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ABSTRACT
Engineering Spatial Patterns of Gene Expression: Fundamental Studiesl@d Geilular
Processes and Applications to Tissue Regeneration
Tiffany Leigh Ray

Natural tissues can have complex architectures charactdrzélde organization of multiple
cells into structures, such as branching networks of the vascular or nerveuasssydtis cellular
organization arises, in part, from spatial patterns in the esipre®f soluble factors, which
create concentration gradients that direct cellular procelssex) morphogenesis. Regenerative
strategies for damaged tissue must recreate theseacefitdhitectures to restore function.
Biomaterials serve a central role in the engineeringuottional tissue replacements, and are
designed to present a combination of insoluble and soluble signaldirénetttissue formation.
Gradients of insoluble signals have been created at biomatefates; however, generation of
gradients of soluble signals has proven more difficult. By combiningvitahgene delivery
strategies with soft lithography, | have developed methods t@kpatattern gene expression.
Using DNA encoding for soluble growth factors, transfection detadlocalized and sustained
secretion thereby creating concentration gradients as therdagdiffuse. In this thesis, the
systems are utilized to investigate fundamental questions inewguidance and are applied to
the rational design of tissue engineering scaffolds. Spatitrpatof gene expression within a
cluster of cells were established and the gradients formedflugidn were mathematically
modeled. Neuronal responses to NGF gradients formed by pattex@gession were
experimentally determined using an in vitro co-culture modat, #he width of the pattern

governed neuronal response. Patterns 100u25@h width confined neuron survival and neurite



3
extension to the region of localized expression. Patterns of 500000 width guided neurite
extension up the NGF gradient, with guidance dependent on the amount arNG& surface
and the distance a neuron was cultured from the pattern. Smtexins of gene expression were
next established within single cells, by altering the extenttrahsgene expression and
transfection efficiency. The gene expression patterns weredinecth with topographically
patterned scaffolds to determine the design parameters agcéssdirected neurite extension
during nerve regeneration strategies. Neurite guidance was govertieltbpographical pattern
width and the extent of transgene expression by transfectedRisditopolymerizable hydrogels
were developed to extend spatially patterned gene expressione@dihrensional systems.
Hydrogels were characterized in terms of mechanical prepefNA vector release, and in
vivo cell migration and transfection. These studies demonstrateafieity of patterned gene
expression to create concentration gradients of soluble factdrsahdocally organize tissue
formation. The systems developed in this thesis provide a platfoimwiiich to investigate
concentration gradients in tissue formation, and may be applied fentfireeering of functional

tissue replacements.
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Chapter 1

Introduction: Thesis Overview

1.1 Motivation and Objectives

Complex spatiotemporal patterns of gene expression guide celledifiation and migration
into organized functional structures during tissue development and r@&adierned gene
expression results in concentration gradients of guidance moleeciétating cell orientation
and instruction during morphogenesis [1], immune responses [2], wound r8pait, [and
nervous system development [5]. The elucidation of cellular guidameehanisms during
embryogenesis and regeneration will rely on a fundamental understasfdthg manner in
which gradients are presented naturally, and how cells interprdiegta into functional
response [6]. The mechanisms are difficult to study in vivo, lmgithuch of the embryogenesis
research tdrosophila, Xenopus, and chick models [6]. Consequently, there exists a need for i
vitro systems capable of recapitulating patterns of gene eskpnet® characterize gradients and
investigate cell responses. Recently, advances in biologittatmag strategies have introduced
systems to spatially pattern extracellular matrix molkex(if], adhesion peptides [8], and growth
factors [9]. However, adsorption of proteins to heterogeneous hydrophwiaces or synthetic
chemistries may alter protein structure and misrepresenimtmer in which ligands are

presented during normal tissue functions [10]. An in vitro systenpatiadly patterned gene

expression within a complex cellular environment may present mefsimilar to the manner

in which they are presented naturally, providing an in vitro assajutly £mbryogenesis and

regenerationin this thesis, biological patterning strategies were combingd DNA delivery
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techniques to spatially pattern non-viral DNA vectors and, subsequegethg expression in
vitro. Here, the system is employed to investigate neurite guedamt characterize the gradients
formed by patterns of expression capable of eliciting a respd@hsethesis focuses on nerve
guidance, but the system presented herein is universal and catilized for fundamental
studies of tissue development or the rational design of tissue regenerati@iestrate

Tissue engineering strategies aim to support and stimwatestformation that has been lost
due to injury or disease. Tissue engineering scaffolds functionitdaimea space at a lesion site
and support cellular organization, while drug delivery strategiesirarorporated to present
factors that are critical to promote cell processes (adinesmigration, differentiation,
proliferation). Gene delivery from scaffolds aims to overcome disddgas associated with
traditional protein delivery, and can present therapeutic fact@ieedted and sustained levels
[11, 12]. Many tissues rely on a complex architecture to function pyopand tissue

regeneration strategies must reestablish the architectusgam function. Tissue engineering

strateqgies combined with patterned gene delivery offers the @temS8patially control factors

responsible for cell guidance and organization over time scales appeoion regeneratiorin

this thesis, in vitro methods to pattern gene expression withimeegese scaffolds are
developed. The systems are employed to determine design pardmetbesrational design of

tissue engineering scaffolds to optimize neurite guidance.

1.2 Thesis Outline and Approach

Chapters 2-4 provide background material relevant to the experinveoitea. Chapter 2
details gene delivery strategies from tissue engineeriaffofts, including polymeric release

and substrate-mediated delivery. Chapter 3 provides an overviewabégsts to pattern
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biologically relevant molecules, including soft lithography, a tempai that is utilized
throughout the thesis. Chapter 4 explains the fundamentals of neygber slevelopment with
a focus on growth cone guidance in response to spatial patternseodxg@ession. Chapters 5-9
describe the experimental work, while Chapter 10 provides conclusiohe research presented
herein and insight into future directions for the field.

An overview of the research presented in this thesis is providedgureFil-1.Focus 1
applies soft lithography to spatially pattern DNA vectors agnkegexpression within a cluster of

cells to establish gradients of diffusible factors and perform fundametidies of neurite

guidance(Chapters 5 and 6). The development of a microfluidic systeipattally pattern gene
delivery is described in Chapter 5. Conditions were optimized to rddndeng of vectors to
the microfluidic channel walls and maintain complex activitytlmsurface to achieve patterned
transfection on a 10@m-width scale. The system was characterized in terms oprttein
production rates and concentration gradients that develop from localizediage of soluble
guidance factors in Chapter 6. The system was employed tdaterreurite guidance to the
gradients formed by spatially patterned gene expression.

Focus 2 details strategies to alter patterns of gene expressionnvgthgle cellsfor the

rational design of topographically patterned tissue engineering stsaftiapters 7 and 8).
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[
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Photocrosslinked Hydrogel
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Figure 1-1: Thesis overviewAn outline of the three foci covered in this thesis.
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Methods to pattern gene delivery within topographically patternednett& were developed to
investigate synergistic guidance cues in Chapter 7. Concentratidiergsethat arise from a
single transfected cell were characterized and evaluategliidance capabilities in Chapter 8.
Knowledge gained from these studies can be applied to rationahd#sigssue engineering

scaffolds to achieve neurite guidance.

Focus 3 explores substrate-mediated gene delivery within photopolymegingidrogelsand

establishes techniques to achieve spatial control of DNA vectitlenvthree dimensions

Hydrogels were developed to conform to specific design reqgairean biologically inert
backbone, incorporation of cell adhesion molecules, instructed cellgeadddion, and affinity
molecules for DNA vector retention. The hydrogel was charaetfior mechanical properties,
DNA vector release, and in vivo cell migration and transfectiotte@ng strategies were
developed to demonstrate spatial control of DNA vectors within three-dimehsomstructs.
Collectively, the three foci of this thesis explore stratedgie spatially pattern gene
expression and define concentration gradients responsible for newespahses. Concentration
gradients developed by spatially patterned gene delivery r@pitbgemanner in which gradients
are formed naturally. Spatially patterned gene expression sy/si@mbe utilized to investigate
fundamental questions in tissue development as well as define desmmnepas for the

engineering of tissues with complex architectures.
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Chapter 2

Gene Delivery from Tissue Engineering Scaffolds

2.1 Introduction

Tissue engineering has demonstrated the potential to replaoe tsss or organ failure,
which results in expenditures of billions of dollars annually in theald8e [13]. Approximately
$500 million was spent by the tissue engineering industry foR@& calendar year [14], with
industrial spending growing at an annual rate of 11% and a total immesexceeding $3.5
billion since 1990. This investment has resulted in several FDA-appronaelucts, including
Apligraf® (Organogenesis), Cartie(Genzyme Biosurgery), DermagfaftATS), and OrCél
(Ortec), with product sales estimated at $0.1 to 25 million [14hodigh these products have
demonstrated some clinical benefit, many others failed to profiidacy in phase lll trials or
were abandoned during phase | or Il. Additionally, these products haveecmne profitable,
despite treating many thousands of patients, and, in some instdreadinical benefit is not
greatly superior to less expensive methods. Emerging statdgat combine biomaterial
scaffolds, drug delivery technology, and gene therapy have thatipbteo provide more
effective tissue replacements with significant benefitatingd to current products, confer safety
advantages, and potentially lower costs relative to current therapies [15].

Tissue engineering scaffolds serve a central role in the ap@®do tissue engineering,
which can be broadly classified as conductive, inductive, and egl$gtantation [16]. The
conductive approach employs polymer scaffolds to create and maantgace and provide a

physical support that allows tissue regeneration. The inductive appedsc employs the
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scaffold as a drug delivery vehicle to provide a stimulus thadtides tissue formation. The
conductive and inductive approaches assume the presence of progéisitor tbe surrounding
tissue that are capable of regenerating the tissue. Tissue emggnecaffolds can also function
as vehicles for the transplantation of cells that can regenlesitor diseased tissue. The design
of these scaffolds is evolving to provide signals that direct ggmegsion for tissue progenitor
cells, either endogenous or transplanted.

Gene therapy approaches provide a mechanism to directly alteregpresssion within a
developing tissue. The delivery of genes is a versatile appragelble of targeting any cellular
process, and can produce prolonged expression of tissue inductives fECIpr Delivery
strategies have typically employed direct injection ofaranon-viral vectors, the gene gun, or
the transplantation ofx-vivo genetically engineered cells. Strategies typically egnplaggene
that results in protein secretion (e.g., growth factor), whiatapmable of stimulating numerous
cells in the microenvironment. Cells that express the transgue as bioreactors for localized
protein production. Alternatively, genes encoding for intracellular p®iould be delivered to
control the fate of individual cells, which may require large numberslls to be targeted for
efficacy. Examples include genes encoding for cell surfaceptexs or nuclear transcription
factors. Tissue-specific and inducible promoters also provide a ntearestrict or control
transgene expression after gene delivery. The combination of gerspythand tissue
engineering scaffolds represents a promising approach, wisc#fild providing the physical
support for cell adhesion and a template for tissue formation anddgémery functioning to

induce specific cellular processes.
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This Chapter examines gene delivery from tissue engineerm@fiplsls as a means to directly
alter gene expression and stimulate tissue formation. The develophssatffolds for localized
DNA delivery builds upon research into gene delivery systems [h8]aBso the transplantation
of ex-vivo genetically engineered cells [19, 20]. A brief overview offstds and gene delivery
systems is provided, followed by current capabilities for DNAvedey from tissue engineering
scaffolds. The relationship between gene delivery, transgene swpresnd tissue formation is
also presented. Although this Chapter focuses primarily orm¢kelopment of gene releasing
scaffolds to increase expression, similar approaches can beyethpdareduce or eliminate gene
expression through delivery of oligonucleotides or siRNA delivery [Réducing gene
expression with siRNA has potential therapeutically [22], and adgpptie delivery systems for

siRNA may significantly enhance the ability to direct tissue formation.

2.2 Tissue Engineering Scaffolds

A variety of natural and synthetic materials have been emgplagescaffolds for tissue
engineering [23, 24]. The polymers used in scaffold fabrication caergéy be categorized as
either hydrophilic (e.g., hyaluronic acid (HA), collagen, polyhyéene glycol) (PEG)) or
hydrophobic (e.g., poly (lactide-co-glycolide) (PLG)). Hydrophilic modéys can assemble or be
crosslinked to form hydrogels. Naturally occurring materialsh sag collagen or hyaluronan,
can form hydrogels and are advantageous for tissue engineerafiplds, as they are
intrinsically involved in the numerous developmental and physiologigadtions, such as cell
attachment, differentiation, and chemotaxis. In particular, collagdnts derivatives have been
used for pharmaceutical and medical applications due to their lisaft ability to modify the

physicochemical properties. Synthetic polymers provide greateatigy than natural materials
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for designing tissue engineering scaffolds with controlledrasicture, mechanical properties,
and degradation time. Synthetic hydrophilic polymers (e.g., PE®)bea crosslinked and
functionalized [25]. Perhaps the most widely used synthetic ralsteor tissue engineering
scaffolds are poly-(L)-lactic acid (PLLA), polyglycolic ac{@GA), and copolymers of these
materials (PLG). Copolymers of PLG have been extensively usedudeecthey are
biocompatible, FDA approved, and can be designed to degrade over thgesy riiom a few
weeks to more than a year [26]. Scaffolds can be formed as aofisérs wound together or
the polymer can be processed into a highly porous structure [27, 28].

Tissue engineering scaffolds must mimic the numerous funatiotee natural extracellular
matrix (ECM), including providing a support for cell adhesion and maratand organizing
cells into structures. Several fundamental scaffold design esgeints have been identified from
the variety of materials and tissue systems that have bemmireed [16]. These basic
requirements include being biodegradable and biocompatible, having sufficestianical
integrity, and the ability to provide a suitable environment for nesu¢ formation that can
integrate with the surrounding tissue. Scaffolds must create amatan a space for tissue
formation, and should be resorbed or degraded at a rate that is comparaige tissue
formation. For scaffolds fabricated from natural polymers suclolagen or hyaluronic acid,
cells can migrate by specific cellular interactions wiié matrix, and have the ability to degrade
the matrix. For synthetic polymers (e.g., PLG), scaffolds ygedlly highly porous, which can
allow nutrient transport and cell infiltration from the surroundinguigs Cellular infiltration

from the surrounding tissue is important for integration of thenexeged tissue with the host,
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and also for development of a vascular network throughout the tissugpply snecessary
metabolites once the tissue has developed.

The basic properties of the scaffold can be augmented to prepgddfic cellular cues that
direct tissue formation. These signals can be presented through multipler ceteractions with
the microenvironment, and include interactions with the scaffold sudaagther cells, the
release of soluble factors, and mechanical stimuli. Adhesion metecydeptides, and
extracellular matrix proteins can be immobilized to the bionatéo regulate the cellular
interactions with the matrix [24, 29]. Growth factors can be sel@drom the matrix, which can
then bind to cell surface receptors and initiate a variety ddlaelprocesses [24, 30]. Each
stimulus presents unique opportunities for directing cellular functiand the scaffold must
provide the appropriate combination to coordinate gene expression tmaately leads to
tissues with the desired properties. Relative to direct proteimedgl gene delivery is a more
versatile approach that may provide more sustained, localized padwdtitissue inductive
factors. Additionally, gene delivery may produce more potent protejeblt=a of stimulating

autocrine or paracrine loops, which play important roles in tissue development aiwdoglyys

2.3 Gene Delivery

Gene delivery requires that DNA overcome a series of eXtrkgeand intracellular barriers
that can limit efficiency. The extracellular barriersliate efficient mass transport to the desired
cell populations, DNA degradation, and clearance from the deliverylsitacellular barriers
include limited cellular internalization, endosomal escape, vector kimga@nd transport into
the nucleus. DNA can be delivered alone (i.e., plasmid), or can be pdaksigg viral or non-

viral vectors. These vectors consist of DNA assembled with psytpblymers, or lipids. The
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fundamentals underlying non-viral and viral delivery systems, and ¢ie racent development

of polymeric delivery systems are described in the following sections.

2.3.1 Non-viral Gene Delivery

Plasmid and non-viral vectors are less toxic and immunogenic thelnveotors, and easier
to prepare [31]; however, the gene delivery efficiency can alsmbiicantly lower. Many cells
can be transfected by direct injection of plasmids into the interstitiad sfdbe tissue, however,
transfection is often variable and inefficient [3@ther physical methods, such as gene gun and
electroporation, have been developed to target naked DNA locally ensgatly. However,
there are disadvantages to naked DNA delivery. Plasmids @ye taolecules (1010° base
pairs) and have a negative charge density, which can preveplagimid from crossing cellular
membranes [33]. Furthermore, non-methylated CpG motifs in the plasmistimulate a dose-
dependent immune response [34].

Self-assembly of plasmid with cationic lipids (e.g., DOTAP/IEDPr cationic polymers
(e.g., poly-L-lysine (PLL), poly(ethylene imine) (PEI)) formgoplexes or polyplexes,
respectively. Complexation creates a less negative suttiacge; may reduce the effective size,
protects the DNA against degradation, and can facilitate ellugar trafficking (i.e., cellular
internalization, endosomal escape, nuclear localization) [31]. Addiyoretionic lipids and
polymers within the DNA complexes can be designed to targstifgp processes, such as
receptor binding, nuclear localization, or modulation of an immune resg88F The quantity
of cationic polymer or lipid in the complex is often minimized touee cellular toxicity and the

inflammatory response.
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2.3.2 Viral Gene Delivery

Viral vectors are the most efficient method of gene transfeivo [36]. Viral particles are
composed of a nucleic acid genome surrounded by a capsid of proteinsgatitims of the virus
genome replaced with a therapeutic gene. Viruses can circulassociate with extracellular
matrix molecules prior to internalization, which typically occtinrough receptor binding or
membrane fusion [37]. Despite the in vivo gene delivery efficiencg) vectors must often be
modified due to safety issues. Viruses are typically engidderbe replication deficient, and are
being designed to minimize the immune response.

Viruses utilized for gene delivery vectors include retrovirus, ademaviand adeno-
associated virus (AAV) [37]. Retroviruses offer the potential lfmg-term gene expression
through integration into the host cell genome. However, the chall@sgesiated with retrovirus
vectors include the inability to transduce non-dividing cells, obtafitiesit delivery, and
achieve stable expression at an appropriate level. Lentivirus dlss of retrovirus that
transduces non-dividing cells and provides long term gene expressi@emafively, adenoviral
vectors can transduce non-dividing cells with transient gene axpmedut often result in a
strong immune response that requires the virus modification. Adenoassiogirus (AAV)
transduces a variety of cells, including non-dividing cells, provideg-term gene expression,
and does not induce a strong immune response. However, limitations witlvédtors include
a small packaging capacity and inefficient transgene expredsmito the need for duplication

of the single-stranded DNA genome.
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2.3.3 Scaffold Delivery Systems

Scaffold delivery systems may enhance delivery efficiesfoyiral and non-viral vectors by
increasing residence time within the tissue, protecting agdegradation, and minimizing the
inflammatory response. The large size of DNA limits vectangport through tissues, resulting
in diffusion coefficients on the order of 1o 10 cnf/sec [38], and promotes localized
delivery when scaffolds are inserted into a tissue. Interactidtiistihe material can provide
stability against degradation, which is important considering trestet vectors can have half-
lives on the order of minutes to hours. DNA delivery can also stim@atimmune response
targeted to the vector or transgene expressing cells [39, 40]oadddivery can limit binding
of neutralizing antibodies and minimize the amount of DNA necedsargene transfer [41],
thereby reducing the immune response.

Delivery from tissue engineering scaffolds can be categordwedrding to two general
mechanisms: polymeric release or substrate-mediated deliveguré 2-1). Molecular
interactions between the vector and the polymer dictate wheth&NAeis released from or
bound to the polymer. Delivery from most scaffolds likely occurs throagcombination of
binding and release mechanisms, and both the vector and polymer dasidreed to regulate
these interactions. For polymeric release, the vector is entrapg@n the material for release

into the environment. The polymer may enhance gene transfer by protecting®@NA f
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Figure 2-1: Tissue engineering scaffold (center) for DNA alivery. Polymeric release (left)
involves an encapsulation and release of DNA into the local microenverdnmlternatively,
substrate-mediated delivery (right) employs the immobilization of DiN#e scaffold surface.
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degradation, maintaining the vector at effective concentrations, and extendoppdraunity for
internalization. DNA release into the tissue can occur rapidlyn dé®lus delivery, or extend
over days to months [11, 42, 48Jor rapid release, levels would be expected to quickly rise and
decline as the DNA is cleared or degraded. For sustained rgelthe concentration may be
maintained within an appropriate range by adjusting the releasplace DNA that is cleared or
degraded. Conversely, substrate-mediated delivery, also termedlsatid delivery or reverse
transfection, describes the immobilization of DNA to a biomateriaxtracellular matrix, which
functions to support cell adhesion as well as migration and placesddiétly in the cellular
microenvironment. In substrate-mediated delivery, DNA is conaturat the delivery site and
targeted to the cells that are adhered to the substrate [44, #5]c@rired on the substrate can
internalize the DNA either directly from the surface, ordegrading the linkage between the
vector and the polymer.

Several polymers used as tissue engineering scaffolds havieeaisemployed as vehicles
for DNA delivery. The three-dimensional scaffold may enhanceetttent and duration of
transgene expression by cells on the scaffold relative to aditwensional surface [46].
Hydrogel scaffolds often contain more than 98% water and aneetbwith mild processing
conditions, which can maintain the activity of encapsulated vectorseT$eaffolds typically
release the vector by diffusion from the polymer network [43]; howessslinking the
polymer or increasing its density can slow the release &md aktwork degradation to control
the rate [25, 47, 48]. These hydrophilic polymers, along with some hydrappobimers,
contain functional groups (e.g., carboxylic acids, amines) in themaolypackbone that can be

readily modified, allowing interactions between the polymer &edvector to be manipulated.
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Synthetic polymers such as PLG and polyanhydrides have beerywikd in drug delivery
applications, with release typically occurring through a combinatiuidace desorption, drug
diffusion, and polymer degradation [49]. Importantly, the processiagesgies to fabricate the

scaffolds must maintain activity for the vector, while providing an effedeliwery system.

2.4 Gene Delivery from Tissue Engineering Scaffolds

Gene delivery from tissue engineering scaffolds has demormstheability to promote gene
transfer and stimulate new tissue formation. DNA loaded scaftald$e directly implanted into
an injury site for gene delivery to cells within or near tbaffeld. Scaffolds can distribute the
DNA throughout the three-dimensional space of the injury site, whih lme more effective
than injection. Alternatively, cells could be seeded onto the sdgbfodr to implantation. The
design and functionality of tissue engineering scaffolds for gktigery, and their ability to
promote tissue formation is described below. These systemsatagorized according to the
basic delivery mechanisms: polymeric release and substraieiet delivery, as described

above.

2.4.1 Polymeric Release

Sustained DNA delivery from polymer scaffolds has the capaldignhance gene transfer
by protecting DNA from clearance or degradation and maintainevged DNA concentrations
within the extracellular environment. Maintaining these elevatitentrations may extend
transgene expression by repeated cellular internalization. Thejtatatity of DNA released by
polymeric release can be greater than that delivered bytianje@as the gradual release should
maintain elevated, but not cytotoxic levels. However, if polymeglease can increase the

delivery efficiency, the total amount of DNA could be reduced, whias been observed for
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polymeric release of proteins [15]. Tissue engineering scaffoldelease of viral and non-viral

vectors, with their results and applications, are summarized in Table 2-1.

2.4.1.1 Polymeric release of non-viral vectors
Collagen based delivery of plasmid and non-viral vectors has beployed to promote

tissue formation in models of bone [50], cartilage [51], nerve mgéon [52], wound healing
[53], and cardiovascular disease [54]. The collagen serves asffaldsdor the migration of
repair cells into the matrix, and functions to either retain DMN#hin the scaffold [50, 52, 53,
55, 56] or provide gradual release [43, 57]. Hydrogels prepared froomizat gelatin achieved
controlled release of plasmid DNA based on the hydrogel degradatiowing intramuscular
implantation [58]. Transgene expression correlated with theseleate of DNA from the
hydrogel. Sustained plasmid release (50 pg) from atelocollageverael intramuscularly
resulted in expression for at least 60 days [57]. Collagen/plasonistructs have been implanted
into an adult rat femur [59] and a canine bone defect model [50]. Stsaft@ded with 1 mg of
DNA were capable of transfecting cells in vivo, which resuilibegrotein production for up to 3
weeks post implant. For the canine model, however, regeneration cegigreficantly larger
guantities of plasmid.

DNA complexed with cationic lipids or cationic polymers can alsoinm®rporated and
released from collagen-based matrices, while maintaining theivity. The release of

complexes may differ significantly from that for plasmid, due to the differeystiqdd properties



Scaffold

Collagen

Collagen /
PVA

Collagen /
PVA

Collagen-
gelatin

Collagen

Collagen

Collagen

Collagen

Collagen

Denatured
collagen-
PLGA
Hydrogel
(PEG-
PLGA-PEG)
Hydrogel
(PEG-
PLGA-PEG)
PLG

PLG coated
stent

Vector / gene

Plasmid / BMP-4,

hPTH1-34

Adenovirus /
PDGF-B

Adenovirus (FGF-
2 target) / PDGF-

B

Plasmid / PDGF-

2, FGF-2
Plasmid / PDGF

Adenovirus /
PDGF, FGF-2,
FGF-6
Adenovirus /
PDGF-B
PEI, PLL,
Liposome-
Plasmid /
Luciferase
PLL-Plasmid /
FGF2, BDNF,
NT-3
Plasmid / GFP,
B-galactosidase

Plasmid / TGH31
Plasmid /
Luciferase

Plasmid / PDGF

Plasmid / GFP

Location / Species Result

(Application)

New bone formation
filling a 5-mm
osteotomy gap

Subdermal / Rat (Wound Increased granulation

Femur / Rat
(Bone)

healing) tissue formation
Subdermal / Rat (Wound Granulation tissue
healing) formation

Subdermal / Rat (Wound Increase in patent

healing) vessels supporting
blood flow in flaps
Ear / Rabbit Granulation tissue

(Wound healing)
Intramuscular / Rat
(Wound healing)

and epithelialization
Early angiogenesis
and skeletal muscle
repair
Granulation tissue
and vascularization

Subdermal / Mouse
(Wound healing)

Subdermal / Rat Higher gene
expression with PLL-
pDNA loaded
matrices
Optic Nerve / Rat (Nerve Survival of

regeneration) axotomized RGCs

Enhanced GFP
expression

Coronary Artery / Swine

Accelerated re-
epithelialization

Subdermal / Mouse
(Wound healing)
Subdermal / Mouse Higher and extended
gene expression

relative to free DNA
Enhanced matrix
deposition and
vascularization
Localized GFP
expression at arterial
wall

Subdermal / Rat

Coronary Artery / Swine

Table 2-1: DNA releasing polymer scaffolds (Polymeric release).

Reference
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(60]

[61]

[56]

(53]

[62]

(63]

[55]

[52]

(64]

(65]

[66]

(11]

(54]
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of each. Collagen matrices were loaded by pipetting solutions agmpd, polyplexes
(PEI/DNA), and lipoplexes (DOTAP/cholesterol) onto collagen [43].h&digh plasmid is
rapidly released in vitro, polyplexes and lipoplexes were sloelgased. The addition of a
protective copolymer to the polyplexes produced intermediate relaasécs, which also
resulted in the highest transfection in viwaith maximal expression occurring at 4 days and
expression observed at 7 days. Alternatively, PLL/DNA complexes been encapsulated into
collagen sponges for implantation into severed optic nerves to promatenaksurvival and
promote regeneration [52].

Hydrogels based on agarose, hyaluronic acid (HA), fibrin, and P&@ been employed
independently as biomaterials for fabrication of tissue engimgenatrices or as materials to
regulate DNA delivery. Functionalized hydrogels have tremendousnipat for tissue
engineering, and are being developed to gel in situ, have controketianical properties,
modulate cell adhesion, controllable degradation, and release biokactioes locally [67-71].
Agarose gels have provided a sustained release of lipoplexes fob@ways [72]. Released
lipoplexes transfected smooth muscle cells in vitro with arieffcy less than that obtained by
freshly formed complexes, but greater than that obtained witmpalasiA scaffolds have also
demonstrated the capability of sustained release of plasmild, reiéase likely occurring
following polymer degradation [48]. The release rate of plasmid, soim&hich may be
associated with HA fragments, could be modulated by the extendsHliciking in the hydrogel.
Fibrin sealants have been employed for the delivery of plasmigsotmote angiogenesis, with
fibrin-based delivery providing similar responses to delivery iBSPsolution [73].

Thermosensitive or photocrosslinkable PEG hydrogels have been uséshgerplasmid, which
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could be modulated through hydrogel degradation or the extent of crosslifgéngr4].
Photocrosslinked PEG-based hydrogels could produce either linearagedieklease profiles
[74]. PEG hydrogels containing TGR: encoding plasmid administered into excisional wounds
on diabetic mice accelerated re-epithelialization at they eddge (day 5) with 56% wound
closure [65]. Tissue engineering matrices based on these kiglrog combinations of these
materials, provide a variety of approaches to regulate DNA delivery amaiitl in vivo.

Scaffolds fabricated from the synthetic polymer PLG have asa@ the extent of in vivo
transfection and also induced tissue ingrowth within or around thensysby providing
sustained DNA release [11]. PLG-mediated delivery of plassidug) has led to 28 days of
gene expression [75]. The released plasmid transfected rwellgo adjacent to the polymeric
implant, resulting in a significant increase in transgeneesgorn (14 to 40 fold) relative to
direct injection. Plasmid releasing scaffolds have been fabdday the assembly and fusion of
PLG microspheres using a gas foaming process [11, 12]. Theeredascan be modulated by
either lyophilizing DNA with the microspheres [11] or encapsulabiNA into the microspheres
[28, 76], with encapsulation into the microsphere providing a more sustalessde profile.
Subcutaneous implantation of these scaffolds resulted in transtettgevithin the scaffold and
the tissue immediately adjacent to the scaffold for 105 days Eijanced matrix deposition
and blood vessel formation was observed in the developing tissue byrydaliva PDGF-
encoding plasmid [11]. Physiological effects were not observetirbygt injection of equivalent
guantities of plasmid. Porous PLG scaffolds have also been incogpavite encapsulated
polyplexes and achieved substantial transfection in vitro [77], btit significantly altered

release profiles compared to plasmid. An alternative approachrioaton of PLG scaffolds for
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DNA delivery is electrospinning [27]. Electrospinning creates non-woveano-fibered
membranous structures that released DNA, with maximal reteasering at approximately two

hours.

2.4.1.2 Polymeric release of viral vectors

The ability of viral delivery to promote regeneration is decredsethe induced immune
response, which may be reduced by polymeric encapsulation. Ectopic drom&tiédn was
observed by the injection of a BMP-2 containing adenovirus into the thigHesuwdoude rats
[78]. However, bone formation was inhibited in immune competent ratsIf89jvo delivery of
viruses results in immune responses that target the vedtoe transduced cells, thus decreasing
transduction or the activity of the secreted protein [40, 79]. Thiauine response typically
prohibits multiple administration of the vector. Vectors encapsulatsgnthetic polymers had
45-fold lower anti-adenovirus titers than that obtained with dirgettion of the adenovirus
[41]. Similarly, encapsulation of adenovirus vectors in alginate bead®llagen minipellets
showed significantly greater expression in pre-immunized migedhact delivery of the virus,
while reducing the vector-specific immune responses [80]. Polymemicapsulation is
hypothesize to shield the vector from neutralizing antibodies, aydredaice the quantities of
vector required for transduction in vivo.

Encapsulation of viral vectors in biomaterials can serve to localhcentrate the virus,
which may increase the efficiency and localize vector delivieoy delivery from collagen, the
release of adenovirus was dependent on the collagen concentration, initmalnrelease
obtained for collagen concentrations above 1% [42]. These adenovirus veatarsed viable

in vivo, suggesting that the collagen may limit virus degrada#&j. [A gelatin sponge for
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delivery of canarypox virus increased expression relative to iftijgdtion of the virus [81], and
the fluid phase delivery led to expression outside of the deliveey[&l, 62, 82]. In wound
healing applications, collagen hydrogels containing a PDGF-B-emgatienovirus enhanced
granulation tissue deposition and vascularization within wound beds [61, 6Zingle
application of collagen scaffolds with encapsulated virus was festieé for neo-tissue
induction as repeated fluid phase administration [62]. Implantatioradeihovirus-loaded
collagen gels into skeletal muscle defects resulted in enhanesdemnwepair, with induction of

angiogenesis, arteriogenesis, and myogenesis [82].

2.4.2 Substrate-Mediated Gene Delivery

Substrate-mediated DNA delivery is based on the immobilizationraptexes within or to a
biomaterial, which serves as a substrate for cell adhesion. Tivierganethod places the DNA
directly in the cell microenvironment for subsequent cellular matezation [83], and may
function to overcome barriers to gene transfer, such as complexgatign and mass transfer
limitations. The design of substrate-immobilization systems exasnined through modifying
cationic polymers with biotin for the immobilization of DNA compisxto a neutravidin
substrate [45, 83]. Immobilized complexes were prevented from agggggand transgene
expression by substrate-mediated delivery was increased 10@lfdige to bolus delivery [45].
Interestingly, although immobilization increased with increagiiogin content in the complex,
transfection increased with a decreasing quantity of biotin inctimeplex, suggesting non-
specific immobilization of complexes governed expression. Immakiiz of fibronectin to the
substrate before non-specific complex adsorption showed an enhancemeeni of transgene

expression as compared to other ECMs, potentially by targesimglex internalization through
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caveolae-mediated endocytosis [84]. The ionization and hydrophobicityeafubstrate were
also shown to influence transgene expression, with the greatestntsmaof binding and
transfection observed on surfaces presenting charged, hydrophilic geugegsting that
electrostatic interactions allow for reversible interactibatveen the substrate and complexes
and result in efficient gene delivery [85]. Additionally, transfet has been localized to
topographically patterned regions, suggesting that spatially caatrDINA delivery is possible
[83], which may be important for creating complex tissue architesti80]. Many studies with
this approach have focused on system development rather than applisationarized, Table
2-2), yet this approach can be adapted to tissue engineerinfpldsatvith numerous

applications.

2.4.2.1 Substrate-mediated delivery of non-viral vectors

Non-viral vectors have been immobilized to biomaterial substtatedrying, non-specific
adsorption, and biotin/avidin binding. Polyamidoamine (PAMAM) dendrimers haem be
complexed with DNA and dried onto both PLG and collagen-based memlgfjed hese
immobilized complexes were able to mediate transfection bothrim aitd in vivo. Similarly,
DNA was co-precipitated with calcium phosphate and adsorbed onto ¢iffélds [87]. Cells

cultured on PLG scaffolds were able to internalize the immobilized DNA.I¥iabtinylated



Scaffold Vector/gene | Location / Species Result Reference
(Application)

Collagen
membranes

PLG

HA-collagen
hydrogels

Collagen-
avidin gels

Collagen
coated stents

Collagen
coated
microcoils
Polyurethane
films,
collagen
coated

Table 2-2: DNA releasing polymer scaffolds (Substrate-mediated delivery).

PAMAM-
Plasmid /
Luciferase, GFP
Bacteria phage
lambda

PEI-Plasmid/
Luciferase, GFP

Virus /
B-galactosidase,
GFP

Virus / GFP
Virus /
B-galactosidase,
GFP

Virus / GFP

invitro
(Skin)

invitro

in vitro

Right Ventricle / Swine

(Myocardial
revascularization)

Coronary Artery / Swine

(Vascular stents)

Carotid Artery / Rat

(Cerebral aneurysms)

Pulmonary Position /
Sheep

(Heart valve disease,

vascular disorders)

10°-10° RLU/ug
total protein

Successful cellular
uptake of DNA

Spatially controlled
gene transfer

Uniform
transduction and
more efficient
expression
compared to direct
injection
5.9 +/-1.1%
transduction

13.3 + 2.0% of cells
within thrombus
transduced
25.1 +/-5.7%
attached cells
transduced after 1
week implantation

(86]

(87]

(88]

[44]

(89]

[90]

[91]
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DNA polyplexes were immobilized to a hyaluronic acid-collagedrbgel that was modified
with neutravidin [88]. Complexes bound with high efficiency to the fetwhfthrough a
combination of non-specific adsorption and biotin-neutravidin interactiolls Qdtured on the
hydrogel are transfected, while cells adjacent to the hydrogel armtsoestingly, the size of the

immobilized complexes affected the number of transfected cedlstlze extent of transgene

expression. Small complexes100 nm) produced lower levels of transgene expression than

large complexes~(LO0O0 nm), yet the percentage of transfected cells was doubled with sma

complexes, reaching over 50% of the cell population. These hydrogedsalgo topographically
patterned with a series of grooves and ridges, which resulted iadtelsion to the ridges and
oriented cell growth. Thus, cellular transfection was spatiyerned on the scaffold through
this controlled cell adhesion. Delivery by DNA immobilization can édended to other
materials such as cationically charged chitosan, which has beeriaiggene delivery by either

encapsulating [92] or complexing plasmids [93].

2.4.2.2 Substrate-mediated delivery of viral vectors
Viral vectors have been immobilized to a range of collagen-dobhiematerials using

antibodies capable of binding the virus. This approach has beemoadtbieve efficient gene
delivery both in vitro and in vivo, with in vivo transduction localize@void distal spreading of
the virus [89]. Smooth muscle cells cultured on collagen hydradeeed significantly more
localized reporter gene expression in vitro compared to non-antdmdplexed controls [44].
Stents, microcoils, and prosthetic heart valve cusps have beerenotlagted and modified for
covalent attachment of anti-adenovirus antibodies, for the subsequent bindhagrafvirus.

Stainless steel coronary stents were collagen coated and modliflte sulfhydryl containing
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antibodies using disulfide chemistry [89]. Similarly, collagen-edanicrocoils for treatment of
cerebral aneurysms were modified with adenovirus [90]. Aftéay’implantation in vivo, cells
(13.3 + 2.0%) within the organized thrombus were transduced. Adenovirus was also imehobilize
to collagen coated polyurethane, which is widely used in pulmonary Vedag replacement
cusps [91]. Collagen-coated polyurethane was thiol-activatedofalent attachment of anti-
adenovirus antibodies and subsequent binding of adenovirus. Inmplantation resulted in
transduction of 14.3 + 2.5% of neo-intimal cells after one week. Howewecoated
polyurethane films with virus bound to adsorbed antivector antibodiesdtreed 25.1 + 5.7% of

attached cells.

2.5 Transgene Expression and Tissue Formation

The fundamental relationship between transgene expression andfdissagon remains a
significant challenge in the design of tissue engineeriregfadds. Gene delivery from the
scaffold can produce transgene expression locally, and the duratr@amsgene expression may
be significantly longer than the duration of release (Figure &) many wound healing and
tissue engineering applications, transient expression of the encodediggehought to be
desirable, as inappropriate expression of growth factors can loeiaded with disease.
Importantly, the expression of the transgene must be considered thighcontext of the signals
present in the environment. As mentioned previously, the scaffold provisiegpart for cell
adhesion and can be designed to mediate adhesion through specifiorse¢@®t 94]. The

mechanical properties of the scaffold and mechanical stimulation ofsue ttan influence
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— = DNA delivery  ==== Transgene expression — Tissue formation

Time

Figure 2-2: Relative timing for gene delivery, transgene expresn, and tissue formation.
Gene delivery by polymeric release or substrate-mediatagedelcan enhance the local
concentration of DNA, with an initial rise and a subsequent dser@ue to clearance or
degradation. Transgene expression is induced after gene delivery, ahd patential to persist
for significantly longer times than the duration of delivery.
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tissue formation [95]. Transgene expression can upregulate expresdissue specific genes
and accelerate tissue formation, which has been observed withetak®mexpression in bone
marrow stromal cells [96].

Although implantation of scaffolds releasing DNA has demonstréted capability to
promote tissue formation, guidelines regarding the targetpoelllation for gene transfer, the
extent of transgene expression, and the type of gene delivergobaig understood. Some
insight into these guidelines may be obtained from studies empgldiie transplantation of
genetically engineered cells. In this approach, cells are isotededduced or transfected ex vivo
using the described gene delivery systems, and selected farssxpr of a transgene for
subsequent delivery to an injury site, either by direct injectiormpfantation of a scaffold
seeded with cells. Cells for genetic engineering are teelebased on their availability,
expansion capacity in vitro, ability to survive following transplaam and function at the
implant site. Genetically engineered cells have been delivemragmerous models, such as bone
and nerve regeneration.

Regeneration is observed independent of the cell type expressitrgnsgene, yet there can
be benefits of expression by specific cell types. In bonenegtion, skeletal muscle cells,
mesenchymal stem cells, mesodermal-derived cells, marromadt cells, and skin fibroblasts
have been genetically engineered to express bone morphogenic proteiRs) (Bnd were
successful in inducing bone healing or bone formation [97-101]. Similarly, in reyeaearation,
fibroblasts, olfactory ensheathing cells, and Schwann cells engtheeexpress proteins (NT-3,
NGF, BDNF, GDNF) can promote the growth of healthy axons whesgtanted at injury sites

[102]. For both examples, the cells act as bioreactors for tissm@tion by progenitor cells at
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the implant site. However, for nerve regeneration, fibroblasts cémmotfunctional relays, nor
can they myelinate regenerating axons [102, 103]. Targeting afispeell populations for gene
delivery may be desirable for obtaining differentiated cell fmcét the injury site, or inducing
differentiation toward specific fates.

The number of cells expressing the transgene and the exteahsfene expression by the
cells can impact tissue formation. Ozawaal. [104] demonstrated that high levels of VEGF
secretion by retrovirally transduced myoblasts induced the grow#bradrmal blood vessels.
Decreasing the number of cells transplanted, which decreasemtahdose of VEGF, served to
reduce the region in which abnormal blood vessel formation was observedevétpw
transplantation of cells that were selected for low VEGFesgon resulted in the formation of
normal, mature vascular structures. These results illusttee d& discrete threshold in
microenvironmental concentration determines either normal or abdisane formation, and
indicates that gene delivery strategies must promote an appeopoatentration of tissue
inductive factors.

The type of gene (e.g., growth factor, transcription factor) delivenay also influence
maximal tissue regeneration. As described earlier, many sthedies investigated delivery of
genes encoding growth factors to stimulate a multitude dflae processes, such as
proliferation, survival, or differentiation. Delivery of DNA encoditranscription factors that
induce target protein production can present advantages relative toidglD&IA encoding for
the target protein directly. Transcription factors that aaivhe endogenous gene would ensure
that expression of all natural splice variants occurs [105]. Furtitgrscription factors may

regulate multiple separate genes, which may prove advantafggdissue regeneration. Zinc-
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finger protein (ZFP) transcription factors have been enginadedregulate the endogenous
gene encoding VEGF-A [105]. Expression of the ZFPs in vivo lechdoded expression of

VEGF-A and enhancement of both angiogenesis and wound healing.

2.6 Regeneration of Tissues with Complex Architectures

Important in the consideration of tissue engineering system develbpsméhe ability to
engineer tissues with complex architectures, such as theatetcircuits of the nervous system
or the highly organized vasculature. These tissues rely on #is@achitecture to function
properly, and the regeneration strategy must recapitulate thetiteature. During
embryogenesis, proper tissue development involves instructed ceditiomgrproliferation, and
differentiation by both spatial and temporal patterns of geneessipn. Strategies to spatially
pattern gene delivery within a scaffold may provide methods t@itatate complex patterns of
gene expression, and subsequently cell processes necessary faragge Methods to
spatially pattern biological molecules on two-dimensional tissdeire substrates and within
three-dimensional biomaterials have been developed, and an overvidvesef systems is

presented in Chapter 3.

2.7 Conclusions

Tissue engineering scaffolds have been fabricated from nahdadyathetic materials that
deliver viral and non-viral vectors, and identification of the desigarpaters that regulate gene
transfer is critical. Studies have examined the mechanismhimhwectors traffic through the
cell and into the nucleus for subsequent expression [106, 107]. Prior t@arceitelrnalization

however, the vector may interact with the polymer scaffold andr atbmponents in the
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extracellular milieu. These interactions can influence veeiease from the scaffold, stability,
transport through the extracellular space, and ultimately inteatiain and trafficking. These
scaffold-based gene delivery systems capitalize on both spacifi non-specific interactions
between the biomaterial and vector, to achieve either rele&seahe extracellular space or
immobilization at the surface. Vector and biomaterial developnoemtbined with studies that
correlate system properties (e.g., dose, release rate) heitquantity and duration of protein
production, and the number and location of cells expressing the trangidjdead to molecular
scale design of the scaffold and vector.

The application of these scaffolds will also require a more tigbraunderstanding of the
biological requirements for tissue regeneration. Cellular signalirrgnitite scaffold will depend
on various factors, such as implant location and cell types presenexpression of transgenes,
encoding for growth factors or transcription factors, will likeifftuence cellular processes such
as proliferation, differentiation, and migration. The integration hef transgene expression
profile with other design components that influence gene expressidrbenagnsidered for their
cumulative effects on tissue formation. While these studies hlatrated the potential for
extending the production of growth factors locally, adapting the dgliseeategies to control
transgene expression spatially (um to mm) or temporally (taysonths) may recreate the
environmental complexity present during tissue formation [30]. Thgseerss would also
increase our understanding of the biology underlying tissue formatimh,would serve to

identify how gene delivery can best enhance the regenerative process.
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Chapter 3

Spatially Patterned Biological Molecules:
Techniques and Applications

3.1 Introduction

Embryogenesis is marked by complex spatiotemporal patterns efeggnession that guide
adhesion, migration, proliferation, and differentiation of cells into fanat tissue with precise
architecture. Gene expression of cell adhesion and extracethd#nix molecules, growth
factors, chemokines, and cell surface receptors is contindradlyging over time and within the
extracellular milieu. Tissue regeneration strategies mustasly guide cellular processes into
structured, functional tissue. Therefore, the rational desigs®idiregeneration constructs will
require an understanding of the interactions between cells and spaboé patterns of gene
expression. Strategies to pattern adhesion molecules and grotutis fagve been developed to
rapidly screen cellular responses to spatial patterns of bialogiolecules. The patterning
techniques were first demonstrated on two-dimensional substratesvétowaee-dimensional
patterning strategies may be required to properly present moleculegdoeration of functional
tissues.

Methods to spatially pattern biologically relevant molecules lads@ been employed for the
development of high-throughput screens for bioassays. Decoding gktioene, advances in
DNA separation techniques, and the discovery of RNAI has provided the fmmdar the
discovery of new drug targets [108, 109]. Combinatorial methods of organtlesis have

opened doors for thousands of candidate drug molecules [110] and advancesnibinact
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DNA technology have facilitated the assessment of gene ssipnewithin live cells [111]. With
this profusion of information, techniques to accurately and effigiamélyze data are essential.
Methods to spatially pattern biomolecules (e.g., proteins, oligonwiésptDNA vectors) have
been developed for high-throughput bioassays, which had been made podidd of the
advancements.

This Chapter describes biological patterning strategies anccapmts. The technology to
pattern biologically relevant molecules primarily descends frioenniicroelectronics industry.
Methods to pattern molecules on two-dimensional substrates include plogpaphy, soft
lithography, and dip pen nanolithography. Additionally, two-dimensional paitprstrategies
have been altered to achieve three-dimensional patterns in orgezsent cells with a more

physiologically relevant environment.

3.2 Two-Dimensional Patterning Strategies

Two-dimensional patterning strategies have been developed to pattéems, peptides,
DNA, and small molecules. The molecules are attached to a sabg@maspecific (covalent,
biotin-avidin) [112, 113] or non-specific (hydrophobic, electrostatieradtions) [85, 114]
interactions. The attachment sites are patterned to a sulsiregenethods of photolithography,
soft lithography, and dip pen nanolithography. Photolithography wagshetrategy employed
to pattern biologically relevant molecules. Subsequently, soft litbbgravas developed to
overcome discrepancies between the converging fields of photoafitogand biotechnology.
Dip pen nanolithography utilizes atomic force microscopy technigupattern molecules on the
nanometer scale. The patterning strategies and applicationsaébr are described in the

following sections.
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3.2.1 Photolithography

Photolithography was originally developed for the microelectromdsigtry, and was the
first strategy to be used for the patterning of biological mdéscuThe process of
photolithography involves the topographical patterning of a photoresishabeébeen uniformly
spin-coated to a silicon wafer. A patterned quartz mask is gewlim selectively crosslink the
photoresist upon application of light. A contact printer is geneusigéd to place the photoresist
in direct contact with the mask to avoid random transfer of ligapeldding on the nature of the
photoresist (negative or positive), the exposure of light will eitt@bilize or destabilize the
photoresist. The destabilized photoresist is removed during developmetit w
tetramethylammonium hydroxide. A schematic depicting the photolépbgrprocess is shown
in Figure 3-1. The advantages to photolithography techniques includientite scale precision
that can be obtained, with resolution to tens of nanometers [115].

Photolithography was first applied to the biological field in theéegoaing of microarrays
[116, 117]. Techniques to spatially pattern peptides on a substrateleveleped by combining
solid-phase chemistry, photolabile protecting groups, and photolithography. [Lib&Ers
attached to a glass substrate containing terminal aminegotioremovable protective groups
were selectively exposed to light, and a series of peptide simtleastions and deprotection
steps were performed to achieve a 1024-peptide array. These techmeyaesater adapted to

fabricate DNA arrays containing 135,000 probes complementary to the 16.6-kilobase huma
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Figure 3-1: Photolithography schematic. An example of photolithographic patterning o
negative-tone photoresist.
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mitochondrial genome [119]. Additionally, spatial control of cell adhesn@ecules and
subsequent control over cell adhesion has been demonstrated with ipbgtapty techniques.
Photolithography was employed to selectively oxidize regiorissdie culture polystyrene, and
after treatment with Pluronic and fibronectin, cells adheredhé¢ookidized/fibronectin regions
[114]. In a separate study, photolithography was used to createnpadtetitanium dioxide
within a matrix of silicon dioxide [120]. Alkane phosphates sedkeatsbled on TiQ and
supported protein adsorption, while the exposed, S¥@s treated with a protein adsorption
resistant molecule, PEG. Patterned protein regions supported cellii@sion of human
foreskin fibroblasts. Taken together, these finding demonstratgititye of photolithography to
pattern biologically relevant molecules for bioassays and seleetl adhesion. However, there
are disadvantages associated with photolithography for the patterhiniglogical molecules
[121]. The process is relatively expensive and inaccessible to lwtsdoghdditionally,
photolithography substrates must be planar, yielding limited controlsawé&ce properties and

incompatibility with proteins and cells.

3.2.2 Soft Lithography

Soft lithography was developed to overcome disadvantages assodist@thaetolithography
[121]. The technique involves the use of a patterned elastomer stemap,or mask to generate
micropatterns [122]. The patterned stamp is commonly fabricatéd peily(dimethylsiloxane)
(PDMS), a commercially available elastomer with repeat8i@(CH3)] monomers. PDMS is
hydrophobic, but can be rendered hydrophilic via oxygen plasma treatwidnh converts
SiCHz groups to SiOH groups [123]. Pluronic (PEO-PPO-PEOQO) treatmealsas utilized to

render PDMS hydrophilic, by exposing hydrophilic PEO blocks on thai{124]. PDMS
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reversibly seals to biological substrates, including glass asuktisulture polystyrene (TCPS).
Irreversible bonding between PDMS-PDMS or PDMS-glass cageberated by oxygen plasma
treating and conformal contact, presumably by a spontaneous dehydrbt®i®@H groups
(SIOH + HOSIi— SiOSi) [125]. To utilize soft lithography techniques to patternogichl
molecules, the PDMS stamp must be topographically patterned. R®bIgntimes patterned
by replica molding techniques. A mold fabricated by photolithograplgmiployed and cured
PDMS retains the opposite features of the mold.

Soft lithographic strategies overcome the disadvantages asdowitlte photolithography.
The techniques are relatively inexpensive and are not limitdgbtmicroelectronics community.
Additionally, the strategies are compatible with non-planar sesfaod can be used with a wide
variety of materials and chemistries [122]. Soft lithographgtegies to pattern molecules
includes microcontact printing, microfluidics, and dry lift-off [121]Details of each are

discussed below.

3.2.2.1 Microcontact printing
Microcontact printing (CP) employs a topographically patterned PDMS stamp to “&nk”

solution of a molecule to a substrate (Figure 3-2). The PDBI8pspossesses relief structures
that are placed into the desired inking solution, and the solution depogshsg relief structures.
The stamp is brought into conformal contact with a substrate, yediisferring the inked
solution from the relief structures to the substrate. Once@DiSPis removed, a pattern defined

by the raised bas-structure of the stamp remains [121]. Proteins have beendbiterne
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nonspecific adsorption to glass, TCPS, or silicon substrates u§liRg[126, 127], and the
activity of the proteins can be 50-100% of that adsorbed directly from solution [T&hi€ally
bound surface patterning techniques have been developed by combiningsemailblas
monolayers (SAMs) witluCP. A common SAM involves alkanethiols (HS(gX, where n =
16-18 and X = a small, nonpolar organic functional group) reacting witél mtems on a gold
surface to generate an array of thiolate groups. The surédams the properties of the
functional group, X [128]. An alkanethiol with functional group X is commonly énkato a
gold surface by CP, followed by the addition of a second alkanethiol with functional group Y to
backfill the surface.

Microcontact printing has been applied to pattern proteins, cdiesamh, and DNA
complexes. Alkanethiols terminated with methyl groups were nootact printed onto
transparent gold substrates in pattern widths between 10 aod @éhongst a backfilled pattern
of alkanethiols terminated with PEG [129]. Fibronectin selectieelgered to the methylated
SAMs, and bovine capillary endothelial cells selectively adherete fibronectin patterns and
remained patterned for up to 7 days. In a separate study, sefiftaling oligopeptides with cell
adhesion motifs were microcontact printed to a gold-coated suniaaegst a backfilled pattern
of oligopeptides terminated with PEG [130]. Human epidermoid carcinmetia selectively
adhered to the peptide bearing the adhesion motif. The self{assgmligopeptides allowed
precise presentation of cell adhesion peptide fragments ratheretitma proteins for the
controlled investigation of cell responses. Microcontact printingatss been used to pattern
gene delivery vectors and cellular transfection. Alkanethiolh wCH3, -OH, or -COOH

functional groups were patterned onto gold substrates to investigateflttence of surface
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chemistry on DNA complex immobilization, release, and transfied85]. Localized complex

deposition led to patterned transfection, demonstrating utility for transfedtedrags.

3.2.2.2 Microfluidics
PDMS microfluidic channels (microchannels) are fabricated égliaa molding on

photolithographic patterns (Figure 3-3). Microchannels contain amétoutlet ports, and liquid
is pumped into the microchannel via non-mechanical (e.g., capillany #lectroosmosis) or
mechanical pumping. The type of pump determines the flow profileakpiar, plug-like,
complex). When protein or peptide solutions are passed through the mmaiwnets, the
biomolecules are deposited on the surface. PDMS must be renderegHilyclito improve flow
rates in the microchannel and minimize biomolecule adsorption [131, 182]ddposition of
two molecules side-by-side can be patterned by flowing solutionsthet microchannel and
maintaining laminar flow. Gradients of molecules can be géenasing complex microfluidic
structures and mixing by diffusion [133], depletion of protein inside afliigdic channels by
adsorption [134], and electrochemical desorption of SAMs [135].

Microfluidic networks have been employed to study cell adhesion agition, as well as
drug delivery devices. Human umbilical vein endothelial cells (HO¥Emixed with collagen
matrices were flowed into PDMS microchannels and subsequently patternédoonssibstrates

[136]. This cell patterning technique is a tool to study tissue engineeringgstsator
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Figure 3-3: Microfluidic device schematic. An example of a PDMS microfluidic devic
PDMS is reversibly sealed to a culture surface, fand is injected into the microchannel vie
syringe pump.
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vascularization. In a separate study, novel microfluidic chambers developed to generate
gradients of epidermal growth factor (EGF) within a 1-mm wath@nnel [133]. The EGF
gradients induced human metastatic breast cancer chemotaxis,eastl dancer drugs were
screened for their ability to slow metastasis. Furthermore, mialafldevices were fabricated to
selectively deliver small molecules and proteins to spea@ftons of a single cell [137]. This
technique demonstrates selective manipulation of the cellular batietaand structural
machinery, and can be applied to studies in chemotaxis, drug sg,eanthspatially regulated

signaling.

3.2.2.3 Dry lift-off
Elastomeric stamps can be manipulated to physically restatgcule deposition, a process

termed dry lift-off. Typically, elastomeric membranes #abricated to contain through-holes.
The membranes are reversibly sealed to a substrate, and thgidaibimolecule of interest is
incubated on the exposed regions of the substrate. After deposition.ethbrame is peeled
away, leaving behind the patterned molecules. PDMS prepolymerspiascoated onto a
photolithographically defined master, with a height shorter than tlséeempaosts and then cured
[138]. The elastomeric membrane supported the patterning of a vafietaterials typically

difficult to pattern, including metals, sol-gels, hydrogels, and raogeetallic molecules. In a
separate study, through-holes were mechanically punched into a RB2$, and the stamp

was employed to pattern DNA complex deposition and subsequently transfection [111].

3.2.3 Dip Pen Nanolithography

Methods to achieve nanoscale patterns of biological molecules hawtlydmeen developed.

Dip pen nanolithography (DPN) involves atomic force microscopy (ARM)nk biological
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molecules onto gold substrates [139]. Capillary transport of moleftolesthe AFM tip allows
precise deposition. Proteins were deposited on substrates in 100-nan38atures using DPN
[140]. Cells adhered to the nanometer-scale protein patterns and texkhdoi flattened
morphology. In a separate study, collagen and collagen-like pepgidepatterned in 30- to 50-
nm features using DPN [141]. The technique preserved the triptehsiructure of collagen,
and can be used to investigate the structural features of colegkesubsequent influences on
cell response. Patterning proteins and cells at the nanomekernsag increase capacity for
understanding interactions between biological structures (pebtgins, viruses) and proteins

[140].

3.3 Three-Dimensional Patterning Strategies

The ability to pattern biologically relevant molecules withinygbally patterned three-
dimensional constructs is important for studying cell processesvironments similar to native
tissue, as well as developing strategies for tissue redgemeranportantly, the composition and
functions of adhesions in three-dimensional matrices differ frooal fadhesions on two-
dimensional substrates [142]. Three-dimensional adhesions displayed ehbaldgological
activities and narrowed integrin usage. Presumably, differencesell adhesion in three
dimensions versus two dimensions translate to differences imdagihtion, proliferation, and
differentiation.

Common strategies to pattern molecules within three-dimensiomastracts involve
modifications of two-dimensional lithography methods. Photocrosslinkablaaberials have
been employed to lithographically pattern three-dimensional corsstrioty(ethylene glycol)

(PEG) functionalized with photocrosslinkable moieties (e.g., metlaeryacrylate, acrylamide)
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is commonly used in three-dimensional patterning strategies. ®B®Glogically inert, making
the elucidation of cell responses to patterned biological molecstesightforward.
Photocrosslinking strategies with PEG are almost instantanedowingl spatial patterning
before the molecules diffuse. Additionally, some photocrosslinkingegiest have been shown
to be minimally toxic to cells [143] and other molecules (e.g., Di&tors) [25]. Rapid
prototyping methods have also been devised to pattern three-diménsamstructs and
biological molecules. These techniques are compatible with non-pbsstioking materials, but
may be limited due to organic solvents or viscosity requirements.[Lalbgraphy and rapid
prototyping strategies for physical patterning (i.e. compleghitactures) and chemical
patterning (i.e. proteins, peptides) are described below. While thigi@vas not intended to be
exhaustive, it is important to note that other strategies have Utdized to pattern scaffold
architecture, including compression molding on soft lithographytosteess, fused deposition

modeling, and selective laser sintering [144].

3.3.1 Layer-by-Layer Lithography
Lithography techniques have been applied to photocrosslinkable hydtogeddtern cells

and biologically relevant molecules. Three-dimensional microstestiar tissue engineering
should have dimensions on the order of hundreds of microns to centimetacdgquately

investigate large populations of cells in three dimensions anccd#drimplantable materials.
Standard lithography strategies with photocrosslinkable hydrogelshampered by the gel
height that can be achieved due to spin coating limitations and theadidight can penetrate
hydrogels in discrete patterns. Solutions of acrylated PEG e@recoated on a layer of

acrylated SAMs, and photolithography techniques were incorpotateslectively crosslink
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PEG hydrogels [145]. The single-step photolithography returned hydraggl 12 um height
features. Oftentimes, multiple rounds of photolithography are peefbroonsecutively to
increase the height of the structures and the complexity of ¢h#olsl. Layer-by-layer
photolithography was performed to create three-dimensional spatiatnsaof HepG2 (human
hepatocellular liver carcinoma) cells in PEG hydrogels [14@llsCremained viable in the
hydrogels after photocrosslinking, and microstructures were form#d warying shape and
architecture. In a follow-up study, primary hepatocytes wettenped within PEG hydrogels
using layer-by-layer techniques, and the patterns were adaogdlow single UV exposure to
encapsulated cells to prevent toxicity [147]. The three-dimensionaldogpatconstructs were
employed to investigate the influence of hydrogel architeatar@utrient transport. Layer-by-
layer stereolithography was used to pattern RGD and heparatesuithin PEG hydrogels [9].
Stereolithography allowed selective exposure of the hydrogeliys@csolution with a precise
UV laser. Patterned RGD supported selective adhesion of mammwastcells, while patterned
heparan sulfate supported patterned adsorption of basic fibroblast demtdih The complex
three-dimensional cell structures fabricated with layer-lpg#dithography provide strategies to

investigate three-dimensional cell adhesion and migration, and their effedsumnformation.

3.3.2 Rapid Prototyping

Rapid prototyping can physically pattern the location of biololyicedlevant molecules
within materials that do not require photocrosslinking. Three-dimerispimding (3-DP) and
pressure assisted microsyringe (PAM) fabrication [144] arempbes of rapid prototyping. 3-DP
involves depositing a binder solution onto a biomaterial powder bed usinik get printer

[148]. Multiple layers are printed to achieve a three-dimensistnatture. 3-DP was employed



65
to pattern a solvent on PLG powder packed with sodium chloride partclduild three-
dimensional scaffolds as a series of thin two-dimensionalss(it49]. The PLG scaffolds
supported the co-culture of rat hepatocyte and nonparenchymal Akdsnatively, PAM
fabrication involves a capillary needle on a pressure controlledossigcinge to deposit
biomaterial structures on a surface. The micro-syringe dilpideposits the biomaterial of
interest dissolved in a solvent, and the polymer stream is variechéyging the syringe
pressure, solution viscosity, syringe tip diameter, and motor speed Mdd than 30 layers of
a hepatocyte/gelatin mixture were laminated into a high $tiacture using PAM, and the
hepatocytes remained viable and performed biological functions in theumrfer more than

two months.

3.3.3 Two-Photon Absorption Photolithography

Strategies have been devised to circumvent the requiremerayéraby-layer approach to
achieve complex three-dimensional patterns. Two-photon absorption phot@ghggnvolves
a mode-locked Ti:sapphire laser manipulated in the x-y-z planeslgctisely photocrosslink
hydrogels along a three-dimensional pattern [150]. The laser isapnoggd by the user to scan
only specified regions within each focal plane. Using this teglmiproteolytically degradable
hydrogels were patterned with selective sites containingsaathenotifs (RGDS). Cells were

shown to invade and migrate only in the three-dimensional regions containing RGDS.

3.4 Conclusions

In conclusion, the microelectronics industry has provided a profusidma#ledge and
strategies which biologists, chemists, and engineers have apptlesl patterning of biologically

relevant molecules. Two-dimensional patterning strategiesetavely mature and currently
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used in functional DNA microarrays and transfected cell arr®ystein patterning in two
dimensions has been applied to investigate cell adhesion. However, protespecifically
adsorbed to hydrophobic substrates may not present ligands in a natuexit.cSAMs aim to
overcome this matter by presenting defined chemistriesadgorption. Strategies to pattern
adhesion fragments, rather than the entire protein, also aimt¢éo bentrol ligand presentation.
Three-dimensional patterning strategies more accuratelytdepienicroenvironment of native
tissue, and will be required to adequately screen tissue engmegstems. Three-dimensional
patterning strategies, however, are relatively immature alhdeguire optimizations to achieve
patterns of mm-scale heights, adequate cellular viability, ampeprtools for assessing cellular
outputs. Patterning biologically relevant molecules offers uniqueegtes for high-throughput

screening of drug targets, drug design, and regenerative systems.
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Chapter 4

Axon Guidance in Development and
Regeneration

4.1 Introduction

The nervous system is an intricate arrangement of neural netvesg@nsible for sensation,
perception, and behavior. The nervous system is composed of nerve ceksjrams, and a
variety of supporting cells divided into two subsets: the centraionsrsystem (CNS) and the
peripheral nervous system (PNS). The central nervous system, iognsfsthe brain and spinal
cord, is responsible for analysis and integration of sensory and métomation [151]. The
peripheral nervous system is comprised of sensory neurons and motor n€&Gegnssry neurons
connect the brain and spinal cord to sensory receptors, while themaatons connect the brain
and spinal cord to muscles and glands [151].

The unique, complex morphology of neurons allows the integration angsmsnaif
information that controls all movements, senses, and thoughts. Nervs, fibfarred to as
dendrites or axons or collectively as neurites, are entitiesh@fneuron responsible for
transferring information in the form of electrical signalsn&yses are sites of connection
between neurons, and precise synapse formation is critical ¢araée information transfer.
Dendrites and the neuron cell body provide sites for synaptic ¢emecle by the terminals of
other nerve cells; thus, are specialized to receive signalg.dasons have multiple dendrites,
which are short and highly branched. The axon is specialized forotiguction of electrical

impulses, called action potentials, away from the cell body towadaxon terminus [152].
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Neuroglial cells, such as astrocytes and oligodendrocytes)(@hSSchwann cells (PNS), do
not transmit electrical signals. However, as part of the nersygagtem, they play an important
role in bundling axons (myelination), maintaining the ionic milieu, arudlulating the rate of
nerve signal propagation [151]. The complexity of the nervous sysianbe described by the
sheer number of cells required to carry out functions, with billionseafons in the vertebrate
forebrain, each forming as many as a thousand connections [152, 153]. Thenpriogeof this
complex neural circuitry is dependent on neurite pathfinding to synaptic tfkt§éts Mutations
of genes responsible for neurite pathfinding are linked to sevarablagical diseases, such as
the reading disorder, dyslexia [155], the seizure disorder, epi[ép§], and MASA syndrome
(mental retardation, aphasia, shuffling gait, and adducted thumbs) [157].

Understanding the manner in which nerve fibers migrate, and moréove migrating
neurites are directed to synaptic targets, is important inttig sf developmental neurobiology
and disease, as well as in the engineering of strategiekigva functional recovery after injury.
Ramon y Cajal was the first to hypothesize that axons teigitarough the extracellular
environment, guided by the expanded terminal structure, which he namgadwhibk cone [158].
Conversely, others believed that long nerve fibers were a resplogfessive differentiation
without movement [159]. Two decades later, Granville Harrison ttirebserved the dynamic
nature of the growth cone in vitro and confirmed Cajal’'s hypothd€i8][ It is now widely
accepted that neurites grow toward their targets, and migratregusated by interactions with
the growth cone and extracellular guidance cues [159]. Axonal guidaoleules are either
permissive or inhibitory, and exist as either soluble factors thfiise throughout the

extracellular space or nondiffusible factors presented by itethe microenvironment or bound
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to the extracellular matrix. Upon binding of guidance molecules to graehe receptors,
intracellular signaling triggers alterations in growth com®skeletal dynamics, causing the
axon to advance, retract, turn, and branch [161]. This Chapter exammoes guidance
molecules and mechanisms of guidance. Additionally, methods in whigarckers are

applying this information to engineer regeneration strategies with\bewed.

4.2 Axon Guidance in Embryonic Development

The intricate formations of neural networks generated during exgbnesis are a result of
axon homing to proper synaptic targets. Axons extend and turn alongepiisways
constructed by guidance molecules in the extracellular spad¢engnf@w navigational errors.
There are four classes of guidance molecules. The moleculbg egther attractive or repulsive,
and diffusible (chemotactic) or contact-mediated (haptotactigu(€& 4-1) [5]. In 1892, Ramon
y Cajal was the first to hypothesize gradients of diffusitlemoattractants are presented to
axons, similar to chemotaxis mechanisms in leukocytes, and alioglatively long range
guidance signal (hundreds of micrometers) [162]. This hypothesisyat confirmed until eight
decades later [163, 164]. Guidance signals presented by contactedediecules, either as
transmembrane proteins or the extracellular matrix, presgimbré range guidance signal acting
on a relatively small length scale. Importantly, axons in the ldpvg embryo may travel
distances up to several centimeters to reach their targetshiaeason, axon trajectories are

simplified by fragmentation into shorter steps interrupted by intermedia@fets, or choice
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relatively long range. Adapted from Tes-Lavigne [5].
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points, at which tissues present critical guidance cues that dn@vth cones on the next stage
of their trajectory [165]. Additional complexity is introduced whened®ining whether a
molecule is either attractive or repulsive, which does not onlyndiepe the intrinsic properties
of the molecule, but some guidance factors may function as both népeltad attractants. The
function of the guidance factors depends on second messenger lekhelgha growth cone and
the type of receptor on the growth cone surface [166, 167].

Axonal pathfinding has been implicated in the proper development of tremoes within
the nervous system. During embryogenesis, the neural tube isghetfircture in the central
nervous system to form, and later develops into the spinal cordlobnelate, the structure that
comprises the cells occupying the ventral midline of the develogpngal cord, plays an
important role in central nervous system axon guidance. Highly $ipediaells in the floor
plate attract spinal commissural axons from the dorsal spindl cGonversely, motor, spinal
association, and sensory axons within the vicinity of floor platdamee molecules are non-
responsive and continue on alternative paths (reviewed in: [168])[169-IxdnaRpathfinding
has also been implicated in the development of the visual systdmiraturn, the proper
functioning of the eye. Guidance molecules positioned within the outea r@struct retinal
ganglia cells to extend their axons in a highly directed, radenner toward the optic disc and
through the retina to the optic fiber layer, forming the optic netv2][ In the mammalian
neocortex, axons migrate and establish a connection with the ljasilsyr a major connection
that is essential for the control of motor behavior [173, 174]. Thisatogris controlled by

guidance molecules secreted near the basilar pons [175].
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In each of the cases described above, proper wiring of the retmatry results from a
complex interplay of the four classes of guidance moleculedracfive molecules instruct
specific populations of axons to the appropriate target and repulsieeutes deter axons from
an inappropriate target. Moreover, differential expression of guidamdecuoles and growth
cone receptors [176], combined with alterations in intracellular kngnanolecules [154], allow
for both spatial and temporal regulation during embryogenesis.ollbwiihg sections review in

detail chemotactic and haptotactic guidance molecules, and the mechanisidsitg by each.

4.2.1 Chemotactic Signals and Mechanisms
Chemotactic signals are presented by cells within targstdi that express and secrete

guidance molecules. Soluble guidance molecules presumably diffusgyhhthe extracellular
space, resulting in concentration gradients of the factor. The lyomte is believed to sense a
concentration difference across its spatial extent, and conveasthisignal to move up or down
a gradient and therefore toward or away from the target tid3i@. [While this phenomenon is
widely accepted to occur during embryogenesis, only recently wadirghegradient of a
guidance factor, netrin-1, visualized directly in the path of c@msunal axons in rat, chick, and
mouse spinal cords [178]. Since gradients are difficult to visualizevo, combined with the
complex interplay of many guidance factors acting on one axonm#ahanisms of axon
guidance by chemotaxis have been difficult to elucidate. The sestions describe the axon
chemotactic molecules that have been identified, in vitro systieatshave been developed to
study this complex phenomenon, and attempts at defining the gradipaisiecaf guiding

axons.
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4.2.1.1 Axon chemotactic molecules

Molecules that have been identified to signal axon chemotaxis areizmganto several
families, most notably the Netrins, Semaphorins, and Neurotrophins [5, @@8%iderable
information has been gathered about the role each plays in atkdimgliag, along with specific
receptors on the growth cone that bind the ligands. A brief overgi@novided below. While
this overview is not intended to be exhaustive, it is important to thateother families of

diffusible molecules have been shown to guide axons, including Slits, Ephrins, and morphogens.

4.2.1.1.1 Netrins
Netrins are a small family of axon guidance molecules, bearingh resemblance to

laminin, but are only ~ 600 amino acids in size. They do not bearatiemembrane domain as
laminin, and therefore, are diffusible molecules. However, netrinsinoathasic domain and
some have hypothesized that the diffusion of the netrins may bedsloyinteractions with cell
surfaces or ECM [180]. Netrin-1 and netrin-2 were first idedifafter purification from chick
brain [180, 181], and are capable of attracting some axons, wpé#img others [5]. Evidence
of axon guidance by netrins has been demonstrated extensiveBrtebrates. Netrins are
expressed by glial and neuronal cells along the ventral midlime, gaide different axon
populations to and away from the midline [168, 181]. Netrins have also togéoated in the
guidance of cortical axons [182], as well as retinal axons avghe disc [183]. The ability of
netrins to behave as a bifunctional guidance cue is related teaigtors on the growth cone in
which they bind. Members of the DCC subfamily of the Ig superfamieé components of
receptors that mediate attractive effects of netrins [184ileWwNC-5, a transmembrane protein

that defines a distinct branch of the Ig superfamily, mediaggmilsive effects [185].
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Interestingly, the ability of netrin-1 bound to the DCC receptcelimit an attractive guidance

cue was switched to a repulsive cue by altering cAMP levels within thelgoone [186].

4.2.1.1.2 Semaphorins
Semaphorins are a relatively large family of axon guidancecutds, containing at least 30

members. Some semaphorins have a transmembrane domain, whicluamecontact-mediated
guidance molecules. Others lack the transmembrane domain, andfasildj long range
chemotactic factors [167]. Semaphorins share the same homologous deenaan,which is a
large extracellular domain approximately 500 amino acids in lengitte sema members are
divided into six classes, based on structural similarities, anth3keand Il are the diffusible
guidance factors [187]. Most semaphorins are known only to repelrgy@xons, while Sema |
has been suggested to provide a contact-mediated attractive c@eiid. Ill secreted at the
ventral spinal cord has been implicated in patterning sensorycponie by selectively repelling
axons that normally terminate dorsally [188]. The Sema Il recepteuropilin, is a
transmembrane protein [189]. Four other members of the semaphorin fe&erd later identified

to bind to neuropilin with similar affinity [190].

4.2.1.1.3 Neurotrophins
The family of neurotrophins, or neurotrophic factors, is characterige the ability to

maintain synaptic connections. During embryogenesis and beyond, neurotiemghsesreted at
sites of synaptic connection. Neurotrophins function to maintain cbongdetween neurons
and their targets by regulating survival, growth, and differeatiatWithout trophic factor
support, the axons and dendrites of developing neurons atrophy and the elsveay

eventually die [151]. The first neurotrophic factor discovered waseNérowth Factor (NGF),
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isolated from mouse sarcoma [191, 192]. Only certain populations of neuronsydnpare
responsive to NGF. Other members of the neurotrophin family include-deaved
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5. The recgpthat bind
neurotrophins include the Trk family of receptor tyrosine kinases (TK&F, TrkB; BDNF and
NT-4, and TrkC; NT-3) and the low-affinity receptor p75. The secreaifosome neurotrophic
factors is not triggered until ingrowing axons have reached theapsg target; thus, it has
previously been accepted that neurotrophic factors are unlikelyuitde gaxons during
development [151, 193]. However, recent evidence indicates that long digianpgeral
sensory axon growth is neurotrophin-dependent [194], but no conclusive studtesohéirmed
that neurotrophic factors guide axon pathfinding during embryogenesiportantly,
neurotrophic factors have been shown to behave as guidance molea@generation models.
Gradients of NGF and NT-3 can guide sensory neurite extension @iktagces up to 7 mm in
vitro [195]. The ability of neurotrophic factors to elicit guidancgnsais in vivo was
demonstrated by enhanced length of axons growing inside fetal sprmdairansplants at the site
of adult spinal cord hemisection injury when neurotrophic factors vegmelied [196].
Additionally, microinjection of NGF into the brain ventricle of neohatds evoked a massive

ingrowth of sympathetic fibers into brain tissue toward the source of NGF [197].

4.2.1.2 In vitro systems to study axon chemotaxis
Since the mechanisms of axon chemotaxis are difficult to elacidativo, many in vitro

systems have been developed to investigate neurite guidance. sSkhgydtems demonstrating
chemotaxis in vitro involved the effects of NGF gradients on senssuyons, specifically the

dorsal root ganglia (DRG) from chicken embryos. DRG are sergzorglia that lie adjacent to
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the spinal cord. DRG send axons to the periphery for the transdottioformation, and also
send central processes to the spinal cord and brainstem to helainformation [151].
Micropipettes containing 2 to 50 units of NGF placed near growing afartick DRG neurons
led to axon turning and growth toward the NGF source within 21 mifil@&3$. Additionally, a
gradient of NGF formed by chamber slides to localize anoagddGF mixture was capable of
orienting chick DRG neurons toward the source when the concentrato@5ma@ 1000 ng/mL
of B-NGF [199]. In an effort to accurately recapitulate the conceoti and types of factors
secreted in vivo, methods were developed to extract target tsseefically embryonic rat
lumbar spinal cord, and culture the organotypic culture alongside D&@ngés [200]. This
study confirmed that a diffusible factor, or factors, produced atritf@yonic ventral horn were
responsible for inhibiting DRG axon innervation of the spinal cord. Arsktechnique aimed at
mimicking the mechanisms at which gradients form in vivo, by ipedlexpression of a factor,
involved recombinant technologies to achieve heterologous cells exgressdiin-1 and netrin-
2, and co-culturing clusters of these cells with embryonic ratati@pinal cord explants. This
study confirmed that netrin secreted by target tissue guides commessomal[181].

The systems described above and the subsequent gradients formedhigatybariable and
therefore difficult to characterize. Understanding the mechanisynwhich growth cones
migrate up or down concentration gradients will require well-@efigradients. Recently,
engineered systems have attempted to define the concentratioentgaafi chemotactic factor
necessary for guiding neurites. Gradients of NGF were formed amarose hydrogel using a
gradient-maker equipped with source and sink chambers, and NGF Heosodrce chamber

diffused throughout the gel, creating a linear concentration giafie1]. The gradients were
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characterized by sectioning the agarose gel, and quantifyingds@gentration in each 20m
section. DRG neurons were cultured beneath the NGF gradient wgtmosa, and guidance was
observed when the absolute concentration gradient was above 133 ng/ml/@&in
Interestingly, there is not a general consensus in the neurcsdield as to whether the absolute
concentration gradient (concentration change per distance), or abgorial concentration
gradient (% change across the width of the growth cone), iactheate measure of successful
neurite chemotaxis. The next section will discuss efforts atrstaaeling the gradients required

for chemotaxis, with a particular focus on knowledge from leukocyte chemotaxis.

4.2.1.3 Defining the gradients
It has been well supported experimentally that growth conescapable of sensing

concentration gradients of factors and converting the signal injoation up or down the
gradient. The neuron must detect the gradient either through thewdéein receptor occupancy
on two sides of the growth cone (spatial detection), or changes tottidevel of receptor
activation with time (temporal detection) [176]. Bacteria useptaal detection during
chemotaxis, comparing local concentrations over time and reorienjiegdiag on whether the
concentration detected is increasing or decreasing [202]. Howewavihgcones are much
slower than bacteria, extending on average 1@+R0every 15 minutes, suggesting that spatial
detection is likely the mechanism of gradient detection [176, 177]. Dlgukgcyte chemotaxis,
the mean concentration of the guidance molecule influences they alfilcells to sense a
gradient, and the same school of thought has been adopted for growth coon&axise[R03].
Guidance detection is optimal when the concentration at the groovté is equal to the

dissociation constant for the receptor [2, 204]. If the concentratioo i®t, a small percentage
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of receptors will be bound at any given time, yielding little differendainding. Similarly, if the
concentration is too high, a large percentage of receptorbevilound at any given time, again,
yielding little difference in binding [177, 203]. Additionally, the percehange in concentration
over the distance of the growth cone, or fractional concentratamhemt, must be large enough
to overcome noise in both the binding process and the intracellulalisgythat turns a binding
difference into directional information [205]. Furthermore, for meamcentrations far from the
dissociation constant for the receptor, the fractional concentratoinegt required for guidance
is expected to be larger [2]. In vitro assays have shown that lgrmartes can respond to a
gradient of 5-10% across their width in liquid, but the minimum grasliesguired for detection
were not determined [206, 207]. Interestingly, it has been shown thaitit&l chemorepulsive
information to pathfinding Til pioneer growth cones within the developingsgopper limb is
governed by the Sema 2a fractional gradient and not the absolutengf208]. Taken together,
these experimental and mathematical findings suggest that #re coacentration of the factor

and the fractional concentration gradient govern axon chemotaxis.

4.2.2 Haptotactic Signals and Mechanisms
Axons require permissive adhesive environments to grow. Haptotaotiange cues can be

presented as surface-bound gradients, similar to chemotactiammeals. Alternatively, the
guidance cue can be simply selective adhesion to a permigbisteade within a larger region of
non-adhesive molecules. Contact-mediated guidance molecules may lentqatesas

transmembrane proteins on the surface of neuronal or non-neurdsatesdptors on cells, or
extracellular molecules sequestered within the extracellulatrix. Therefore, growth cone

interactions with haptotactic molecules can be either cell-cell oredtiste interactions.
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4.2.2.1 Axon haptotactic molecules

Many contact-mediated guidance molecules have been identifidakling: families of cell
adhesion molecules (CAMs), ECM molecules, and even diffusible motepudsented by the
cell surface or ECM. A brief overview of each class of haptiotagpidance molecules is

presented below.

4.2.2.1.1 Cell adhesion molecules (CAMs)
Two large families of CAMs have been implicated in axon pathfindingluding the

immunoglobulin Ig and cadherin superfamilies [5]. Most of the CAMs taansmembrane
proteins, and interestingly, many CAMs mediate homophilic adhesion, functionanligasd on
one cell and a receptor on another [209]. The Ig family of cell aoih@sblecules share a
common Ig domain (70-110 AA), and usually a FNIlIl domain (90 AA) [210]. fitst cell
adhesion molecule to be characterized was neural cell adhesieauleo{NCAM), which was
shown to mediate adhesion of cells in the retina and support outgrowth dadagipf mossy
fiber tracts in the hippocampus of mice [211, 212]. Genetically mddifice embryos lacking
the Ig CAM, L1, showed defects in the guidance of axons of the easgpiital tract, a major
motor control pathway projecting from the cortex to the spinal cordhé absence of L1, a
substantial proportion of axons failed to cross the midline to the oppimisal column as
normal [213]. Importantly, genetic analysis revealed that mutatiohd iare linked to mental

retardation in humans [157].

4.2.2.1.2 Extracellular matrix molecules

Several extracellular matrix molecules have been shown to belsaeégher promoters or

inhibitors of axon growth and extension in vitro, including laminin, fibobine tenascin, and a
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variety of proteoglycans [214, 215]. Astrocytes expressing lamnfinenced axon elongation
and nerve pathway formation during embryonic development of the mouse ragstie.
Furthermore, one region of the optic pathway in which retinal gamgkll axons avoid in vivo
did not contain laminin-expressing astrocytes [216]. The contact-adhese may also be a
repellant. Chondroitin sulfate proteoglycans (CSPGs) were esqutes the innermost layers of
the developing rat retina and moved peripherally with the directioretofal ganglia axon
development. Additionally, the CSPGs always remained at the edder of the developing
axons. Moreover, retinal ganglia axons were shown to turn so asitb @utgrowth on the

barrier created by CSPG-expressing cells [217].

4.2.2.1.3 Diffusible molecules
Interestingly, chemotactic molecules may bind to the extrdaelnatrix or cell surfaces and

behave in a haptotactic mechanism. Neurotrophins are known to bind tagtitly surface of the
neuron that secretes them to produce localized synaptic modulation &8¢ growth factor
covalently attached to Sepharose beads promoted neurite extensionttemMaeads, indicating
that NGF can exert its effects on neurons by interacting with exteembnane structures [219].
In an ensuing study, NGF nonspecifically immobilized to specdgians of a poly-L-lysine
substrate resulted in patterned neurite outgrowth, localized tcethens of NGF adsorption
[220]. Immunohistochemical localization of netrin-1 in the embryonic chiek/ous system
revealed that netrin-1 was bound to the tissue along the lam@dedrs of the cord, suggesting
that the effect of netrin-1 on pioneering spinal cord commissu@isais haptotactic [170].
Collectively, these studies indicate that diffusible guidance entde immobilized to a substrate

are active and capable of eliciting a haptotactic guidargrealsiMathematical predictions of
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growth cone gradient detection, based on diffusivity and concentriictuation, reveal a
steeper concentration gradient is required for gradient detectioaudiséquent axon guidance

when a diffusible molecule is presented as a bound ligand [221].

4.2.2.2 In vitro systems to study axon haptotaxis
Similar to chemotactic guidance signals, many in vitro systeave been engineered to

investigate axon haptotaxis. Laminin was micropatterned by adsorfui photolithography
defined hydrophobic regions on a quartz substrate. Neurons cultured onténeeplasubstrates
selectively adhered to the laminin-rich regions and neuriteséa&tl along the laminin patterns
without aberrant sprouting or turning. The flexibility offered the lithography patterns
permitted the investigation of a range of laminin and non-adhesitermpatidths. If laminin
patterns were separated by non-adhesive patterns lesSQtham in width, growth cones were
able to cross the non-adhesive tracts to nearby laminin pa#tedhdid not orient [222]. In a
separate study, microfluidic techniques were employed to pasigih through laminar flow
microchannels, while adsorbing the protein to a poly-L-lysine substra gradient formed by
the microchannels [223]. In this study, rat hippocampal neurons extended ap the
concentration gradient of laminin, if the gradient was greatan ®.06 ug/ml/um. Another
technique to pattern gradients of surface-bound molecules was developselettively
immobilize the peptide sequence of laminin responsible for neural adhesid axonal
elongation, IKVAV. A photo-linker was first covalently attached to tpeptide and
subsequently, varying amounts of the peptide were photocrosslinked ortratsulising a laser
with varying doses of irradiation [224]. Chick embryo dorsal root gangturons cultured on

the IKVAV gradients oriented up the gradients with a 25% concentration didfeaer 3Qum.



82

4.3 Growth Cone Cytoskeleton Dynamics in Axon Guidance

During axon elongation and guidance, the growth cone takes on diffe@phologies
controlled by the dynamic nature of both actin and microtubules igrtheth cone and axon
cytoskeleton. Filopodia are narrow, cylindrical extensions capal#&tending tens of microns
from the periphery to explore the environment. Lamellipodia attefiad, veil-like extensions at
the periphery of the growth cone [225]. In order to understand cytoskaletagements during
axon guidance, the cytoskeletal dynamics that occur during axonagtongnust first be
defined. By monitoring axon elongation in vitro via real-time miocopgc the process of axon
elongation was divided into three morphologically distinct stages [226]tArke stages have
been termed protrusion, engorgement, and consolidation [225]. During protrusiofildpatdia
and lamellipodia elongate, potentially through the polymerization cin afilaments.
Engorgement occurs when microtubules invade the protrusions. Vesiclesganélles are also
transported into the protrusions, via Brownian motion and directed microtbasésl transport.
Consolidation occurs when the majority of actin depolymerizes in ttle ofethe growth cone
and the transport of the organelles becomes bidirectional, adding distelvsegment of the
axon. During axon guidance, gradients of molecules bias one side obtit gone to progress
through these three stages toward the guidance cue more rapidly than thielethiethe growth
cone [225], resulting in guided protrusion, engorgement, and consolidation.

Both actin and microtubules are in a constant state of flux,imxisbometimes in a stable
state and other times as dynamic structures. Actin filan@factin) are helical polymers
composed of actin monomers, often referred to as globular actet{®- Actin polymerization

occurs at the leading edge of the growth cone and F-acttragradely transported toward the
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center of the growth cone. Here, F-actin is depolymerized and ledcyfor further
polymerization [227]. Rho family GTPases (Rho, Rac, and Cdc42) orateesittin assembly
and disassembly through the activation of effector proteins [166]. Mhmutds are polarized
structures composed of tubulin dimers assembled into linear arragiteofatingo- and -
tubulin subunits. The microtubule dimers in the nervous system are likdélg heterogeneous
polymers composed of several combinationsof dimer isotypes [225]. Microtubules are
functionally modified via posttranslational modifications, such as ityatisn/detyrosination,
acetylation, phosphorylation, polyglutamylation, and polyglycylation [228]. These
posttranslational changes are likely to alter binding of microtubssociated proteins which, in
turn, influences interactions with other cytoskeletal components aracefitlar signaling
pathways.

A substantial amount of research has been devoted to understanding hoguedanice
molecules modulate these critical cytoskeletal arrangemeagtsfiG@nt evidence suggests axon
guidance molecules activate proteins of the Rho family. Bindingetin to its DCC receptor
leads to association of the adapter protein Nck [229] which, in tunvatast Rho GTPases
Cdc42 and Rac-1, and presumably actin dynamics [166]. Binding of NGkAtentduces trans-
phosphorylation of TrkA and recruitment of adaptor and effector protein3:-l8ding proteins
activate the MAPK signaling pathway and TrkA activates thekiti8se (PI3K) signaling
cascade. MAPK has been implicated in mediating the growith survival effects of
neurotrophins. Additionally, PI3K may modulate actin dynamics bylagigg the activity of
RhoG which can activate Cdc42 and Rac [166]. Moreover, PI3K activatiobitélanother

downstream signaling pathway, GSR-3The inhibition of GSK-B resulted in localization of
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adenomatous polyposis coli (APC) to the tips of microtubules, promotimgtoticile assembly

and axon elongation [230].

4.4 Nerve Regeneration Strategies to Promote Axon Guidance

Injury to the nervous system is detrimental, and depending on the ekiejury, may cause
debilitating results. Peripheral neuropathy can be a result easis including diabetes and
cancer, or mechanical compression or severance. Injury to thelceatv@us system is
commonly in the form of spinal cord injury (SCI) and oftentimesulits in paralysis. Central
nervous system injury can also be triggered by the onset of diseclseling Parkinson’'s and
Alzheimer’'s disease. Upon complete transection of a peripherak,nenacrophages and
Schwann cells are recruited to clear myelin and axonal debrismébhephages and Schwann
cells also function to secrete growth promoting cytokines and eeg@mn is typically initiated.
Peripheral nerve regeneration can occur along distances upete miflimeters with simple
suturing techniques or the use of autologous grafts. At the onset @&l cemtrous system injury,
the physiological response differs drastically in comparisorhéoRNS. The recruitment of
macrophages to clear myelin debris is a much slower process thestilood-brain barrier and a
lack of cell adhesion molecules [231]. Extracellular matrix pnetat the site of CNS injury are
inhibitory for regeneration and form the glial scar, comprised oflimgssociated molecules
(Nogo, myelin associated glycoprotein, oligodendrocyte-myelicagisotein) and CSPGs. The
CNS recruits astrocytes, similar to Schwann cells in the, RNE they convert to reactive
astrocytes at the site of injury by secreting additional inhibitory mt#e@nd contributing to the
glial scar [232]. The combination of a plethora of inhibitory molecuéesack of growth

promoting molecules, and alterations in gene expression make thef &i@iry in the CNS
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unfavorable for regeneration and a much more complex systemetoerate. CNS neurons were
not believed to have regenerative capacity until 1980, with the demmbmstof CNS axon
growth into PNS nerve grafts [233]. Currently, there are no elimethods to regenerate CNS
nerves. Only anti-inflammatory drugs, such as methylprednison@yvail@ble to minimize the
effects of secondary injury [234]. Tissue engineering stratégiespair PNS injury have shown
promise, while the methods to repair CNS injury are still innmgatCurrent tissue engineering
strategies will be discussed below, with a particular focus rategies to promote guidance of

axons at a lesion site.

4.4.1 Nerve Tissue Engineering Strategies
Tissue engineering strategies for nerve repair involve roérlye processes and endpoints

described in Chapter 2. Scaffolds for nerve regeneration haeebalen termed bridges or
conduits. These scaffolds should be designed to provide physical supgditidge the gap
created by the lesion, while recruiting progenitor cells th matrix and blocking inhibitory
molecules. The strategy may also incorporate a conductive approdebrimig molecules to
promote growth or block inhibition. Additionally, cell transplantation hods have been
devised to present growth promoting and cell adhesion molecules. Aufartthallenge for
nerve regenerative strategies is to not only promote the growtlkgeherating axons, but
achieve efficient and specific guidance of the axons acrossesien site, as guidance of
regenerating axons across the length of the lesion will dpgirel to reconnect synapses and

achieve functional recovery.
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4.4.1.1 Peripheral nervous system tissue engineering

While there are currently options available for the treatnoér®NS injury, the suturing
technique cannot be used for injuries greater than a few milismdtie to halted regeneration by
tension on the nerve. Autologous grafts are effective, but not ideas, thieg require a second
nerve injury and multiple surgeries. Tissue engineering stratdgige been developed for
peripheral nerve regeneration and some FDA approved scaffolds can sfeqei peripheral
nerve defects. Integra Neurosciences Type | collagen tubsheas to bridge 5 mm peripheral
nerve gaps in the monkey wrist with physiological recovery amtib suture repair [235].
SaluMedica’s SaluBridge Nerve Cuff, a conduit made from polyani@®&édnts inside silicone
tubes, was shown to bridge a 15 mm rat sciatic nerve gap [236]. drre Buff was employed
to repair damaged nerves in the human forearm, showing returnrmalinsensory and motor
functions of the hand [237]. While existing tissue engineeringesfied show promise, the

ability to regenerate peripheral nerves over long distances remaintcagha

4.4.1.2 Central nervous system tissue engineering

The ability to regenerate CNS axons requires the induction of neunwival and axon
elongation, combined with the reduction of survival and growth inhibitiorofsctThe first
report demonstrating CNS nerve regeneration was performed bynimgl&PNS nerve grafts
containing Schwann cells at the site of CNS injury [233]. Therehargever, unfavorable issues
associated with PNS grafts, including multiple surgeries with agwo® PNS grafts, immune
responses to heterologous PNS grafts, and an inability to engih&egrafts for the sustained
delivery of therapeutic factors. Nerve bridges to mechanicalpport a lesion site have been

fabricated from synthetic materials (e.g., PLG, PEG) [238, 239%abural materials (e.g.,
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Collagen) [240, 241]. Methods are being designed to effectively dgiigerth factors to the site
of injury. Gelfoam saturated with neurotrophic factors was placedafetal spinal cord tissue
transplant at the site of a rat hemisection injury. The deliedr8DNF, NT-3, and NT-4
increased the extent of serotonergic, noradrenergic, and cortidospamal ingrowth within the
transplant [196]. More controlled and elegant approaches have been devieltbkd,ability to
achieve sustained release of a necessary dose of therapdotio¥ae the duration required for
regeneration remains a challenge [242]. Recently, nerve bridges risgliveon-viral gene
therapy vectors to alter gene expression within the spinal @sidnl have demonstrated
transgene expression within a rat spinal cord hemisection injurd vegeks [238]. Alternative
methods to deliver therapeutic factors include implanting Schwate[24B] or cells that have
been genetically modified to express therapeutic factors [244].eTmethods have shown
promise; however, cell transplantation strategies are often plagtie an inability to support
high percentages of cell survival after transplantation. Impoytattté stimulation of survival
and outgrowth at the site of injury must be coupled with systerbbti inhibitory molecules.
Many methods have addressed this requirement, including delivergadf molecules that bind
Nogo receptor [245], antibodies to Nogo [246], and enzymes to degradesC&H G Recently,
SiRNA delivery strategies were developed to silence the expressiontmfonhimolecules while
overcoming disadvantages associated with small molecule del48y. [ Functional recovery
at the site of CNS injury will require a combinatorial applo&z support axon survival and
outgrowth, block inhibitory molecules, and direct axonal outgrowth. Metlwogsitle axons in

PNS and CNS regenerative strategies are discussed below.



88

4.4.2 Axon Guidance Strategies

Successful strategies to orient and guide regenerating axons adesson will be essential
for functional recovery after nerve injury. Investigation of axon guidaduring embryogenesis
has led to a partial understanding of the extracellular fathatsare presented as guidance cues,
the mechanisms of guidance signal sensing by the growth conéheantracellular signaling
events leading to oriented growth. Importantly, neuronal responses to guitatecules are
altered from development to adulthood, complicating the ability to esginegenerative
guidance strategies [249]. Many methods have been developed toatbbicdges with
guidance channels to physically orient axons. These guidance bhdgessubsequently been
combined with patterned adhesion molecules or glial cells to priesmphysical and chemical
guidance cues. Recently, methods have been devised to achieeatgraflichemotropic factors

within guidance bridges.

4.4.2.1 Topographically patterned bridges

Topographical patterns have been shown to guide axonal outgrowth in vit@n Ason
growth cone reaches the wall of a microchannel, the groark migrates parallel to the wall,
orienting the axon as it elongates [250]. In vitro demonstrations leavéolthe onslaught of
strategies to fabricate three-dimensional nerve guidance bridg@s vivo transplantation. A
guidance conduit fabricated from poly-3-hydroxybutyrate (PHB) tshessulted in 2-2Qum
diameter oriented PHB fibers within the conduit. The conduit was caphlbégenerating axons
in a rabbit peroneal nerve injury model over a length of 4 cmegeherating nerve fibers in the
PHB conduits were more plentiful than in nerve autograft controls [AbH.separate study, a

silk fibroin nerve guidance conduit (SF-NGC) was fabricated mBctign molding a silk fibroin
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solution to obtain a single lumen conduit, followed by addition of 20 aigilk fibroin fibers
within the single lumen. The SF-NGC elicited peripheral newtgyrowth in a 10-mm long
sciatic nerve defects in rats, resulting in functional andphmogical recovery similar to
autografts [252]. A novel technique to engineer guidance bridgesveatvasolvent casting,
physical imprinting, and a rolling-fusing method to obtain poly-(Ict#aacid (PLLA) conduits
with multiple intralumenal walls and precise topography along Itmgitudinal axis. The
intralumenal walls in the conduits were aéh in width, and the physical parameters of the
conduit, such as number of lumens, conduit length, and diameter were all controllable [253].

Of specific importance for the central nervous system, guidance t®maust also present
the ability to provide a drug delivery mechanism, both to promote grand block inhibition.
PLG microspheres with encapsulated neurotrophic factors and poragrenleaded into a
patterned mold and processed by gas foaming to fabricate por@gurilance conduits. The
guidance channels within the conduit ranged in diameter betweenardd(250 um and
neurotrophic factor was released from the conduit for at least 4&2wdtale maintaining activity

[254].

4.4.2.2 Patterned ECM and glial cell bridges

Methods to incorporate contact-mediated guidance cues within phgsidance conduits
provide the ability to elicit synergistic guidance signals. #dgnce conduit of aligned
fibronectin fibers was fabricated by precipitating fibronectinafuan acidic solution, manually
drawing fibronectin fibers, and freeze-drying the conduit. Oncedbgd the fibronectin cables
had pores that ranged from 10 to 108, and both Schwann cells and fibroblasts were able to

orient along the direction of the fibronectin fibers [255]. In pasate study, silicone conduits
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with aligned PLLA filaments and matrigel resulted in longitutiorganization of Schwann cells
and axons in a rat sciatic nerve injury model [256]. Further, collalgels were tethered into a
silicone guidance conduit and allowed to contract and subsequently aligari@iied collagen
fibers demonstrated the ability to guide DRG axon extension rio, \dhd regenerate rat sciatic
nerve in vivo [257]. Collectively, these techniques show promisedatbnatorial approaches
with physical and chemical guidance signals. The conduits have shgmificant success in

peripheral nervous system injury models, but remain to be designed properly forS8he CN

4.4.2.3 Chemotactic gradient bridges

Investigation is underway to develop guidance bridges containimtjegta of chemotactic
factors to guide regenerating axons. Recombinant adenoviruses thegseki@F were injected
into the rat corpus callosum pathway, the structure in the maamiadain connecting the left
and right hemispheres, in multiple sites with varying concentrafidditionally, a 1 mm lesion
was made through the corpus callosum at the midline. Three to fosr afegy injection,
postnatal dorsal root ganglia were isolated and transplanted intonas callosum pathway,
2.8 mm away from the midline. Two weeks following transplantation, rodxh outgrowth
was observed crossing the lesion site and along the NGF grigb8ht This study demonstrates
the promise for neurotrophic factor gradients during in vivo regeneratiomever, the
disadvantages associated with direct injection, such as the tyaioiliachieve controlled
gradients in other CNS regions, and the potential requirement ftiplauhjections, emphasizes
the need for guidance bridges capable of localized delivery dfeanotactic gradient. Lipid
based microcylinders loaded with NGF were encapsulated wittanosgylaminin guidance

conduits. NGF released from the microcylinders produced gradientseghatapable of guiding
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DRG neurites in vitro [259]. Further, linear concentration gradiehismmobilized NGF and
NT-3 were fabricated in poly(2-hydroxyethylmethacrylateypal)-lysine scaffolds by
encapsulating the protein, as a gradient, within the precursorosolptior to crosslinking.
Immobilized NGF and NT-3 gradients guided DRG neurite outgrowth ia {260]. The above
systems demonstrate the promise for chemotactic gradientenfmésby nerve guidance
conduits, but a substantial amount of exploration remains to detetn@rgradients necessary
for in vivo regeneration, and the time-scale necessary foregtagresentation. Since proteins
are quickly cleared and degraded in vivo, alternative strateg@®$ent chemotactic gradients

for extended periods of time may be necessary.

4.5 Conclusions

The intricate and precise connections of the nervous systemfresula complex interplay
of spatial and temporal patterns of gene expression. Patternexssgprof cell adhesion and
extracellular matrix molecules, diffusible chemotactic fagtand cell surface receptors guides
axon pathfinding. Binding of guidance molecules to growth cone receptyysrs cascades of
intracellular signaling pathways that alter cytoskelet@haginics, resulting in guided axon
elongation and migration. This pathfinding is responsible for preciseections that control
motor and sensory function. Guidance mechanisms are difficult to iziswahd elucidate in
vivo; therefore, in vitro systems have been developed to study growghresponse to guidance
cues. However, existing in vitro systems do not adequately represmplex formations of
guidance cues by spatially patterned gene expression. Advamcéslogical molecule
patterning (reviewed in Chapter 3) combined with gene deliveriegtes (reviewed in Chapter

2) may provide methods to recapitulate patterns of gene exq@ressistudy growth cone
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response in vitro. Tools to repair damaged nerves will require g@dsHrexons across a lesion
for functional recovery. In vitro guidance systems not only enh&mmvledge of axon

pathfinding during development, but also facilitate the rationagdesf regeneration strategies.
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Chapter 5

Spatially Patterned Gene Delivery for Localized
Neuron Survival and Neurite Extension

5.1 Introduction

Natural tissues can have complex architectures charactdryzehe organization of multiple
cell types into structures, such as branching networks of the vascut@rvous systems. This
cellular organization arises, in part, from spatial patternseire gexpression, which can create
concentration gradients of diffusible factors that direct cellular proseBsging morphogenesis,
gradients of the sonic hedgehog (Shh) [261-263], BE64-266], and Wingless [267-269]
families of proteins direct cellular differentiation. Gradieoitplatelet-derived growth factor and
basic fibroblast growth factor are chemotactic agents for alefiroblasts [270, 271] and
smooth muscle cells [272], respectively. Additionally, neurons haveptarsefor diffusible
guidance factors such as netrins, semaphorins, and neurotrophic faatoirsduce and direct
axonal elongation [5, 167, 273]. Engineering patterns of gene expressi@rouae a means to
direct cellular processes (e.g., cell migration, neuriteresion) for the regeneration of tissues
with complex architectures.

Gene delivery from biomaterial scaffolds for tissue engineering dfferpotential to support
and direct progenitor cell differentiation and migration into funclicimesue replacements
(described in Chapter 2). Biomaterials serve a central rolehén ehgineering of tissue
replacements, and are designed to present a combination of insoluldelainlé signals that

promote tissue formation [23, 274, 275]. Gene delivery from a tissu@eenigpg scaffold
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represents a versatile approach to induce expression of tiBiaive factors, with expression
lasting for days to months [11, 12]. Gene therapy vectors, eithes-darived or non-viral (i.e.,
synthetic), can be immobilized to tissue culture substrates threitiger specific (e.g., biotin-
avidin) or nonspecific (e.g., electrostatic, van der waals) interect[91, 276, 277]. This
technique, termed substrate-mediated gene delivery or retvarsdection, places complexes
directly in the cellular microenvironment for efficient interzalion, and high transfection
efficiencies can be achieved with less DNA as compareaddional bolus delivery [278, 279].
Additionally, the immobilization of gene therapy vectors provides thans to spatially restrict
complex deposition and potentially pattern gene expression. Pattemeeebgeession may offer
significant advantages over protein patterning, which has beerywided to pattern cellular
responses [223, 224, 280-283].

Chapter 5 develops a system to spatially pattern non-viral Dixi#plexes on a cell adhesive
substrate to promote cellular processes within the pattern. Potigisi®xane (PDMS)
microchannels were employed to pattern the nonspecific immatindliz of cationic lipid/DNA
complexes, termed lipoplexes, onto tissue culture polystyrene SICPreatments were
investigated to minimize the interactions between the lipoplex@P®MS, particularly given
the relatively high microchannel volume to TCPS surface atea RDMS microchannels (100
to 1000um widths) were treated by either, Plasma exposure or soaking in a Pluronic L35
solution (hereafter referred to as Pluronic) to render the mianaefs hydrophilic, and reduce
adsorption of the lipoplexes to PDMS. The microchannel treatmengésimiestigated to achieve
efficient and patterned complex binding to the surface, while maingacomplex activity for

efficient and patterned transfection. Parameters such as haoma dimensions and treatment,
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and vector concentration were varied to achieve high transfecticreety. The patterned
expression system was investigated for the ability to lbeaellular processes using a neuronal
co-culture model. Neuron survival and neurite outgrowth were aslsestfen patterns, and at
specific distances outside patterns, of neurotrophic factor expmesdhis system provides a
platform with which to investigate patterns of gene expressiorssadiformation, and may be

applied for the engineering of functional tissue replacements.

5.2 Experimental Procedures

5.2.1 Plasmids

Plasmid DNA was purified from bacteria culture using Qiagean{® Clara, CA) reagents
and stored in Tris-EDTA buffer at -20°C. The plasmid pEGFPLuUcH@EP in the vector
backbone with a CMV promoter (Clontech, Mountain View, CA). Themld pNGF has full-
length mouse NGF in the RKS5 vector backbone with a CMV promaterwnas a gift from Dr.

Hiroshi Nomoto (Gifu Pharmaceutical University, Japan).

5.2.2 Fabrication of Microfluidic Networks
SU8-100 negative tone photoresist (Microchem; Newton, MA) wascggated at 1000 rpm

for 30 seconds on silicon wafers (Ultrasil; Hayward, CA). Aliaking, specified regions of the
photoresist were polymerized using film transparencies as the plsitgimarandem Design;
Towson, MD) and a Quintel Q-2000 mask aligner (Quintel; San Jose,WitA)UV exposure
for 45 seconds. Polydimethylsiloxane (PDMS), also referred tbaas Corning Sylgard 184
Elastomer, was obtained from Krayden, Inc. (Glenview, IL). PDMS eured on the photoresist

molds at a 10:1 (base:curing agent) ratio at 60°C for 5 hours. édtding, the PDMS was
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peeled off the molds and ports were punched at either end of the ch&DMS. was treated
with either Q plasma (Harrick Plasma; Ithaca, New York) for 3 minutesoaiked in a 2 mg/ml
Pluronic L35 (block copolymer of poly(ethylene oxide)-poly(propylengde)-poly(ethylene
oxide), gift from BASF Corp.; Mount Olive, NJ) solution in 10 mM ¥, buffer, rinsed and

dried in a sterile hood.

5.2.3 Complex Deposition
DNA in DMEM (Life Technologies; Gaithersburg, MD) was compléxewith

Lipofectaminé“2000 (Life Technologies) in DMEM (DNA:lipid, 1:1) by adding lipid td\NB

and pipetting gently. PDMS microchannels were reversibly sealgsgstee culture polystyrene
(TCPS) wells and complexes were injected in the microchaahéie inlet port and flowed into
the channel via capillary action. After 1 hour incubation, the complexzs removed, the
PDMS peeled off, and the surfaces rinsed twice with DMEM. Faging deposition, plasmid
DNA (pEGFPLuc) was fluorescently labeled with tetramethgidamine (Mirus; Madison, WI).
The deposited DNA was imaged with fluorescence microscopy, lamdaverage complex

diameter was determined using the program ImageJ.

5.2.4 Binding Efficiency Quantification

A nick translation kit (Amersham Pharmacia Biotech; Piscajawdy) was used to
radiolabel pEGFP withoa-**P dATP according to the manufacturer's protocol, with slight
modifications [83]. Radiolabeled plasmid was complexed with Lipafaste 2000 and a known
volume of complexes was injected into PDMS microchannels sealB@RS. Complexes were
removed after 1 hour incubation. The PDMS was peeled away frosutfaze and the surface

was rinsed two times with DMEM. The TCPS, PDMS, and rinsese éaced in separate
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scintillation vials with 10 mL Biosafe Il scintillation cocktgResearch Products; Mt. Prospect,
IL). Counts were determined using a scintillation counter and ctedeta DNA mass using a
standard curve. To normalize for the PDMS surface area, PDNPSB0rface area ratios were
calculated for each channel width and found to be 1.5, 2, 3, and 6 for 1000, 500, 250, and 100
um width channels, respectively. The binding efficiencies for ecthnnel width were
multiplied by the necessary PDMS surface area correctiotorfaghe corrected binding

efficiencies were averaged and statistically analyzed.

5.2.5 Patterned Transfection Efficiency
pEGFPLuc was complexed with Lipofectamine 2000 and incubated in the PDMS

microchannels on TCPS for 1 hour. Following two DMEM rinses, HEK268Ils (ATCC;
Manassas, VA) in DMEM supplemented with 10% heat inactivatedl betane serum (FBS),
1% penicillin-streptomycin, and 1% sodium pyruvate were seeded onGRS T2.8 X 10
cells/dish) and cultured for 48 hours at 37°C and 5%.CCklls were fixed with 4%
paraformaldehyde (PFA) in phosphate buffer saline (PBS) and ctaiitie 5 ng/ml Hoechst
33258 (Molecular Probes; Eugene, OR). Cells producing the EGFP prgteen) and cell
nuclei (blue) were observed using fluorescence microscopy. The nuntbensiected cells was
determined by counting green positive cells in 5 random images per pattkthedotal number
of cells in each image was established by counting cell nuttansfection efficiency was

defined as the number of transfected cells divided by the total number of cells.

5.2.6 In Vitro Neurite Outgrowth
Plasmid pNGF and pEGFPLuc were co-complexed with Lipofectard0@ at varying

ratios (20:80, 50:50, and 80:20) and incubated in PDMS microchannels on T@RScabed
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above. The EGFP expression allowed for visualization of the pattéransfection. Following
two DMEM rinses, HEK293T cells were seeded on the TCPS (8.5 Xel/well). To obtain
primary neurons, dorsal root ganglia (DRG) were isolated fronwlii leghorn chicken eggs
(Michigan State University Poultry Center; East Lansing, &)l maintained in HBSS buffer
supplemented with 6 g/L glucose until the isolation was complet& @Bre incubated for 30
minutes at 37°C in 0.25% trypsin (Worthington Biochemical, Lakewood, félowed by
trituration with fire-polished glass Pasteur pipettes to dissotiee ganglia. Non-neuronal and
neuronal cells were separated by panning for 2 hours at 37°C. 8teur culture of the
HEK293T cells, the media was removed and the surfaces were wagheBBS to remove
NGF. The dissociated DRG neurons were seeded (5*XdB/well) on the cell layer. Cells
were co-cultured for 24 hours in cDMEM at 37°C and 5%, d®@ minimize convective
transport, culture dishes were not disturbed during the culture periteat.tAé 24 hour culture,
cells were fixed with 4% PFA. The neurons were stainedherneuron-specific class Ifi-
tubulin by incubating fixed cells in TUJ1 antibody (Covance; BgtkeR) diluted in 5% normal
goat serum (Vector Labs; Burlingame, CA) in PBS for 1 hour follolmethcubation in TRITC-
conjugated goat anti-mouse secondary antibody (Jackson Immunore¥gastiGrove, PA) in

PBS for Y2 hour. Cells were counterstained with Hoechst 33258 to visualize cell nuclei.

5.2.7 Neuron Survival and Neurite Extension

Surviving neurons were identified as having sprouting neurites. Newnigthls were
guantified using the tracing program NeurondJ, a plugin to ImageJ.[284ron survival,
primary neurite length, and total neurite length were normlia surface areas at the pattern of

transfection and distances away from the pattern. Primary eewiére defined as neurites
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extending directly from the cell body. Neurite density wasneelf as total neurite length divided

by the surface area. Quantifications were made from 4 regions at titne [@eid averaged.

5.2.8 Mathematical Modeling of Concentration Gradients
Mathematical modeling of NGF diffusion was employed to predicttreentration profile

in the culture well. Equation 5-1 describes one-component diffusion in twendions in a

continuous medium with a term for protein degradation, where D is the diffusithg protein:

2 2
€ _p|2C, 0T ¢ (5-1)
ot OX 0z

where C is the concentration, D is the diffusivity, and k is thte mnstant for protein
degradation. The Crank-Nicolson implicit method was employed to saiverically the second
order partial differential equation. The initial condition is a zewacentration throughout the
culture (Egn. 5-2). The boundary conditions indicate a flux (q), whiateiermined from the
protein production rate, within the pattern of transfected céti.(5-3), and no flux boundary

conditions elsewhere.

C(x,zt=0)=0 (5-2)
—D%(x< X Z=01) =0 (5-3)
% (X> X, 2=0,1) =0 (5-4)
% (X,2=27,,,1)=0 (5-5)

%(X:O ,Zt)=0 (5-6)
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X
L = ] 1t :o 5'7
@((X Xaxs Z:t) (5-7)

Note that the region of patterned transfection cetithin X = 0 to ¥a The boundary in the x-
direction (¥ax Was defined as 7.8 mm, the approximate radius 24-well tissue culture well.
The boundary in the z-direction,{g) was set equal tonx Values for the diffusivity of NGF
and the production rate of NGF by cells transfectdgth the pRK5-NGF plasmid were
determined from published reports to be 12 X t@f/s and 1 ng/crifmin, respectively [285,

286].

5.2.9 Statistics
Statistical analysis was performed using JMP soB8W&GAS Institute, Inc.; Cary, NC).

Comparative analyses were executed using one-wa@\AMNwith Tukey post-tests, at a 95%
confidence level. Mean values with standard errbrthe mean (SEM) are reported. All

experiments were performed in triplicate.

5.3 Results and Discussion

5.3.1 Patterned Lipoplex Deposition and Binding

Lipoplexes were deposited on TCPS surfaces usigofhuidic devices fabricated by soft
lithography. This technique is commonly used toritstte PDMS microchannels for the
patterned deposition of protein or cellular adheslut has never been utilized to pattern DNA
complexes [121, 122]. PDMS is hydrophobic and gitpmadsorbs a range of macromolecules,
thus, treatments are commonly employed to rendévi®ydrophilic and reduce adsorption
[287]. In these studies, (plasma and Pluronic treatments were investigaietheir effects on

patterned deposition and complex binding. Inculbatd lipoplexes within Pluronic treated
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PDMS microchannels produced patterns of depositiomidths of 1000 um (Figure 5-1a), 500
pm (Figure 5-1b), 250 um (Figure 5-1c), and 100 (frgure 5-1d). The width of the pattern
matched the width of the microchannel. Pluroniatiteent of the channels produced a more
dense and homogeneous layer of deposited lipoplax@d000um width pattern (Figure 5-1a)
as compared to lipoplexes incubated in untreatedroéls (Figure 5-1e).

The binding efficiency, defined as the amount of ADHound divided by the amount
incubated in the microchannel, was dependent onchtznel width and treatment. Higher
binding efficiencies were observed with @lasma and Pluronic treated microchannels relative
to untreated microchannels (Figure 5&, 0.05). Q plasma and Pluronic treatments increased
the binding efficiency to 23%, as compared to 15#h wo treatment, presumably by decreasing
interactions between PDMS and lipoplexespfasma exposure introduces silanol groups on the

PDMS surface at the expense of methyl groups,Heubydrophilic surface is unstable in
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Figure 5-1: Patterned lipoplex depositionImmobilized lipoplexes (red) deposited in Pluronic-
treated PDMS microchannels: (A) 10@én, (B) 500um, (C) 250um, and (D) 100um. (E)
Lipoplexes deposited using untreated microchan(i€60 pm). Scale bars correspond to 100
um.
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ambient air [287, 288]. Pluronic, a block copolynoé poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEOQO), can antb a hydrophobic solid surface, such
as PDMS, through interactions with the hydrophd®RO block [124]. Additionally, the binding
efficiency decreased as the channel width decre@Sgdre 5-2b,p < 0.05). Decreasing the
width of the Pluronic treated PDMS microchannelrdased the binding efficiency, from 23%
for a 1000um channel to 3% for a 1Q@m channel. The microchannel volume to TCPS surface
area ratio increases with decreasing microchannéthyvand normalization of the binding
efficiency to the relative PDMS surface area ledsitnilar binding efficiencies for all channel
widths (data not shown). Therefore, we conclude #mra increase in PDMS surface area
contributed to the decrease in binding efficieray,the Pluronic treatment did not completely

eliminate interactions between lipoplexes and PDMS.

5.3.2 Spatial Patterns of Gene Expression
Pluronic treated PDMS microchannels afforded thiétato deposit active lipoplexes, and

produced 1000 to 100m wide patterns of transgene expression. Nonspdniinobilization of
the lipoplexes resulted in localized gene expres@tagures 5-3a-h), with the dimensions of the
patterned regions matching the microchannel dino@ssiNonspecific immobilization between
lipoplexes and TCPS results in ~ 10% complex reléasell culture media after 24 hours [278].
The correlation between immobilization (Figure Sahy transfection (Figure 5-3) observed here
may result from either a) lipoplexes internalizedectly from the surface, or b) lipoplexes
released from the surface that primarily assocwitd cells in the pattern, with escaping

lipoplexes becoming diluted and thus ineffective.
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Figure 5-2: Patterned lipoplex binding efficiency. Quantification of lipoplex binding
efficiency (total bound / total incubated in theaohel) using PDMS microchannels, while
varying (A) channel treatments (No treatment, glasma, Pluronic) and (B) channel widths
(200, 250, 500, 1000m). Values are reported as mean + SEM,<*0.05).
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s
Figure 5-3: HEK293T cells expressing the reporter gene, EGEFHAn a pattern. EGFP
expression (green) within cells cultured on sulbesravith patterned DNA complex deposition
using Pluronic-treated microchannels: (A) 1Q00, (B) 500um, (C) 250um, and (D) 10Qum.
Higher magnification images present cell nucleué)land transfected cells (green) overlaid: (E)

1000 um, (F) 500um, (G) 250um, and (H) 10Qum. White lines indicate pattern boundaries.
Scale bars correspond to 50 (A-D) and 10Qum (E-H).
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The treatment of the microchannel prior to compleyposition was critical to transfecting
HEK?293T cells cultured on the substrate. Transbectvas observed with lipoplexes deposited
using Pluronic treated microchannels, but no textgin was observed with untreated or O
plasma treated microchannels (data not shown)oRluimixed with cationic polymers or lipids
can increase transfection efficiency compared tgrper or lipid alone [289-291]. Here, loosely
bound Pluronic may interact with the lipoplexespi@vent complex aggregation or enhance
complex association with the cells. Pluronic magoainfluence the nonspecific interactions
between the lipoplex and substrate. By adsorbin§@®esS, Pluronic may modulate the surface
chemistry, and thus influence the binding affirbgtween the complexes and the surface, which
in turn affects transfection efficiency [85].

The vector concentration influenced transfectidirciency in all sized patterns. Relatively
high transfection efficiencies (greater than 25%grev achieved using Pluronic treated
microchannels for all widths (Figure 5-4). Howevbkigh levels of transfection could only be
achieved in the smaller channel widths by increasive concentration of DNA. The decreasing
binding efficiency within the narrower channel presbly leads to insufficient quantities on the
surface. The vector concentrations in solution tpetduce the relatively high transfection
efficiencies correspond to surface densities of@gmately 0.01 to 0.08.,g DNA/cn? (Figure
5-2). Interestingly, these densities of immobilizgbplexes were approximately 10-fold lower
than that required to achieve comparable transieatificiencies in tissue culture plates (i.e.,
without microchannels) (0.2g DNA/cnt) [278], further suggesting that Pluronic treatmeraty

increase the delivery efficiencyhe range of vector concentrations at which thatiredly high
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Figure 5-4: Transfection efficiency was dependent on micrb@annel width and vector
concentration. Transfection efficiency (% of transfected cells)the pattern as a function of
vector concentration and channel width. Lipopleypatition was performed within Pluronic-
treated microchannels. Values are reported as tn&&M.
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transfection efficiency is achieved becomes narr@gehe pattern width decreases (Figure 5-4).
At high DNA concentrations, complex aggregation small volumes may also hinder
transfection. For lipoplexes incubated in the 1@®channel, increasing the vector concentration
(from 10 to 50 ngll) increased the average lipoplex diameter on tiniase (data not shown).

The use of microfluidic devices is a novel approexipatterning gene expression. Methods
to localize DNA delivery have been developed presig, with specifically tethered viral
vectors on polyurethane films [91], or mechanigabting of non-viral vectors [279]. The
microfluidics approach can produce complex pattesnsa uniform substrate using PDMS
microchannels in a range of sizes or shapes. Mopgoitantly, the system can achieve these
complex patterns with dimensions on the order &f (1, which is a size consistent with many

cellular structures within tissues.

5.3.3 Localization of Neuron Survival and Neurite Extension

The method to spatially pattern gene expressionsubsequently investigated for directing
cellular processes using an in vitro neuronal doioe model. Patterned transfection of the
diffusible neurotrophic factor, nerve growth fac{t'\GF) could lead to localized and sustained
secretion. Previous efforts to localize neuritegoatvth have focused on the patterning of
adhesion molecules (e.g., ECM molecules) to guallelar adhesion and neurite extension [292-
295]. One challenge to patterning proteins for odcellular processes is nonspecific
adsorption of serum or cell-secreted proteins ¢hatmask or displace the immobilized proteins.
Gene delivery, in contrast, can sustain transge&peession for timescales ranging from days to
months [12], with the persistence of the factorsntaéning a stimulus locally to promote the

cellular process. We hypothesize that the patteexgaession of neurotrophic factors provides
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the stimulus to promote neuron survival and newtgrowth, and also the directional cue to
orient neurite extension.

Primary neurons and HEK293T cells were cultured patterns (250, 10Qum) with
immobilized lipoplexes, which contained a 50:50 raixpNGF (to promote neurite outgrowth)
and pEGFP (to visualize transfected cells). Vectmmcentrations were selected based on the
lowest concentration to yield at least 30% trartsfacefficiency (250um: 8 ngfu, 100 um: 10
ng/iul). Patterns of NGF expression were sufficient @acalize neuron survival and neurite
outgrowth. Neurite extension and neuron survivalevapparent directly within the area of
patterned transfection for 25%0n (Figures 5-5a, b) and 1Q@0n (Figures 5-5c¢, d) width patterns.
The absence of pNGF, or cells transfected withraptg vector, did not support either neuron
survival or neurite extension (data not shown).c8IREK293T cells did not basally support
neuron survival, the behavior of DRG neurons indbeulture system was directly attributed to
the patterns of NGF expression.

Neuron survival and neurite density were assessethea location of patterned NGF
expression, and in 1gdn width increments away from the pattern. Neurawisal (normalized
to surface area) was comparable on patterns oB880L00um width NGF expression (Figure
5-6). Neuron survival decreased significantly igioas adjacent to the 250 and 108 patterns
(Figure 5-6ap < 0.001). Additionally, the decrease in neuron savin regions adjacent to the
250 and 10Qum patterns was similar (Figure 5-6a). Neurite dgnsias also similar within the

patterned NGF expression for widths of 250 and @0 and decreased significantly in regions
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Figure 5-5: Neurons co-cultured with cells expressing GF in patterns. Neurite extension
(red) was observed at the region of transfecteld ¢gteen): (A, B) 25Qum width, and (C, D)
100 um width. pNGF:pEGFP ratio of 50:50. White linesigate pattern boundaries. Cell nuclei
(blue) are visible in (B, D). Scale bars corresptm@OOum.
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adjacent to the patterns (Figure 5-plss 0.001). The neuronal responses observed herd beul
due to NGF concentration differences in the celcroenvironment caused by localized
production of NGF. Importantly, decreasing the grattwidth (from 250 to 10@um) focused
neurite outgrowth within the pattern to a greatgteet. With 100 um patterns of NGF
expression, neurite density decreased 97% in regidimectly adjacent to the pattern,
significantly greater than the 70% decrease obdewith 250 um patterns (Figure 5-6lp <
0.01). Interestingly, the primary neurite densitythim the pattern (250, 10Qum) was
significantly higher than for neuronal co-cultuiasthe absence of a pattern, or for NGF added
to the media (25 ng/ml, the optimum concentrationrfeuron survival and neurite extension)
(Figure 5-7,p < 0.05), suggesting that the patterned NGF expresmiovided a directional cue,
which increased the rate of axonal elongation @&uiliced aberrant sprouting. Higher ratios of
PNGF:pEGFP (80:20) increased neuron survival oatdlde pattern, resulting in neurite
extension directed toward the pattern, while lowaros of pNGF.pEGFP (20:80) decreased
neuron survival and neurite density (data not shown

A partial differential equation model was subsedlyeadapted to predict concentration
profiles that develop from the patterned to the atigpned region [296]. The patterned
expression of diffusible factors creates conceiatnagjradients, with the highest concentrations
present within the region of transfected cells,chihilecrease with increasing distances from the
pattern (Figure 5-8a). The experimental resulticate that neuron survival is greatest within the
pattern, which corresponds to the highest NGF aunagons, and neurite extension occurs

primarily along the patterned region (Figure 5M@urite extension has been reported to occur
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Figure 5-6: Neuron survival and neurite outgrowth primarily obseaved within patterns of
NGF expression.(A) Neuron survival, normalized to surface area éB) total neurite density
guantified within and outside the region of pateztrexpression. Values are reported as mean +
SEM, (*p<0.05, *p<0.01, **p < 0.001).
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Figure 5-7: Primary neurite density on patterned NGF expraesion and non-patterned
controls. The primary neurite density was greater on pattefidéGF expression as compared to
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along stable NGF concentrations, and not down auret®on gradients [5]. Consistent with
these reports, neurites extend along the pattanstected cells that corresponds with the highest
predicted NGF concentration. For HEK293T cells seedn 50:50 pNGF:pEGFP immobilized
complexes, an average NGF concentration of 0.4 Inghras predicted within the 250m
pattern, and 0.2 ng/mL was predicted for the 100 pattern (Figure 5-8a). The lower
concentration results from there being fewer tractsd cells within the 100 um pattern relative
to the 250 um pattern. Experimentally, decreashey pattern width (from 250 to 100m)
increased the extent to which neurites were résttito the pattern (Figure 5-6b), which may
result from lower neurotrophin concentrations i ttegion adjacent to the 100 um pattern
relative to the 250 um pattern. The average coraigon predicted within the 100 um channel
(0.2 ng/mL) was maintained for a distance<@00 um for the 250 um channel. Thus, the model
predicts larger channels create higher concentr&tiover greater distances than narrower
channels.

Mathematical modeling also predicts that increasivegprotein production rate by the cells,
which could be achieved by increasing the ratioN&F to GFP plasmid, increases the
concentration within the pattern and in adjacewgjiaes (Figure 5-8b, c). This mathematical
prediction is consistent with the experimental lsswith an increasing ratio of NGF:GFP, in
which an increased neuron survival was observedidmitof the pattern (data not shown).
Interestingly, those neurons surviving outsideghttern extended neurites toward the pattern, or
up the predicted concentration gradient createthéyatterned transfection. Taken together, the

NGF concentration gradient can be modulated by#tern dimensions and the pNGF density,
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Figure 5-8: Predicted NGF concentration gradients(A) Mathematical model predictions of
the NGF concentration profile for channels with thiglof 250 and 10am. Note that the kinetic
constant describing the rate of protein productignwas estimated to be 1 ngffmin. The
production rate was varied and the concentratioadeted for (B) 250 and (C) 10@m wide
patterns. Gradients were modeled for 24 hours,ta@deported concentrations are those at the
material surface (z=0).
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and manipulating the concentration profile can bwleyed to either localize neurite growth
within the pattern or to direct neurite growth todsthe pattern.

Convective transport was not incorporated intortieglel, but could be included to control
the concentration gradients. If transport by cotisecdominated diffusion in our experiments,
the secreted NGF would have been distributed througthe culture media at an expected
concentration of approximately 0.005 ng/mL, whidesl not support significant neuron survival
or neurite extension. Diffusion was likely signdiat, which enabled NGF to accumulate at the
cell surface near the region of patterned transfiect concentrations (0.2 — 1.0 ng/mL) that
promote neuron survival and neurite outgrowth. these reasons, the localized neuron survival
and neurite extension were attributed to a grademMIGF that resulted from NGF diffusion
from the pattern of expression. In consideringitheivo translation of these results, morphogen
gradients predicted in vivo have been suggesteddar mainly by diffusive mechanisms [296].
However, convective transport in conjunction witlifusion can play a role in shaping the

morphogen gradients [297].

5.4 Conclusions

In summary, spatial patterns of immobilized lipofe can produce patterns of gene
expression capable of directing cellular procesBasmaterial based delivery of protein and
DNA has been able to localize drug delivery gemgrta the implant site and can support the
physiological processes that lead to tissue foonatHowever, the engineering of tissues with
complex architectures will require concentratiorisirmluctive factors to be manipulated on
smaller length scales (10-100 um) in order to dioetlular assembly and tissue formation. In

this report, we demonstrate that patterned imnediibn of gene therapy vectors can regulate
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cellular processes on length scales of 400 Patterned gene expression can potentially peduc
gradients of diffusible proteins for time scalesessary to regenerate functional tissue. We have
demonstrated localized neuron survival and neuwittgrowth, but a patterned gene delivery
approach can be applied to many cellular respomsasved in tissue regeneration, such as
directed cellular migration or the patterning afrstcell differentiation that is observed in the
niche. The system can be employed in fundamentaliest of cellular processes and tissue

formation or applied to the generation of functional tissgiglacements.
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Chapter 6

Spatially Patterned Gene Expression for Guided
Neurite Extension

6.1 Introduction
Cellular migration to a desired target is essenfal proper cell function during

morphogenesis, maintenance, and wound repair [2B@fcted migration of leukocytes
(immune responses) [2], endothelial cells (angieg&) [3], and fibroblasts (wound healing) [4]
result from gradients formed by localized gene egpion of guidance molecules by cells
positioned at a target. Similarly, the proper depetent and function of the nervous system is
dependent on axon guidance to the intended syntgpget (reviewed in Chapter 4). Guidance
cues expressed by target cells have been implicateghathfinding of circumferential,
commissural, and longitudinal axons in the spimatland brain [169, 170]. The leading edge of
an axon, the growth cone, is responsible for guidanue detection in the extracellular
environment and subsequently directs axons al@ggaific path [273]. Upon binding to growth
cone surface receptors, guidance signals are waeddby cytoplasmic signaling pathways,
leading to cytoskeletal rearrangement and diregtedth [176].

Axonal guidance molecules are permissive or inbrgitand exist as soluble factors that
diffuse throughout the extracellular space (chestmpor nondiffusible factors presented by
cells in the microenvironment or extracellular matthaptotactic). Groups of functionally
specialized cells within target tissues, such a&snthdline [168], express diffusible guidance

molecules and concentration gradients arise from lttalized gene expression. While the
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importance of chemotaxis in the developing nerveystem is widely accepted, the first
gradient of a diffusible guidance factor, netrinwlas only recently visualized directly in the
embryonic chick, rat, and mouse spinal cords [1K@hdiffusible factors such as proteoglycans
[217], or cell adhesion molecules [213], are ddfarally expressed by neuronal and non-
neuronal cells and establish a path for axons. ttapty, diffusible factors may also associate
with the tissue through ligand binding or nonsgedifiteractions and elicit a haptotactic signal
[183].

Since gradients are difficult to visualize in vivand neuronal responses are complex, in vitro
assays have been developed to investigate neurdarge. In vitro gradient cultures have led to
the discovery of cell-surface receptors on growtnes responsible for gradient recognition
[299] and partial understanding of the intracell@aents that lead to cytoskeletal rearrangement
of the neurite shaft and oriented growth [225]. ld@er, existing in vitro assays have specific
drawbacks. Co-cultures consisting of neurons atieeetarget tissue [300] or a cluster of cells
expressing recombinantguidance molecules [181] aim to recapitulate ratugradients,
however, the systems are variable and the gradaeataot well-defined. In contrast, engineered
protein gradients within agarose are well-defing@1], but gradients formed by source/sink
chambers may not adequately represent gradientsetbby localized expression of diffusible
molecules. Moreover, most in vitro guidance assagsacellular, incorporating only the neuron
of interest, and the ability of diffusible molecsil®o associate with non-neuronal cells and their
extracellular matrix is oftentimes ignored [301].

Chapter 6 employs a novel, well-characterized padtk gene delivery system to create

tunable concentration gradients and investigatectid neurite extension. We hypothesized that
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gradients formed by spatially controlled delivefygenes encoding guidance molecules within a
complex cellular environment would better mimic djesnts that are formed naturally. The
ability of diffusible chemotactic factors to bind the cell culture surface and the subsequent
effects on neurite guidance were investigated. Exntally observed neurite guidance was
correlated to predicted concentration gradientsjchvifacilitated comparison to gradients

previously fabricated by existing guidance assays.

6.2 Experimental Procedures

6.2.1 Plasmids and Reagents
Plasmid was purified from bacterial culture usingdggn (Santa Clara, CA) reagents and

stored in Tris-EDTA buffer at —20 °C. The plasmi@&@FP-Luc has EGFP in the vector
backbone with a CMV promoter and was purchased f@omtech (Mountain View, CA). The
plasmid pNGF has full length mouse NGF in the RKstar backbone with a CMV promoter
and was a gift from Dr. Hiroshi Nomoto (Gifu Phaxeatical University, Japanhll chemicals
were purchased from Sigma-Aldrich (St. Louis, M@Janedia components from Invitrogen

(Carlsbad, CA) unless otherwise specified.

6.2.2 HEK293T Cell Culture
The human embryonic kidney cell line (HEK293T) waschased from the American Type

Culture Collection (ATCC) (Manassas,VA). HEK293Tlsevere maintained in T-75 flasks with
media change every 48 h and passage every 60 WMIBMD supplemented with 10% heat-

inactivated fetal bovine serum, 1% penicillin/staapycin, and 1% sodium pyruvate at 37 °C
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and 5% CQ. For all assays, tissue culture polystyrene we#se precoated with poly-L-lysine

(MW 30,000 - 70,000) by incubating a 0.01% solutiomvells for 1 h.

6.2.3 Patterned Reporter Gene Expression
Microfluidic networks were fabricated using methatksscribed previously [302]. Briefly,

traditional photolithography techniques were emptbyo fabricate topographically patterned
molds. Polydimethylsiloxane (PDMS), also referrecas Dow Corning Sylgard 184 Elastomer
(a qgift from Dow Corning Corporation; Midland, Myas cured on the patterned molds and
following curing, ports were punched at both enfishe channels to fabricate microchannels
with dimensions of 1.0, 0.5, or 0.25 mm W X 5 mmXL0.25 mm H. Microchannels were
soaked for 1 h in a 0.2% Pluronic L35 (a gift frdASF Corporation; Mount Olive, NJ)
solution, rinsed, and dried in a sterile hood. Bonf lipoplexes, plasmid (pEGFP-Luc) in
Dulbecco’s modified Eagle’s medium (DMEM) was coexgd with Lipofectaming' 2000 in
DMEM (DNA:lipid 1:1 and vector concentration 2-1@/nl) by adding lipid to DNA, pipetting
gently, and incubating 10 min. To pattern lipopeposition, microchannels were reversibly
sealed to PLL-coated wells and complexes were tiggem the microchannels. Importantly, the
humidity in the culture plate was maintained inesrtb prevent drying of the complexes during
the deposition. After 1 h deposition, complexesemamoved from the microchannels and the
wells were rinsed with phosphate-buffered salinBP HEK293T cells (4 X 1Dcells/cnf)
were seeded in wells with patterned lipoplexes @uitired for 48 h using conditions described
above. Luciferase transgene levels were measureg e Luciferase Assay System (Promega;
Madison, WI). After 48 h culture, cells were lysadd assayed using a luminometer (Turner

Biosystems) set for a 3-s delay with signal integrafor 10 s. A standard curve was formed
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using Luciferase standards and linear regressialysia to convert relative light units (RLU) of
each sample to moles. Production rate (p) of lvagse was estimated for each condition and

reported in units of pmol/cell/min.

6.2.4 Patterned NGF Expression

Patterned NGF expression was achieved with methedsribed above and cultures were
assessed to determine 1) total NGF secreted bgféieted cells and 2) the location of secreted
NGF (diffusible versus surface-associated). Lippptewere formed with a 7:3 mixture of pNGF
(neurotrophic factor of interest) and pEGFP-Luc {tisualize the pattern) and a vector
concentration of 10 ngl. Lipoplexes were injected into Pluronic-treatettmmchannels (1.0 mm
width) and allowed to deposit for 1 h. HEK293T seltere seeded as above and cultured for 24
or 48 h. At the end of the culture period, the wdtmedia and lysates were analyzed for NGF
concentration using a ChemiKine NGF Sandwich ELIEA (Millipore; Billerica, MA). To
assess surface-associated NGF, patterned NGF sixpresiltures were performed as described
above. At the end of the culture period, HEK293TIscerere fixed with 2% paraformaldehyde
(PFA) in PBS for 10 min. HEK293T cells were stairfed NGF with anti-NGFH (Millipore;
Billerica, MA) and ABC-HRP immunostain techniqué&€tor Labs; Burlingame, CA). After a
30 s development, cells were washed with PBS aadéaa with a Leica DM IL light microscope
(Leica; Wetzlar, Germany) equipped with a Spotdhs2 Megapixel Color Mosaic camera and
Spot software (Spot Diagnostic Instruments; Stgrlteights, MI). Images were analyzed for
immunostain intensity using Adobe Photoshop wiitokr threshold set based on the negative

control and normalized to the entire surface aceapied by cells.
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6.2.5 Neurite Outgrowth and Guidance
A neuronal co-culture model was employed to inga¢é neurite outgrowth in response to

spatial patterns of NGF expression. Patterned N&bression cultures were performed as
described above. At the end of the culture perfhd2d, or 48 h), HEK293T cells were either
rinsed with PBS (referred to 8, 24 h, and48 h cultures) or fixed with 2% PFA for 10 min to
halt the secretion of diffusible NGF (referred 80ah, 24 h, and48 h surface NGF). Dorsal root
ganglia (DRG) explants were isolated from 8-dayckén embryos (M| State University; East
Lansing, MI) and seeded on live or fixed HEK293Ttaes 0.5 — 2.5 mm from the center of the
pattern of NGF expression (2 explants/well). Teceasghe response by individual neurons, DRG
explants were dissociated using methods descritedaoisly [302] and neurons were seeded on
HEK293T cultures (1 X 1Dcells/cnf). Importantly, the co-cultures were maintainedaim
isolated incubator and free from convective forttest would disrupt the gradients. 24 h after
explant or dissociated neuron seeding, cultureg wtined for the neuron-specific classpHl
tubulin by incubating fixed cells in TUJ1 antibo@fyovance; Berkely, CA) diluted in 5% normal
goat serum (Vector Labs; Burlingame, CA) in PBS Ion followed by incubation in TRITC-
conjugated goat anti-mouse secondary antibody $dacknmunoresearch; West Grove, PA) in
PBS for 30 min. Co-cultures were imaged on a Lawarted fluorescence microscope with a
cooled CCD camera (Photometrics; Tucson, AZ) usMgtaVue (Universal Imaging;
Downingtown, PA) acquisition software. Total areecupied by neurites was measured for
explants using ImageJ software (NIH) and normalizedxplant area. For dissociated neurons,
neurite length was quantified using the tracingpatgm in the NeuronJ plug-in for ImageJ [284]

and normalized to sprouting neurons.
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Neurite guidance was investigated by first perfoignto-cultures as described aba@é; 24
h, and48 h cultures and® h, 24 h, and48 h surface NGF cultures with explants or dissociated
neurons subsequently seeded at the end of thesacge=ll culture period. All co-cultures were
assayed 24 h after neuron seeding by fixing anidistafor the neuron-specific class I+
tubulin and imaging as described above. To assayiteeguidance from explants, the area
occupied by neurites extending toward the pattéraxpression was quantified using ImageJ
software (NIH) and divided by the entire area odedfby all neurites. To assay neurite guidance
from individual neurons, the directional angle lo¢ ineurite relative to the pattern of expression
was quantified by first drawing two lines: one limeas drawn from the neuron cell body
perpendicular to the pattern of expression edge tla@ second line was drawn from the neuron
cell soma to the neurite growth cone. An angle betwthe two lines was quantified and
categorized in 30° increments. 0-90° or — (0-86fine the 2 quadrants in the direction toward
the pattern of expression, while neurites orier#@€180° or — (90-180°) define the 2 quadrants
in the opposite direction. Positive and negativadyants were defined as symmetrical and
equivalent, and therefore were reported as onlytipesangles. In all cases, the distance the

explant or neuron was located from the center @fpidittern was measured in Adobe Photoshop.

6.2.6 Mathematical Modeling of Concentration Gradients
Mathematical modeling of NGF diffusion was usegbtedict the concentration profile in the

culture well. Equation 6-1 describes one-componeéiffiusion in three dimensions in a

continuous medium with a term for protein degramfati

2 2 2
ac_D[ac o°C ac}_kc

T st 22T 3
ot oX oy 0z (6-1)
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where C is the concentration, D is the diffusivitythe protein, and k is the rate constant for
protein degradation. The Crank—Nicolson implicitthoel was employed to solve numerically
the partial differential equation. The initial cotah is a zero concentration throughout the
culture (Equation 6-2). The boundary conditionsigate a flux (q), which is determined from
the protein production rate, within the patterntrainsfected cells (Equation 6-3), and no flux
boundary conditions elsewhere.

C(x,y,zt=0)=0 (6-2)
x
_DE(X<Xpatt’y<ypatt’zzo’t):q (6-3)

Note that the region of patterned transfection oeeuthin X = 0 to ¥axand y = 0 to yar The
boundaries in the x-direction {%) and y-direction (¥ay wWere defined as 12 mm, the
approximate radius of a 12-well tissue culture we€he boundary in the z-direction.£g) was

set equal to 4 mm, the approximate height of thei@medium. The value for the diffusivity of
NGF was determined from published reports to bex216’ cnf/s [285], and the diffusivity that
incorporated reversible binding of the ligand te #ccessory cell surface was estimated using
Equation 6-4:

D, = D
(R+D

(6-4)

Where I is the effective diffusion constant, and R is melnsionless coefficient, calculated by
the equation S = RC, where S is the amount of tidavund to the surface, and C is the amount
of soluble NGF (Crank, 1975). The production @t&GF by cells transfected with the pRK5-

NGF plasmid was estimated from ELISA data.
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Concentration gradient analysis was performed imgeof the absolute concentration
gradient (Equation 6-5) and the fractional conegiin gradient (Equation 6-6):

dC Cn+1 - Cn

- 6-5
dx n X — %y ( )
dc _ Cn—1 — Cn+1 (6-6)
C n n-1

6.2.7 Statistics
Statistical analysis was performed using JMP soBw§gSAS Institute, Cary, NC).

Comparative analyses were executed using onewdysanaf variance with Tukey post-tests at
a 95% confidence levef? analysis was used to analyze categorical dataalFoo-cultures, the
sample set size was n > 20 for explant experimamisn > 200 for neuron experiments for each

condition analyzed.

6.3 Results

6.3.1 Spatial Patterns of Reporter Gene Expression
Previously developed techniques combining softofilaphy and substrate-mediated gene

delivery [302] were utilized to pattern expressadrthe reporter gene luciferase, while varying
pattern width (0.25-1 mm) and vector concentra{@®Al0 ngjl). Relative protein expression

levels increased with increasing pattern width aedtor concentration (Figure 6-1a). The
corresponding protein production rates ranged fa®nX 108 pmol/cell/min (0.25 mm, 2 ngl)

to 4.4 X 10" pmol/cell/min (1 mm, 10 ngl). According to the model prediction, the ligand
concentration remains above zero for the longesadce with a pattern width of 1.0 mm (Figure

6-1b) and a vector concentration of 10uddFigure 6-1c). This condition was used throughout
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the manuscript for analysis of NGF production, Iigd and neuronal response as it enables

neurite guidance to be investigated over distanodke order of millimeters.

6.3.2 Spatial Patterns of NGF Expression
Both the amount of NGF secreted by transfecteds cailld the distribution of NGF were

qguantified, in order to accurately predict NGF aamtcation profiles. The amount of soluble
NGF in the culture medium was 173 and 364 pg/patter 24 and 48 h cultures, respectively
(Figure 6-2a). Additional NGF was detected in tledl lysates, and was 2.2 and 6.9 pg/pattern
for 24 and 48 h cultures (Figure 6-2a). These teswere employed to calculate the NGF
production rate (p = 9.9 X T® pmol/cell/min) and effective diffusivity (Pngr= 2.45 X 10
cnt/s) which were inserted into the mathematical madedredict NGF concentration gradients

from localized expression. The time points usethexmathematical model coincided with
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Figure 6-1: Spatially patterned gene expressionQuantification of luciferase transgene
expression from patterned gene delivery, while w@ryector concentration (2 — 10 pg) and
channel width (0.25 — 1.0 mm) (a). Values are regubras mean + SEM, and statistically
different values are marked by different lettgrs (0.05). Predicted concentration gradients from
patterns of gene delivery (b, c). Note that x s the center of the pattern of expression.
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critical time points in the co-culture experimentgiere t = 0 h corresponded with the time of
neuron cell seeding in which the culture medium vexghanged and the soluble NGF
concentration is (s = 0 pmol/ml, and t = 24 h corresponded with threetiof experimental
assay. The predicted NGF concentration profilecatis the NGF concentration was below the
approximate maximum concentration for gradient ceia (100 nM, 100 times the dissociation
constant of the p75 receptor) [171, 203] for atainces and times and remained above the
estimated minimum concentration for gradient desectl0 pM, 1% the dissociation constant of
the p75 receptor, marked by the dashed line) [208] at x < 1.3 mm for 2 h, x < 2.5 mm for 12

h, and x < 3.7 mm for 24 h (Figure 6-2b).

6.3.3 Neurite Outgrowth and Guidance by Spatial Patterns of NGF
Expression

The ability of spatial patterns of NGF expressionnduce neurite outgrowth and guidance
was investigated by co-culturing DRG explants @asdciated DRG neurons on HEK293T cells
with patterned NGF expression, while varying theeibetween HEK293T cell seeding and
DRG seeding (9, 24, and 48 h), referred to herea#i® h, 24 h, and48 h cultures. A minimum
time of 9 h was investigated in order to ensurd th@nsfected cells were producing and
secreting NGF at the time the explants or dissediaturons were seeded. It is important to note
that we have previously shown that HEK293T celtsnal without pNGF transfection, do not
support neuron survival or neurite extension [302jerefore, the neuronal responses observed

can be directly attributed to induced NGF expressio
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Figure 6-2: Nerve growth factor expression by spatially pattered gene delivery.
Quantification of NGF production at 24 and 48 hea#tlEK293T seeding on patterned pNGF
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with cell lysates. Values are reported as mean & S&hd statistically different values are
marked by the * (p < 0.05). Mathematical model p#oins for NGF concentration profiles at 2,
12, and 24 h (b). Note that x = 0 is the centeghefpattern of expression.
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DRG explants seeded d¢hh, 24 h, and48 h cultures exhibited similar levels of neurite
outgrowth (Figure 6-3c). Additionally, DRG explars#seded o® h and24 h cultures exhibited
neurite guidance toward patterns of NGF expres@tayure 6-3a, b). Quantitative evaluation of
neurite guidance showed a higher percent neurte extended toward the pattern of expression
for 9 h (87.8 £ 2.0%) an®4 h (76.5 £ 3.9%) cultures, as comparedd®h cultures (55.6 +
4.5%) (Figure 6-3d, p < 0.05), when explants werdsd 0.5 — 1.0 mm from the pattern center.
Importantly, neurite guidance was also dependertherdistance from the pattern of expression
the explant was cultured. A higher percent newaniga extended toward the pattern of expression
for explants seeded d¢hh (75.0 £ 4.2%) an@4 h (66.1 £ 1.2%) cultures with explants seeded
1.0 — 1.5 mm from the pattern center, with a sigaift decrease in percent neurite area toward
the pattern when explants were seeded 1.5 — 2.5rommthe pattern center (Figure 6-3d, p <
0.05).

Co-cultures with dissociated DRG neurons seededpatial patterns of NGF expression
were subsequently investigated for neurite growtth guidance. Neurons seeded%h, 24 h,
and 48 h cultures exhibited comparable levels of neuritegoawth (Figure 6-4c). Similar to
explants, dissociated neurons seeded® dnand?24 h cultures also exhibited neurite guidance
toward patterns of NGF expression (Figure 6-4a(antitative analysis of neurite guidance
was performed by evaluating neurite orientatiomtre¢ to the pattern of expression. Neurons
seeded 0® h and24 h cultures extended a significantly higher percemedrites 0-90° relative
to the pattern of expression (92% and 89%, respdyg}ias compared td8 h cultures (55%)

(Figure 6-4d, p < 0.05), when neurons were postiod.5 — 1.0 mm from the pattern of
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Figure 6-3: Explants: neurite growth and guidance by patternedNGF expression.DRG
explants were co-cultured on patterned NGF expyasdleurites were guided toward patterns of
NGF expression with DRGs cultured 9 h (a) and 28)lafter HEK293T seeding. The pattern of
expression is to the right of the cultured expl&uale bars = 25@m. Quantification of neurite
outgrowth while varying the incubation time betwearstl seedings (c). Quantification of neurite
guidance while varying the incubation time betweell seedings and the distance from the
pattern center (0.5 — 2.5 mm) (d). Values are tepoas mean + SEM, and statistically different

values are marked by p& 0.05).
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expression. A higher percentage of neurites exteQdO0° relative to the pattern of expression
for neurons seeded ¢&hh (85%) and24 h (83%) cultures with neurons 1.0 — 1.5 mm from the
pattern center, with a significant decrease in graage of neurites 0—90° relative to the pattern
of expression when neurons were located 1.5 — &i5fom the pattern center (Figure 6-4d, p <

0.05).

6.3.4 Characterization of Surface-Associated NGF
NGF has been shown to non-specifically associath thie extracellular matrix and cell

surface proteoglycans, and this surface-assochi&e may contribute to the different neuronal
responses observed for the range of accessorgudalre times. We subsequently investigated
whether NGF associated with the accessory celbsearand/or extracellular matrix in the co-
culture model. Immunocytochemistry revealed thatA\Was localized to the surface at the
center of patterned expression (Figure 6-5a, &)ntin from the pattern center (Figure 6-5b, e),
and 1.5 mm from the pattern center (not shown)2#rand 48 h accessory cell cultures, as
compared to the negative control (no pNGF) (Figasgc). Quantification of immunostain

intensity indicated the percentage of NGF-positstgface area decreased with increasing
distance from the pattern (Figure 6-5f, p < 0.@&Jditionally, the percentage of NGF-positive

surface area was higher after 48 h accessory aklire as compared to 24 h (Figure 6-5f, p <

0.05).

6.3.5 Neurite Outgrowth and Guidance by Surface-Associated NGF

The role of surface-associated NGF in promoting didcting neurite outgrowth from

patterned NGF expression was investigated by doxHtod) neurons on pNGF transfected
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Figure 6-4: Dissociated neurons: neurite growth and guidarec by patterned NGF
expression.Dissociated neurons were co-cultured on patteN®& expression. Neurites were
guided toward patterns of NGF expression with nesiroultured 9 h (a) and 24 h (b) after
HEK293T seeding. The pattern of expression is ¢orifpht of the dissociated neuron. Scale bars
= 50 um. Quantification of neurite outgrowth while vargithe incubation time between cell
seedings (c). Quantification of neurite guidanceleviiarying the incubation time between cell
seedings and the distance from the pattern cebiter(2.5 mm) (d). Values are reported as mean
+ SEM, and statistically different values are markg * (p < 0.05).



135

-
o
o

E 1
C 2 b 2 24 h
o 0 48h
8 . 1 .
@
72 107 —
g
L(B W cd
E 1 cd
4]
= d
[ )]
s
=
@ 0.4 . . :
0 0.5 1.0 1.5

Distance from pattern x-direction (mm)

Figure 6-5: Immunocytochemistry for the detection of surfaceassociated NGF.The
accessory cell culture surface stains positiveNiGi at: the site of patterned gene delivery for
24 and 48 h culture, respectively (a, d), and 01 fnom the center of the pattern for 24 and 48 h
culture, respectively (b, e), as compared to negatontrol (no pNGF delivery) (c).
Quantification of immunostain intensity versus dmste from the pattern center (f). Values are
reported as mean + SEM, and statistically diffenaalties are marked by different letteps<(
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accessory cells that had been fixed. Fixation Hd@~ production and removes soluble NGF,
while retaining NGF in an active form that is asated with the surface. DRG explants or
dissociated neurons were cultured on patterned BdpFession with fixed accessory cells 9, 24,
and 48 h after HEK293T seeding. The co-culturesfised accessory cells are referred to
hereafter a9 h, 24 h, and48 h surface NGF.

DRG explant survival and neurite outgrowth on stefassociated NGF cultures was
dependent on the time between cell seeding andist@ce an explant was cultured from the
pattern center. Explants did not survive when sgemte9 h surface NGF. Explants survived
when seeded 0-1.5 mm from the pattern cente?4oh surface NGF, and 0—2 mm from the
pattern center on th&8 h surface NGF (Figure 6-6a, b). Explants sprouted neurites, aedarea
occupied by neurites normalized to the explant awes statistically higher with explants
cultured on thel8 h surface NGF (1.2 £ 0.2) as compared to explants seeded oB4thesurface
NGF (0.62 + 0.06) (Figure 6-6¢, p < 0.01). Explantsdsgeon24 h and48 h surface NGF did
not exhibit neurite guidance, as the area of nesdxtending toward the pattern of expression
was statistically 50% in all conditions (Figure é}6

Neuron survival and neurite outgrowth from disstelaDRG neurons were also supported
by 24 h and48 h surface NGF cultures (Figure 6-7a, b). Neurite length normalite surviving
neurons was higher with neurons seeded®h surface NGF (200.3 + 8.4um) as compared to
neurons seeded @4 h surface NGF (100.3 + 5.0um) (Figure 6-7c, p < 0.01). Similar to DRG
explants, dissociated DRG neurons did not exhitrite guidance when seeded2shh and48

h surface NGF, with statistically only 50% of neurites oriente®0¢ relative to the pattern of
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Figure 6-6: Explants: neurite growth and guidance by surface-a®ciated NGF. DRG
explants were co-cultured on patterned NGF expyagdirectly after HEK293T fixation (to halt
production of NGF) at 24 h (a) and 48 h (b) aftéfk293T seeding. Scale bars = 100.
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expression (Figure 6-7d). Important§ h, 24 h, and48 h surface NGF cultures supplemented
with soluble NGF in the culture medium did not dersiwate directed neurite outgrowth from

dissociated neurons (data not shown).

6.4 Discussion

In this Chapter, we present a well-defined systépatterned gene expression to investigate
neurite guidance in response to concentration gnésliformed by localized secretion of NGF.
The protein production rate and the resulting cotredion gradient were varied by altering
pattern width and vector concentration. Patternedegexpression guided neurite outgrowth,
with guidance dependent on the distance a neurencutiured from the pattern and the time
between cell seedings. Portions of NGF secretenh fpatterned expression nonspecifically
associated with the surface, which supported nestmmival and neurite outgrowth, with the
extent of outgrowth dependent on the time of aargs=sell culture, and therefore the amount of
NGF bound. Surface-associated NGF alone, howeigenadt elicit a guidance signal. This is the
first report that defines concentration gradiemsdpced by spatial patterns of gene expression
necessary for successful neurite guidance. Moretivese results demonstrate the importance of
considering diffusible factor binding in the chamzation of gradients that guide neurites.
These findings underscore the broad impact a patiegene expression system may have on the
investigation of guidance cues in many tissue dgraknt scenarios, as well as in the
regeneration of tissues with complex architectures.

The distance a neuron was cultured from the pattérrexpression influenced neurite
guidance, fo® h and24 h cultures. Guidance was observed when neurons wéreed 0.5-1.5

mm from the center of patterned NGF expression.e8asn knowledge for bacteria and
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leukocyte chemotaxis [2], it has been suggested tleurite guidance by chemotactic
mechanisms is governed by the mean chemoattrambancentration [203]. If the concentration
drops below 1% of the dissociation constant, fewhef receptors will be bound at any given
time, yielding little difference in binding and theability of the growth cone to detect the
gradient [203]. The dissociation constant of NGH isM for p75 and 0.1 nM for trkA [303],
therefore, the minimal concentration of NGF reqdifer growth cone gradient detection is
between 1-10 pM. The mathematical model predi¢tdad concentration of NGF dropped below
10 pM at x=1.5 mm at t=2 h, and maintained coneiotns close to the minimal concentration
at x=1.5 mm (C=39 pM at t=12 h, and C=62 pM at t394for the 24-h time course. This
approach to a minimal NGF concentration for guidanetection may partially explain the
correlation between guidance and distance.

The predicted concentration profiles were subsetjue@mployed to calculate the absolute
and fractional concentration gradients, both ofchhhave been implicated in neurite guidance,
for the regions in which guidance was observed &=05 mm). The absolute concentration
gradient ranged from 8.5-0.5 ng/mL/mm at x=0.5+hf over the 24-h time course (Figure 6-
8a). The fractional concentration gradient overwldth of the growth cone=0 um) between
x=0.5-1.5 mm ranged from 8.0-5.3%, 4.7-2.1%, ar@d145% for 2, 12, and 24 h, respectively
(Figure 6-8b).

The absolute and fractional concentration gradiéotsied by patterned gene expression

were discrepant with what has been previously shovguide neurites by gradients engineered
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Figure 6-8: Predicted NGF concentration gradients.The predicted absolute concentration
gradients (a) and fractional concentration gragdigb) within the region of observed neurite
guidance (x =0.5-1.5mm) fort=2, 12, and 24 h

with purified proteins. The absolute concentratgradient produced by patterned expression
(8.5-0.5 ng/mL/mm) was well below the suggesteduiregnent for neurite guidance with
engineered NGF gradients in agarose (133 ng/mL/[d85]. However, it has been suggested
that the critical chemorepulsive information tolgetding Til pioneer growth cones within the
developing grasshopper limb is governed by the Szarfaactional gradient and not the absolute
gradient [208]. Fractional gradients produced bitgpaed expression were primarily steeper
(8.0-1.5%) than engineered protein gradients thaetpreviously been shown to guide neurites
(3.3, 0.80, and 0.45%) [201]. Interestingly, thdsalings coincide with observations from
leukocyte chemotaxis that lower mean concentratieqaire steeper fractional gradients to elicit
a guidance cue [2]. These results are consistetft the hypothesis that engineered protein
gradients do not adequately represent gradientseidiby spatial patterns of gene expression and

subsequent diffusion within a complex cellular @arment.
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The soluble NGF gradients from patterned expregsiomided a guidance signal for neurite
outgrowth, while surface-associated NGF contributedeuron survival and neurite outgrowth,
but did not direct extension. Noteworthy is tha tluidance cue by soluble NGF gradients was
abolished when neurons were seeded 48 h aftersacgesells. Since the culture medium was
exchanged before neurons were seeded and NGF pimduates were similar for the 48 h
period, the predicted soluble NGF gradients wemalar for 9 h, 24 h, and48 h cultures, and
therefore, the lack of a guidance signal could betexplained by differences in soluble
gradients. As a result, the ability of NGF to asatecwith the surface, and in turn, influence
neurite outgrowth and guidance was investigatedfaSerassociated NGF after 24 and 48 h
accessory cell cultures supported neuron survivdlreeurite outgrowth, and neurons seeded on
48 h surface NGF extended longer neurites, with neurite lengths cmadple to neurons seeded
on 9 h cultures. Importantly, surface-associated NGF aldite not elicit a guidance cue.
Previously, immobilized NGF within poly(2-hydroxysimethacrylate) gels guided neurites
[260]. Predictions for neurite guidance by hapttitamechanisms suggest a need for steeper
concentration gradients when chemotactic factazsadsorbed to a substrate [221]. The surface
bound NGF gradients formed by diffusion from lozati expression and association with the
surface were not sufficient to elicit a haptotagiisdance signal. Moreover, the presentation of
NGF after adsorption to the surface may differ frofGF encapsulated within synthetic
hydrogels, and in turn may alter the haptotactgabdity of immobilized NGF. Since surface-
associated NGF alone did not elicit a guidance adjgand the amount of bound NGF was
significantly higher after 48 h of accessory ceiltare as compared to 24 h, surface-associated

NGF may contribute to the disappearance of theamae signal during th48 h culture. The
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relatively high surface concentration in th& h culture may mask the soluble concentration
gradient, rendering the soluble NGF gradient ireife at guiding neurites.

The binding of diffusible factors to the extracdlumatrix has been implicated in cell
migration and differentiation during morphogend8@4], with heparin-binding growth factors
binding to ECM proteoglycans [305]. While NGF hadow affinity for heparan sulfate, the
incorporation of NGF into a hydrogel loaded witlpaen reduced the ligand diffusion rate and
slowed release [306], suggesting that NGF mayactewnith accessory cell proteoglycans in the
patterned expression system presented here. Fudher NGF is a sticky protein and has been
shown to nonspecifically adsorb to various surfa¢@87]. Previously, NGF bound to
nitrocellulose paper [308] or adsorbed to pol-ltginate surfaces [220] supported neuron
survival and neurite extension, substantiating tioaispecifically adsorbed NGF retains activity.

Patterned gene delivery may be useful in repadismmpaged nerves, as axon guidance across
a lesion and to a target is essential for functioeeovery. Nerve guidance bridges have been
designed to present topographical guidance cue$,[2Bid have shown promise in both PNS
and CNS injury models [309, 310]. The CNS, howewernot a conducive environment for
regeneration, and at the onset of injury, is pldgye widespread changes in gene expression,
many of which involve guidance cues and their rearsf311]. Spatially patterned gene delivery
within spinal cord bridges provides a novel methmdlter gene expression at the injury site and
present guidance signals over an extended periotihm&. Plasmid delivery from guidance
bridges elicited reporter gene expression at aspihal cord hemisection for two weeks,

demonstrating the promise for gene delivery in @ptord regeneration strategies [238].
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The patterned gene expression system describddsimeport offers significant advantages
over existing in vitro neurite guidance assays.digmts formed by localized secretion of
diffusible factors within a complex cellular envyimment mimic the manner in which gradients
are formed naturally, and therefore better rectituguidance signals as compared to protein
gradients from source/sink methods or pipette as3aile target tissue cultures represent the
natural formation of gradients, the cultures ansutant concentration profiles have inherent
variability and are difficult to characterize. Weepent a well-characterized system in terms of
protein production from the source, protein bindiaghe surface, and predicted concentration
gradients from patterns of expression. The propgmduction rates can be varied by simple
changes in system conditions, and nonviral DNAwvaeli strategies provide the flexibility to
investigate any therapeutic factor by readily exgiiag plasmids without altering the delivery
system. This flexibility enables the investigatioh other diffusible guidance factors with
different concentration requirements for guidarare] can be used to study migration of other

cell types (e.qg., fibroblasts) in response to lizea expression of guidance factors.

6.5 Conclusions

In summary, patterned gene expression producetlsoNGF gradients capable of guiding
neurite growth, with the extent of guidance depend® the distance neurons were cultured
from the pattern and the amount of NGF bound tcstivéace. The patterned expression system
presented here allowed for comparison to existimgvitro gradient assays, and we have
demonstrated that absolute and fractional graslitormed by localized expression within a
cellular environment that direct neurite outgrowitfier from engineered gradients with purified

proteins in an acellular environment. Spatiallygaited gene expression provides a well-defined
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and tunable method to investigate cellular respptsgradients of guidance molecules, and may

be applied to the regeneration of tissues with derarchitectures.
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Chapter 7

Patterned PLG Substrates for Localized DNA
Delivery and Directed Neurite Extension

7.1 Introduction
Injury to a nerve results in paralysis below theida, and nerve regeneration across the

lesion is a first step towards regaining functionthe spinal cord, neurons have the potential to
regenerate, but growth is limited by the extradafllenvironment [312-314]. An approach to

manipulate the local environment involves the imm#on of biomaterial scaffolds that are

termed bridges. Bridges implanted at the lesiorction to maintain a continuous path for

regeneration, promote infiltration of permissivdl agpes that can secrete inductive factors,
support axonal elongation, and reduce scar formd845, 316]. Recently, bridges have been
engineered with channels that may function to ptallsi guide extending neurites and segregate
functional pathways [250, 254, 317, 318]. The ptgisboundaries provided by the channels can
produce longer and oriented neurites, which magretise be random [250]. While bridges

support axonal growth, the density of axons remaigsificantly less than native tissue (for

review, see [316]).

Neurotrophic factors, such as nerve growth fadisK), neurotrophin-3 (NT-3), and brain
derived neurotrophic factor (BDNF), delivered atesion can enhance the density of axons
growing through the lesion [319, 320]. Injured ramg remain responsive to the neurotrophins,
yet the local concentration produced endogenosgsiysufficient to promote regeneration [321].

Delivering these factors can act directly on theiraes to promote survival and axonal
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elongation. Neurotrophic factors have been deltv@ia protein injection and the transplantation
of ex-vivo engineered cells [322]. These methodgsrofein delivery are met by limitations, such
as clearance, degradation, and instability, andhakbmaintain therapeutic concentrations of
neurotrophic factors for sustained periods of tiMere recently, bridges capable of controlled
release have been developed with the potentialdeige a more controlled and localized dose
relative to traditional delivery methods [254, 322]

Gene delivery is a versatile alternative to dirpobtein delivery, with the potential for
delivery from biomaterials to provide localized untive expression of proteins for extended
times [12]. An approach to delivering DNA from assiie engineering scaffold involves
immobilization of the vector to the scaffold, a pess termed substrate-mediated delivery [323].
DNA is complexed with a cationic lipid or polymesrfimmobilization by specific and/or non-
specific interactions between the vector and satestf45, 278]. Substrate-mediated delivery
places DNA at or near the biomaterial surface, tvltian promote internalization by those cells
adhering to the scaffold [277]. This delivery apgario enables scaffolds to be fabricated by any
techniqgue and in any geometry for subsequent imimabon without affecting the DNA
stability. Additionally, immobilization providesraeans to spatially localize gene transfer, which
may be useful for recreating the architecture ohglex tissues.

In this Chapter, the delivery of genes encodingneurotrophic factors was combined with
physical guidance barriers to promote neuron sahawnd neurite outgrowth and simultaneously
direct extending neurites in vitro. Two-dimensiopaly(lactide-co-glycolide) (PLG) scaffolds
with topographical patterns were fabricated via pomasion molding on poly(dimethyl siloxane)

(PDMS) templates. PLG has been widely used as ésidigr spinal cord repair, or conduits for
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peripheral nerve regeneration [315]. Non-viral DEémplexes were created by mixing plasmid
DNA with a cationic polymer, poly(ethylene iminePEl). These non-viral DNA complexes
were immobilized to the PLG surface and both tractgbn efficiency and transgene expression
were investigated as a function of channel widtd BINA amount. DNA encoding NGF was
subsequently non-specifically immobilized to the@iicrochannels and an in vitro co-culture
model was employed to assess neuron survival andt@extension [286]. Additionally, the
ability to localize gene transfer to the channelonder to tailor channels for specific axonal
populations was investigated. This study identiflesign parameters for applying the delivery

mechanism to three-dimensional structures for tbenption of nerve regeneration.

7.2 Experimental Procedures

7.2.1 Fabrication of Flat PLG Disks
PLG (75:25 mol ratio o, -lactide to glycolidei.v. = 0.6 — 0.8) (Boehringer Ingelheim

Chemical, Petersburg, VA) pellets were heated f€&hd pressed into a flat disk using a 5 kg
weight. The temperature was slowly decreased frai€ 8o 37°C and the disks were placed at
37°C overnight. Disks had a radius of approximat&l5 cm and were stored at room

temperature until use.

7.2.2 Fabrication of Patterned PLG Disks
Templates containing the desired pattern were nartstd using photolithography. SU8-100

negative tone photoresist (Microchem, Newton, MA3swspin coated at 1000 rpm for 30
seconds on silicon wafers (Ultrasil, Hayward, CAfter baking, specific regions of the

photoresist were polymerized using film transpaiehas the photomask (In Tandem Design,
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Towson, MD) and a Quintel Q-2000 mask aligner (@ljnSan Jose, CA), with UV exposure
for 45 seconds. The photoresist was patterned naiied lines that were 250 pm wide, 150 pm
high, and 10 mm long. The distance between tlesliraried in the following order: 100, 150,
and 250 um, and this distance between the linesrdeted the channel width. A second pattern
was fabricated to achieve uniform channels on glsidisk. In this case, the distance between
the lines was held constant at either 100, 15@50rum. PDMS (Krayden, Glenview, IL), also
referred to as Dow Corning Sylgard 184 Elastomeis wured on the photoresist molds at a 10:1
(base to curing agent) ratio at 60°C for 5 houk#ter cooling, the PDMS was peeled from the
silicon wafer, leaving a template of the fabricapedtern. To fabricate patterned PLG disks, the
PDMS template was coated with PLG pellets, heated,the polymer was molded as described

in Section 2.1. Patterned disks were stored at neonperature until use.

7.2.3 DNA Complex Immobilization

Prior to complex immobilization, PLG disks (flatchpatterned) were attached to the bottom
of wells of a 24-well tissue culture plate with @claved silicon grease. Disks were incubated
with 50% fetal bovine serum (FBS) in phosphate drngifi saline (PBS) for 4 hours at room
temperature. Plasmid was complexed with polyethgiare (PEI) (25 kDa, Aldrich, St. Louis,
MO) in a total volume of 300 ul to form PEI/DNA cpiexes at 3 fixed DNA amounts: 1, 3, and
6 ug by dropwise addition of PEI to plasmid andssguent mixing. The amount of PEI was
varied to achieve an N/P ratio of 25 while both DEAd PEI were diluted with 150mM NacCl.
Complexes were incubated at room temperature fanibdites, and then incubated on the PLG
disks at room temperature for 1 hour. For genevegtiwithin each channel, the complexes (

10 pL) were deposited into individual channels gsinmouth pipette. The complexes quickly
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adsorbed to the PLG, therefore, multiple deposstitm= 5) were performed sequentially. For
imaging deposition, plasmid (pEGFPLuc) was fluoestly labeled with tetramethyl rhodamine
using the manufacturer’s protocol (Mirus, Madisévl). The deposited DNA was imaged with
fluorescence microscopy (Leica) and complex size maasured using the NIH programage

J (available atttp://rsb.info.nih.gov/nih-image

7.2.4 Cell Culture and Transfection
Transfection studies were performed with HEK293TscATCC, Manassas, VA) cultured

at 5% CQand 37°C in Dulbecco’s Modified Eagle Medium (DMEBD)pplemented with 10%

heat inactivated FBS, 1% penicillin-streptomycirdatfo sodium pyruvate (cDMEM). Cells

were seeded at a density of 100,000 cells per Pis& (@lat and patterned). For substrate-
mediated delivery, cells were seeded directly foilgy complex immobilization. Transfection

was analyzed following a 48 hour culture.

Transfection was characterized through the extetraasgene expression (luciferase levels)
and the number of transfected celfsgalactosidase expression). The dual reporter pthsm
pEGFPLuc, (Clontech, Mountain View, CA) which cantaboth EGFP and luciferase driven by
a CMV promoter was used to determine the extettansgene expression. Luciferase transgene
levels were measured using the Luciferase Assaje®yg$Promega, Madison, WI). After 48
hours in culture, cells were lysed and assayedyusinminometer (Turner Biosystems) set for a
3-s delay with signal integration for 10 s. Luc#se activity was normalized to the total amount
of protein. To assess luciferase activity withidiindual sized channels, pEGFPLuc complexes
were immobilized to disks with uniform sized chalsn@®efore cell lysis, the cells cultured on

top of the channels were removed by scraping, aactoeve an accurate quantification of
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expression by cells cultured within the channel$ie Treporter plasmid [3-galactosidase
(PNGVL1-nt-LacZ) (National Gene Vector Labs, Annbar, MI) was used to determine the
number of transfected cells. Expression was vigadlusing X-gal stain, and the total number of
transfected cells was counted from five randomupés of the PLG surface. The total number of
cells within each image was determined by staimuitp 5 ug/ml Hoechst 33258 (Molecular
Probes, Eugene, OR) and counting the cells usitigceenting software, CellC version 1.11

(available abttp://www.cs.tut.fi/sgn/csbicellc/).

7.2.5 In Vitro Neurite Outgrowth
The plasmid encoding for NGF (pNGF) has full-lengttouse NGF in the RK5 vector

backbone with a CMV promoter, and was a gift from Biroshi Nomoto (Gifu Pharmaceutical
University, Japan). pNGF was complexed with PEIR(N¥/ 25) and immobilized to the PLG
substrates as described in Section 2.3. FollownmRBS rinses, HEK293T cells were cultured
on the PLG substrates. To obtain primary neuroosal root ganglia (DRG) were isolated from
E8 white leghorn chicken embryos (Michigan Stateversity Poultry Center, East Lansing, MI)
and maintained in Hank’s balanced salt solution $8Bbuffer supplemented with 6 g/L glucose
until the isolation was complete. DRG were inculldr 30 minutes at 37°C in 0.25% trypsin
(Worthington Biochemical, Lakewood, NJ), followed frituration with fire-polished glass
Pasteur pipettes to dissociate the ganglia. Nonemali and neuronal cells were separated by
panning for 2 hours at 37°C. After 8 hour culturé¢he HEK293T cells, the media was removed,
the surfaces were washed with PBS, and dissoci@®@ neurons were seeded (5 X*10
cells/well) on the cell layer. Control conditionaciuded DRG neurons co-cultured with

HEK293T cells with no DNA deposited and various @amtrations of recombinant rftNGF
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(R&D Systems, Minneapolis, MN) (0.1, 1.0, 10, afdrigj/mL) added to the culture media at the
time of DRG seeding. Cells were co-cultured forhgirs in cDMEM at 37°C, 5% GCand
fixed with 4% paraformaldehyde (PFA) after the wrdt period. The neurons were stained for
neuron-specific class If-tubulin by incubating fixed cells in TUJ1 antibofyovance, Berkely,
CA) diluted in 5% normal goat serum (Vector Labgyriligame, CA) in PBS for 1 hour
followed by incubation in TRITC-conjugated goat ianbuse secondary antibody (Jackson
Immunoresearch, West Grove, PA) in PBS for 30 nesutCells were counterstained with
Hoechst 33258 to visualize cell nuclei. Neurons HEiftK293Ts were visualized with confocal

microscopy (Leica Laser Confocal Microscope).

7.2.6 Neuron Survival and Neurite Length Quantification
Surviving neurons were identified as having spraytneurites. Primary and secondary

neurite length were measured usimgage J with a Neuron J plug-in [284]. Primary neurites
were defined as extending directly from the neuwrelh soma. Secondary neurites were defined
as extending from a primary neurite. Quantificasiorere made from five regions of each disk or

channel size and averaged.

7.2.7 Statistics
Statistical analysis was performed using JMP soBw§gSAS Institute, Cary, NC).

Comparative analyses were executed using one-wa@\Mwith Tukey post-tests, at a 95%
confidence level. Mean values with standard errbrth@ mean (SEM) are reported. All

experiments were performed in triplicate.



153

7.3 Results

7.3.1 Cellular Transfection on PLG Substrates
Initial studies evaluated the transfection efficgmand transgene expression with polyplexes

nonspecifically immobilized to compression mold#dt PLG disks. Three DNA amounts (1, 3
and 6 pg) were incubated on the substrate for iniimation, with approximately 3% of the
DNA remaining immobilized to the surface after wiagh[277]. Transfected cells were
homogeneously distributed across the PLG disksu(Eig-1a). Transfection efficiency (percent
of transfected cells) by immobilized polyplexesRItG increased with increasing DNA amounts
on the surfaces (Figure 7-1p,< 0.05). Efficiency (33 £2)% was maximal withpgy DNA
incubated on PLG surfaces. Protein expression dh @fikks increased from 1.3 X ’lIRLU/mg
protein to 7.1 X 1®ORLU/mg protein, when the DNA amount incubated lo@ surface increased

from 1 to 6 pug (Figure 7-1p,< 0.05).
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Figure 7-1: Cellular transfection on flat PLG disks. X-gal staining of transfected HEK293T
cells on a transparent PLG disk (a). Scale baresgmts 100 um. Comparison of transfection
efficiency (b) and transgene expression (c) on Rli§ks with varying DNA amounts. The
symbol * indicates statistical significangeg 0.05.
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7.3.2 Complex Immobilization and Cellular Transfection on Patterned
PLG

PLG disks with topographical patterns were capablENA immobilization and subsequent
surface transfection depending on channel widtithEztterned PLG disk contained a double
pattern of 100, 150, and 250 um channels (Figu2a)7er 6 uniform sized channels (Figure 7-
2b), spaced by 250 um wide and 150 um high walisn@exes deposited on the PLG substrate
were homogeneously distributed independent of Hanmel width. The number of complexes
with a diameter greater than 2 um within the 100 450 pum channels was significantly
increased relative to either the flat PLG disksher 250 um channels, suggesting that complexes
may have aggregated in the smaller channels (Figtze-f). Cellular transfection within all
sized channels (100, 150, and 250 um) was achibyeidnmobilization of DNA complexes
(Figure 7-3a-c). For incubation of 3 pg DNA on theface, transfection efficiency within all
channel sizes (~ 5%) was less than on flat PLGsd{sk 15%) (Figure 7-3dp < 0.05). A
significant increase in transfection efficiency vadsserved in all channel widths when the DNA
amount was increased from 3 to 6 ug (Figure 7p3d,0.05), similar to the result shown with
flat PLG disks. For 6 pg DNA incubated, transfectefficiency increased to (16+ 2)% in the
100 um channel and (30 + 2)% in the 150 um chafigure 7-3d). Additionally, transfection
efficiency in the 250 um channel (52 + 7)% was sigantly higher than efficiency in the
smaller channels (Figure 7-3d,< 0.05). For 6 pug DNA incubated, protein expressaso
increased with channel width from 5.6 X>IRLU/mg protein (100 um channel) to 4.0 X°10

RLU/mg protein (250 pm channel) (Figure 7-B8e&; 0.05).
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7.3.3 Neuronal Co-Culture on Flat PLG Substrates
Primary neurons were co-cultured with HEK293T celfsflat PLG disks and assessed for

neuron survival and neurite extension. pNGF (6 wg¥ incubated on the PLG surface, the
condition that yielded the highest percent trartsiécells and protein expression level (Figure
7-1). Significant neuron survival and neurite esten was present on surfaces with pNGF/PEI
complexes deposited (Figure 7-4a), but not on sagfavith either pLUC/PEI complexes (Figure
7-4b), or in the absence of a vector (Figure 7-BEK293T cells were chosen for the co-culture
model as they do not basally support neuron surare neurite extension (Figure 7-4c); thus,
the neuronal response resulted from the produetnohsecretion of NGF by the HEK293T cells.
Neuron survival on pNGF/PEI-PLG disks (35.6 = 5.2)#s higher than on disks with no DNA
(2.0 £ 0.9)% or disks with immobilized pLUC/PEI cphaxes (1.7 = 1.1)% (Figure 7-4d,<
0.001). Furthermore, neuron survival on pNGF-PL€&ksliwas comparable to survival on disks
with 25 ng/mL NGF added to the cell culture mediay(re 7-4d). In addition to neuron survival,
total neurite extension per surface area was hignepNGF-PLG disks (81.4 + 7.2 &
compared to disks with no DNA (1.9 + 0.9 ¢mor pLUC-PLG disks (1.7 + 0.8 ¢fy, and
comparable to PLG disks with 25 ng/ml NGF (72.3.4 8m") (Figure 7-4ep < 0.001). The
distribution of primary and secondary neurite dgnsras subsequently investigated. Primary
neurites extend directly from the neuron cell somhjle secondary neurites branch from
primary neurites. Primary and secondary neuritesities were quantified by measuring the total
length of primary and secondary neurites and nomngl to the surface area. The primary
neurite density on flat PLG disks with pNGF tracséel cells was 26.5 + 3.2 émwhile the

secondary neurite density was 24.3 + 3.6'cm
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Figure 7-4: Neuronal co-cultures on flat PLG disksNeurite extension on PLG disks with:

surface immobilized pNGF/PEI complexes (a), surfaobilized pLUC/PEI complexes (b),

and no DNA (c). TUJ1 (red) and Hoechst 33258 nudésn (blue) images shown are overlaid.
Scale bars represent 100 um. Quantification ofaresurvival (d) and total neurite extension
normalized to surface area (e) on pNGF-PLG diskk @mtrol disks. The symbol * indicates
statistical significanceg < 0.001.
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7.3.4 Neuronal Co-Culture on Patterned PLG
The ability to direct neurite extension was assgdse co-culturing primary neurons and

HEK?293T cells in the PLG channels, with 6 pg pN@G&ubated. Neurons attached to the surface
and sprouted neurites in channels of all sizesufgig-5a-d). Additionally, neurites in the 100
pum channel have neurites that contact and exterallglato the channel wall (Figure 7-5a),
suggesting guidance by the wall. The larger chawndths display greater branching, with less
neurites growing along the channel wall (Figurebfeh Interestingly, neurites that did not
contact the channel wall in the 100 um channels ekhibited less branching than those in the
250 um channels. The primary neurite density in10@ pm channel (89.2 + 11.2 &nwas
significantly greater than all other conditions giiie 7-5e,p < 0.05). The primary neurite
densities in the 150 pm (60.2 + 2.2tmand 250 um (47.3 + 4.1 ¢ channels were
significantly greater than that on the flat PLGkd{86.5 + 3.2 crit) (Figure 7-5ep < 0.05).
Additionally, the ratio of primary to secondary niézi density decreased (from 2.3 to 1.2) as the
channel size increased (from 100 to 250 pm).

To evaluate whether the differences in primary mewutgrowth between different width
channels could be attributed to variations in N@®FRaentration, neurons were cultured in the
channels and NGF was added to the cell culture arteda final concentration ranging between
0.1 and 25 ng/mL. For a given channel width, themary neurite density and degree of
secondary sprouting did not change with varying Né€dRcentration (Figure 7-5f). Primary
neurite density was significantly greater in theé 30m channels as compared to the 250 um

channels for each NGF concentration (Figure 5f,0.05). Interestingly, the ratio of primary
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Figure 7-5: Neuronal co-cultures within PLG microchannels. Fluorescence imaging of
neurons cultured within PLG channels with immoleitizzNGF/PEI complexes: 100 um (a), 150
pm (b), 250 um (c), and all channel widths (d).I&&ears represent 100 um. Length of primary
and secondary neurites per surface area withirPtt@ channels and on flat PLG disks with
immobilized pNGF/PEI complexes (e). Length of pnignaeurites per surface area within PLG
channels with various NGF concentrations addeteatlture media (f). The symbol * indicates
statistical significance, p < 0.05.
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neurite density in the 100 versus 250 um channel gvaater when neurons were co-cultured

with pNGF transfected cells (1.9) as compared toores with NGF added to the media (1.45).

7.3.5 Patterned Cellular Transfection in PLG Channels
Subsequent studies investigated the ability of tsatesmediated delivery to transfect cells

only within the channel, and to enable transfectath different plasmids within each channel.
Techniques were developed to isolate DNA/PEI corgdeencoding for different plasmids
within each channel of the patterned PLG disk. DREA/ complexes encoding for DsRed
(pDsRed/PEI) and EGFP (pEGFP/PEI) were pipettetviohablly into separate PLG channels.
This deposition procedure maintained the activityh@ complexes, as transfected cells were
observed within the channels. Importantly, celldtwad in the channel with immobilized
pDsRed expressed DsRed efficiently with no visuatlence of EGFP expression. Similarly,

channels with immobilized pEGFP did not exhibitiaalr expression of DsRed (Figure 7-6).

7.4 Discussion

Bridges for nerve regeneration must provide sigttes promote neuron survival and neurite
extension, while simultaneously directing regeneganeurites across the injury. Bridges that
provide neurotrophic factors at therapeutic conegioins while providing guidance could enable
novel approaches for regeneration. This report detnates the ability to immobilize DNA
complexes within PLG channels for localized seoretof neurotrophic factors. PLG was
fabricated with channels of widths ranging from 10@50 um. The dimensions of the channels
mimic the channels within three-dimensional PLGffebads fabricated for in vivo spinal cord

implantation [254]. Nonspecifically adsorbed conxele yielded efficient transfection within the
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Figure 7-6: Localized transfection in PLG channelsComplexes encoding for EGFP or DsRed
were deposited into separate PLG channels. Dskieel)l gnd EGFP (green) images are overlaid.
Scale bar represents 1Q0n.
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channels, with efficiencies comparable to that kah PLG disks, with transfection dependent
upon the channel width and DNA amount. NGF secrétgdhe transfected cells supported
neuron survival and neurite extension, and the sizbe channel influenced the ability of the
guidance channels to direct neurite extension.

The width of the channels influenced transfectiffitiency and protein expression by cells
cultured on the substrates. For incubation wifklg@DNA, transfection efficiency and transgene
expression in 10um channels were significantly lower than in 20 channels (Figure 7-
3d,e). An increased number of large complexes wegsent in the smaller channels relative to
the 250um channel (Figure 7-2), which may result from aggten of the complexes and thus
reducing the transfection efficiency [324, 325JheTgreater surface area in the 260 channels
relative to smaller channels may enable compleaefeposit independently. Complexes in the
smaller channels presumably aggregate when thegpsdepdjacent to or on neighboring
complexes, which could limit either cellular intahzation or trafficking.

Neurons cultured in the 10Adm PLG channels extended longer primary neurites and
exhibited significantly less branching as compatedneurons in larger channels. Primary
neurites extend directly from the neuron cell soamal secondary neurites branch from the
primary, which is hypothesized to occur in the aleseof guidance cues in order to explore the
environment [326]. As branching occurs, the growfta primary neurite slows and is followed
by cytoskeleton rearrangement and extension otanskary growth cone [250]. A higher ratio
of primary neurites is desired, as branching resualseveral shorter neurites, and longer primary
neurites are more likely to cross a lesion. Primagyrite extension was greater and branching

was minimal in the 100 um channel, suggesting actional cue within the channel. This
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directional cue may be physical guidance resultiogh the channel walls. The closer spacing of
the walls in the 100 um channel relative to laidgnnels increases the probability that a neurite
will contact the wall and extend parallel to itefiously, channels 20-30 um wide (the same
order of magnitude as filopodia) directed neurdeg/n the channel, potentially by limiting the
angles at which the microtubules and actin filamm@tcumulate and assemble within the neurite
shaft and growth cone [250].

Transfected accessory cells cultured within chamvadls resulted in localized secretion of
NGF at the PLG surface. Neurons can extend newiesss micropatterned grooves to span the
channel [327]; however, neurites spanning the oblanvere not observed in this report.
Neurotrophic factor expression on the polymer jikelaintains the neurites at the surface, and
can also facilitate physical guidance. Furthermtoealized secretion of the therapeutic factor
will concentrate the secreted protein and can palgnmaintain the protein at a therapeutic
level. Neurons cultured in the 100 pum channelshetdd an increase in primary neurite density
as compared to the larger channels, which was et of the NGF concentration (Figure 7-
5f). Additionally, the extent of this increase inrpary neurite density was higher when neurons
were co-cultured with pNGF transfected cells as mamad to neurons with NGF added to the
media. Together, these results suggest the pNGisféreted cells may also direct extending
neurites, in addition to the guidance by the chbwadis.

The system presented here may offer specific adgastover previously developed methods
to promote and direct neurite extension. Patteragttgesion molecules (e.g., ECM proteins) can
guide cellular adhesion and neurite extension 293} A challenge in patterning adhesive

proteins or peptides to guide cellular processesva is the nonspecific adsorption of various
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proteins present in serum, or proteins depositedhbycells, which can mask or displace the
immobilized molecules. Alternatively, physical bars have been fabricated using a
photolithographic technique to pattern polyimidellsvavith widths ranging from 20 to 60 pm
[250]. While the physical barriers with smaller #id provided a more efficient physical
guidance, regenerating neurites in vivo are likelgrow in bundles, and may require channels
on the order of 100 um in diameter [328]. Impotanphysical barriers or patterned ECM can
provide necessary directional cues, but do not tamrtherapeutic levels of growth promoting
signals, which is a factor limiting regeneratiorvimo. The developed system provides physical
guidance, while simultaneously altering the expoesgrofile of cells cultured in the channels.
Gene delivery from tissue engineering scaffolds @&er gene expression for time scales on the
order of months [12]. Here, the sustained expressen maintain therapeutic concentrations
with transfected cells localized to the PLG in artteprovide a path across the lesion.

The immobilization of DNA complexes to the PLG eleabthe localization of individual
genes at specific channels, which has not be denated to our knowledge and would be
challenging using traditional drug delivery methotlse ability to localize protein production to
specific regions of a tissue engineering scaffoldynfacilitate the regeneration of complex
tissues, such as the spinal cord. The white maftéhe spinal cord contains several distinct
tracts, both motor and sensory, that respond éiff&lly to various neurotrophic factors, such as
NGF, neurotrophins (NT-3, NT-4/5), glial-deriveddabrain-derived neurotrophic factor (GDNF
and BDNF) [329]. For example, NGF promotes the dhowaf sensory neurons [330], while
combinations of BDNF, GDNF, and NT-3 promote thevgh of axons within the corticospinal

tract [331]. Tissue engineering strategies for apoord regeneration may require that factor
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delivery be spatially controlled to target the was axon populations within the spinal cord. In
this report, the patterned deposition of DNA compke produced localized expression of the
proteins, with no cells in the EGFP channel expngsBsRed, and vice versa (Figure 7-6). The
system presented here extends the capabilitieshstrate-mediated delivery on patterned PLG,
and has implications for tailoring individual chateto recreate the complex architecture of the

spinal cord.

7.5 Conclusions

PLG substrates that promote and direct axonal ey were developed using
topographically patterned PLG and gene deliveryneésgelivery by immobilization to the PLG
surface resulted in transfection efficiency andhdgene expression dependent upon the channel
width and DNA amount. An in vitro neuronal co-cu#umodel demonstrated that neurons
cultured in smaller width PLG microchannels extabit greater degree of directionality and less
secondary sprouting than larger channels. Additipnaurface immobilization enabled gene
transfer to be localized to specific regions of pladymer, which may facilitate the regeneration
of complex tissues. These studies have identifiesigth principles for translation to three-

dimensional constructs and in vivo nerve regenamnati
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Chapter 8

Non-viral Gene Delivery Transfection Profiles
Influence Neuronal Processes in an In Vitro Co-
culture Model

8.1 Introduction

Gene delivery from biomaterials has been employeddhieve localized expression of
proteins for extended times, with many applicationdisease treatment and tissue regeneration.
The biomaterial serves to maintain DNA concentraiiocally, and sustained release provides
prolonged opportunities for cellular transfectidimese delivery systems present applications for
gene therapy, for the treatment of cancer [332] 83nherited genetic disorders [334], and
tissue regeneration [12]. In regenerative medicithey biomaterial (scaffold) functions to
maintain a physical space at a lesion site, whitanpting cellular processes (e.g., adhesion,
migration) necessary to regenerate healthy tisk6le {(ene delivery from the tissue engineering
scaffold can induce expression of tissue inducfaetors to further stimulate the cellular
processes required for regeneration [11].

Non-viral gene delivery from tissue engineeringffadds has been employed to induce
expression of tissue inductive factors, such as BMBr bone regeneration [335], VEGF for
angiogenesis [12], and TGk for wound healing [65]. Non-viral vectors are ideted as
plasmid or plasmid condensed with cationic lipidspolymers (i.e. complexes) to facilitate
internalization and trafficking [35]. Vectors arelidered to progenitor cells surrounding or

infiltrating the scaffold, and transfected cellshage as bioreactors, secreting the protein of
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interest. The factors act in a paracrine mannetitoulate adjacent cells to promote the desired
responses. Although the duration of expression inflnence the response, the number and
distribution of transfected cells and the exprassevel are also critical design considerations
[104]. Since transfected cells secrete diffusibletgins, their number, distribution, and
expression level determine the concentration modif inductive factors within the tissue.
Concentration gradients of inductive factors an&dd to proper cellular organization and tissue
architecture during embryogenesis [269], and tis®generation strategies must recapitulate
tissue architecture to regain function.

The ability of localized gradients to alter tisssteucture has been characterized in the
nervous system during development and regenerdii@adients of neurotrophic factors, such as
nerve growth factor (NGF) and neurotrophin-3 (NT-@)ide axon extension in vitro [336, 337].
The leading edge of an axon, the growth cone, spamsible for gradient detection in the
extracellular environment and subsequently diragtsns along a specific path [273]. Non-viral
gene delivery provides a method to achieve locdligecretion and gradients of neurotrophic
factors. However, the manner to deliver genes dingofor neurotrophic factors to direct axon
extension is poorly understood. The local concéptiaat the growth cone is a critical factor, as
neurotrophic factors released from an individudll c@n alter the structure of nearby neurites on
an exquisitely local scale [338].

Chapter 8 investigates neuronal responses to \aiYBF transfection profiles produced by
non-viral gene delivery in vitro. We hypothesizédttvarying the extent of transgene expression
and percentage of transfected cells will alter tieirotrophic factor gradients formed by

localized expression and secretion. Different tiest®on profiles were established by altering
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the type and amount of complexing agent and theuamof DNA administered to HEK293T
cells. A co-culture model of transfected accessetis and neurons was employed to investigate
neuron survival and neurite outgrowth, branchingd guidance in response to the different
transfection profiles. The gradients that developnf transfected cells were mathematically
modeled and correlated to responses observed madally. The in vitro system presented in
this Chapter provides insight into the rationaligesof tissue engineering scaffolds for nerve

regeneration, and can be applied to the regeneratimany tissues with complex architectures.

8.2 Experimental Procedures

8.2.1 Plasmids and Reagents

Plasmid was purified from bacterial culture usingggn (Santa Clara, CA) reagents and
stored in Tris-EDTA buffer at —20 °C. The plasmi&@FP-Luc has EGFP in the vector
backbone with a CMV promoter and was purchased f@omtech (Mountain View, CA). The
plasmid pNGF has full length mouse NGF in the RKstar backbone with a CMV promoter
and was a gift from Dr. Hiroshi Nomoto (Gifu Phaxeatical University, Japanhll chemicals
were purchased from Sigma-Aldrich (St. Louis, M@Janedia components from Invitrogen

(Carlsbad, CA) unless otherwise specified.

8.2.2 HEK293T Cell Culture
The human embryonic kidney cell line (HEK293T) waschased from the American Type

Culture Collection (ATCC) (Manassas,VA). HEK293Tlsevere maintained in T-75 flasks with
media change every 48 h and passage every 60 WMIBMD supplemented with 10% heat-

inactivated fetal bovine serum, 1% penicillin/stapycin, and 1% sodium pyruvate at 37 °C
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and 5% CQ. For all assays, tissue culture polystyrene we#se precoated with poly-L-lysine

(MW 30,000 - 70,000) by incubating a 0.01% solutiomvells for 1 h.

8.2.3 Establishment of Transfection Profiles
HEK293T cells (3 X 16 cells/well) were seeded in 24-wells and cultured ¥6 h using

conditions described above. Poly(ethylene iminenmgexes (polyplexes) were formed by
diluting the desired amount of PEI (25 kDa, bramph@/P 10 or 25) or plasmid (pEGFP-Luc,
0.15 or 0.3ug/well) in tris-buffered saline, mixing by vortexand incubating for 15 min.
Lipofectaminé2000 complexes (lipoplexes) were formed by dilutthg desired amount of
LF™2000 (Invitrogen) (1:1 plasmid:lipid) or plasmidE@FP-Luc, 0.5ug/well) in DMEM,
mixed by gentle pipetting, and incubated for 20 .nii6 h after HEK293T seeding, nonviral
complexes were added to the culture medium andcéfle were incubated for 24 h. After
incubation, cultures were assayed for either teantgfn efficiency or extent of transgene
expression. To assay transfection efficiency, ceduwere imaged on a Leica inverted
fluorescence microscope with a cooled CCD camemnatmetrics; Tucson, AZ) using MetaVue
(Universal Imaging; Downingtown, PA) acquisitionftecare for EGFP positive cells, followed
by Hoechst 33258 imaging of the cell population.APGpositive cells and total cells were
counted using ImageJ software (NIH). To assay éxiEtransgene expression, cells were lysed
and assayed using a luminometer (Turner Biosystepidpr a 3-s delay with signal integration
for 10 s. Luciferase levels were normalized toltptatein in the sample, quantified by the BCA

protein assay (Pierce; Rockford, IL).
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8.2.4 Quantification of NGF Expression

To assay NGF expression, transfection profilesucedt were performed as described above,
with replacement of the pEGFP-Luc plasmid with pRKGF. 24 h after the addition of nonviral
complexes, the culture media were analyzed for MG#centration using a ChemiKine NGF

Sandwich ELISA kit (Millipore; Billerica, MA).

8.2.5 Neuronal Responses to Transfection Profiles
A neuronal co-culture model was employed to ingedé neuronal responses to the

different NGF transfection profiles. NGF transfeati profile cultures were performed as
described above. 8 h after the addition of com@EeXEK293T cells were rinsed with PBS.
Dorsal root ganglia (DRG) explants were isolatednfr8-day chicken embryos (Ml State
University; East Lansing, Ml), dissociated usingtimoels described previously [302], and seeded
on HEK293T cultures. 48 h after neuron seedinguce$ were stained for the neuron-specific
class Il B-tubulin by incubating fixed cells in TUJ1 antibo@ovance; Berkely, CA) diluted in
5% normal goat serum (Vector Labs; Burlingame, @APBS for 1 h followed by incubation in
TRITC-conjugated goat anti-mouse secondary antiljddgkson Immunoresearch; West Grove,
PA) in PBS for 30 min. Co-cultures were imaged ore&ca inverted fluorescence microscope
with a cooled CCD camera (Photometrics; Tucson, AZiphg MetaVue (Universal Imaging;
Downingtown, PA) acquisition software. Neurite ldmgwas quantified using the tracing
algorithm in the NeuronJ plug-in for ImageJ [284ldanormalized to either surface area or
sprouting neurons.

To assess growth cone morphology, cultures wer@npeed as described above, with the

exception of using poly-I-lysine coated glass chamiells, in order to image with relatively
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high magnification. Co-cultures were imaged onltkeca inverted fluorescence microscope, at
high magnification. Growth cone morphology was difiexal by tracing the length of the growth

cone in ImageJ (NIH).

8.2.6 Mathematical Modeling of Concentration Gradients
Mathematical modeling of NGF diffusion was usedptedict the concentration gradient

surrounding a transfected cell for each transfacpwfile, using methods described previously
[339]. Briefly, Equation 8-1 describes one-compdnéeiffusion in three dimensions in a

continuous medium with a term for protein degramfati

N L
(3-1
where C is the concentration, D is the diffusivitiythe protein, and k is the rate constant for
protein degradation. The Crank—Nicolson implicitthoel was employed to solve numerically
the partial differential equation. The initial cotah is a zero concentration throughout the
culture (Equation 8-2). The boundary conditionsigate a flux (q), which is determined from
the protein production rate, from an individualnstected cell (Equation 8-3), and no flux

boundary conditions elsewhere.

C(x,y,z,t=0)=0 (8-2)

X
_DE(X:Xtrans’y:ytrans’zzo’t)zq (8_3)

Note that the location of a single transfected isellefined at X =gnsand y = yans The average
distance between two transfected cells was cakunildtom experimentally quantified cell
confluency and transfection efficiency. The bouretam the x- and y-directions were defined as

the average distance between transfected celledoh condition. The boundary in the z-
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direction was set equal to 4 mm, the approximatghtef the culture medium. The production
rate of NGF by cells transfected with the pRK5-N@&smid was estimated from ELISA data.
The value for the diffusivity of NGF was determinfedm published reports to be 2.5 x40
cm/s [285], and the diffusivity that incorporated eesible binding of the ligand to the accessory
cell surface was estimated using Equation 8-4:

D, = D
(R+1)

(8-4)

Where I is the effective diffusion constant, and R is a dim@msss coefficient, calculated by
the equation S = RC, where S is the amount of liggmahd to the surface, and C is the local free
concentration (Crank, 1975).

Concentration gradient analysis was performed in tesithe absolute concentration

gradient (Equation 8-5) and the fractional conegidn gradient (Equation 8-6):

dc| _C..-C, (8.5)
dx n X — X%y

dc — Cn—1 — Cn+1 (8-6)
C n n-1

8.2.7 Statistics
Statistical analysis was performed using JMP softwarAS(Snstitute, Cary, NC).

Comparative analyses were executed using onewaysamalywariance with Tukey post-tests, at
a 95% confidence level. For each experiment, allddmns were performed in triplicate. All

experiments were performed in duplicate.
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8.3 Results

8.3.1 Development of Transfection Profiles
Three distinct transfection profiles, in terms of traetbn efficiency (percent of EGFP

expressing cells) (Figure 8-1la-c) and extent of tramsgexpression (luciferase reporter gene
levels), were developed (Table 8-1). The transfeqtiofiles were defined gsofile 1, profile 2,
andprofile 3. Relatively low transfection efficiency was achiewsdcomplexing plasmid with
the cationic polymer, poly(ethylene imine) (PEddfile 1 andprofile 2), while high transfection
efficiency was achieved by complexing plasmid witle ttationic lipid, Lipofectamine2000
(profile 3). The extent of transgene expression increased @AGrbm profile 1 to profile 2 by
increasing the N/P ratio (10 to 25) and the amounplasmid administered (0.15 to 0.30
ug/well), while maintaining relatively low transfeati efficiency. Profile 3 returned a
significantly higher extent of transgene expressionamspared tgprofile 1, and a marginally
higher extent of transgene expression as comparguofde 2 by increasing the amount of

plasmid administered and complexing with Lipofectae2i000.
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Figure 8-1: Three transfection profiles.EGFP expressing HEK293T cells (green), vatbfile
1 (a),profile 2 (b), andprofile 3 (c).
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Complexing DNA Transfection Transgene
Agent amount efficiency expression
(ug/well) (% of total) (RLU/mQ)
Profile 1 PEI, N/P =10 0.15 1.3+0.3 1.5(20.2) X 16°
Profile 2 PEI, N/P =25 0.30 29+0.9 7.3(+3.2)X 10"
Profile 3 LF2000, 1:1 0.50 40+23 3.9(+0.2) X 16

Table 8-1: Characterization of three distinct transfection pesfi Values are reported as mean +
SEM. Significant differences are indicated by difarletters (p < 0.05).

8.3.2 NGF Expression and Diffusion

The developed transfection profiles were employeddtermine expression levels of the
neurotrophic factor, NGF. As expectagmpfile 1 returned a relatively low NGF concentration
after 24 h culture (0.17 + 0.03 ng/ml) as comparegrofile 2 (4.2 £ 0.9 ng/ml) angrofile 3
(40.4 = 0.9 ng/ml) (Figure 8-2). NGF expression levelere combined with the previously
calculated transfection efficiencies to determine aherage NGF production rate by a single
transfected cell for each transfection profile (TaB#2). Transfection efficiencies were also
employed to estimate the average distance betweetransfected cells for each profile.

We hypothesized that localized secretion and diffusfoNGF from a transfected cell would
result in a concentration gradient extending frone tihansfected cell. To evaluate this
hypothesis, the values from Table 8-2 were incorpdrat® a three-dimensional mathematical
model of NGF diffusion from a transfected cell foretlthree transfection profiles. NGF
concentration gradients were predicted for the tinaesfection profiles, and the maximum NGF
concentrations, occurring at the sites of productregre 1.2 ng/mldrofile 1, Figure 8-3a), 20
ng/ml (profile 2, Figure 8-3b), and 107 ng/nmprfEfile 3, Figure 8-3c) at the time of assay, 48 h.
Note that the number of peaks in each graph varegermtling on the number of transfected cells

that occur over the distance x and y = 1 mm. Theadts between two transfected cells
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influenced the minimum NGF concentrations, since ghadient from one transfected cell
overlapped the nearest transfected cell, and thecpeddninimum NGF concentrations were 0.3
ng/ml (profile 1, Figure 8-3a), 8.9 ng/mp(ofile 2, Figure 8-3b), and 99 ng/mpr@file 3, Figure

8-3c).

100 T T

-
(]

—

NGF concentration (ng/ml)

0.1

Transfection profile

Figure 8-2: Nerve growth factor expression by different tranfection profiles. Quantification
of NGF production 24 h after non-viral DNA complexeere added to the culture medium.
Values are reported as mean + SEM.

NGF production rate Distance between
(pg/cell/min) transfected cellsufm)
Profile 1 7.1X10 481
Profile 2 9.3 x 1d 350
Profile 3 6.8 X 1d 96

Table 8-2: Calculated NGF production rates and estimated distagivecen transfected cells for
three transfection profiles.
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8.3.3 Neuronal Responses to Transfection Profiles
To investigate neuronal responses to different micrioemwmental concentrations of NGF,

DRG neurons were co-cultured with HEK293T cells egpiregy NGF with the three established
transfection profiles. Importantly, we have establispegeliously that HEK293T cells alone,
without pNGF transfection, do not support neuron saivor neurite extension. Therefore, any
neuronal responses observed can be directly attribatBifsF expression. Neurons cultured on
profile 1 generally exhibited a unipolar morphology, withnpary neurites extending from one
end of the cell soma, and few branches (Figure 8N&)rons cultured oprofile 2 andprofile 3
exhibited unipolar and bipolar neurite outgrowththwmany branches creating a dense arbor
(Figure 8-4b, c).

Subsequently, neuron survival and neurite outgrowghewquantitatively evaluated. Total
neurite outgrowth, normalized to surface area, wasfgigntly higher orprofile 3 (76.0 + 10.1
cm?) as compared tprofile 1 (28.9 + 5.4 cif) andprofile 2 (19.1 + 1.6 crit) (Figure 8-5a, p <
0.05). Additionally, neuron survival was significantiygher with neurons cultured gmofile 3
as compared tqrofile 1 and profile 2 (data not shown). Interestingly, extent of neurite
outgrowth per sprouting neuron was higher with nesimiitured orprofile 1 (290.9 £+ 3.7um)
as compared tprofile 2 (128.9 £ 13.4um) andprofile 3 (170.4 £ 22.3um) (Figure 8-5b, p <
0.05). The greater extent of neurite outgrowthngarron inprofile 1 was due to greater primary
neurite outgrowth (Figure 8-5b, p < 0.05), as thiemixof branching per neuron was similar for

the three profiles (Figure 8-5b).
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Figure 8-4: Neurons co-cultured on three transfection profes. Neurons co-cultured on
HEK?293T cells expressing NGF with three distinct tractsé@ profiles:profile 1 (a), profile 2
(b), andprofile 3 (c).
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Neurite outgrowth was evaluated further by quamiyihe average length of a single neurite
for the three profiles. Primary neurites were sigatifitly longer with neurons cultured profile
1 (219.8 + 14.9um) as compared tprofile 2 (68.3 + 6.2um) andprofile 3 (58.0 + 6.5um)
(Figure 8-5c, p < 0.05). The average length of anbining neurite was higher with neurons
cultured onprofile 1 (71.2 £ 13.7um) as compared tprofile 2 (36.0 + 6.6um) andprofile 3
(26.7 £ 2.0um) (Figure 8-5c, p < 0.05). The average numberiohgry neurites extending from
a neuron was 1.2 £ 0.1 forofile 1, which confirmed a unipolar morphology (Figure @-:5The
average number of primary neurites per neuron isec&ith neurons cultured g@nofile 2 (1.5
+ 0.1) andprofile 3 (2.2 £ 0.1), demonstrating a transition to a bipah@rphology (Figure 8-5d,

p < 0.05). The average number of branching neupgeseuron was similar fqarofile 1 (0.65 +
0.05) andprofile 2 (0.69 + 0.11), and increased with neurons culturegrofile 3 (1.6 = 0.1)
(Figure 8-5d, p < 0.05).

To assess the source for differences in neurite outgrobderved by the transfection
profiles, co-cultures were performed without pNGHsfaction, but with varying doses of NGF
added to the culture medium. Eliminating transfeatetls allowed for the investigation of
neuronal responses initiated by changes in mean NGéegtation, and not the differences in
microenvironmental concentrations of NGF causedragsfection and resultant concentration
gradients. Similar to transfection profiles, the ltataurite outgrowth, normalized to surface
area, increased with increasing NGF concentratiadt0(@ 50 ng/ml) (Figure 8-6a, p < 0.05).
Additionally, neuron survival increased with increasiNGF concentration (data not shown).

However, extent of neurite outgrowth normalizedpoouting neurons was similar for all NGF
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area (a). Neurite outgrowth normalized to sproutirgrons (b). Average length of primary and
branching neurites (c). Average number of neuritesnparon (d). Values are reported as mean
+ SEM. Significant differences are indicated by *{p.05).
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concentrations (0.10 to 50 ng/ml) (Figure 8-6b). iiddally, the average length of a primary
neurite and a branching neurite were statisticallyilamfior all NGF concentrations (Figure 8-
6c). The average number of primary neurites extenttiom a neuron ranged between 1.2 and
1.7 for all NGF concentrations, indicative of bothipolar and bipolar morphologies. The
average number of branching neurites per neuronethbgtween 0.35 and 0.70 for all NGF

concentrations (Figure 8-6d).

8.3.4 Growth Cone Morphology

To further evaluate the response triggered by vargnagsfection profiles, the growth cone
morphology was investigated. Growth cones extendiogn fneurites cultured oprofile 1
exhibited an elongated morphology, marked by lohgpddia (Figure 8-7a) as compared to
growth cones extending from neurites culturegaiile 2 (Figure 8-7b) angrofile 3 (Figure 8-
7¢), which were marked by short filopodia. Quanitratevaluation of growth cone morphology
revealed growth cones were longer when neurons evgtared onprofile 1 (25.8 £ 3.7um) as

compared t@rofile2 (14.1 £ 1.6um) andprofile 3 (11.9 = 0.4um) (Figure 8-7d, p < 0.05).

8.4 Discussion

In this manuscript, a range of transfection profilesememployed to investigate neuronal
responses to various gradients formed around NGF-expgesslts. Transfection efficiency,
extent of transgene expression, and the resultant wmwatten gradients were altered by

changing the type and amount of complexing agedtla& amount of plasmid delivered.
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Figure 8-6: Quantification of neurite outgrowth from neurons ®-cultured on non-

transfected accessory cellsNeurite outgrowth and branching was quantified wigurons
cultured on HEK293T cells with NGF supplemented celtumedium. Neurite outgrowth
normalized to surface area (a). Neurite outgrowthm@adized to sprouting neurons (b). Average
length of primary and branching neurites (c). Averagmber of neurites per neuron (d). Values
are reported as mean = SEM. Significant differencesralicated by different letters (p < 0.05).
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Figure 8-7: Neurite growth cone morphology Neurite growth cones extending from neurons
co-cultured on HEK293T cells expressing NGF with dettiimansfection profilesprofile 1 (a),
profile 2 (b), andprofile 3 (c). Quantification of filopodia length (d). Valsieare reported as
mean £ SEM. Significant differences are indicated fy < 0.05).
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Transfected cells expressing NGF supported neuron sliraid neurite outgrowth, with the
extent of survival and outgrowth directly dependentthe mean concentration of NGF in the
culture medium. Neurons cultured profile 3 extended a higher number of neurites per neuron
as compared tgrofile 1 and profile 2. However, neurons cultured qorofile 1 extended
significantly longer neurites as compared to neurotisired onprofile 2, profile 3, and non-
transfected accessory cells with NGF added to thereufhedium. Moreover, neurons cultured
on profile 1 exhibited elongated growth cone morphology, markgdlonger filopodia, as
compared to neurons cultured anofile 2 andprofile 3. These findings highlight the importance
of considering both transfection efficiency and ektehtransgene expression, rather than the
mean concentration of a therapeutic factor, wheplyapy gene delivery for tissue engineering.
We highlight the importance in nerve tissue engimgestrategies, but the vitro system
presented here can be applied to any regeneratateggrin which concentration gradients play
a role, such as VEGF delivery for blood vessel foramf{il04] or PDGF delivery to recruit
fibroblasts for wound healing [340].

Extent of neuron survival and neurite outgrowth,nmalized to the culture surface area, was
determined by the mean NGF concentration in theivmedNeurons cultured oprofile 3
exhibited higher levels of neurite outgrowth androausurvival as compared fwofile 1 and
profile 2. This difference was directly attributed to the m&GF concentration in the medium,
since co-cultures with non-transfected accessory callN&F supplemented medium exhibited
higher neuron survival and neurite outgrowth witbr@asing NGF concentration. Additionally,

NGF is a well known neurotrophic factor capablelaiittng survival and outgrowth cues [341].
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The number of neurites extending from neurons and etktent of neurite outgrowth
normalized to sprouting neurons varied with the d#fife transfection profiles. The number of
primary neurites per neuron was significantly highempoofile 3 as compared tprofile 1 and
profile 2, but decreased with increasing mean NGF concemiratithh non-transfected accessory
cells. Additionally, the number of branches per neusas significantly higher witprofile 3, as
compared tgorofile 1 and profile 2, but did not change with non-transfected accessellg c
supplemented with NGF. The differences in number eafrites for the different transfection
profiles, therefore, could not be attributed torges in mean NGF concentration. Moreover, the
number of primary and branching neuritespoafile 3 was significantly higher as compared to
non-transfected accessory cells with NGF supplementatiume indicating the transfection
profile is eliciting the responses observed wptlofile 3. Relatively high microenvironmental
NGF concentrations iprofile 3, as characterized by mathematical modeling, mayateitthe
higher number of primary and branching neurites. \@wsely, total neurite outgrowth per
sprouting neuron was significantly higher wgiofile 1 as compared tprofile 2 andprofile 3.
Total neurite outgrowth remained consistent with wayynean NGF concentrations between 0.1
— 50 ng/ml, a range that includes the mean condemtsafor the different transfection profiles.
Additionally, neurite outgrowth per sprouting neunsas significantly higher witlprofile 1 as
compared to neurons cultured on non-transfectedsacpgecells with NGF supplemented culture
medium, indicating transfectiqurofile 1 initiates the response.

The average length of primary and branching neuated growth cone morphology varied
with the different transfection profiles. Both pringaaind branching neurites were longer with

neurons cultured oprofile 1 as compared tprofile 2 andprofile 3, but did not change with non-
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transfected accessory cells with varying mean NGF curat@n in the culture medium.
Moreover, primary and branching neurites extendnognfneurons cultured oprofile 1 were
significantly longer than with neurons cultured om#ansfected accessory cells with NGF
supplemented medium, regardless the dose, furthemainaicthat the transfected cellsprofile
1 were eliciting the response. Longer neurites inditdaepresence of a guidance cugiafile
1, suggesting the guidance cue directs neurites al@pgeific path without the need to pause
and explore the extracellular environment. Moreptee higher number of branching neurites
observed improfile 3 suggests the absence of a guidance cpeofiie 3, since primary neurites
must pause and extend branches to explore the enwrdn@rowth cones extending from
primary neurites with neurons cultured qmofile 1 exhibited elongated morphology,
characteristic of polarized filopodia, as comparedjtowth cones from primary neurites with
neurons cultured oprofile 2 andprofile 3, which exhibited shorter filopodia, characteristic o
paused neurites [342]. In the presence of a solubliagoe cue, filopodial numbers have been
shown to be greater in the direction of the gradj@a8] and highly motile growth cones adopt
an elongated morphology [342]. The growth cone rmolggy detected irprofile 1 further
supports the hypothesis that a guidance cue is present.

Experimental observations with number of branchingrites per neuron, average length of
neurites, and growth cone morphology were consistdatit & guidance cue provided by
transfectionprofile 1. Gradients of NGF have been shown to direct newiges chemotactic
guidance signal, and the NGF gradients that formrar@tansfected cells iprofile 1 may guide
neurites. Mathematical modeling was employed to taleuthe absolute and fractional

concentration gradients, both of which have beenlicaiged in neurite guidance, for each
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transfection profile. The absolute concentration igratcbutside a single cell remained consistent
over the 48 h time course, and ranged between H040gdml/mm for profile 1, 660-0.5
ng/ml/mm for profile 2, and 480-20 ng/ml/mm foprofile 3 (Figure 8-8a). The fractional
concentration gradient over the approximate widtthe growth cone, 2@m, varied along the
48 h time course. At t = 5 h the fractional concatidn gradient ranged between 70-0.2% for
profile 1, 64-0.1% forprofile 2, and 16-0.7% foprofile 3, and at t = 48 h ranged between 55-
0.1% forprofile 1, 44-0.1% forprofile 2, and 6-0.2% foprofile 3 (Figure 8-8b). The absolute
and fractional concentration gradients formed bwydfacted cells are within ranges that have
previously been shown to guide neurites by spatialepettof NGF expression. Absolute
concentration gradients between 8-0.5 ng/ml/mm wbmvn to guide neurite extension [339],
values well below the absolute gradients formed bsaastected cell in all three transfection
profiles. Additionally, the fractional concentratigradients for all profiles and all time points
were primarily above what has previously been shawguide neurites with spatial patterns of
gene expression (8.0-1.5%) [339]. Since the gradetigeved in all profiles should be capable
of guiding neurites, the relatively high NGF expresslevels inprofile 2 and profile 3 may
explain the absence of a guidance cue. Knowledga femkocyte chemotaxis suggests that a
chemotactic guidance signal is most effective if theam concentration is kept near the
dissociation constant for the ligand’'s receptor [2]e Thissociation constant for the p75 NGF

receptor is 1 nM, and the dissociation constant fotrike NGF receptor is 0.1 nM [303]. In
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profile 2, microenvironmental concentrations reach 0.8 nM| al®ve the dissociation constant
for the trkA receptor. Inprofile 3, microenvironmental concentrations reach 4 nM, a
concentration well above the dissociation constantbdtr NGF receptors.

In this Chapter, we demonstrate that NGF microenw@mtal concentrations resulting from
PNGF transfected cells govern neuronal behavior, kviscan important consideration in the
design of gene delivery scaffolds for nerve regermmatRelatively high levels of NGF
expression and high percentage of transfected cellsodegpincreased neuron survival, extent
of neurite outgrowth, and number of extending rteariRelatively low levels of NGF expression
supported longer neurite lengths, presumably by thde= Nfgadients that formed around
transfected cells. In nerve regeneration strategiessttmulation of neuron survival and neurite
outgrowth is critical. However, the local sproutinfaxons is not necessarily indicative that
neurons have become competent to sustain longer-désilnagation of axons [344]. Also
critical in nerve regeneration strategies is the quadaf growing axons across the entire length
of a lesion site to ultimately restore function. Afteeripheral nervous system injury, adult
neurons have an inherent ability to switch from anbinéng morphology to an elongating
morphology, extending longer neurites to span anrynsite [344, 345]. This change in
morphology is triggered by differences in gene expoessiter injury [346, 347], that do not
readily occur in the central nervous system (CNSrafjury [348], and turning on those genes
in the CNS leads to longer axon extension [349]. \Wasgnt a method to promote elongation
and minimal branching without altering gene expressiithin neurons, since gene therapy to
neurons has proven to be difficult [350]. Moreoveiffedent classes of neurons within the

central nervous system, such as spinal sensory, cortieahspimd noradrenergic neurons, are
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responsive to different neurotrophic factors or coratiams of factors, such as NGF, NT-3, and
BDNF, and additionally have been shown to behaveeasotropic factors at the site of injury
[196, 351]. The system presented in this manuscript manemployed to identify ideal
transfection profiles for different classes of CNS naardmportantly, current tissue engineering
strategies to guide regenerating axons, such as paitexdhesion molecules [293, 352] or
engineered protein gradients [353], may not be agiewn vivo for an extended period of time
required to guide axons across a lesion, due to gquekrance of proteins or masking of
adhesion molecules by nonspecific adsorption of preteiasent in serum, or proteins deposited
by the cells. Non-viral gene delivery from tissue eegring scaffolds has promoted transgene
expression for up to 105 days [12], and therefore shgbmise for providing long-term
guidance signals. Importantly, gene delivery from veerguidance bridges containing
topographical guidance cues achieved transgene ssipnewithin a rat spinal cord hemisection
injury model [238]. The combination of topographigaidance cues with the proper transfection
profiles to guide axons may provide long term andesyistic axon guidance signals within a
nerve lesion site [354].

We highlight the importance of considering transtactiprofiies when developing
therapeutic strategies for nerve guidance, howeves,irt vitro system developed in this
manuscript can be applied to many other tissue regeoersystems. Ozawet al. [104]
demonstrated that high levels of VEGF secretion trpvaally transduced myoblasts induced
the growth of abnormal blood vessels. Decreasing thmaber of cells transplanted, which
decreased the total dose of VEGF, served to reduces¢iien in which abnormal blood vessel

formation was observed. However, transplantationedis dhat were selected for low VEGF
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expression resulted in the formation of normal, matmscular structures. The result was
hypothesized to occur by the existence of gradiemisifiy around VEGF-expressing myoblasts.
The in vitro system presented in this work may b@leged to define the VEGF concentration
gradients capable of supporting healthy blood vess&tgr Moreover, the migration of various
cell types, such as fibroblasts, macrophages, and kecgtes are guided by gradients of factors,
such as PDGF and IL-8, and contribute to the reguiadf epithelialization, tissue remodeling,
and angiogenesis during cutaneous wound healing [ig].iT vitro system presented in this work
may be employed to determine proper transfectiofilgsoto guide diverse cell types during
wound healing. The controlled method to alter tracsbn profiles presented in this research,
combined with well-characterized concentration grats, provides a platform to investigate

tissue responses to localized expression of therapecitorga

8.5 Conclusions

In this Chapter, transfection profiles were developederms of transfection efficiency and
extent of transgene expression, by altering the tygeaanount of non-viral complexing agent,
and amount of DNA administered. Mathematical modelri NGF diffusion confirmed that
concentration gradients form around NGF-expressirlg tekach transfection profile. The NGF
gradients produced by transfected cellspmofile 1 were capable of guiding neurites, as
evidenced by the average length of neurites andvtgrocone morphology. We have
demonstrated that the extent of NGF expression gouvhmsability of gradients to guide
neurites. The in vitro system presented in this mamis@rovides a tunable method to
investigate cellular responses to varying transfectafiles, which may influence the

architecture of regenerating tissue.
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Chapter 9

Non-viral Vector Delivery from PEG-Hyaluronic
Acid Hydrogels

9.1 Introduction

The physical properties of natural and synthetic bgdis are similar to those of the natural
extracellular matrix, making these biomaterials egdimg for numerous tissue engineering
applications [355, 356]. Many naturally occurringmolymers, such as hyaluronic acid (HA)
[356] and collagen [357, 358], are generally congidgo be biocompatible and can be used
alone or in combination with synthetic polymers sush poly(ethylene glycol) (PEG). The
natural polymers provide specific biological interacs or functionality, whereas the synthetic
polymers can modulate the physical properties andbearsynthesized cost effectively and
reproducibly [356]. These polymers form 3D networkscbgsslinking either chemically (e.g.,
acrylation), physically, or ionically [359, 360]. &be crosslinking techniques are generally mild,
allowing for the encapsulation of cells and othewaltive molecules. By manipulating the
polymer composition and the cross-link density, hydlegcan be created with a range of
physical properties and degradation rates.

The functionality of hydrogels used for tissue engimgecan be enhanced by creating gels
capable of localized delivery of therapeutic drygsteins, or genes. The controlled release of
these bioactive molecules to surrounding tissue cannfy@oged to promote the cellular
processes (e.g., proliferation, differentiation) ilweal in tissue formation [361, 362]. For gene

delivery in particular, localized release of plasmrddNA complexes can transfect cells for the
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sustained production of tissue inductive proteins [3®&3l]. Hydrogels formed from a range of
polymers have been employed for the controlledasseof non-viral vectors, such as naked
plasmid or cationic polymer/DNA complexes [358, 36G®PB For many hydrogels, release
occurs primarily by diffusion, which can be influedcby physical properties such as water
content, swelling ratio, and mesh size. The chemigalposition of the hydrogel or the vector
can also influence delivery, as vectors can reversibgociate with biomaterials to influence
their transport and cellular internalization [36713372]. The different non-viral vectors can
vary substantially in the properties, such as size dnauige [371, 373], that will influence
transport through a hydrogel. Naked plasmid is higdgatively charged and has a large
hydrodynamic radius, but the delivery efficiency dam low due to plasmid degradation or
ineffective internalization or trafficking. Complatton of the plasmid with cationic polymers or
lipids can protect the plasmid against degradatiod,patkage the plasmid to facilitate cellular
internalization and trafficking. This complexationopess, involving the self-assembly of the
cationic polymer or lipid with the negatively chatgphosphate backbone of DNA, may produce
complexes with properties significantly different frohe plasmid [371].

Hydrogels previously used as DNA delivery scaffolds oglythe release of the vectors as the
hydrogel degrades, and oftentimes result in low legélexpression lasting only a few days
[374]. Substrate-mediated gene delivery increasedotted concentration of DNA within the
cellular microenvironment and can overcome barrieraon-viral gene delivery, such as mass
transport and complex aggregation [371]. Transgepeesgion can be enhanced with substrate-
mediated gene delivery by modifying the interactidmetween the vector and substrate. In

particular, negatively charged hydrophilic surfacasenbeen shown to increase vector binding
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and transgene expression [85]. To incorporate substradkated gene delivery into a hydrogel
delivery system, the hydrogel must maintain the wsotathin the matrix without quick release.
Additionally, cells must infiltrate the hydrogel abe placed directly in the microenvironment
with the hydrogel-associated vectors.

In this Chapter, the release of plasmid and DNA corgddrom hydrogels was investigated.
The composition of both the hydrogel and vector, dadradation rate of the hydrogel were
systematically manipulated. Hydrogels were formednhfie combination of PEG and HA. PEG
was used for regulating and maintaining the hydregdility, while HA was chosen to alter the
backbone charge and enable hydrogel degradatidhébgnzyme hyaluronidase (HAase) [375,
376]. The biopolymers were modified with acrylateups to enable hydrogel formation by
photocrosslinking, a relatively mild technique thahanaintain the bioactivity of encapsulated
vectors. Hydrogels with varying ratios of PEG and Hé&revformed containing either plasmid or
DNA complexed with the cationic polymer polyethyilame. Initial studies characterized the
physical properties of the hydrogels, such as swellig and degradation. Subsequently, the
release rate of encapsulated plasmid and complexedetasnined in the absence or presence
of hyaluronidase to degrade HA. Photocrosslinking veastened with lithography techniques to
spatially pattern DNA vectors within the hydrogel,igthmay expand their utility in numerous
tissue engineering applications. Hydrogels were imptamnito a subcutaneous mouse model to

investigate cellular infiltration and in vivo DNA lilery.
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9.2 Experimental Procedures

9.2.1 Materials and Methods
Hyaluronic acid was a generous gift from Genzyme 6@iion (1.33 x 10Da, Cambridge,

MA). N-hydroxysulfonosuccinimide sodium salt (sulfo-NH®N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC), and adipicdadihydrazide (AAD) were purchased
from Sigma (St. Louis, MO). NHS-PEG Acryl (MW 340@®as purchased from Nektar
Therapeutics (San Carlos, CA). Irgacure 2959 was paethfrom Ciba Specialty Chemicals
Corp. (Tarrytown, NY). Dual expression plasmid encgdior luciferase (LUC) and enhanced
green fluorescent protein (EGFP) with a CMV promaetas purified from bacteria culture using
Qiagen (Santa Clara, CA) reagents and stored inEIDIEA buffer (10 mM Tris, 1 mM EDTA,

pH 7.4). Branched polyethylenimine (PEI, 25 kDapwarchased from Aldrich (St. Louis, MO).
All other reagents were purchased from Fisher Scienfifair Lawn, NJ) unless otherwise

mentioned.

9.2.2 Synthesis and Characterization of Acrylated Hyaluronic Acid
HA/PEG hydrogels were created through modificatibribath HA and PEG with acrylate

groups, which can crosslink the polymers followinghetton by exposure to UV light. HA-
Acryl was obtained by a two-step process that involesrtitial modification of hyaluronic acid
with adipic acid dihydrazide (HA-AAD) as previouslgstribed [377], which was subsequently
modified with NHS-PEG-Acryl. HA-AAD was characteeid using a trinitrobenzene sulfonic
acid (TNBS) assay (Pierce, Rockford, IL) to deterntime percent of carboxyl groups replaced
with hydrazide groups. HA-AAD was then dissolved irHd@ (10 mg/ml HA-AAD), and 0.04

molar equivalents of NHS-PEG-Acryl were added andestifor 16 hours at room temperature.
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The reaction mixture was purified by dialysis, lyostl, and stored at % until use. Proton
NMR spectroscopy was used to determine percent acnylafithe final product. NMR spectra
were obtained using an INOVA 400 NMR (400 MHz)((Acros Organic, Springfield, NJ)

was used as a solvent for all samples, and the analgsip@vformed on an average ofst@ns.

9.2.3 Hydrogel Formation

Solutions containing HA-Acryl and 4-arm PEG-AcryugiBio, Seoul, Korea) were prepared
in PBS with 1% (wt/vol) of the water soluble phottiator, 12959 [378]. Unmodified Type 1
rat-tail collagen was also added at a concentratio.2 mg/ml, which was incorporated to
support cell adhesion in vitro. The polymer solutidi®0ul) were placed in a 96 well plate, and
exposed to UV light to initiate crosslinking. Platesevplaced 2 cm from a UV lamp that had a
wavelength centered at 365 nm (Spectroline Modell8&8P, Westbury, NY) for 2-7 minutes.
Gelation was determined by sufficient stability foemoval from the well. DNA was
incorporated by mixing either plasmid or DNA/PEI qaexes prior to gelation. For plasmid
alone, pEGFP-LUC plasmid solution (o0 of 1 mg/ml) was added. For the encapsulation of
DNA complexes, complexes were formed as describecemg8li et al [371] and added to the

biopolymer solutions. The final concentration of DA within the hydrogel was 33,3g/ml.

9.2.4 Determination of Hydrogel Physical Properties
Hydrogels were prepared from 1Q0polymer solutions containing 1% (wt/vol) 12959, 0.2

mg/ml collagen and varying concentrations of HA-Acapd 4-arm PEG-Acryl (Table 9-1).
Hydrogels were allowed to swell overnight in ddHand were then blotted to remove excess
water and weighed to obtain the swollen hydrogel midgsThese hydrogels were then dried by

heating to temperatures between 90-10Qo determine the final dry massgsMVater content
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and swelling ratios were then determined from the lewa@nd dry hydrogel masses. The percent

water content was determined by Equation 9-1:

(%}100: watercontent (9-1)

The mass based swelling ratioyQvas calculated by dividing the hydrogel mass aftesllgvg,
Ms, by the mass after the hydrogel has dried, TWe volumetric based swelling ratio,,Qvas

then calculated from Qaccording to Equation 9-2:

Q :1+%(QM ~1) (9-2)

wherep, is the density of the dry polymer apglis the density of the solvent (1 gitfor water).
Values for p, were calculated by estimating the molar volume tf@ PEG-Acryl/HA-Acryl
polymer segment and dividing by the molecular wegjtthe segment [379].

The average molecular weight between crosslirﬂs)(was subsequently calculated from
Equation 9-3. In this case is the specific volume of the dry polymer (0.893%gnfor PEG and
0.813 cnilg for HA), V1 is the molar volume of the solvent (&®l/cnt), andy is the Flory
polymer-solvent interaction parameter (0.426 for REG 0.473 for HA) [380, 381]. Parameters
v andy were calculated using the weighted average of eacangeter based on the polymer

composition of the gel.
— V1 (1
M. :Tx(——zjx(Qv)m (9-3)
v \2
The crosslink densitye, was then calculated according to Equation 9-4.

P,
V,=— 9-4
="M, (9-4)

o



201

9.2.5 Hydrogel Degradation and DNA Release

Gels were placed in a 48 well plate with 1 ml of PBBher in the absence or presence of
150 U/ml HAase. Bovine testicular hyaluronidase wad ise HA degradation studies, with
concentration chosen based on previous reports [382], Bor plasmid release, the solution
above the hydrogel was sampled (200 ul) with replacenThe removed solution was used to
determine HA content and the DNA concentratidrcarbazole assay was used to quantify HA
levels in solution as a measure of hydrogel degrad§888]. For plasmid incorporation and
release, concentrations were determined by fluongnaeid the DNA integrity was characterized
by gel electrophoresis. For DNA/PEI complexes, DNA asgrirations were determined by
radiolabeling, achieved with a nick translation (&mersham Pharmacia Biotech, Piscataway,
NJ) following the manufacturer's protocol [357]. Bate studies with hydrogels with
encapsulated DNA/PEI complexes were performed as tedcabove. The removed sample was
added to 5 ml of scintillation cocktail (Bio-safe) lo determine the quantity of DNA. The
activity of the collected sample was then measurea scintillation counter. The counts were
correlated to DNA mass using a standard curve. Thepige of DNA released was calculated

as the ratio of the cumulative release at a givae tivided by the initial amount encapsulated.

9.2.6 Spatially Patterned DNA Vectors

Layer-by-layer lithography techniques were employedpatterned DNA vectors within
hydrogels. Hydrogel precursor solutions (HA-acryl, mdEG-acryl) were injected into soft-
lithography patterned PDMS molds and exposed to ight for 2 minutes. The topographically
patterned feature from the PDMS mold was subsequiiely with hydrogel precursor solution

containing rhodamine-labeled DNA complexes (HA-acddarm PEG-acryl, Rho-DNA/PEI
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complexes). The hydrogel was again exposed to UV hgh2 minutes. Patterned complexes
were imaged using a Leica inverted fluorescence mooq@e with a cooled CCD camera
(Photometrics; Tucson, AZ) using MetaVue (Universaldmg; Downingtown, PA) acquisition

software.

9.2.7 In Vivo Transfection Studies

Hydrogels loaded with plasmid (200 - 400 pg) were implanted subcutaneously intmale
CD1 mice (20-22 g). Conditions examined include bgedts fabricated with various amount of
polyethylene glycol (PEG) (2-10%), various amourt$yaluronic acid (0-4%), and different
ECM molecules (5% attached fibronectin or blenddthgen). In vivo luciferase expression was
monitored using an IVIS imaging system (Xenogen Cdkmameda, CA, USA), which includes
a cooled CCD camera. For imaging, the animals waezted ip with d-luciferin (Molecular
Therapeutics, Inc., MI, USA; 150 mg/kg body wt, 2@/ml in PBS) using 28-gauge insulin
syringes. Note that the animals increased in weighhguhe experiment, and the volume of d-
luciferin injected increased proportional to theigi® of the animal. The animals were placed in
a light-tight chamber and bioluminescence images &eqgiired (every 5 min for a total of 20
min) until the peak light emission was confirmed.

Hydrogels were retrieved 7 days postimplantation,dfixe4% paraformaldehyde overnight
at 48C, and subsequently immersed in 10 and 30% susmiggons. Tissue blocks were
embedded in OCT and frozen. Sections were cuj@Pand mounted on poly-L-lysine-coated
slides. After blocking, sections were incubated witihmpry rabbit anti-luciferase antibody
(Cortex Biochem, CA, USA) diluted (1:100) in PBS&4 BSA for 1 h at 378C. For PCNA

staining, tissue sections were incubated with primabpitaanti-PCNA polyclonal antibody
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(Abcam, MA, USA; 1:50 dilution) and subsequently whilotinylated goat anti-rabbit secondary
antibody (Vector Laboratories; 1:200 dilution). Diawbenzidine (DAB) substrate kit (Vector
Laboratories) was used for staining proliferating ;edind tissue sections were counterstained

with hematoxylin.

9.2.8 Statistical Analysis
Release profiles were analyzed to determine statisticanificant differences in the

maximal amount released. The percent release fofirthkecollected time point was averaged
and the means compared by ANOVA followed by TukegKer post test. A value of p less
than 0.05 was considered statistically significant.iSteal analyses were performed using the

statistical package JMP (SAS, Cary, NC).

9.3 Results

9.3.1 Hydrogel Formation
Hydrogels were formed with PEG content ranging fi@¥h to 8% and HA content ranging

from 1% to 4% (wt/vol). The extent of modificatiasf HA carboxyl groups with hydrazide
groups was 37 £ 4%. The extent of acrylation was oeted by NMR to be 15 + 2% of the
total carboxyl groups modified with NHS-PEG-Acryl.ixtures of acryl-modified HA and PEG-
Acryl formed hydrogels following exposure to UV lighhowever, the UV exposure time
differed among hydrogels and was dependent uporotn@asition. Hydrogels containing 6% or
greater PEG required between 2 and 3 min. exposunde hydrogels containing 4% or less
PEG required 5 to 7 min. (Table 9-1). The physicalpprties of the hydrogel were also

dependent on the polymer concentrations. The masgahuthetric swelling ratios decrease with
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increasing PEG concentrations (p < 0.05). In regardbd HA concentration, the mean values
for mass and volumetric swelling ratios had a decreatiagd as the HA concentration
decreased, though the differences were not statistis@ghificant (p < 0.1). The water content
for all hydrogels was greater than 94%; howeverwhier content decreased as the PEG content
increased. Using the values obtained from the sweltig, the crosslink density and molecular

weight between crosslinks were calculated (Table 9-1).

9.3.2 HA Degradation

Hydrogels containing 6% or greater PEG maintained gtable 3-dimensional structures in
the presence of hyaluronidase (HAase), whereas lo&€r ¢édntents led to dissolution on time

scales of several weeks. Hydrogels containing 6% otegrB&G are referred to as mechanically

HA | PEG| Exposure| Mass Baseq Volume Mol. Wt. Crosslink

Swelling Based between Density
Ratio Swelling Crosslinks (10°,

Ratio (10°, g/mol) mol/cnt)

1 2 7 90 =+7 199 + 15 16 +1 0.#0.05
4 4 5 64 +12 141 + 26 10+2 1+10.2
2 4 5 45 + 4 81+7 5.1+0.5 2£30.3
2 6 2.5 31+4 54 +7 25+0.3 4:8).5
1 6 2.5 28+ 1 48 + 2 1.98 £0.01 5D.1
2 8 2 21+1 36+2 1.33+0.07 8@.5
1 8 2 18+ 1 30+ 2 0.93+ 0.02 12.2+ 0.3

Table 9-1: Conditions for hydrogel formation, along with physipaoperty measurements and
calculations.

stable, as these hydrogels retained their three-dimmeisstructure for at least 50 days in the
presence or absence of HAase. Hydrogels with 4% PEGss are referred to as fully
degradable hydrogels, as these gels led to completelutissp the lack of 3 dimensional

structures determined by inspection, over times ofaimately 30 to 50 days. Gels with higher
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HA contents correlated with shorter times to dissotuti®ercent cumulative HA degradation is
defined as the quantity of released uronic acidsldiviby the quantity of uronic acids present in
unmodified HA.

The release of HA for both mechanically stable arlty fdlegradable hydrogels generally
exhibited the greatest release during the initiahgsdand the cumulative amount released was
dependent upon hydrogel degradation. For HA andAD&lease, representative curves are
illustrated in the figures, with values that charazeecurves from all conditions listed in a table.
No significant difference in the amount of HA reledhseas observed between days 2 and 5, with
the exception of the fully degradable gel compodezo PEG and 1% HA and 4% PEG and 2%
HA incubated in PBS (Figure 9-1, Table 9-2). Thiease kinetics were independent of the
presence of HAase, though HAase significantly incrééise cumulative amount of HA released
relative to PBS alone for gels with at least 2% HA<(9.05). Mechanically stable hydrogels
incubated in PBS had a cumulative HA release atsdanging from approximately 4% to 25%
of the original HA content, while the presence didse increased this percentage release to
approximately 53% to 69%. The cumulative amounH#éfreleased at day 5 was significantly
different (p < 0.05) for mechanically stable gelstive presence of PBS relative to 150 U/ml
HAase. The mean cumulative HA release at day 5 tty diegradable hydrogels in PBS ranged
from 50% to 65% of the original HA content, with ld#e increasing this range from 60% to
81%. In comparing fully degradable and mechanicstifple hydrogels, the fully degradable gels
produced HA release measurements which were signifycdifterent than those obtained for
mechanically stable gels at time points of both daysd 5 for gels in the presence of PBS.

However, no difference was observed between thesagass/ 2 in 150 U/ml HAase.
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Figure 9-1: Representative release profiles for cumulative A degradation. Degradation
studies are performed in either PBS (a) or 150 U/Ads¢ (b). The percentages of PEG and HA
in the hydrogel are: PEG6:HAIm), and PEG8:HAl1 &) for mechanically stable gels and
PEG2:HAl (), PEG4:HA2 ¢), and PEG4:HA4 A) for fully degradable gels. In this and
subsequent figures PEG6:HA21 indicates a gel formeld avitomposition of 6% PEG and 1%
HA.
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Initial Initial
HA | PEG | Burst Rate Cumulative
Solvent (%) | (%) (%) (%/hr) |  Release (%)
1 2
PBS

52+4 1.86 65+9
4 4 50+3 2.70 63+2
2 4 233 1.06 504
2 6 12.3 + 0.31 17.2+0.1
1 6 13.2 + 0.36 27 +3
2 8 4204 0.12 9+1
1 8 25+0.5 0.014 40+09
HAase 1 2 52+4 1.86 65+9
4 4 50+3 2.70 62+2
2 4 63+4 2.65 84 +2
2 6 44 + 16 1.83 69 +13
1 6 43+9 1.56 69 + 13
2 8 337 1.48 53+8
1 8 34 +13 1.12 57+14

Table 9-2: Characteristics of HA release from HA-based hydrogelgdréyels varied in
HA:PEG ratio. Studies were performed either in PB®e, or in the presence of a HAase.
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9.3.3 Plasmid Release

For mechanically stable hydrogels, the majority a@fspiid was released within the initial 2

days, and the maximal cumulative release was depengbemt the PEG content. Hydrogels
containing 6% PEG and 2% HA in the presence of RiSgals containing 8% PEG and 2% HA
in the presence of 150 U/ml HAase had an increasesmpdarelease between days 2 and 10,
though the quantities were relatively smal#1Q%). The mean cumulative release for
mechanically stable gels in PBS ranged from 20%08 ©f the initial DNA loaded, and gels
with a lower PEG content exhibited a greater plasmlielase. Incubation of the hydrogels in 150
U/ml HAase had a cumulative release ranging from 26%8% (Figure 9-2a, b, Table 9-3).
However, the presence of HAase significantly increglsedumulative release at day 10 relative
to PBS for hydrogels containing 8% PEG and 2% HAdiAdnally, hydrogels containing 2%
HA had significantly increased release of plasmid cameg to hydrogels containing 1% HA (p <
0.05). Increasing the PEG content or decreasing the HA noresl to lower amounts of
cumulative plasmid release. The integrity of the peukated plasmid was retained during
encapsulation and release, though a shift in theaivelamount of plasmid in the open and
supercoiled conformation was observed (Figure 9-3allicases, two distinct bands appeared,
representing the relaxed and supercoiled forms efDNA, both of which are transfection
competent [365].
The release profile for plasmid from fully degradahldrogels was similar to the mechanically
stable hydrogels, though with greater cumulativeasdeobserved. Plasmid release occurred
within the initial 2 days (Figure 9-2a), without sifigant increases thereafter. The mean
cumulative release for hydrogels in PBS ranged f&&% to 74% of the initial DNA loaded.

The hydrogel composed of 2% PEG and 1% HA had sogmifly greater release than the other
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hydrogels. In the presence of HAase, the releasel@méis similar for all hydrogel conditions,
with a mean maximal release ranging from 65% to 80%ae initial DNA loading. The presence
of HAase increased the cumulative amount releasetiveel® PBS for the 4% PEG / 4% HA
containing hydrogels (p < 0.05, Figure 9-2b, Tabig).9The quantities of cumulative plasmid
release from fully degradable gels were significagtigater (p < 0.05) than quantities released
from mechanically stable gels at day 2, with the ptoa of hydrogels containing 6% PEG and
2% HA. The integrity of the released DNA had simiiategrity to that obtained with the

mechanically stable hydrogels (data not shown).

9.3.4 DNA Complex Release

In contrast to plasmid, DNA/PEI complexes incorporated the hydrogels were primarily
retained within the hydrogel. In mechanically stalyelrogels, approximately 1.5% to 4.8% of
the initial DNA was released (Figure 9-4a, Table)9aBid the presence of HAase increased the
release by approximately 3% (Figure 9-4b, Table.9R&lease from the degradable hydrogels
was significantly greater than that from the mechalhjistable hydrogels (Figure 9-4, p < 0.05).
However, the quantity released reached only apprateiy 6.3% to 14% of the initial DNA by
incubation with either PBS or HAase (Figure 9-4aTable 9-3). The release of complexes is
significantly lower than that obtained for plasmidrad, for both mechanically stable and fully

degradable hydrogels (p < 0.001).
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Figure 9-2: Representative release profiles for cumulative plasmid rehse from HA-based
gels. Release studies performed in the presence of PBS (Ap@rU/ml HAase (b. The
percentages of PEG and HA in the hydrogel are: PH&bH:(m), and PEG8:HAL A) for
mechanically stable gels and PEG2:HA1), (PEG4:HA2 ¢), and PEG4:HA4 A) for fully
degradable gels.
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Solvent

Initial Initial
HA iti Rate Initial Rate
(%) Burst (%) | (%/hr) Burst (%) | (%/hr)

71+6 216 785 1.7%+0.3 0.00 2704
40+ 3 147 47+1 08=%0.1 001 16+0.1
35+2 055 41+1 12+01 0.00 4.8+0.7
11+4 066 21+4 14+0.1 0.00 24+0.3

1 2 53+5 1.88 765 10+2 0.00 10+2

4 4 405 175 626 51 0.00 61

2 4 33+5 097 54+6 51 0.00 6+1

PBS 2 6 51+6 156 59+4 1.3%0.2 001 21+0.2

1 6 34+5 109 43+2 05+0.02001 21+0.1

2 8 24 +3 043 47+x7 22%04 0.00 2404

1 8 2+3 029 20+3 1.1+0.2 0.00 24+0.6

1 2 59+11 287 784 6.3+04 0.00 8+x1

4 4 63+5 262 81+4 12.4+0.4 0.00 14+1

2 4 53+3 138 682 49+04 0.00 10+ 2
HAase 5 6

1 6

2 8

1 8

Table 9-3: Characteristics of plasmid and complexed DNA reldes® HA-based hydrogels
varying in HA:PEG ratio. Studies were performeditim PBS alone, or with HAase in PBS.
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Figure 9-3: DNA integrity. Gel electrophoresis for plasmid released from mechbyic
stable hydrogels in the presence of a) PBS and b)UWB@. HAase at days 1, 5, and 10
compared to the original pGFP-LUC DNA prior to gpsalation (DNA STD).
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Figure 9-4: Representative release profiles for cumulative release ofNA complexes from
HA-based gels.Release studies performed in the presence of PBS 0oU/ml HAase (b.
The percentages of PEG and HA in the hydrogel aE€&@HAL @), and PEG8:HA1 4) for

mechanically stable gels and PEG2:HA1), (PEG4:HA2 ¢), and PEG4:HA4 A) for fully

degradable gels.
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9.3.5 Spatial Patterns of DNA Vectors
Layer-by-layer lithography was employed to spatighgttern DNA vectors within the

hydrogel. After photocrosslinking within a PDMS moki pattern of rhodamine-labeled DNA

vectors was observed within the PEG hydrogel, measgdriX 0.25 X 10 mm (Figure 9-5).

9.3.6 In Vivo Gene Delivery and Cell Infiltration

Feasibility studies were performed to determine theng@l of these hydrogels for delivery
of non-viral vectors in vivo. Hydrogels fabricatedthviless than 4% PEG did not result in

transgene expression (Table 9-4). Additionally, hydiedabricated with 4% PEG and 1-4% HA

Figure 9-5: Spatially patterned DNA vectors.Soft lithography molds were utilized to spatially
crosslink PEG hydrogels with fluorescently labeled Di&tors.
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PEG (%)| HA (%) DNA dose Transgene n
(n0) Expression at
t=48h
no

2 1 collagen 3
4 0 collagen 400 no 3
4 0 fibronectin 400 yes 4
4 2 collagen 400 no 3
4 4 collagen 400 no 3
4 4 fibronectin 400 no 3
6 1 collagen 400 no 3
8 1 collagen 400 no 3
10 0 fibronectin 400 yes 3
10 4 fibronectin 400 yes 4

Table 9-4: Characterization of transgene expression by hydsoggblanted in a subcutaneous
mouse model.
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did not support transgene expression. Only 4% PEG/®¥6niectin (Figure 9-6) and 10%
PEG/5% fibronectin (data not shown) hydrogels resuitettansgene expression in a mouse
subcutaneous model for 48 h. Hydrogels were subsequewtstigated for the ability to support
cellular infiltration. For all hydrogel formulatien cells did not infiltrate the hydrogel, but

adhered to the outer edges (Figure 9-7).
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Figure 9-6: In vivo gene delivery from PEG/HA hydrogels.Bioluminescence imaging of
firefly luciferase expression for hydrogels (4% PEG, B fabricated with 40Qug of pLuc
input to the process. Images show light emission forglesmouse att = 48 h.
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sections of hydrogel (4% PEG, 4% HA, 5% FN) retrievathys post-implantation. Cells did not
infiltrate the hydrogel. A layer of cells outlineetihydrogel (marked by the arrow).
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9.4 Discussion

The formation of hydrogels using varied concentraiarf both synthetic and natural
polymers allowed for a range of hydrogel physicalperties and localized release of non-viral
gene therapy vectors. Hydrogels were formed by phasstinking mixtures of acryl modified
PEG and HA. Hydrogels with 6% or greater PEG wereharically stable for more than 50
days, while hydrogels containing 4% or less PEG wdhg diegradable, with times to complete
dissolution ranging from 30-50 days depending on PB6centration. For hydrogels with
encapsulated plasmid, the cumulative release waseddihigher PEG contents, and increased
with increasing HA content. Only fully degradabladiygels formed with a high quantity of HA
had an increased cumulative release induced by thgmen hyaluronidase. Hydrogels with
encapsulated plasmid supported transgene expressgosuhbcutaneous mouse model for 48 h.
Additionally, DNA/PEI complexes incorporated inteethydrogel were primarily retained, with
less than 14% of the complexes released during thialiBitweeks. The photocrosslinkable
hydrogels were employed to spatially pattern DNA eectvithin the three-dimensional matrix,
demonstrating the utility for the hydrogels in spffiphtterning gene delivery.

Hydrogels formed by combining synthetic and natp@ymers can be tailored to produce a
range of physical properties. In our system, the sfitlpolymer PEG is non-degradable and
provides stability to the hydrogel, whereas the natpaymer HA provides for cellular
interactions, and can be degraded enzymatically, [376, 384]. HA is a natural component of
many connective tissues, has a significant role in wohedling, and has been used in
regenerative medicine [375, 376]. The hydrogels ritesd herein were more than 94% water,

similar to previous reports [377]. Enzymatic degramtaof HA was initiated by HAase, a cell
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secreted enzyme [385], which allows hydrogel degradat response to cell growth. Hydrogels
with a relatively high PEG content are mechanicatigble, which may be desirable for tissue
growth in vitro or in vivo, in which maintaining ¢hthree-dimensional structure may be
necessary. However, altering the physical compositiomugh increased HA and decreased PEG
can produce hydrogels that are fully degradablechviniould be replaced by infiltrating cells.
Hydrogels with controllable stability to provide edthstable or degradable hydrogels are under
development for a variety of biomedical applicai¢B86].

The combination of PEG and HA provides physical prige for the hydrogels that differ
from the properties of either pure PEG or pure HAerature reports indicate that pure PEG
hydrogels (80-85% degree of modification, MW=20,000}h PEG concentrations ranging
between 10-70% wt/vol have values fay @nd crosslink density ranging from 15 to 45 and 6 x
107 to 7 x 10° mol/cnt respectively [387]. However, pure HA hydrogels (P4lHegree of
modification, MW=2 x 16) with HA concentrations ranging between 0.5-2% ulthave values
for Qn and crosslink density ranging from 42 to 52 and X4B0° to 2.07 x 1 mol/cnt,
respectively [381]. In this report, hydrogels formeahi the combination of PEG and HA have
values for @ ranging from 18 to 90 with crosslink density rangfram 0.7 x 1¢ to 12 x 1
mol/cn?. The broader range of values for HA/PEG hydrogelative to the pure hydrogels
reflects the varied molecular weight of PEG and HA #he range of polymer concentrations
used for hydrogel formation. Addition of viscoelasttA, which has a MW of 10D kDa,
significantly enhances the swelling ratio of hydrogassposed primarily of PEG (MW = 10
kDa) [376]. In this report, increasing the PEG comiadion decreased the swelling ratio, which

is consistent with previous observations of PEG hydro{@#8]. Increasing the polymer



220
concentration would influence both the number obsslinks and may cause increased
entanglement, leading to a decreased swelling ja88, 389]. However an increased swelling,
which corresponds to a decreased cross-link densitheothydrogel, was observed with an
increasing HA content. This reduced cross-link demsiy result from the semiflexible random
coil configuration of HA, which restricts availabylibf potential cross-link sites on the HA [390]
and has been reported for HA concentrations usednherei

The presence of HAase affected the overall quanfiseleased HA, though the hydrogel
composition influenced the degradation profile. Thenulative HA release likely did not reach
100% due to modification of the HA, which preventenplete degradation. Additionally, some
HA fragments may remain attached to the hydrogePB$, HA release likely occurs because a
portion of the HA polymer is not covalently crosslidkgo the hydrogel network.
Characterization of the released HA indicated thatextent of acrylation was unchanged, and
that the molecular weight of the released HA hadeassed relative to measurements of HA-
Acryl prior to crossslinking. Photoinitiation and pbotosslinking can partially degrade HA
[391]. Additionally, HA is well hydrated with an esttded coiled structure that leads to
entanglement of individual HA molecules even at loencentrations [392, 393]. This coiled
structure and entanglement may produce intra-HA cndssy (i.e. acryl groups within HA
react) or limit reaction with the external PEG aagyoups, which would produce unattached
fragments that could diffuse from the gel. In thespreee of HAase, degraded HA is due to both
the release of HA that is not covalently crosslinkad &lA which has undergone enzymatic

hydrolysis.
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The release of plasmid from the hydrogel was dependeon its physical structure and
degradation. Previous reports of PEG:HA hydrogels dsegrotein delivery demonstrated a
decreasing normalized diffusivity with increasing PBGd HA concentrations [394]. The
decreasing diffusivity correlated with the decreasiwafer content of the hydrogel, a result
reflected in our studies in which mechanically stablelrogels possessing decreased water
content had slower rates of plasmid release. For eeaitie most significant difference in the
maximal plasmid release for the mechanically stabls gas observed between gels with
greatest difference in PEG:HA ratios, which also gpomded to the greatest difference in the
swelling ratio (i.e. 6% PEG, 2% HA compared with &G, 1% HA). The decreasing water
content correlates with a decreasing mesh size ofyith@gel. Importantly, the decreasing mesh
size slowed release rather than prevented releasly, dike to the conformational flexibility of
the plasmid. Plasmid with 6000 base pairs, a typica Bz use in gene delivery, has been
reported as having a hydrodynamic radius of 175 r#8][3vhich is substantially larger than the
reported mesh sizes for PEG hydrogels. However, plasnag traverse the hydrogel by
reptation rather than move as a fixed structure [3B®A entrapped within the pores may
undergo random segmental motion to traverse betpeess of the hydrogel.

Degradation of HA by HAase increases the maximaktas# of plasmid for both
mechanically stable and fully degradable hydrogelss Tegradation would reduce the cross-
link density and increase the mesh size, thereby asorg transport through the hydrogel.
Increasing the quantity of degradable segments wittehse the stability of the hydrogel, yet
will increase transport through the hydrogel and thasease the quantity released [365]. These

observations have been reported previously with PESgebhydrogels containing hydrolytically
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degradable PLA (poly lactic acid) linkages, whicloypde a sustained release based on the
hydrolysis of the lactic acid segments [365]. In tlapart, HA-based hydrogels are employed
that degrade through enzyme action. Thus, celléiratfng into the HA-based hydrogels will
secrete HAase to degrade the hydrogel, and may groeidase based on cellular demand or
activity [369]. HAase affected release most signiftsafor gels containing 4% PEG and 4%
HA, which were more susceptible to enzymatic degradaif HA crosslinks than the other gels.
Similar to cumulative HA degradation, cumulativeaghid release never reached 100%. The
fully degradable had a cumulative release of appmately 90%, with no measurable amount of
DNA remaining in the gel upon completion of theegsde study.

DNA/PEI complexes encapsulated in HA:PEG hydrogels ewéioactive and had
substantially lower quantities released relative toedaklasmid, which may result from a
combination of the complex size and the interactlmtsveen the hydrogel and complex. In vitro
transfection was observed, which confirmed the agtigf the complexes and illustrates the
feasibility of using these hydrogels for non-viral weatelivery. Complexation of plasmid with
the cationic polymer PEI is typically employed tauee the negative surface charge of the
plasmid, protect the plasmid from degradation, andmpte cellular internalization and
trafficking. DNA/PEI complexes (N:P ratio of 25) lehydrodynamic diameters 121 + 10 nm
[371] and are likely restricted in their ability tbhange conformations and thus may have limited
mobility. Alternatively, the transport of DNA comples may be affected by non-specific
interactions with the hydrogel. Naked plasmid and glewed DNA have substantial differences
in zeta potential, with approximate values of —3®M and +21.2 mV (N/P = 10), respectively

[371, 397]. These values for zeta potential suggestttigacomplexes and plasmid may have
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different interactions with the hydrogel. HA has es@d hydroxyl and carboxyl groups that can
impart a net negative charge, which would repesmpid to enhance transport but may attract
complexes and hinder diffusion. Similar observationgehaeen noted with protein release, in
which ionic interactions between the hydrogel arelglotein were manipulated to obtain either
retention or release [398]. Additionally, studieshaiiell culture substrates have indicated that
DNA/PEI complexes are retained on the biomateriaith weells able to internalize the
immobilized complex. Thus, the limited release of DREI complexes likely results from a
combination of size exclusion and nonspecific intéoast and demonstrates that the release
dynamics be manipulated through the properties ofiykeogel and the encapsulated factors.

The integrity of the encapsulated plasmid was maiathiby crosslinking with short
exposure times of long wavelength UV light (365 nWihen investigated by gel electrophoresis,
plasmid released from the PEG/HA hydrogels had twandisbands pertaining to both the
supercoiled and relaxed forms, with both forms knowrbé transfection competent [365].
Previous studies investigating plasmid integrity in ppotymerized hydrogels indicate that
radicals formed by the photoinitiator can damagsemléds when crosslinked with long range UV
light [365]. Short range UV light results in eitherliaear conformation or simply degraded
fragments [370]. However, long range UV only causshift in conformation from supercoiled
to open forms, both of which are transfection compeDNA. Short exposure of DNA to 365
nm light has shown to produce a 5% decrease in thercuifed conformation, and does not
linearize plasmids [370].

DNA delivery from hydrogel matrices provides chemieald mechanical signals that are

necessary to regenerate healthy tissue. However, hasstges have complex architectures that
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must be regenerated to regain function. Pattergeimé expression guide cellular processes (e.g.,
migration, differentiation) during development,daay to healthy complex structures. Patterned
gene expression may provide a mechanism to presentlssigapable of guiding cellular
processes during regeneration. The ability of spatipditterned gene delivery to guide cell
migration in two dimensions has recently been demassitrf802], but the regeneration of
complex tissue architectures will require spatial past®f gene expression in three dimensions.
Layer-by-layer lithography was employed in this Cleapio spatially pattern DNA vectors
within hydrogels. Future studies should address thetyabililocalize DNA delivery within the
hydrogel.

Hydrogels implanted subcutaneous resulted in expres$itimeduciferase transgene for 2
days when the hydrogel content was at least 4% PEGnahdled 5% fibronectin. Since lower
PEG content gels did not result in transgene expresswatrix stiffness may govern
transfection. Previously, increased hydrogel stiffneas shown to increase efficiency of non-
viral gene delivery [399]. Additionally, since cajlan-incorporated PEG gels did not result in
transgene expression, cellular adhesion and/or vedenactions with fibronectin may regulate
transfection. Previously, fibronectin coated substraelanced transfection, potentially by
targeting caveolae-mediated endocytosis [84]. Thatively short duration of transgene
expression could be due to fast plasmid release frorhyttiegels. Methods to retain plasmids
within the hydrogel should be explored to increaderd and time of transgene expression. The
hydrogels developed in this Chapter did not suppdhtlae infiltration in vivo, suggesting that
cells at the outer edge of the hydrogel expressedranegene. Future studies should explore

crosslinking strategies that support cellular infilmatand migration.



225

9.5 Conclusions

Hydrogels composed of HA combined with synthetic pwys have been created via a
variety of techniques, supporting their use as a stipmocell growth and drug delivery, and this
Chapter focuses on their suitability for delivery ang therapy vectors. PEG:HA hydrogels
were formed by photopolymerization, with the relatcomposition of the hydrogel determining
the stability in the presence of matrix degradingyeres. Encapsulated plasmid was released at
rates that depended on the hydrogel composition, fadter release from hydrogels with higher
HA content. For encapsulated DNA/PEI complexes, seleaas substantially lower, likely
resulting from limited mobility and non-specific inéetions with the hydrogel. The hydrogels
demonstrated gene delivery in vivo, although dunatib transgene expression was relatively
short. These hydrogels are highly tunable, and cammoyed to identify the design parameters
that promote efficient substrate-mediated gene eéelivn three dimensions. Hydrogels with
controllable stability and the capability for lozad delivery of gene therapy vectors can both
support and promote cellular processes (e.g., prafifer, differentiation) involved in tissue

formation and could find utility for a variety ofdmedical applications [355].
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Chapter 10

Conclusions and Future Directions

10.1 Introduction

The ultimate goal of tissue engineering is to stimulatel direct progenitor cell or
transplanted cell processes to regenerate healthy tisssse engineering scaffolds have been
utilized to study the regeneration of bone, carélagerve, heart, and many other tissues that
have been disrupted by disease or injury. Advances baea made in the field of tissue
engineering in the past decade, including the deweémt of novel materials and fabrication
techniques to address several requirements of the sta$ioth as biocompatibility, specific
mechanical properties, and mild fabrication strategieincorporate proteins, peptides, nucleic
acids, or cells. In order to regain tissue functior, dbaffold must also direct cellular processes
into complex structures that mimic natural tissue &echire. Design characteristics of the tissue
engineering scaffold have aimed to recapitulate déinchitecture, by presenting physical barriers
and patterned peptides or proteins. Additionally, iapgiatterns of gene expression guide
cellular processes into complex structures during dpwedmt, and may provide a means to
recapitulate the complex architectures of natusslues. In order to establish complex cellular
structures in vivo, the guidance signals must be presemédime scales from weeks to months,
and length scales from mm to cm.

This thesis aimed to develop and understand spatiattgrpad gene delivery in vitro to

investigate guided cellular processes. The next sectibrisis Chapter describe conclusions
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drawn from this thesis and future directions necessarfyrtber advance the field, working

toward the ultimate goal of directing cellular pesses to regenerate healthy tissues.

10.2 Spatially Patterned Gene Delivery to Investigate Neurite
Guidance

Complex spatiotemporal patterns of gene expressiore gl differentiation and migration
into organized functional structures during tissue hgreent and repair. Patterned gene
expression results in concentration gradients of gualamolecules which facilitates cell
orientation and instruction. Since gradients areiatiff to characterize in vivo, there exists a
significant need for in vitro assays capable of recdgdihg in vivo gradients. To date, in vitro
biological patterning techniques fail to present gamk molecules and gradients similar to the
manner in which they exist in vivo. The spatiallyitpened gene delivery system developed in
this thesis defines concentration gradients that foom focalized secretion and diffusion within

a complex cellular environment, similar to the marninavhich gradients form naturally.

10.2.1 Conclusions
Biological patterning strategies were combined withsstate-mediated gene delivery to

localize DNA vectors to a tissue culture surface. Meshtm maximize DNA vector binding to
TCPS surfaces were employed (Chapter 5). Both Plurand Q plasma treatment increased
binding efficiency to TCPS by decreasing adsorptoRDMS. However, transfection efficiency
was enhanced by Pluronic treatment as compared,tpl&ma treatment. Loosely bound
Pluronic may interact with the lipoplexes to preveamplex aggregation or enhance complex
association with the cells. Pluronic may also influetiee nonspecific interactions between the

lipoplex and substrate thereby enhancing transfectwotein production rates by localized
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expression were varied by altering vector concewotmaéind channel width (Chapter 6). The
concentration gradients that arise from localizedetger and diffusion were characterized by
three-dimensional mathematical modeling. The pradnattes, and subsequently concentration
gradients, can be altered by simple changes in systeditions. Additionally, non-viral DNA
delivery strategies provide the flexibility to invegtte any therapeutic factor by readily
exchanging plasmids without altering the delivery hodt The flexibility of the system
developed in this thesis allows for the investigatiografdients of almost any chemotactic factor
with, potentially, any concentration requirementdaidance.

The spatially patterned gene expression system devkelopthis thesis was employed to
investigate neuronal responses to localized expressitive afeurotrophic factor, NGF. Patterns
of NGF expression 100-250m in width resulted in localized neuron survival ameurite
extension primarily confined to the regions of expmss{Chapter 5). NGF concentrations
within patterns approached a minimum concentragguired for survival. Furthermore, neurites
remained localized to the pattern, as to not extendegions of lower NGF concentration.
Patterns of NGF expression 1 mm in width allowed ifmestigation of neurite guidance by
increasing the mean NGF concentration and, subseguémntteasing the distance to explore
response (Chapter 6). The extent of neurite guidaasedependent on the distance a neuron was
cultured from the pattern and the amount of NGFnlolaio the surface. Accumulation of NGF on
the surface masked the guidance signal provided blsdNGF. The soluble gradients capable
of guiding neurites were 8.5-0.5 ng/mL/mm (absolutadgnt) and 8.0-1.5% (fractional

gradient); values that differed substantially from vppasly engineered NGF gradients.
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Collectively, these results demonstrate the importaoteusing spatially patterned gene

expression to define concentration gradients capdlgeaiding cellular processes.

10.2.2 Future Directions
The spatially patterned gene expression system presentad thesis provides a method to

achieve concentration gradients of neurite guiddactrs in vitro that represent the manner in
which gradients develop in vivo. Admittedly, the gomment responsible for presenting
gradients of guidance cues in vivo is significantly enmomplex than the in vitro system
developed herein. Nerve guidance cues are express@gbiby a combination of neuronal and
non-neuronal (glial) cells. For the purpose ofiatiinvestigations, the in vitro system presented
in this thesis is simplified by using only one accessoliytgige that is not located in the nervous
system. Cells in the nervous system may have recepbor€hiemotactic molecules and,

therefore, may internalize the ligand [400] whicbuld alter the concentration profiles

drastically. Moreover, cell types in the nervous systeray also present different ECM

molecules that are more or less conducive to ligandifg [401]. Understanding the effects of
both receptor and extracellular surface binding oidance molecules on the concentration
profiles developed from patterned expression will bacal to the utility of this system for

fundamental chemotaxis studies. Strategies such asacadity or flow cytometry can be

employed to quantify the relative amounts of ligamernalized by cells or immobilized to the
culture surface with different cell types present lie thervous system. Internalization and
binding coefficients can be placed in the matherahtmodel to predict new concentration
profiles [296]. With this additional level of compigxin vivo, combinations of factors may be

necessary to elicit a guidance signal [402]. Slighdifications to photolithographic masks that
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produce the PDMS molds will allow patterning of sevgene expression profiles to investigate
combinations of guidance factors, both chemotactd laaptotactic. Additionally, biological
patterning techniques have recently been appliedigh-throughput investigations [403].
Adapting a high-throughput strategy to patternedegexpression may support the investigation
of several cell types and several guidance molecutelsath combinations thereof, to determine
optimum guidance capabilities.

An important goal in tissue engineering strategies isathieve vascularization of the
implanted scaffold to support oxygen and nutrie@ngport to regenerating tissues. The
patterned gene expression system presented in this tasialso be applied to investigate
fundamental studies of chemotaxis during wound headimgy angiogenesis [3]. Gradients of
PDGF guide fibroblast migration to the wound site pwduce new extracellular matrix
necessary to support further cell ingrowth [271, 4@G¥hadients of IL-8 support endothelial cell
chemotaxis to wound sites and, thus, mediate angiogerd&5]. Moreover, specific
microenvironmental levels of VEGF support the formatof healthy blood vessels, presumably
by concentration gradients that guide cell migrafid®]. The patterned gene expression system
presented in this thesis can provide a fundamentalrstadheling of how gradients guide cell
migration to wound sites and the organization ofthgalood vessels. Information gained from
the in vitro system can be applied to the ratiomaigh of tissue engineering strategies capable
of instructing angiogenesis.

The patterned gene expression system presented hemainalso be applied to the
development of structurally organized bone and legei tissues. In particular, mesenchymal

stem cells (MSCs) can be induced to differentiateusxwetly into adipocytic, chondrocytic, or
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osteocytic lineages. MSCs are thought to be recruntde body for repair of injured tissues,
and, therefore, are ideal candidates for cell-b&lsedhpies for regeneration [406]. Importantly,
the mechanisms of targeted migration of mesenchymal stdls to injury sites are poorly
understood [407]. Patterned gene expression can bé&wsdpto understand targeted MSC
migration, and knowledge obtained from this systemlz&incorporated into the rational design
of bone and cartilage tissue engineering strategiesin@piendochondral bone formation,
cartilage serves as the morphological template forwWassmvasion and bone tissue production.
Regenerative strategies should duplicate some ofvfr@of chondrogenesis and endochondral
ossification through temporal and spatial presentatigrowth factors to initiate the appropriate
cascade of cellular events required for proper bormmadtion [408]. Patterned gene expression
provides a means to control spatial presentation afthréactors that can be applied to fabricate

systems capable of regenerating structurally orgaropeé tissues.

10.3 Patterned Gene Delivery for Nerve Regeneration

Tissue engineering strategies aim to support and stientisstue formation that has been lost
due to injury or disease. Tissue engineering scaffoldstion to maintain a space at a lesion site
and support cellular organization, while drug delvis incorporated to present factors that are
critical to promote cell processes (adhesion, migrataifferentiation, proliferation). Gene
delivery from scaffolds aims to overcome disadvargagssociated with traditional protein
delivery, and can present therapeutic factors atatdel and sustained levels [11, 12]. Many
tissues rely on a complex architecture to functiompery, and tissue regeneration strategies

must reestablish the architecture to regain functlonthis thesis, patterned gene delivery
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strategies were combined with topographically pattérissue regenerative scaffolds to

investigate synergistic guidance signals to organigerrerating neurites.

10.3.1 Conclusions
Biological patterning strategies were combined withsstate-mediated gene delivery to

fabricate topographically patterned PLG microchdnapable of delivering genes to accessory
cells cultured within the microchannels. PLG pattemese fabricated by compression molding
PLG onto PDMS molds (Chapter 7). The microchannel® abricated with 100, 150, and 250
um widths, design parameters similar to three-dimensiBh& scaffolds [254]. DNA vectors
were localized within the microchannels by moutheftipng, and both transfection efficiency and
extent of transgene expression decreased with decreasamgel width. Localized delivery of
PNGF to accessory cells cultured inside the channeaitenaed elevated levels of NGF at the
channel floor, the optimum placement of neurons re@utites. Neurons cultured inside the 100
um channels extended longer primary neurites than ttwsered in 150 and 250m channels.
Importantly, guidance in the 100m channel was a result of physical guidance cues by the
channel wall and guidance signals provided by the PNtEansfected cells. Surface
immobilization allowed for the delivery of distinplasmids from each channel, which may
enable channels to be tailored for specific nervedra

The guidance cue provided by single pNGF transfecédid within the PLG scaffold were
investigated independent of the physical guidancs.cl&nsfection profiles were developed in
terms of transfection efficiency and extent of tramggexpression to vary microenvironmental
concentrations of NGF and gradients that extend Bimgle pNGF transfected cells (Chapter 8).

Mathematical modeling confirmed NGF diffusion froen single transfected cell produced
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gradients outside the cell. The maximum NGF levelsevwasfined by the production rate, and
the minimum NGF levels were defined by both thedpation rate and the average distance
between NGF-expressing cells. Transfected cells expresinigvels of NGF were required to
guide neurites. These studies demonstrated the meanemidonmental NGF concentration
governs guidance by single NGF-expressing cells. Thavlaige gained from these studies can

be applied to the rational design of gene delivenya guidance bridges.

10.3.2 Future Directions
Studies presented in this thesis demonstrated the dapdbilimmobilize DNA vectors

within PLG microchannels. Localized NGF expressionhinitPLG microchannels elicited
physical guidance by the channel walls and chemiclagce by NGF gradients from single
transfected cells. Neurite orientation by single tractefd cells, however, may be imprecise and
may not provide the shortest path for neurite extensicross a lesion. A higher degree of
neurite orientation may be achieved by NGF gradiémtm a cluster of cells (Chapters 5 and 6)
within the PLG microchannel. NGF gradients produlsgd cluster of NGF-expressing cells are
capable of precisely guiding neurites over a distamceo 1 mm (Chapter 6). Axon chemotaxis
in vivo has been shown to occur over distances lessothagual to 1 mm, and chemotaxis over
longer distances occurs by a series of intermediatetsaf§]. To achieve axon guidance across
an entire lesion (several millimeters to centimetessyeries of NGF-expressing cell clusters
within PLG microchannels may be required as interatediargets. Series of localized DNA
vectors within PLG microchannels may be achieved hlyarced microfluidic strategies or
microprinting techniques. Importantly, axons musbabe guided out of the intermediate target

to sense the subsequent NGF gradients and continue aldirgcted path. Based on studies
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presented in Chapter 8, the transfection profile iwithe cluster of NGF-expressing cells can be
altered to achieve a mean NGF concentration capdldgtimizing axon guidance through the
intermediate targets.

The optimum bridge for nerve regeneration will ud# three critical regions: the on-ramp,
the surface of the bridge, and the off-ramp [314klEof these regions will have specific design
requirements. The studies presented in this thesis focuswrite guidance at the surface of the
bridge, however, spatially patterned gene deliveny also be incorporated into the design of
both the on- and off-ramps. First, neurons rostral t@rve lesion will require elevated levels of
survival cues to achieve optimum neuron survival andigh density of axons entering the
scaffold (on-ramp). To achieve maximum neuron sutyivigh concentrations of neurotrophic
factors will be required, contrary to the concembratrequirement for axon guidance within the
scaffold. Spatial patterns of viral vector delivery the onset of the injury may increase
neurotrophic factor expression and maximize survivareover, the region caudal to the injury
site is marked by inhibitory cues and the glial scat firevent axon extension into host tissue
(off-ramp). Spatial patterns of genes encoding factorblock inhibitory cues at the end of the
injury may enhance axon extension into host tissueh&umore, spatial patterns of neurotrophic
factor expression at the scaffold / host tissue interfaay further support axon guidance out of

the scaffold and into the host tissue.

10.4 Gene Delivery from Photopolymerizable Hydrogels

Patterns of gene expression that guide tissue formdtidng embryogenesis are presented
within a complex three-dimensional extracellular nmxatThe composition and functions of

adhesions in three-dimensional matrices differ fromalfoadhesions on two-dimensional



235
substrates, with three-dimensional adhesions displayingneed cell biological activities and
narrowed integrin usage [142]. Presumably, differsnicecell adhesion in three dimensions
versus two dimensions translate to differences in cgftation, proliferation, and differentiation.
These differences in cell processes are important tsider when investigating cellular
responses to patterns of gene expression.

Layer-by-layer lithography can be utilized to patt®NA vectors within three-dimensional
photopolymerizable PEG hydrogels. Traditionally, @edelivery from hydrogels has been
focused on the release of vectors by diffusion to thsaoding tissue [74, 409, 410]. In order to
establish techniques to achieve patterned gene delnidrin hydrogels, strategies must first be
devised to achieve controlled DNA delivery withirygdrogel matrix. Substrate-mediated gene
delivery provides a method to immobilize vectors wita matrix, but has not been applied in
three dimensions. The hydrogel developed in this thesisides a platform to investigate
substrate-mediated gene delivery mechanisms in thmeendions, and has been applied to the

spatial patterning of DNA vectors.

10.4.1 Conclusions
Hydrogels were formed by photocrosslinking acryl-miedifhyaluronic acid (HA) with a 4-

arm poly(ethylene glycol) (PEG) acryl (Chapter Fyaluronic acid was incorporated into the
original hydrogel design to provide 1) cell-instrutteélegradation and infiltration and 2)
functional groups (COQ capable of retaining positively charged DNA vestavithin the

hydrogel matrix. The polymer content, and relateenposition of HA and PEG, modulated the
swelling ratio, water content, and degradation, Whian influence transport of the vector

through the hydrogel. Plasmids were stably incorpdrat® the hydrogel, with a majority of the
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release occurring during the initial two days. Facubation in buffer, the cumulative release
increased with a decreasing PEG or increasing HAeoconwith approximately 20% to 80%
released during the first week depending on thedgalrcomposition. Hydrogels incubated in
hyaluronidase, an enzyme that degrades HA, significancreased plasmid release for
hydrogels containing 4% PEG and 4% HA-Acryl. Theagsulation of plasmid complexed with
poly(ethylene imine) had less than 14% of the congdaxleased from the hydrogel both in the
presence and absence of hyaluronidase. The limitedses of the complexes likely results from
the complex size and interactions between the vectdrhydrogel. Layer-by-layer lithography
was employed to spatially pattern DNA vectors withieafic regions of the photopolymerized
hydrogels. Rhodamine-labeled DNA complexes were ibimzed to a 1 X 0.25 X 10 mm
rectangular pattern. While three-dimensional pagt@rgene delivery was beyond the scope of
this thesis, the photopolymerizable hydrogels presemegin can be utilized in future studies to
investigate 3D patterned substrate-mediated genesdgliv

The hydrogels were investigated for the ability tstiact cellular infiltration and transfect
cells migrating into the hydrogel in vivo. Transgex@ression was observed for a maximum of
2-4 days. The highest extent of transgene expressiorolgesved with hydrogels containing
greater than 4% PEG and minimal HA, suggesting tidtdyel rigidity governed transfection.
Additionally, the highest extent of transgene expresgias observed with hydrogels containing
5% covalently attached fibronectin, suggesting theltular adhesion to the hydrogel also
governed transfection. Immunohistochemistry revealest tells did not migrate into the
hydrogel after 7 days, demonstrating that HA wasadeiquately crosslinked into the matrix, or

cells were not secreting necessary levels of hyalursaitia degrade the matrix. Collectively,
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these results provide insight into necessary designresgents to achieve substrate-mediated

gene delivery in three dimensions.

10.4.2 Future Directions
Hydrogels were developed in this thesis to study substratkated gene delivery in three

dimensions. Prior to exploring patterned gene delivem hydrogels, a fundamental
understanding of the mechanisms of three-dimensionatrsi#-mediated gene delivery must be
established. Cellular infiltration is critical for invo utility of this system. The hyaluronic acid
incorporated into the hydrogel did not support daflunfiltration in vivo. Modifications to the
hydrogel design will, therefore, be necessary to astald scaffold that supports cellular
infiltration and migration. Natural hydrogels (alen, fibrin) provide the necessary
functionalities to support cellular processes [411]. Esv, critical to the investigation of
substrate-mediated gene delivery mechanisms is a chHmaa mechanically tailorable
scaffold. PEG hydrogels can be crosslinked with pigtieally degradable sequences specific
for various cell secreted proteases involved in natoratrix remodeling [67, 94]. With a
hydrogel that supports cellular migration, the me@raa of substrate-mediated gene delivery in
three dimensions can be explored. Factors that haae slewn to regulate substrate-mediated
gene delivery in two dimensions include vector/substnateractions (hydrophilic, ionic) [85]
and cell/substrate interactions (adhesion moleculeg) 8% PEG hydrogel presented in this
thesis provides photopolymerizable groups to presenteculds (ionic groups, adhesion
peptides) to investigate the effects of these factorssubstrate-mediated delivery in three

dimensions.
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Studies conducted in this thesis demonstrate the atmligpatially pattern DNA vectors in
three-dimensional hydrogels. The reality of spatigligtterned gene expression in three
dimensions may be more complex due to cell migragioth proliferation and vector retention.
Two-dimensional substrate-mediated gene delivery hamsondstrated that nonspecific
interactions between the substrate and DNA vectorstamaithe vectors in a spatial pattern.
Theoretically, the hydrogels can be designed torrdd®A vectors locally in the same manner
without the vectors diffusing out of the patternsdlimportant for the success of the two-
dimensional patterning system presented in this thesigeiimmediate placement of the cells in
the microenvironment with the patterned vectorsh&é-dimensional hydrogel may rely on the
migration of cells into the hydrogel before comimgcontact with the patterned vectors, which
could take several days in vivo. Future studies wilchto address the activity of DNA vectors
over time and whether vector retention is sustaineblaaintain the patterns for the time scale
necessary for cells to infiltrate. Additionally, cédlu proliferation and migration in the two-
dimensional patterned gene delivery system presergeginhwas slow enough at the time of
assay that the pattern of expression was not dramgtdiatlrbed by transfected cells migrating
out of the pattern. However, a cell-instructed ddgbde hydrogel to support cellular migration
and proliferation may lead to disruption of the gatt depending on the time scale of assay. To
realize three-dimensional patterning, methods to tamrtransfected cells within the pattern
need to be developed. A first step toward understgnthie effects of migration on gradients
may be utilizing a PLG bridge as the scaffold withtsplg patterned DNA delivering hydrogels
within the bridge. Cellular transfection and migoatiaway from the hydrogels can be monitored

to evaluate the degree of gradient disruption. Tdregntage of transfected cells migrating out of
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the pattern may be relatively small and may not gisthe desired cell response to gradients.
Additional methods to alter migration rates includterang the specificity of MMP degradable
sequences used to crosslink PEG gels [412] and maoglitfie strength of cellular adhesion
[413].

Once the ability to spatially pattern gene expressigthin a hydrogel is realized, the
scaffold can be used to investigate combinatorial meegeneration strategies. Patterned gene
expression can be employed to guide regeneratingsakoough a lesion site. The hydrogel can
be designed to target the migration of supportingrar@l cells, which will present positive
regeneration signals, assist in axon bundling, and ratelulerve signal propagation. Spatial
patterns of gene expression can produce gradientseofiathopic factors extending from the
hydrogel edge to guide infiltration of glial cellsat support regeneration. Additionally, MMP-
sensitive substrates can be crosslinked into the hydtodatget infiltration of supporting cells
and inhibit reactive astrocyte infiltration [414].

In summary, strategies have been developed in thisisti® spatially pattern gene
expression. The systems have been characterized irs tefrnprotein production rates and
concentration gradients that arise from localizedetear and diffusion. Gradients formed by a
cluster of NGF-expressing cells, as well as single NGFessging cells, are capable of guiding
neurite extension. The systems have been employegplore fundamental questions in nerve
guidance, as well as the potential for spatially patte gene expression in nerve regeneration
strategies. The ability to localize DNA vectors in BA&hydrogel has been demonstrated, but
further mechanistic evaluations of substrate-mediage glelivery in three dimensions will be

required before three dimensional patterns of gepeesgion are realized. While this thesis has
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focused on nerve regeneration, spatially patterned g&pression can be utilized to investigate
many tissue development scenarios, as well as the datitmsagn of tissue regeneration

scaffolds.
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