relevant and improved bioactivity, protein A was merely adsorbed to the 

surfaces of the two-dimensional films and electrospun scaffolds.  Over time, protein A could 

desorb from the surface resulting loss of the bioactive cues[3].  Additionally, as protein A is 

the derivative of the bacteria Staphylococcus aureus, an adverse host response is possible[34].  

Using Fc binding peptides, shown to have an equivalent affinity for Fc as protein A[35], or 

protein A mimetic peptides[36] in place of protein A is one approach to circumventing 

adverse that might arise from using protein A.  Although protein A peptide mimics could 

address unfavorable reactions in response to protein A, this does not address the issue of 

desorption over time.  Thus, a more stable functionalization scheme would be useful.   

Tethering L1 and N-cadherin to scaffolds via the biotin-streptavidin interaction 

would be an advantageous approach as the stable, biotin-streptavidin bond represents the 

strongest non-covalent bond and dissociation of the complex is very slow[37,38],addressing 

issues regarding desorption of proteins over time.  Streptavidin has four biotin binding sites 
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and the biotin-streptavidin complex is widely utilized for clinical diagnostics and cancer 

therapeutics[38], demonstrating its translatability.  In collaboration with the laboratory of Dr. 

Joachim Kohn, we have demonstrated the feasibility of tethering biotin-modified L1-Fc, via 

streptavidin, to the surface of polymers also modified with biotin.  Following modification of 

L1-Fc with biotin, there was no loss in L1-Fc function and we observed an increase in the 

surface density of L1-Fc and enhanced neurite outgrowth of primary spinal cord neurons 

compared to conventional adsorption of L1-Fc.  Another benefit afforded by this system is 

the ability to tether different beneficial peptides, proteins, and growth factors, allowing for 

the design of a bioactive scaffold that aims to account for the multitude of factors necessary 

to promote adhesion, appropriate neuronal differentiation and maturation, neurite 

outgrowth, and survival of neural stem cells both in vitro and in vivo.  Further work is 

required to identify the combination of factors required to promote the desired phenotypic 

outcomes in vitro for use in in vivo injury models.  In regards to L1 and N-cadherin, the work 

from this thesis provides new insights into the nature of configurations, concentrations, and 

combinations of these two cell adhesion molecules that are useful for promoting increased 

neuronal differentiation of H9-NSCs.   

5.2.4.  L1 and N-Cadherin-Derived Peptide Biofunctionalized Substrates for Neural 

Tissue Engineering 

 Protein mimetics offer several advantages over protein fragments.  For example, 

peptide mimics can be designed such that modifications for covalent linkage do not 

interrupt with bioactivity, which is more likely with larger protein fragments.  Additionally, 

the use of high quantities of peptides is more cost-effective than that of larger protein 

fragments.  Moreover, biofunctionalizing biomaterials with specific, key active sequences 

could result in high local concentrations of protein-derived active sites, resulting in 
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enhanced cellular responses.  Peptides derived from functional motifs within L1 an N-

cadherin have been identified and investigated for their influence in neural cell behaviors 

such as neurite outgrowth, as well as adhesion.  L1 peptides derived from specific regions 

within the third and fifth fibronectin III repeats were shown to promote neurite outgrowth 

of rat cerebellar neurons[11].  Additionally, the L1 peptide used for studies detailed in 

Chapter 2 has been shown to possess neuritogenic properties[39].  Motifs that mediate N-

cadherin homophilic interactions were identified within the first extracellular domain of N-

cadherin [40,41], as well as regions within the fourth extracellular domain that facilitates N-

cadherin/FGF receptor mediated neurite outgrowth[12].  Future work could include the 

design of a system in which the various L1 and N-cadherin mimetics are incorporated onto 

the surface of electrospun scaffolds, and their ability in promoting adhesion, neuronal 

differentiation, and neurite outgrowth of hESCs could be evaluated.  Different approaches 

could be used to tether the peptides to the surface such as covalently linking the peptides to 

the surface of the material or using the biotin/streptavidin polymeric system to immobilize 

the peptides.  In either case, careful attention would need to be given to peptide 

modifications when designing the coupling scheme for linking the sequence the scaffold 

surface to ensure proper orientation of the peptide, for maximal bioactivity.      

5.2.5.  Transplantation of H9-NSCs within L1-/N-cadherin-Fc Functionalized Scaffolds 

for in vivo Models 

The next step would be to investigate how well biomaterials, functionalized with L1, 

N-cadherin, or a combination of the two, using low N-cadherin-Fc and L1-Fc, promote 

survival and integration of H9-derived neurons into a spinal cord injury model (SCI).  

Several studies have utilized hemi-section or complete transection SCI models due to the 

ease of scaffold transplantation and the ability to discern how well the transplanted device 
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promotes regeneration of damaged tissue[42-45].  However, the contusion model represents a 

more clinically relevant model, as this type of injury most closely mimics the crush and 

fracture injury that occurs in humans[46,47].  In collaboration with researchers from the Keck 

Center for Collaborative Neuroscience at Rutgers University, we envision that the 

electrospun scaffolds, biofunctionalized with N-cadherin-Fc and/or L1-Fc, with or without 

hESC-NSCs would be introduced into a contusion model.  In order to transplant the 

electrospun scaffolds, a myelotomy would be performed 10 days after the initial injury and 

the scaffolds would be inserted into the empty area using a procedure previously described, 

where electrospun scaffolds were biofunctionalized with GDNF and primary cortical neural 

stem cells were seeded into the scaffolds prior to transplanting into a contusion SCI 

model[48].  Initial studies could aim to assess histological outcomes such as survival and 

integration of H9-NSCs and regeneration of host tissue within the transplanted scaffold, 

while later studies could aim to evaluate recovery of motor functions.   
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