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Nanofibrous Scaffold Therapy for Regenerative Medicine

by Yigian Zhu

Abstract

Nanotechnology innovations create an exciting focus for research in regenerative
medicine. Nanomaterials, which form the basis of one of the booming fields of
nanotechnology, have tremendous potential for tissue engineering. Many common
debilitating and life-threatening diseases arise from the loss or dysfunction of specific
tissue types in the body, such as peripheral nerve damages, spinal cord injuries and
vascular diseases. To date, peripheral nerve, spinal cord, and vascular regeneration
remains a significant challenge in regenerative medicine. The use of electrospinning to
generate functional nanofibrous scaffolds for tissue regeneration is particularly exciting,
as the structure and morphology of electrospun scaffolds can be manipulated to
resemble that of extracellular matrix (ECM), therefore creating a more “familiar’
environment for the cells. Synthetic polymer scaffolds composed of either homopolymers
or copolymers are biocompatible, have configurable mechanical properties, and can be
easily incorporated with bioactive molecules and stem cells to promote nerve, spinal cord,
and vascular repair. Aligned nanofibers in the scaffold can enhance regeneration in
damaged nerves, accelerate axon growth and angiogenesis in spinal cord injuries, and
organize cell alignment and stimulate cell organization in vascular remodeling. In vivo

studies demonstrate that bi-layer aligned nanofibrous scaffolds have considerable



therapeutic effects for tissue regeneration. In addition, nanofibrous scaffolds offer a
valuable platform for drug delivery for spinal cord regeneration. Our studies integrate life
science and engineering disciplines to create new generations of prosthetic and medical
implants with nanotechnology innovations, intended to benefit patient healthcare in the

long run.
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Chapter 1.

Introduction



1.1. Nanomaterials and Medicine

“Nanotechnology has given us the tools...to play with the ultimate toy box
of nature-atoms and molecules.”

Prof. Horst Stormer, Nobel Prize Winner

Nanotechnology is defined as “a branch of technology dealing with the
manufacture of objects with dimensions of less than 100 nanometres and the
manipulation of individual molecules and atoms” [2]. In the past decade nanotechnology
has expanded into many scientific fields. Recent applications of nanotechnology in
medicine attract much interest and possess unlimited commercialization prospects.
Nanomedicine includes basic particles and materials, molecular devices, bio-robots,
artificial tissue and organs and in vivo nano-molecular computing (Figure 1.1.).

Nanomaterials, one of the booming fields of nanotechnology, not only
encourages scientists to design and construct nano-devices used in clinical diagnosis
and monitoring but also promotes potential applications in regenerative medicine [7].
Many applications of nanomaterials to biology and medicine include biosensor detection
[8-11], DNA structure probing [12], imaging enhancement [13], drug and gene delivery
[14-15] and tissue engineering [16-17]. Employing nanoscale biomaterials in tissue
engineering includes modifications of surface topography, delivery and release
technique, electromechanical systems and scaffold fabrication. These emerging fields
can be applied to medical devices and treatment procedures. Most aspects of daily life
could potentially benefit from emerging developments in nanomaterials.

Our studies mainly focus on a new generation of prosthetic and medical implants

with nanotechnology innovation, intended to benefit patient healthcare in the long run.
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Figure 1.1. lllustration of the achievement and future
prospects for nanomedicine. Nanomedicine includes basic
particles and materials, molecular devices, bio-robots, artificial
tissue and organs and in vivo nano-molecular computing. Image
courtesy of Philips Medical Systems.

1.2 Electrospun Nanofibers

Nanotechnology innovations create an exciting focus for research in the tissue-
engineering field. Nanomaterials can be used in bio-scaffold construction for providing
mechanical support and guidance of cell growth. Recently, the use of the electrospinning
technique to generate functional nanofibrous scaffolds for replacing tissues such as
nerve, spinal cord or vessels, has been particularly exciting. Biocompatible and

biodegradable polymers can be spun into nanofibers in the scaffold to provide



mechanical support and guidance of cell growth.

The electrospinning process is outlined as follows: A spinneret is connected to a
syringe with a polymer melt solution. A syringe pump controls the flow rate through the
spinneret. In general, the polymer solution can be fed at relatively slow rates (less than
or equal to 1mL/h). When an external electric field is applied to a charged polymer
solution, a suspended conical droplet (Taylor cone) is formed, whereby the surface
tension of the droplet is in equilibrium with the force of the electric field. If the
electrostatic field overcomes the surface tension of the liquid, a tiny liquid jet is ejected
from the surface of the droplet and formed a long and thin thread. As it reaches a

grounded mandrel, the jet stream deposits in a grounded collector as fine fibers (Figure

Polymer Solution
polymer solution

nanofibers
|
L ]
H.V. Power Supply
(0 - 50 kV)
collector rod

Spinning Motor

Figure 1.2. Schematic illustration of electrospinning system setup. It is
composed of four major components: polymer solution in the syringe pump,
a needle spinneret, high-voltage power supply and a grounded collector.
Synthetic polymers were used to electrospin nanofibrous scaffolds. Image
courtesy of Tsou, D.A. and Li, S. et al., John Wiley & Sons, Inc. 2009 [1].



1.2.). The scaffolds created from these nano-scale fibers (nanofibers) have very large
surface area to volume ratios and well-controlled porous structures.

Over the past decade, research has grown to explore the various applications of
electro-spun nanofibers. New nano-structured materials have shown significant potential

for biomedical applications, including substrates for tissue regeneration and the

Parameter Effect on fiber morphology

Solution parameter

Viscosity Low-bead generation, high-increase in fiber diameter,
disappearance of beads.

Polymer concentration Increase in fiber diameter with increase of concentration.

Reduction in the number of beads and droplets with
Molecular weight of | increase of molecular weight.

polymer
Decrease in fiber diameter with increase in conductivity
Conductivity
Surface tension

Processing parameter
Applied voltage Decrease in fiber diameter with increase in voltage.

Distance between tip | Generation of beads with too small and too large
and collector distance, minimum distance required for uniform fibers.

Decrease in fiber diameter with decrease in flow rate,
Feed rate/Flow rate generation of beads with too high flow rate

Ambient parameters

Humidity High humidity results in circular pores on the fibers.
Temperature Increase in temperature results in decrease in fiber
diameter

Table 1.1. The morphology and diameter of electrospun fibers affected by three
main factors, namely the solution, processing and ambience. Table courtesy of
Bhardwaj, N et al., Biotechnology Advances Jan 2010 [4].



prevention of post-operative induced adhesions [18-22]. The structure and morphology
of electrospun nanofibers can be manipulated to resemble that of extracellular matrix
(ECM), therefore creating a more “familiar” environment for cells. The use of
electrospinning technology allows the creation of 2D and 3D scaffolds with a variety of
nanofiber morphologies. Recently we have applied a novel multiple-jet electrospinning
process to produce a new type of 3-D nanostructured scaffold for tissue regeneration.
The nanofiber diameter in these scaffolds may range between 50 and 800nm.
The morphology and diameter of nanofibers can be controlled by various electrospinning
conditions. Three major parameters including solution, processing and ambient
parameters can be adjusted in the electrospinning procedure [4]. Solution parameters
include viscosity, concentration, molecular weight, conductivity, and surface tension of
the polymer [23-24]. Processing parameters include applied voltage, distance between
tip and collector and flow rate of polymer solution [21,25]. In addition, ambient

parameters consist of humidity and temperature [4]. (Table 1.1.)

1.3. Nanofibrous Material

Electrospinning technology can be used to generate nanofibrous scaffolds made
of synthetic polymers as well as native matrix such as collagen and elastin. Synthetic
polymer scaffolds such as those composed of lactic or glycolic acids are biocompatible
and biodegradable, have configurable mechanical properties and can be easily modified
to incorporate proteins and peptides [26-28]. PLA and PGA have been approved by the
Food and Drug Administration (FDA) as suture material and use in drug delivery.

Recently, copolymer and polymer mixtures have been found to be advantageous over



homopolymers, and can be incorporated to vary the mechanical properties and
degradation time of nanofibrous scaffold.

In the past ten years, researchers have shown that electrospun nanofibers of
polymers and matrix proteins can support the adhesion and proliferation of endothelial
cells (ECs), smooth muscle cells (SMCs) and mesenchymal stem cells (MSCs) [20,29-
32]. In addition, nanofibrous scaffolds have large surface area-to-volume ratios, and
offer higher capacity for the loading of bioactive molecules to promote tissue
regeneration [33]. For example, aligned nanofibers can accelerate axon growth and
angiogenesis [16,33-34], and can be used to organize cell alignment and stimulate cell
organization in vascular grafts [17]. The natural matrix proteins are not limited by
suitable synthetic schemes and have better biocompatibility than synthetic polymers.
The ECM protein analogs are comprised of electrospun elastin-like protein reinforced
with synthetic collagen to strengthen the mechanical properties in the design of vascular
grafts [35].

In Chapters 2 through 4 of our study, we have applied the electrospinning
method to design three different nanofibrous scaffolds for peripheral nerve repair, spinal

cord regeneration and vascular replacement (Figure 1.3.).

Figure 1.3. Nanofibrous scaffolds for peripheral nerve repair, spinal cord
regeneration and vascular replacement. (A) Nerve conduit (B) Spinal cord
patch (C) Vascular graft



1.4. Peripheral Nerve Injury and Regeneration

Peripheral nerve injuries are common in both civilian and deployed military
personnel populations. They often result from acute trauma and may lead to chronic
sensorimotor defects due to the lack of a successful and robust reparative technique. 60
to 70% of all wartime injuries are peripheral nerve injuries [36] and in the civilian
population 800,000 peripheral nerve injuries occur annually in the US [37].

The most severe form of injury is a complete nerve transection that results in the
loss of sensory and motor functions at the nerve target site. Surgical intervention is
necessary to improve the chances of at least the return of partial nerve function. The
current gold standard of treatment for a transected nerve with an injury gap is the nerve
autograft, a section of nerve harvested from another site in the body [37]. Clinical
functional recovery rates typically approach only 80% for nerve injuries treated using
autologous nerve grafts. The nerve autograft has the advantages of serving as a
physical guide for regenerating nerve fibers [38-39]. Disadvantages of this technique
include nerve size mismatches, additional surgery and donor site loss of function and
morbidity. Furthermore, in many instances, there is no nerve autograft available.

Several synthetic conduit-shaped nerve guides are currently marketed, but are
approved only for short injury gaps (< 3 cm). The designs of these conduits bridging the
gap between the severed nerve stumps are similar, but they are composed of either
degradable or nondegradable synthetic materials. Nondegradable nerve conduits
including silicon and poly (2-hydroxyethyl methacrylate-co-methyl methacrylate) may
eventually lead to chronic inflammation, foreign body reactions and tube collapse that
induces late nerve compression [40-41]. Biodegradable materials provide an ideal

alternative to current clinical nerve injury therapy. Many biodegradable polymers such as



poly (glycolic acid) (PGA) [42-43], poly-caprolactone (PCL) [44] or poly (L-lactic acid)
(PLLA) [45], as well as natural biomaterials such as collagen [46], chitosan collagens
[47] or keratin [48] have been used as nerve guide materials. These biodegradable and
biocompatible conduits could provide a contained semi-permeable environment for
nerve fiber growth.

Nerve conduits can accelerate nerve regeneration by directing axonal sprouting
from the proximal nerve end [49], preventing scar tissue invasion, and allowing local
release of neurotrophic factors to stimulate neural regeneration [37,50]. However, few
synthetic products have been shown to outperform the autograft. Advances in
nanotechnology and neuroscience provide new opportunities for us to meet this

challenge. Electrospinning has been used to fabricate nanofibrous scaffolds from both

Growth Factors

Permeability/
Porosity _

Internal
Framework
Conductive

Polymer Multichannel
Structure

Figure 1.4. Engineering scheme for peripheral nerve regeneration.
Image courtesy of de Ruiter, GC et al., Neurosurg Focus Feb 2010 [6].



native matrix and synthetic polymers [25,51-53].

The microenvironment in the nerve conduit plays an important role in peripheral
nerve regeneration. Schwann cells migrate from the two nerve ends and eventually form
a continuous tissue cable to guides the axons [54]. In addition, schwann cells secrete
neurotrophic factors to stimulate axon growth, including nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF) and glial cell
line—derived neurotrophic factor (GDNF) [50,55]. Neurotrophic factors such as NGF and
BDNF have been shown to provide beneficial effects on the survival of peripheral
neuronal cells to promote nerve regeneration [56]. Delivery of neurotrophic factors within
nerve grafts has been attempted previously [57-60]. Moreover, neurons could secrete
soluble factors to induce the expression of myelin genes in Schwann cells by in vitro co-
culture experiments [61].

Generally physical and biochemical guidance cues can enhance nerve growth
(Figure 1.4.). Several research publications have studied the use of multichannels and
aligned filler materials such as microfilaments, microfibers sutures and magnetically
aligned gels to mimic the oriented architecture of the nerve autograft [62-65]. However,
the aligned structures in the center of nerve guides have not been shown to enhance
functional regeneration in nerve injuries. In contrast, the contact guidance in the lumen
wall of the nerve conduit was introduced to enhance nerve regeneration [66].

In Chapter 2, we develop a novel one-step electrospining process that fabricates
a seamless bi-layer nanofibrous nerve conduit that is superior to random nanofibrous

conduits and has comparable therapeutic effects on autografts for nerve regeneration.

1.5. Spinal Cord Injury and Current Therapy

10



Spinal cord injury (SCI) and the resulting disability affect more than 200,000
individuals in the United States. To date, spinal cord regeneration remains one of the
most challenging problems in regenerative medicine. The difficulty in spinal cord
regeneration can be attributed to multiple factors, including the limited regeneration
capability of neurons in the central nervous system (CNS), the lack of appropriate axon
guidance in the lesion, and inhibitory factors such as myelin breakdown products and

chondroitin sulfate proteoglycans (CSPGs) in a glial scar.

Acute stage: Chronic stage: Treatment options:

1. Direct impact 1. Central cavity 1. Cell-, tissue transplantation

2. Lacerated axons 2. Scar tissue 2. Blocking inhibition of axonal

3. Contused axons 3. Inhibition of axonal regeneration regrowth

4. Influx of inflammatory cells 4. Demyelination 3. Enhancing axonal regeneration
5. Axonal dieback 4. Modulating inflammatory
6. Influx of inflammatory cells responses

Figure 1.5. Acute and chronic stages in pathophysiological process of
SCI. Several treatment options are investigated in the current and future
study. Image courtesy of Ronsyn, MW et al., Spinal Cord Mar 2008 [3].

11



Spinal cord injuries not only result in barriers of glial scar and myelin inhibitory
molecules, but also cause a physical gap due to the necrosis and apoptosis of cells in
the lesion area (Figure 1.5.). Several groups have used scaffolds to bridge the gap in
spinal cord lesions [67-70]. However, these scaffolds are either porous scaffolds or
hydrogels that do not have nanotopographic guidance cues. Furthermore, drug release
has not been incorporated into these scaffolds. Recently, neurotrophic factors such as
brain-derived neurotrophic factor (BDNF) and neurotrophin-3 have been released from
hydrogels for spinal cord repair [71-72], but strategies to break down the glial scar have
not been addressed.

To guide axon growth, we have developed scaffolds with aligned nanofibers (50-
800 nm) by using electrospinning technology [16-17,73]. The aligned nanofibrous
scaffold not only promotes neuronal guidance, but can also include immobilized
bioactive factors. Bioactive factors can be either directly incorporated into nanofibers
through co-axial or two-phase electrospinning, or immobilized onto nanofiber surfaces
post-electrospinning process [25,53]. Aligned nanofibers immobilized with growth factor
can synergistically promote axon growth from dorsal root ganglion (DRG) tissue [16].
The prolonged release of bioactive factors by nanofibrous scaffolds could replace
injections or minipump administration of bioactive factors at the lesion site. Rolipram is a
selective inhibitor of cyclic AMP phosphodiesterase IV and has antidepressant and anti-
inflammatory effects in the central nervous system [74]. Acute rolipram treatment retards
the injury-induced increase of IL-1B and TNF-a, which are prominently elevated at the
lesion and cause secondary tissue degeneration [75]. Previous investigation has shown
increasing cAMP levels in neurons enhance neuronal responsiveness to diffusible
growth factor, in order to overcome myelin-associated inhibitory molecules and promote
axonal growth and neuritis [76]. In addition, recent evidence suggests rolipram

modulates pro-apoptotic caspase 3 activity to provide neuroprotection against several

12



apoptotic insults [77]. The molecular inhibitors of the injured environment also include
chondroitin sulphate proteoglycans (CSPGs) associated with the glial scar, which forms
a physical and biochemical barrier to axon growth [78]. Reactive astrocyte-elated
astrogliosis contributes to inhibitory extracellular matrix molecules CSPGs expression,
which can be reduced with cAMP elevation [79-80]. Rolipram can also prevent
hydrolysis of cAMP to induce its accumulation [81].

Recent investigation has reported that axon regrowth is simulated by new blood
vessel formation in the damaged tissue after spinal cord injury [82]. Vascular endothelial
growth factor (VEGF) induces posttraumatic angiogenesis to improve functional recovery
of injured rodents [83]. Targeting microvessel networks may be a valuable therapeutic
strategy to optimize treatments for spinal cord injury. The stimulation of prolonged
angiogenesis in nanofibrous scaffolds could break new grounds for SCI treatment.

In Chapter 3 of our study, the nanofibrous scaffolds loaded with rolipram are used
to bridge the hemisection lesion in order to increase axon growth through the scaffolds
and the lesion, as well as promote angiogenesis through the scaffold and decrease the
population of astrocytes and CSPGs in the lesion. Our study also demonstrates
nanofibrous scaffolds offer a valuable platform for drug delivery for spinal cord

regeneration.

1.6. Tissue Engineered Vascular Grafts and Vascular Microenvironment

Cardiovascular diseases is the leading cause of death in the United States. Blood
vessel replacement is a common treatment for vascular diseases such as
atherosclerosis, restenosis and aneurysm. There are more than 400,000 coronary and
100,000 lower extremity bypass surgeries performed annually. In the past decades, the

saphenous vein, which has a 75% 5-year rate, has been the ‘gold’ standard conduit for
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autologous grafting [84]. However, the use of vein grafts is limited by their availability as
well as their 15-35% failure rate over ten years. 30% of patients who are in need of
bypass surgery do not have a sufficiently suitable saphenous vein due to serious
varicose degeneration, previous harvest for bypass surgery, or inadequate diameter or
length. In addition, the harvest of a vein graft involves a secondary surgery, additional
cost and potential mortality. The development of intimal hyperplasia and accelerated
atherosclerosis in vein grafts affected long-term post-operative evaluation [85]. Such
medical dilemmas urged many scientists to investigate various biological and synthetic
replacements for vein grafts and ameliorate the current shortage situation.

Synthetic vascular grafts are limited to grafts with internal-diameter (ID) larger
than 5-mm due to the frequent thrombosis and occlusion in smaller synthetic grafts.
Since Weinberg and Bell’'s landmark report in the vessel model made of Dacron mesh
and collagen, there have been various attempts to improve the synthetic vascular grafts,
e.g., using poly (ethylene terephthalate), expanded poly (tetrafluoroethylene) and
polyurethane [86-87]. To date, no ideal biomaterials are applied in the artificial vascular
graft. A previous study has shown a synthetic scaffold composed of poly lactic acid
(PLA) has good biocompatibility, biodegradation and mechanical properties [28].
Electrospinning technology can help model synthetic polymer scaffolds that mimic the
native matrix. The unique 3-D nanostructured scaffold provides the proper environment
for cell growth and tissue generation. The nanofibers, ~500nm in diameter, simulate the
structure of native collagen fibrils in the extracellular matrix. In addition, high porosity of
the nanofibrous scaffold is ideal for cell infiltration, migration and proliferation. In this
study we combined the nanofibrous scaffold and stem cells to fabricate tissue
engineered vascular grafts (TEVGs).

In the past decade, TEVGs have had considerable progress with tremendous

breakthroughs in cell biology, cell culture and biomaterial improvement. Scientists
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Figure 1.6. Arterial wall depicting three primary layers: intima,
media, and adventitia. The major protein components of native
artery are collagen and elastin. Image courtesy of Lutz Slomianka’s
Blue Histology.

continue the pursuit to create a complete TEVG,

mimicking that of native blood vessel: the inner endothelial layer, the medial smooth
muscle layer and the outer adventitial fibroblast layer (Figure 1.6.). Extracellular matrix
components such as collagen, elastin and proteoglycans are the major proteins in the
medial and adventitial layers. The three-dimensional (3-D) matrix provides the bulk of
the mechanical strength and elastic properties, as well as acts to control vasoactivity.
Several groups have established techniques for creating cellular vascular grafts through

co-cultures of SMCs and ECs, and successfully produced a completely biological blood

15

including three functional layers



vessel composed of three complete layers, without any exogenous biomaterials [88-89].
Adversely, poor long-term patency in animal experiments is shown in TEVGs without an
endothelial cell. An EC monolayer on the inner surface of the vessels prevents platelet
adhesion and thrombosis, and regulates SMC contractility. Thus, TEVGs could be a
solution to the low patency rate of small-diameter synthetic grafts. In addition to
endothelial cells, endothelial progenitor cells (EPCs) exhibit the same characteristics
during vascular formation. EPCs could migrate to the regions of the injured endothelial
layer and play an important role in vascular wound healing.

The organization of the matrix and cells in TEVGs has not been controlled to
stimulate the alignment of SMCs in the circumferential direction of native vessel.
Previously we engineered bone marrow derived mesenchymal stem cell (MSCs) on our
bioactive and aligned nanofibrous scaffold to investigate structural remodeling and cell
organization [17]. However, the cell sources for TEVGs, which need to be non-
immunogenic, have not been established. As an alternative to adult stem cells, induced
pluripotent stem cells (iPSCs) can potentially provide an unlimited and immune
acceptable cell source that may differentiate into vascular cells for the construction of
vascular grafts. There is evidence that neural crest stem cells (NCSCs) are a major
source of SMCs during vascular development [90-91].

Among biochemical signaling molecules, TGF-B plays a key role in SMC
differentiation. TGF- has been shown to increase SMC marker expression in SMCs [92-
94], MSCs [95-96] and adult NCSC lines [97]. However, the effect of TGF- on iPSC

derived NCSCs remains to be determined.

Previously, researchers have produced a tubular tissue structure with the
contraction of collagen gel by vascular smooth muscle cells to mimic the media layer in

native arteries (Figure 1.7.) [98-100]. In chapter 4, we improve this cellular vascular graft
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design and investigate whether the combination of a nanofibrous scaffold, collagen gel

and NCSCs enhances the mechanical strength of the graft with TGF-§ treatment.

solution of
monometric
collagenifibrin

compacted remodeled
construct construct

nonadhesive mandrel alignment of SMCs and

gelled leads to circumferential collagenifibrin fibrils

nonadhesive collagenffibrin with  alignment of SMCs and leads to alignment of
mandrel entrapped SMCs collagenifibrin fibrils SMC-produced ECM

Figure 1.7. Cellular collagen scaffold design. Circumferential alignment
attributed to collagen gel and entrapped SMCs contraction. Image courtesy
of Isenberg, BC, et al., Circ Res. 2006 [5].
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Engineering Bi-layer Nanofibrous Conduits

for Peripheral Nerve Regeneration
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2.1. INTRODUCTION

Peripheral nerve damage is common following traumatic injuries. The most
severe form of damage is a complete nerve transection, which results in loss of sensory
and motor function at the nerve target site. The current gold standard of treatment for a
transected nerve is bridging the injury gap with a nerve autologous graft (autograft)
harvested from another site in the body [1]. The nerve autograft has the advantage of
serving as a physical guide for regenerating nerve fibers [2-3]. Disadvantages of this
technique include nerve size mismatches, additional surgery and the loss of function and
morbidity at the donor site. Furthermore, in many instances there is no suitable nerve
autograft available, especially for nerve transection with a large gap.

In the past three decades, nerve conduits made of synthetic polymers or native
matrices have been developed as alternatives to autografts. For example, silicone [4],
biodegradable polymers such as poly (glycolic acid) (PGA) [5-6], poly-caprolactone
(PLC) [7] or poly (L-lactic acid) (PLLA) [8], as well as natural biomaterials such as
collagen [9], chitosan [10-11] or keratin [12], have been used as nerve conduit materials.
However, none of these nerve conduits has achieved therapeutic effects comparable to
autografts.

It is generally recognized that cues from physical and biochemical guidance can
promote nerve growth [13]. In early studies, micropatterned channels and extracellular
matrices were used to guide axon growth in specific directions [14-15]. Recently, we and
others have shown that electrospun aligned nanofibers can promote axon growth and
Schwann cell maturation in vitro [16-18] and enhance nerve regeneration in vivo [19-21].
However, the fabrication of seamless nerve conduits (as opposed to a sheet rolled into a
cylindrical shape) with highly aligned nanofibers and clinically relevant mechanical

properties has not been realized. Furthermore, the in vivo effects of aligned nanofibers
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on nerve regeneration are inconclusive [19], and the long-term (>6 months) effects of
aligned nanofibers on nerve regeneration have not been investigated.

In this study, we developed a one-step procedure to fabricate seamless nerve
conduits with a bi-layer structure: the luminal surface has longitudinally aligned
nanofibers for nerve guidance and the outer layer has randomly oriented nanofibers for
structural support. We evaluated clinically relevant mechanical properties of the
electrospun nerve conduit. We systematically compared the long-term (up to 12 months)
effects of nerve conduits with autografts in a rat sciatic nerve transection model.
Histomorphometry and electrophysiology analysis showed that bi-layer aligned
nanofibrous nerve conduits had therapeutic efficacy comparable to autografts. In
addition, we demonstrated superior nerve regeneration and muscle function recovery
with aligned nanofibrous nerve conduits compared to random nanofibrous nerve

conduits.

2.2. MATERIALS AND METHODS

2.2.1. Bi-layer Nerve Conduit Fabrication and Characterization

Nonwoven aligned nanofibrous nerve conduits composed of poly(L-lactide-co-
caprolactone) (70:30, Purac Biomaterials, Amsterdam, Netherlands), poly(propylene
glycol) (Acros Organics, Morris Plains, NJ) and sodium acetate (Sigma, St. Louis, MO)
were fabricated using a customized electrospinning process. The aligned nanofibrous
nerve conduits comprised a luminal region of longitudinally aligned nanofibers and an
outer region of randomly oriented nanofibers. PLCL, PPG and sodium acetate were
dissolved in a volatile organic solvent, hexafluoroisopropanol (HFIP) (Matrix Scientific,

Columbia, SC). The electrospinning apparatus consisted of a syringe pump capable of
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delivering the polymer solution to the tip of a needle secured onto a mechanized
platform suspended over a 1.65-mm outer diameter rotating mandrel collector assembly.
The needle platform was charged by a positive-polarity power supply and the mandrel
assembly was charged by a negative-polarity power supply. Longitudinal fiber alignment
was achieved through the design of the rotating mandrel collector assembly. By
interspersing electrically insulating polymer sections between electrically conducting
stainless steel sections, the mandrel assembly biased deposition of electrospun fibers
with orientation parallel to the long axis of the mandrel. After deposition of longitudinally
aligned electrospun fibers, subsequent fiber deposition on the mandrel was essentially
randomly oriented. The mandrel assembly was rotated around its long axis and the
needle was traversed between the ends of the assembly to ensure even fiber deposition.

Upon completion of electrospinning, the nerve conduits were air dried on the
steel mandrel for two nights to remove residual HFIP. The nerve conduits were then
rinsed in deionized water and cut to appropriate length. Random nanofibrous nerve
conduits were fabricated using the same polymer solution but with a uniform stainless
steel mandrel as the collector assembly. All nerve conduits were sterilized with ethylene
oxide gas before characterization and in vivo implantation studies. High and low
magnification microscopic images of the electrospun nanofibrous nerve conduits were
captured using a Hitachi TM-1000 scanning electron microscope (SEM) (Hitachi U.S.A.,
Schaumburg, IL). The alignment of the lumen and outer surfaces in nanofibrous nerve

conduits was examined by SEM.

2.2.2. In vivo Implantation

All animal study procedures were approved by the Institutional Review Board
Service and Institutional Animal Care and Use Committee at the University of California,

Berkeley. Adult female Lewis rats (250 + 30 g) were anesthetized with 1.5% isoflurane in
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70% N20/30% O,. Body temperature was maintained at 37.0£0.5°C during surgery.
Briefly, the rat was set in the left recumbent position, and right gluteal and posterior thigh
incisions were made to expose the right sciatic nerve deep to femoris muscle. Under a
surgical microscope, 1 cm of the sciatic nerve was excised to obtain the nerve lesion
gap. For nerve conduit groups, both nerve ends were inserted 1 mm into the tube lumen
and sutured in place with two 10-0 nylon monofilament sutures. For the autograft group,
the nerve defect was sutured with a 10-mm reversed nerve segment instead of the nerve
conduit. The overlying muscle layers were approximated with interrupted 4-0 nylon
sutures and stainless steel wound clips were used to close the skin wound.

The animals were divided into experimental groups according to the composition
of the implanted nerve conduits as follows: random nanofibrous nerve conduits (n=12),
aligned nanofibrous nerve conduits (n=12) and autograft (a reversed nerve segment)
(n=12). In every group, half of the animals were sacrificed 2 months post-surgery, and

the other half were maintained for 12 months post-surgery.

2.2.3. Electrophysiology

Electrophysiology analysis was performed at the 2-month and 12-month post-
surgery time points. The animals were put in a lateral position and body temperature
was maintained at 37°C on a thermostatic pad. The right sciatic nerve was re-exposed
through the thigh muscle incision. Bipolar hooked platinum simulating electrodes were
placed under the sciatic nerve 5-mm proximal to the graft suturing point. The stimulating
electrodes were connected to a pulse generator (SYS-A310, World Precision
Instruments Inc., Sarasota, FL) and delivered electrical signals to the nerve. To record
the evoked compound muscle action potential (CMAP) signals, a sharp tungsten needle

was inserted percutaneously into the midpoint of the right gastrocnemius muscle. A
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second tungsten needle probe was positioned subcutaneously over the gastrochnemius
muscle. The opposite pole was also grounded to an Ag/AgCI2 electrode placed in a
superficial muscle layer near the skin. Signals generated at the tungsten probe were fed
to an AC amplifier (DAM-80, WPI) and amplified 10,000 times. The signals were
recorded by 4-Channel Data Acquisition System (Lab-Trax-4, WPI) and displayed on a
computer monitor. Nerve simulation was elicited using a stimulus fourfold stronger than
the original threshold, below which there was no action potential. The amplitude and
latency of the action potential waveform were determined to assess the recovery of
injured sciatic nerve. Conduction velocities were calculated from derived latencies and

the measured distance between the stimulus and recording probes.

2.2.4. Histological Evaluation
At the end of the electrophysiological tests, the animals were sacrificed and
sciatic nerve and graft samples were explanted. The tissue samples were fixed with
2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M Sodium Cacodylate (pH 7.2), and
post-fixed with 1% osmium tetroxide (Electron Miscroscopy Sciences (EMS), Hatfield,
PA) solution. The fixed samples were trimmed, dehydrated stepwise in increasing
concentrations of acetone, and embedded in EMbed 812 resin (EMS). Ultra-thin
transverse sections were obtained at two sites of a specimen, the midpoint of the graft
(5-7 mm from the proximal end of the graft) and the distal nerve tissue (3 mm distal to
the coaptation suture site). The samples were sectioned by using a Leica Ultracut E
microtome (Leica Microsystems, Germany) at 800-nm thickness, and stained with 1%
toluidine blue.
Digitized images of the stained tissue cross-sections were acquired with a Zeiss
Axioscope microscope (Zeiss, Thornwood, NY). The thickness of the capsule layer

formed outside of the regenerated nerve tissue in the nanofibrous nerve conduits was
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measured and compared between aligned and random nanofibrous nerve conduit
groups at different time points. Three to five pictures of high-powered fields (15,244 pm?,
at a magnification of 630x) were randomly taken from each sample and myelinated
axons with greater than 1-um? area were selected for analysis. This was done for 2-
month (n=6) and 12-month (n=6) samples to evaluate axonal regeneration. ImageJ
software was used to measure myelinated axon area and myelin sheath thickness at
mid-graft regions.

For axon diameter analysis, all axonal shapes were converted into equivalent
circles by adjusting the circularity threshold to 0.35 for Image J quantification. This
method allowed the inclusion of distorted axons in irregular shape. Equivalent diameters
were calculated to generate an axon diameter frequency distribution graph.

To quantify the thickness of myelin sheath, 600 myelinated axons were selected
representatively from each picture with high magnification, and the myelin sheath
thickness was measured. The frequency distribution of myelin sheath thickness was

then generated for each sample group.

2.2.5. Statistical Analysis

For data requiring comparisons between more than two groups, including
electrophysiology and fibrous capsule layer, analysis of variance (Statview 5.0) was first
used to compare differences between all groups. Post-hoc testing was performed to
analyze the data of the electrophysiology and fibrous tissue layer by using Fisher’s
protected least significant difference (PLSD). A P-value less than 0.05 was considered

statistically significant.
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2.3. RESULTS

2.3.1. Characterization of Nanofiber Organization in Nerve Conduits
Electrospun nanofibrous nerve conduits with an inner diameter of 1.6 mm were

produced (Figure 2.1.A-B). SEM images of the luminal surfaces showed highly aligned

nanofibers for the aligned nanofibrous nerve conduits and wavy, randomly oriented

nanofibers for the random nanofibrous nerve conduits (Figure 2.1.C-D).

Random

Figure 2.1. Structure of nanofibrous nerve conduit (A) A
nanofibrous nerve conduit (1.5cm length, 1.5mm ID). (B) SEM image
of a nerve conduit showing aligned fibers in luminal layer and random
fibers in outer layer. (C) Alignment analysis of fibers on the luminal
surface of nerve conduit (random and aligned).
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2.3.2. Electrophysiology Analysis of Nerve Functional Recovery

To quantify the functional recovery of regenerated nerves, electrophysiology
analysis was performed at 2-month and 12-month time points to assess the responses
of the hindlimb gastrocnemius muscle to electrical stimulation at the proximal end of the
grafts. The amplitude and conduction velocity of CMAP were measured and calculated
as previously described [10,23]. CMAP amplitude and conduction velocity from the

experimental limb were normalized to values from the animal’s contralateral control.

A B

S P N I i \J"‘ “‘\\ -
—\} N 1 Vo
\ / f
| \/

0.015mV|

8ms

Figure 2.2. Representative electrophysiology data at 12 months. CMAP
results recorded at the probe inserted into gastrocnemius muscle of the

injury side in the random (A) and aligned (B) nanofibrous nerve conduits,
autograft (C) and normal nerve (D) at 12 months.
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CMAP amplitude of the aligned nanofibrous conduit group (19.0% + 5.3%, 45.7%
+ 24.9%) showed significantly better functional recovery than the random nanofibrous
conduit group (6.5% + 0.7%, 19.1% * 8.4%) at 2 and 12 months respectively (P<0.05).
CMAP conduction velocity of aligned nanofibrous nerve conduits was also significantly
higher than random nanofibrous nerve conduits at 2 and 12 months. There were no
statistically significant differences in CMAP amplitude and conduction velocity between
the aligned nanofibrous nerve conduit and autograft groups at both the 2-month and 12-
month time points (Figure 2.2.). However, at the 2-month time point, autografts did not
show a significant improvement in CMAP amplitude and conduction velocity compared

to random nanofibrous conduits.
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Figure 2.3. Summary of electrophysiology data at 2 and 12
months. (A) Percentage of CMAP amplitude recovery. (B) Comparison
of CMAP conduction velocity. * indicates significant difference (P<0.05)
compared to the random nanofibrous nerve conduit groups at 2 months
and 12 months using Fisher's protected least significant difference
(PLSD) (n = 6) and all data was presented as mean + standard error of
the mean (SEM).
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Figure 2.4. Representative micrographs of toluidine-blue staining
showing the regenerated nerve and fibrous tissue layer. (A)
Random nanofibrous conduit at 2 months. (B) Aligned nanofibrous
conduit at 2 months. (C) Random nanofibrous conduit at 12 months.
(D) Aligned nanofibrous conduit at 12 months. Arrows indicate the
fibrous tissue layer. Scale bar = 50 ym. (E) Quantification of the
thickness of the fibrous tissue layer. * indicates significant difference
(P<0.05) using two-tailed unpaired t-test and the data was presented
as mean + SD.
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Temporally, both CMAP amplitude and conduction velocity in the aligned
nanofibrous nerve conduit and autograft groups at 12 months showed significant
improvement over the respective 2-month values (Figure 2.3.). For random nanofibrous
nerve conduits, conduction velocity, but not CAMP amplitude, at 12 months showed

significant improvement over 2-month values.

2.3.3. Effects of Nanofiber Alignment on the Formation of a Fibrous Tissue
Layer

After 2 months, electrospun nanofibrous nerve conduits supported axonal
regeneration across the 10-mm injury gap. As shown in Figure 2.4, the nerve
regenerated in both random (Figure 2.4.A) and aligned (Figure 2.4.B) nanofibrous nerve
conduit groups at 2 months post-surgery. Microscopic examination of the luminal surface
showed that there was a fibrous tissue sheath at the interface of the nerve and the
conduit wall in all nanofibrous conduit samples. In the random nanofibrous nerve conduit
group, the fibrous sheath at 12 months was significantly thicker (Figure 2.4.C) than that
at 2 months (Figure 2.4 A, E), demonstrating significant growth between 2 and 12-month
time points. In contrast, regenerated nerves in the aligned nanofibrous conduit group
displayed an epineurial-like fibrous sheath with similar thicknesses at both 2-month and
12-month time points (Figure 2.4.B, D), significantly less than that in random nanofibrous

conduits at 12 months.

2.3.4. Histomorphometry of Regenerated Nerves
To quantitatively compare the regenerated nerves, histomorphometric analysis of
toluidine blue-stained cross sections was performed on 2-month and 12-month samples.

Myelinated axons were observed in cross-sections from the middle portion of grafts

39



(mid-graft) and distal nerve segments of all samples at the 2-month and 12-month time
points: random nanofibrous nerve conduit group (Figure 2.5.A,D), aligned nanofibrous
nerve conduit group (Figure 2.5.B,E) and autograft group (Figure 2.5.C,F).
Vascularization of the regenerated nerve tissue was also observed and was similar in all
samples (data not shown). Quantitative analysis of mid-graft cross-sections was
performed to measure regenerated axon diameter and myelin sheath thickness. Axon
diameter (Figure 2.7.) and myelin sheath thickness (Figure 2.7.) were plotted as a

frequency distribution based on the dimension.

~
o N - 5 e
) L G
- 'O‘Q". "._0~"
N st

Middle Distal Middle Distal

Figure 2.5. Representative micrographs of toluidine-blue stained
cross-sections of 2-month (A, B, C) and 12-month (D, E, F) samples.
(A, D) Radom nanofibrous nerve conduit group; (B, E) Aligned
nanofibrous nerve conduit group; (C, F) Autograft group. The middle (left
panel) and distal (right panel) portions of representative grafts are shown.
Scale bar = 20 uym.

At 2 months, both the aligned nanofibrous nerve conduit and autograft groups

displayed higher frequencies of large axons (3—6 pym in diameter) than the random
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nanofibrous nerve conduit group (Figure 2.6.). Aligned nanofibrous nerve conduit and
autograft groups also displayed higher frequencies of thick myelin sheaths (>0.8 pm)

than the random nanofibrous nerve conduit group (Figure 2.7.). The aligned nanofibrous
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Figure 2.6. Frequency distribution plot of myelinated axon diameter in
aligned and random nanofibrous nerve conduit and autograft groups at
2 and 12 months.
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nerve conduit group showed similar axon diameter distribution to the autograft group
(Figure 2.6.), but the autograft group had more axons with thicker myelin sheaths.

At the 12-month time point, the axon diameter and myelin sheath thickness of the
regenerated nerve tissue were significantly increased compared to those at 2 months in

all three groups (Figures 2.6., 2.7.), which indicated the further maturation of the
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Figure 2.7. Frequency distribution plot of myelin sheath thickness in
aligned and random nanofibrous nerve conduit and autograft groups
at 2 and 12 months.
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regenerated nerves. The aligned nanofibrous nerve conduit group displayed
higher frequencies of large axons (>4 uym in diameter) and thick myelin sheaths (>0.6
pgm in thickness) than the random nanofibrous nerve conduit group. The autograft group

had the most axons with thicker (>1.2 ym) myelin sheaths.

2.4. DISCUSSION

Due to the difficulty of electrospinning nerve conduits composed of nanofibers
aligned along the conduit's long axis, researchers in previous studies [19-20] either
rolled a film with aligned nanofibers to form a conduit or filled a silicone tube with aligned
nanofiber sheets. Here we developed a one-step electrospinning process to fabricate a
novel, seamless, tubular nanofibrous nerve conduit composed of two fully-integrated
layers: a luminal layer with longitudinally aligned nanofibers and an outer layer with
randomly organized nanofibers. To our knowledge, this was the first demonstration that a
bi-layer tubular device with longitudinally aligned nanofibers can be directly electrospun
as a unified, seamless construct.

Unlike previous attempts, the device and process described here are much more
amenable and scalable for manufacturing and clinical use. The bi-layer design is likely to
provide better suturability and mechanical integrity than a conduit composed entirely of
longitudinally aligned nanofibers. Mechanical testing and in vivo results showed that
this bi-layer nerve conduit has adequate mechanical strength for suturing and for
supporting nerve growth. Direct electrospinning of bi-layer nanofibrous conduits is a fast
process that avoids the tedious and unreliable process of rolling and sealing sheets and
easily adapts to larger conduit sizes and longer lengths. The seamless construction of

the bi-layer nanofibrous conduit also presents a smooth, even luminal surface for nerve
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growth and poses no risk of mechanical failure or separation at the seam.

We evaluated the nerve regeneration capacity of bi-layer aligned nanofibrous
conduits in a rat sciatic nerve transection model with random nanofibrous conduits and
autografts as controls. Nerve regeneration and muscle innervation were assessed at 2-
month and 12-month time points with histomorphometry and electrophysiology,
respectively.

Electrophysiological analysis demonstrated the superior capability of aligned
nanofibrous nerve conduits in nerve regeneration when compared to random
nanofibrous nerve conduits. Based on the 2-month results, better functional recovery in
terms of CMAP amplitude and conduction velocity was observed in the aligned
nanofibrous nerve conduit group than in the random nanofibrous nerve conduit group.
Interestingly, the advantage of the autograft was not shown in this early recovery period.
One explanation is that that autograft may have to remodel its existing cellular and
matrix contents (e.g., degradation and reorganization) to allow the ingrowth of
regenerating axons. The 2-month electrosphysiology results suggest that aligned
nanofibrous conduits were the most efficient in accelerating nerve functional recovery at
the early phase. At the 12-month time point, both aligned nanofibrous nerve conduits
and autografts performed significantly better than random nanofibrous nerve conduits,
and there was no statistical difference between aligned nanofibrous nerve conduits and
autografts. These results indicate that nanofiber organization had long-term effects on
nerve regeneration and that the in vivo performance of aligned nanofibrous nerve
conduits is similar to autografts, which is the current gold standard of treatment for
peripheral nerve injuries.

Histological analysis of explanted nerve samples showed myelinated axons,
vasculature and epineurial sheaths in both random and aligned nanofibrous nerve

conduits at 2 months and 12 months, similar to that in autografts. Quantitative analysis
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revealed a higher frequency of large diameter axons and thick myelin sheaths for the
aligned nanofibrous nerve conduit group compared to the random nanofibrous nerve
conduit group at both time points. Temporal comparison showed obvious shifts toward
larger axons and thicker myelin sheaths at 12 months for both the aligned nanofibrous
nerve conduit and autograft groups. In contrast, the axon diameter and myelin sheath
thickness in the random nanofibrous nerve group at 12 months only showed marginal
increase. The axon diameter in aligned nanofibrous conduits and autografts had a
similar distribution profile. Interestingly, the myelin sheath was generally thicker in
autografts than in aligned nanofibrous conduits. It is possible that pre-existing Schwann
cells in autografts played an important role in the myelination of regenerating axons,
which may explain the difference in myelination between synthetic grafts and autografts.

The difference in distribution profiles between aligned and random nanofibrous
nerve conduits suggests that longitudinally aligned nanofibers accelerate growth of large
myelinated axons, which are morphological characteristics of motor neurons. The
presence of larger axons with thicker myelin sheaths may also account for the higher
CMAP amplitude and faster conduction velocity measured in the aligned nanofibrous
nerve conduit group. A major limitation of nerve repair in humans is the slower growth of
motor nerve fibers and relatively poor re-innervation of target muscle compared to
sensory nerve fiber growth [1,13]. The potential ability of aligned nanofibrous nerve
conduits to improve the regeneration of motor nerve fibers and to match the biological
performance of autografts merits further study.

Another interesting finding is the difference in the thickness of the fibrous tissue
layer on the luminal surface of random and aligned nanofibrous nerve conduits. At 2
months, a thin continuous epineurial-like layer developed at the nerve-conduit interface
in both random and aligned nanofibrous nerve conduit groups. At the 12 month time

point, a dense connective tissue stroma formed around the regenerated nerve in the
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random nanofibrous nerve conduit group, whereas a thin tissue layer resembling a
normal epineurium was observed in the aligned nanofibrous conduit group. These
results suggest that random and aligned nanofibers not only had different effects in the
early phase of nerve regeneration, but also exerted long-term effects during the
maturation and remodeling of the regenerated nerve. One possible reason for the
differences in epineurial thickness may be due to the differences in roughness between
the aligned and random nanofibrous luminal surfaces. The aligned nanofibrous layer
provides a smooth uniform surface while the random nanofibrous layer provides a
rougher, more uneven surface. Previous studies demonstrated that nerve conduits with
rough inner surfaces led to the accumulation of fibroblasts and macrophages and
eventually the formation of a fibrous capsule layer around the regenerated nerve [24].
These results may also suggest another advantage of the seamless nanofibrous conduit
over nerve conduits with seams or discontinuous luminal surfaces, which may be more

susceptible to fibrous capsule formation.

2.5. CONCLUSION

We developed a one-step electrospinning process to demonstrate, for the first
time, a seamless nerve conduit with longitudinally aligned nanofibers. The novel
nanofibrous conduit has a bi-layer construction: the luminal layer having longitudinally
aligned nanofibers to promote nerve regeneration, and the outer layer having randomly
organized nanofibers for mechanical support. Long-term in vivo studies demonstrated
that bi-layer aligned nanofibrous nerve conduits were superior to random nanofibrous
conduits and had therapeutic effects comparable to autografts in terms of nerve

regeneration and muscle innervation.
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Chapter 3.

Nanofibrous Patches for Spinal Cord

Regeneration

'Zhu Y, Wang A, Shen W, Patel S, Zhang R, Young WL, Li S. “Nanofibrous patches for
spinal cord regeneration”, Advanced Functional Materials. 2010 Mar;20(9): 1433-1440
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3.1. INTRODUCTION

Spinal cord injury (SCI) and the resulting chronic paralysis affect more than a
million individuals in United States. To date spinal cord regeneration remains as one of
the most challenging problems in regenerative medicine, and there is no effective cure
for spinal cord injury. The advances in nanotechnology and neuroscience provide new
opportunities for us to meet this challenge. The difficulty in axon regeneration in spinal
cord is largely due to glial scar formation and the release of inhibitory factors following
spinal cord injury [1-5]. Following SCI, the lesion is invaded by fibroblasts, macrophages
and glial cells, and a dense glial scar forms. The myelin sheath also degenerates. Both
the glial scar and myelin breakdown products become barriers to axon regeneration [6-
7]. To overcome this barrier, the stimulation and guidance of axon growth are needed.

Previous studies have suggested that combinations of strategies such as
bridging the lesion, drug delivery and cell delivery could result in effective therapies for
SCI [8-10]. There is evidence that the inhibitory effects of myelin-derived factors can be
eliminated by elevating cAMP activity [11-12]. For example, the inhibition of cAMP
hydrolysis by the phosphodiesterase IV inhibitor rolipram (delivered by a mini pump)
enhances axon growth in spinal cord [13]. Rolipram also has anti-inflammatory effects in
the central nervous system (CNS) [14]. However, how to combine axon guidance and
rolipram delivery in vivo in a local and sustained manner needs to be addressed.

Several groups have used scaffolds to bridge the gap in the lesion area caused
by the necrosis and apoptosis of cells after SCI [15-18]. These scaffolds are either
porous solid materials or hydrogels. Recently, electrospinning has been used to fabricate
nanofibrous scaffolds from both native matrix and synthetic polymers [19-22]. We have

developed nanofibrous scaffolds for tissue regeneration by using electrospinning
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technology [23-25]. The aligned nanofibers not only guide axon growth, but also provide
a large surface area and can be functionalized by immobilizing bioactive factors [24]. For
example, we have shown that aligned nanofibers immobilized with growth factor can
synergistically promote axon growth from dorsal root ganglion (DRG) tissue. The
prolonged release of bioactive factors by nanofibrous scaffolds can replace the injections
or mini-pump administration of bioactive factors at the lesion site.

Here we developed nanofibrous scaffolds that not only guide axon growth and
angiogenesis but also release drug locally to promote the regeneration of spinal cord
tissue. Rolipram is a selective inhibitor of cyclic AMP phosphodiesterase IV and has
antidepressant and anti-inflammatory effects in the central nervous system [26]. By
using rolipram as a prototypical drug to augment the response to scaffold support, we
showed that rolipram-loaded nanofibrous scaffolds can enhance axon growth and
angiogenesis, suppress glial scar formation, and significantly improve the recovery of

hindlimb function in the hemisection SCI model.

3.2. MATERIALS AND METHODS

3.2.1. Scaffold Fabrication and Characterization

We used electrospinning technology to fabricate biodegradable scaffolds with a
two-layer structure. Poly (L-lactide) PLLA (1.09 dl/g inherent viscosity) and Poly (D, L-
lactide-co-glycolide) PLGA (50:50, 0.55~0.75 dl/g inherent viscosity) were from Lactel
Absorbable Polymers Inc (Pelham, AL). To make the inner layer with aligned nanofibers,
the jet stream of PLLA /PLGA (each 15% weight/volume) solution from the spinneret
whipped between the two conductive ends of a plastic mandrel, resulting in aligned

nanofibers on the non-conductive portion in the middle of a slowly rotating mandrel. The
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outer layer with random nanofibers was generated by increasing the rotating speed of
the mandrel to 800 rpm. The scaffold in half-cylindrical shape was made by cutting open
the tubular scaffold in the longitudinal direction (Figure 3.1.A). The scaffolds were rinsed
with phosphate buffered saline (PBS) and sterilized by UV irradiation before being used
for rolipram immobilization or in vivo studies. The alignment of nanofibers and the
structure of the nanofibrous scaffolds were examined by scanning electron microscopy

(SEM). The diameter of nanofibers ranged from 500-800 nm.

3.2.2. Neural Stem Cell (NSC) Interaction with Nanofibrous Scaffolds

Human embryonic stem cells (hESC), line H9 (Wicell, Madison, WI), were
cultured as previously described [27]. hLESCs were detached with the treatment of 1
mg/mL collagenase, 0.5mg/mL dispase (Invitrogen, Carlsbad, CA) in Knock-out
Dulbecco’s Modified Eagle Medium (KO-DMEM)/F12 for 20 minutes. The colonies were
gently resuspended in B27 media (DMEM/F12 +2% B27 supplement, 1% L-glutamine,
1% non-essential amino acids (Invitrogen) and grown for 5 days in non-adhesive 6-well
culture dishes (Nunc, Rochester, NY) to form embryoid bodies (EBs). EBs were then
plated onto tissue culture dishes coated with laminin (1 mg/mL) (Invitrogen) and
polyorithine (0.1 mg/mL) (Sigma, St. Louis, MO) (mixed in one solution for coating), and
grown for 2-3 days in B27 media supplemented with 20ng/mL bFGF (Peprotech, Rocky
Hill, NJ) to allow rosette formation. After rosettes formed, the rosettes were manually
collected and cultured in suspension in B27 media with bFGF for one day and then
seeded onto either aligned or random nanofiber membrane (pre-coated with laminin and
polyorithine) in B27 media without bFGF for one week. Samples were fixed and stained
with rabbit anti-rat Blll tubulin (1:200 dilution, Sigma) to show the neurite extension

(Figure 3.1. D-E).
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3.2.3. Immobilization of Rolipram and In Vitro Release Profile

To characterize the drug loading capacity of nanofibrous scaffolds in vitro,
nanofibrous scaffolds were cut into circular membranes (6 mm in diameter and 600 pym
in thickness) with biopsy punches, and soaked in rolipram solutions with various
concentrations for 12 hours. Then the nanofibrous scaffolds were washed twice with
PBS (100 pl each). The soaking solution and the washing solution were collected and
combined, and the amount of rolipram was quantified by using high-performance liquid
chromatography (HPLC) to deduce the amount of rolipram entrapped and adsorbed
within the nanofibrous scaffolds. HPLC was performed by using a RP-18 column and
eluent 30-42% acetonitrile/water. Rolipram was detected by UV absorbance at 280 nm.
The standard curve of rolipram showed that the peak area obtained from HPLC analysis
was linearly correlated with the amount of rolipram in a wide range of concentrations
from 5 pg/ml to 500 pg/ ml (R=0.999) (data not shown).

To obtain the release profile of rolipram, nanofibrous scaffolds were immersed
into rolipram solution (500 pg/ml) for 12 hours. The scaffolds were then rinsed twice with
PBS, completely submerged in 3 ml PBS solution and incubated at 37°C for up to 20
days. At selected time points (0.5 hr, 4 hr, 1 day, 2 days, 4 days, 8 days, 12 days, 20
days), 0.3 ml of solution was withdrawn and replaced by 0.3 ml of fresh PBS. The
amount of rolipram in the withdrawn solution was determined by HPLC, and the total

amount of released rolipram was calculated to generate the release profile.

3.2.4. Spinal Cord Hemisection

All procedures in animal studies were approved by the Institutional Review Board

Service and Institutional Animal Care and Use Committee at the University of California,
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Berkeley. Male adult athymic rats (250 + 30 g; 8-week old) were anesthetized with 1.5%
isoflurane in 70% N,0O/30% O,. Body temperature was maintained at 37.0+0.5°C. SCI
was performed as described before [11,15,28]. Briefly, the rat was set in the prone
position, and the 9" to 11™ thoracic vertebrae were exposed. After resecting the laminae,
the spinal dura mater was incised to expose the spinal cord. A lateral hemisection at the
T9-T11 level was made by creating a 4-mm long longitudinal cut along the midline of the
cord, followed by lateral cuts at the rostral and caudal ends and the removal of the tissue
by aspiration. Right after SCI, a scaffold (4-mm long, half of a tube with the diameter
fitting in the cavity of the injured spinal cord and nanofibers aligned in longitudinal
direction) with or without rolipram was used to cover the spinal cord surface and enclose
the lesion site. The scaffold was thick enough (~600 um) to separate spinal cord from
surrounding tissue. Fibrin glue was used to glue the outside of the scaffolds to the
vertebra tissue as needed. The surgery site was closed in layers. After surgery, rats were
kept on heating pads, and daily examination was performed. Abdomen massage was

done to help evacuate urine from the bladder as needed.

3.2.5. Immunohistochemistry

Frozen sections (10 um in thickness) of spinal cord tissues were fan-dried for 1
hour at room temperature. Then the slides were fixed in 4% paraformaldehyde solution
for 25 minutes at room temperature. Samples were incubated in 5% normal goat serum
for 30 minutes to block non-specific binding, and then incubated with primary antibody
diluted in 5% normal goat serum overnight at 4°C. Primary antibodies include mouse
anti-CD31 (1:100 dilution, BD Pharmigen) for endothelial cells (ECs), rabbit anti-
neurofilament (1:200 dilution, Sigma) for axons, mouse anti-glial fibrillary acidic protein

(GFAP) (1:2000 dilution, Sigma) for astrocytes, anti-chondroitin sulfate proteoglycans

55



(CSPGs) (1:200 dilution, Millipore, Billerica, MA) for glial scars. Negative controls were
included by omitting the primary antibody. The sections were incubated for one hour with
either horseradish peroxidase-conjugated anti-mouse or rabbit IgG (1:1000, Alexa 594
for red and Alexa 488 for green, Invitrogen, Carlsbad, CA). Finally, slides were mounted

and examined by using a fluorescence microscope (Zeiss Axioskop 2 MOT).

3.2.6. Hindlimb Behavioral Assessment

Three groups in this study were investigated to evaluate functional recovery after
SCI by hindlimb behavioral assessment. Animals that had undergone SCI without any
treatments were considered as the untreated group and experimental groups included
scaffold only and scaffold plus rolipram groups. One day after SCI, and subsequently
every other week, Basso-Beattie-Bresnahan (BBB) locomotor scale rating was
performed to evaluate the functional recovery of the disabled limb [29]. The BBB
locomotor rating scale is an open-field 21-point evaluation scale, with 21 points as the
highest score (normal) and 0 as the lowest score (completely disabled). BBB scores
were used to categorize the combinations of rat hindlimb movements, trunk stability,
stepping, coordination, paw placement, toe drag and tail position. Briefly, BBB score
rating was assessed by an observer blinded to the treatment every week. Animals were
allowed to move freely in an open area and the movements of hindlimbs were examined
and recorded for at least five minutes. A digital camcorder was used to record the

movement of rats and replayed in slow motion as needed.

3.2.7. Statistical Analysis
The data are presented as mean + standard deviation (SD). Data were analyzed

using analysis of variance (Statview 5.0) to examine BBB scores. Post hoc testing was

56



performed by using Fisher’s protected least significant difference (PLSD). A P value less

than 0.05 was considered statistically significant.

3.3. RESULTS

3.3.1. Structure and Appearance of Nanofibrous Scaffolds
We used electrospinning technology to make a tubular scaffold with longitudinally
aligned nanofibers as the inner layer. Layers of random nanofibers were generated

outside of aligned nanofibers (Figure 3.1.). The purpose of aligned fibers in the inner

’Nanofibers Neurites

~— N\,

Figure 3.1. Characterization of nanofibrous scaffolds with both aligned and
random layers. (A) The scaffold in half-cylindrical shape was made from a
tubular scaffold and cut open in the longitudinal direction. SEM images showed
the inner layer (B) with longitudinal aligned fibers and outer layer (C) with random
fibers of the scaffold. Scale bar = 20 ym. Human ESC derived neural cells
cultured on aligned (D) and random (E) nanofiber surfaces in vitro for one week in
B27 media. Neurites were stained by Blll-tubulin antibody. Scale bar = 100 ym.
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layer (~100 pm in thickness) was to provide guidance for the growth of axons in the
longitudinal direction of spinal cord and facilitate axon growth into the three-dimensional
(3D) scaffold, and the outer layer (~500 pm in thickness) with random nanofibers

enhanced the mechanical property of the scaffolds.

3.3.2. Aligned Nanofibers Promote Neurite Growth from NSCs

To characterize the role of nanofibrous scaffolds on neurite growth, we seeded
NSCs onto scaffolds with either aligned or random nanofibers. As shown in Figure 3.1.,
aligned nanofibrous scaffolds guide neurite growth from rosettes in the direction of
nanofiber alignment (Figure 3.1.D), but neurites extended randomly on the surface of

random nanofibers (Figure 3.1.E).

3.3.3. Immobilization of Rolipram onto Nanofibrous Scaffolds

As shown in Figure 3.2.A, the amount of rolipram entrapped/adsorbed within the
nanofibrous scaffolds increased with the input rolipram solution concentration, and
reached a plateau beyond input concentrations of 250 pg/ml. The in vitro rolipram
release profile is shown in Figure 3.2.B. The results showed that drug release occurred
in three phases: a first initial burst release, a fast release of the drug over the first 3

days, and a sustained and slow release of the drug over 20 days.
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Figure 3.2. In vitro immobilization and release profile of rolipram
with nanofibrous scaffolds by performing the HPLC test. (A) The
amount of rolipram immobilized within the nanofibrous scaffolds with
different rolipram loading concentrations. (B) The release profile of
rolipram in PBS at 37°C.
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3.3.4. Nanofibrous Scaffolds with Rolipram Enhanced Axon Growth,
Increased Angiogenesis and Decreased Glial Scar

To test the therapeutic effects of rolipram-loaded nanofibrous scaffolds, rats were
subjected to T9-11 spinal cord hemisection as the SCI model. Right after the injury, the
lesion was either left untreated (control group), or bridged with nanofibrous scaffolds with

or without immobilized rolipram (Figure 3.3.)

_ Scaffold ~
Glial scar s
P\ <&e-Drugs
Lesion
Longitudinal view Coronal view Scaffold

Figure 3.3. Schematic illustration of our approach to promote spinal
cord regeneration. Scaffolds with nanofibers (in the inner layer) aligned in
the longitudinal direction were used to bridge the lesion, guide axons and
deliver rolipram locally.

After 12 weeks, three rats in each group were sacrificed, and the cross sections of the
spinal cord tissues were used for histological analysis. The histological staining of
samples from three groups (untreated control, scaffold and scaffold with rolipram) is
shown in Figure 3.4. and 3.5.. As an example, H&E staining of a cross section from the
scaffold with rolipram group (Figure 3.4.A) showed the intact white and grey matter on

the left side of the spinal cord and the lesion area on the right side with some loose
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regenerated tissue. Black dashed lines sketch the boundary between the lesion and

scaffold.

1
1
1
1
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Figure 3.4. H&E staining and neurofilament staining after 12 weeks
of spinal cord hemisection surgery. (A) H&E staining showed an
injury lesion after 12 weeks of SCI in the group with scaffolds plus
rolipram. Black dashed lines show the boundary between the lesion and
scaffold. Scale bar =500 mm. (B-F) Immunofluorescent staining of cross
sections showed neurofilament staining of axons in the area of damaged
white matter and scaffold in the untreated (B), scaffold (C,D) and
scaffold with rolipram (E,F) groups. White dashed lines show the
boundary either between the lesion and inner layer of scaffold (C,E) or
between the inner layer and outer layer of scaffold (D,F). Scale bar = 20
mm. Abbreviations are: WM, white matter; GM, grey matter; L, lesion; S,
scaffold; S-IL, scaffold-inner layer; S-OL, scaffold-outer layer.
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Neurofilaments are major elements of the cytoskeleton in the axon cytoplasm,
which were immunostained to show neurons and axon growth in the tissue. The
scaffolds with or without rolipram increased axon growth through the scaffolds and in the
lesion, with the most axon growth in the inner layer of the scaffolds with rolipram (Figure
3.4.C-F). In addition, axon growth showed different directions in the longitudinal aligned
and random nanofibrous layers, suggesting the primary role of nanofibers in the

guidance of axon regeneration.

Untreated Scaffold Scaffold+Rolipram
C o

GFAP CD31

CSPG

Figure 3.5. Histological analysis of CD31, GFAP and CSPG staining after 12
weeks of spinal cord hemisection surgery. Immunofluorescent staining of
cross sections (in the area of damaged white matter around the longitudinal
middle section of the lesion and near the scaffolds) from untreated lesions
(A,D,G), lesions treated with scaffold alone (B,E,H) and lesions treated with
scaffold plus rolipram (C,F,l). ECs in capillaries were stained by CD31 antibody
(A-C). White dashed lines show the boundary between the lesion (L) and
scaffold (S). Astrocytes in the lesion were stained for GFAP antibody (D-F). Glial
scars were stained for CSPG antibody (G-I). Scale bar = 20 ym.
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Moreover, positive CD31 staining for ECs was found in nanofibrous scaffolds.
Angiogenesis through the scaffold was detected in the scaffold alone group (Figure
3.5.B), suggesting that the aligned nanofibers guided EC migration. Interestingly, the
combination of nanofibrous scaffold and rolipram further promoted angiogenesis through
the scaffold (Figure 3.5.C).

Furthermore, the least GFAP staining was found in the lesion treated with
scaffolds plus rolipram, which correlated well with the lowest CSPGs expression (Figure
3.5.F and Figure 3.5.1), suggesting that rolipram could reduce the number of reactive

astrocytes and suppress inflammatory responses and glial scar formation.

—eo—Untreated
14 + Scaffold
12 + —a—Scaffold+Rolipram

BBB Score

1 2 3 4 5 6 8 10 12
Weeks post SCI

Figure 3.6. Functional recovery of hindlimb locomotion as
indicated by BBB score. After spinal cord hemisection, hindlimb
locomotor function was analyzed every week throughout 12-week
survival time periods. * indicates significant difference (P<0.05)
compared to the control group at the respective time points. Three
animals were used in each group.
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3.3.5. Release of Rolipram from Nanofibrous Scaffolds Promote Functional

Recovery

To determine whether the insertion of nanofibrous scaffold with or without
rolipram promoted the recovery of hindlimb motor function, behavioral analysis was
performed by using the BBB locomotor scale rating. As shown in Figure 3.6., scaffold
alone only had a modest effect on functional recovery after 6 weeks. Rolipram plus
scaffold significantly improved hindlimb function after 3 weeks. During weeks 3-8, the
BBB score of hindlimb movement increased at every observation point in the group with
scaffold plus rolipram. After 8 weeks, the hindlimb function had no further improvement

in all three groups.

3.4. DISCUSSION

The difficulty in spinal cord regeneration can be attributed to multiple factors,
including the limited regeneration capability of neurons in the CNS, the lack of
appropriate axon guidance in the lesion, and the inhibitory factors such as myelin
breakdown products and CSPGs in glial scars. Most efforts to restore function after
spinal injury have been directed toward enhancing damaged axons to regenerate
through the injury site, and then reconnecting the proper targets to restore motor and
sensory function. Here we developed a biodegradable nanofibrous scaffold with
immobilized rolipram to facilitate spinal cord tissue regeneration.

Nanostructured materials have tremendous potential for tissue engineering. Our
results showed that aligned nanofibers guided neurite growth in vitro (Figure 3.1.). In
addition, axon growth in the inner and outer layers of the scaffolds show different
directions following nanofibers (Figure 3.4.C-F), indicating that aligned nanofibers can

guide axon growth in vivo. Furthermore, aligned nanofibers could also promote axon
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growth and cell infiltration [25] into the 3D scaffolds. The release of rolipram from the
nanofibers significantly increased axon growth through the inner layer of the scaffolds
(Figure 3.4.E-F), suggesting a synergistic effect of aligned nanofibers and drug release,
which is well correlated with the behavior test results (Figure 3.6.). The modest
functional recovery in the scaffold group suggests that axon guidance alone is not
sufficient, but it is likely that aligned nanofibers are necessary to achieve the functional
recovery—otherwise axon growth may be disorganized and cannot reach the target area
effectively. Whether random nanofibrous scaffolds with rolipram could promote
functional recovery awaits further study.

In addition to promoting axon growth, the therapeutic effects of rolipram could
also be attributed to the suppression of inflammatory responses and glial scar formation,
as shown by the decrease of CSPGs and glial cells in the lesion area (Figure 3.5.D-I).
CSPGs are a major component of glial scars synthesized by glial cells and inflammatory
cells, which form a physical and biochemical barrier to axon growth [30-31]. Rolipram
can elevate cAMP acitivity, thus suppressing inflammatory effects and inhibiting reactive
astrocyte related astrogliosis [32-33]. Generally, rolipram at high doses can be used as
an inflammatory drug, which prevents secondary cell loss in the acute stage [26,34].
Acute rolipram treatment retards the injury-induced increase of IL-1B and TNF-a, which
are prominently elevated at the lesion and cause secondary tissue degeneration [35].
Moreover, recent evidence suggests that rolipram modulates pro-apoptotic caspase-3
activity to provide neuroprotection against several apoptotic insults [36].

Our rolipram release profile is well suited to address the need to suppress
inflammatory responses at the early stage and promote axon growth at the later stage.
Rolipram is a small hydrophobic molecule with a three-ring structure. Here rolipram was
adsorbed onto hydrophobic PLLA/PLGA nanofibers, potentially through hydrophobic

interactions through multiple sites on the molecule. The exact binding sites have not
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been mapped out. We found that most rolipram was released in the first day, and then
the nanofibrous scaffold continuously released lower levels of rolipram into the solution
continuously for 20 days. The instant release of 90% of rolipram from the nanofibrous
scaffold may play a major role in attenuating early inflammation. Following the initial
burst of rolipram release, the low dose of rolipram release might be effective in
stimulating axon growth. Previous investigation showed that increasing cAMP levels in
neurons enhanced the responsiveness to diffusible growth factor and overcame myelin-
associated inhibitory molecules to promote axonal growth and neuritis [37]. Further
investigations will be conducted to engineer the drug loading capacity and release profile
and to determine the differential effects of rolipram at the early and late stages of the
spinal cord repair. It should also be noted that the athymic rats used in this study have T-
cell deficiency, and possible immunological responses involving T cells are not included
in this animal model.

Interestingly, in addition to axon growth into the scaffolds, extensive
angiogenesis was detected in the scaffold, which was further enhanced by rolipram
treatment. The mechanisms are not clear and need further investigation. Recent
investigation reported that axon regrowth was stimulated by new blood vessel formation
in the damaged tissue after spinal cord injury [38] and that vascular endothelial growth
factor (VEGF) induced posttraumatic angiogenesis to improve functional recovery of
injured rodents [39]. Whether and how angiogenesis in the scaffold contributes to spinal
cord regeneration need further investigation.

Overall, this study has demonstrated that nanofibrous scaffolds offered a
valuable platform of drug delivery for spinal cord regeneration in addition to the guidance
of axon growth and angiogenesis, and that scaffold-mediated rolipram release not only

promotes axon growth and angiogenesis but also suppresses glial scar formation.
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Chapter 4.

iPSC-Derived Neural Crest Stem Cell

Differentiation in Nanofibrous Vascular Scaffolds
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4.1. INTRODUCTION

Cardiovascular disease is the leading cause of death in the United States, and
every year more than 500,000 coronary artery bypass procedures are performed to cure
vascular dysfunctions. However, arterial and venous grafts are limited by their availability
and additional surgery/cost, while synthetic vascular scaffolds are limited to large-
diameter (>5 mm) grafts due to frequent thrombosis and occlusion. A tissue engineering
approach to construct small-diameter scaffolds could be an ideal solution to overcome
these limitations.

Native blood vessels have three distinct layers: an anti-thrombogenic endothelial
cell (EC) monolayer, a medial layer that is mainly populated by aligned smooth muscle
cells (SMCs) embedded in a three-dimensional ECM (mainly collagens and elastin), and
an adventitial layer of connective tissue. SMCs and ECs, in combination with ECM or
polymers, have been used to fabricate tissue-engineered vascular grafts (TEVGs) [1-3].
Although significant progress has been made, reliable and expandable cell sources,
especially non-immunogenic cell sources, for the construction of vascular grafts have not
been established, and optimal scaffolds need to be explored as well.

Nanostructured materials have tremendous potential for tissue engineering.
Electrospinning technology can be used to generate nanofibrous scaffolds based on
synthetic polymers as well as native matrix. Electrospinning is based on the principle
that the surface tension associated with a single droplet can be overcome with an
applied electric field, thereby creating a Taylor cone and drawing the droplet into a
stream in the direction of the field [4-5]. In the past few years, there has been a
significant growth of research to explore the applications of electrospun nanofibers. The
use of electrospinning to generate functional nanofibrous scaffolds for tissue

regeneration is particularly exciting as the structure and morphology of electrospun
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scaffolds can be manipulated to resemble that of extracellular matrix (ECM), therefore
creating a more “familiar” environment for the cells. Synthetic polymer scaffolds such
as those composed of lactic or glycolic acids are biocompatible, have configurable
mechanical properties and can be easily modified to incorporate peptides. Recent
studies have shown that electrospun nanofibers of polymers and matrix proteins allow
the adhesion, proliferation and organized assembly of cells in vitro [6-8]. Previous
studies have shown that biodegradable nanofibrous vascular scaffolds with bone marrow
mesenchymal stem cells (MSCs) allowed excellent extracellular matrix (ECM)
remodeling and cell infiltration and organization [9]. Thus, the nanofibrous scaffold could
be applied as a model to investigate the remodeling of vascular grafts in vivo.

The recent prominent discovery of induced pluripotent stem cells (iPSCs), which
are reprogrammed from adult somatic cells, has shown promise for use in the field of
regenerative medicine [10-12]. iPSCs are capable of differentiating into various cell
types, including neural lineages (peripheral neurons and Schwann cells) [13],
mesenchymal lineages (smooth muscles, osteoblasts, chondrocytes, and adipocytes)
[12], hematopoietic precursors [14] and hepatocytes [15]. Here we generated human
NCSCs from iPSCs as an alternative cell source to mesenchymal stem cells (MSCs) for
vascular scaffold application. NCSCs derived from human embryonic stem cells (ESCs)
propagated in vitro and were directed toward multiple neural crest lineages [16]. Despite
the NCSC'’s capacity to differentiate, the in vivo differentiation of NCSCs in the vascular
niche has yet to be explored.

In this study, we developed a one-step procedure to fabricate a seamless
vascular scaffold with a bi-layer structure similar to native artery: the luminal surface has
longitudinally aligned nanofibers for endothelial cell migration, and the outer layer has
circumferentially aligned nanofibers for smooth muscle cell organization and structural

support. iPSC-derived NCSCs’ differentiation in various matrix stiffness conditions
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demonstrated the potential of combining iPSCs and nanofibrous scaffolds for vascular
tissue engineering. The unique design of matrigel and collagen cellular vascular
scaffolds sustained efficient cell recruitment and organization, significant synthesis and
self-assembly of ECM, and excellent patency. Moreover, collagen-cellular vascular
scaffold with TGF-B showed significant synthesis, self-assembly of ECM and increased
mechanical strength. In this chapter, we evaluate the mechanical properties of acellular

and cellular vascular scaffolds.

4.2. MATERIALS AND METHODS

4.2.1. Human iPSC-derived NCSC Culture

Undifferentiated human iPSCs (passages 22-45) were maintained as described
previously [17]. Briefly, cells were co-cultured with mitotically inactivated mouse
embryonic fibroblasts (MEFs) in Knockout DMEM/F-12 medium supplemented with
Knockout serum replacer (KSR), 1% non-essential amino acids (NEAA), 1 mM L-
glutamine (all from Invitrogen), 0.1 mM R-mercaptoethanol (Sigma-Aldrich, St. Louis)
and 4 ng/ml human basic fibroblast growth factor (bFGF) (R&D). Undifferentiated iPSCs

were characterized by positive staining of Oct3/4, Nanog, SSEA-3 and TRA1-60.

To derive NCSCs, iPSCs were grown as embryo body (EB)-like floating cell
aggregates in ESC maintenance medium without bFGF for 5 days. The cell aggregates
were cultured in a serum-free neural induction medium (SFM) consisting of Knockout
DMEM/F12, StemPro neural supplement (Invitrogen), 1% GlutaMAX™-I (Invitrogen), 20
ng/ml bFGF and 20 ng/ml EGF for 10 days. At day 15, cells migrating from rosettes
differentiated into NCSCs. Alternatively, cell clusters were mechanically harvested and

cultured in SFM suspension for 7 days to form a spherical structure. The cells migrating
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out of the colonies were re-plated (NCSC passage 1; P1) and maintained in the SFM.
NCSCs characterization was examined by immunofluorescent staining of NCSCs
markers (HNK1, P75, Vimentin and Nestin). Assays for NCSCs differentiation to neural
and mesenchymal lineages demonstrated cell multipotency as described previously

[16,18].

4.2.2. Bi-layer Nanofibrous Vascular Scaffold Fabrication

Nonwoven aligned nanofibrous vascular scaffolds composed of Poly-(L-lactide)
PLLA (1.09 dl/g inherent viscosity) (Lactel Absorbable Polymers Inc, Pelham, AL) were
fabricated using a customized electrospinning process. The aligned nanofibrous
vascular scaffold was comprised of a luminal region of longitudinally aligned nanofibers
and an outer region of circumferentially oriented nanofibers. PLLA was dissolved in a
volatile organic solvent, hexafluoroisopropanol (HFIP) (Matrix Scientific, Columbia, SC).
The electrospinning apparatus consisted of a syringe pump capable of delivering the
polymer solution to the tip of a needle secured onto a mechanized platform suspended
over a 1'mm outer diameter rotating mandrel collector assembly. The needle platform
was charged by a positive-polarity power supply and the mandrel assembly was charged
by a negative-polarity power supply. To make the inner layer with aligned nanofibers, the
jet stream of PLLA (19% weight/volume) solution from the spinneret whipped between
the two conductive ends of a plastic mandrel, resulting in aligned nanofibers on the non-
conductive portion in the middle of a slowly rotating mandrel. The outer layer with
random nanofibers was generated by increasing the rotating speed of the mandrel to
800 rpm.

Upon completion of electrospinning, the nanofibrous vascular scaffolds were air
dried on the mandrel collector for two nights to remove residual HFIP. The vascular

scaffolds were then rinsed in deionized water and cut to appropriate length. All vascular
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scaffolds were sterilized with ethylene oxide gas before characterization and in vivo
implantation studies. The alignment of nanofibers and the structure of the nanofibrous
scaffolds were examined by a Hitachi TM-1000 scanning electron microscope (SEM)

(Hitachi U.S.A., Schaumburg, IL). The diameter of nanofibers ranged from 500-800 nm.

4.2.3. Matrigel-Cellular Scaffold Fabrication

Tubular conduits of inner diameter 2.5cm with random fibers were fabricated by
the electrospinning method. NCSCs were detached by TrypLE and re-suspended in the
SFM (2 x 10* cells/pl). The cell suspension was mixed with cold matrigel solution at 2:1
ratio (volume to volume), and injected into the longitudinally opened conduit (e.g., 100 ml
for one 2.5 cm conduit). The constructs were kept in the incubator for more than an hour,
and NCSC maintenance medium was added to cover the constructs. The culture was
maintained in the incubator overnight before surgery. The matrigel was removed from

the conduit and wrapped around the vascular scaffold during the surgery.

4.2.4. Collagen-Cellular Scaffold Fabrication

The collagen gel constructs were made with a final composition of 1milligram per
milliliter of collagen and a cell density of 4 million cells per milliliter (Table 4.1.).
Appropriate amounts of 0.1 N NaOH and StemPro NSC-SFM medium with TGF-$

(5ug/ml) were added to neutralize the final solution, and all solutions were kept on ice.

To construct the collagen-cellular vascular scaffold, 2% agarose gel, a 15 mL
tube and a 1 mL syringe with a needle were required. 6 milliliters of 2% agarose gel were

added to the 15 mL tube, which was allowed to partially polymerize on ice. The 1 mL
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syringe with a needle was placed into the polymerized agarose gel on ice. 500
microliters of 2% agarose gel were then added into the 1 mL syringe and allowed to
polymerize on ice. The sterilized scaffolds placed on a mandrel were inserted into the 1
mL syringe with the edge of the scaffold resting on the top of the agarose gel (Figure
4.7.). The collagen gel with NCSCs was added into the 1 mL syringe until the solution
(125ul, 1 million cells) fully covered the vascular scaffold. After incubation and

polymerization in a 37°C, 5% CO, incubator for 1 hour, medium with TFG- was added

Solution Volume (uL)
KO DMEM / F-12 w/ TGF-B and NCSCs 340
0.1 N NaOH 27.5
Collagen | (3.68 mg/mL) 137.7
Total 500

Table 4.1. Appropriate amount of solution in collagen gel fabrication.

and the gel was allowed to contract for 24 hours. Following the 24 hour incubation, the
vascular scaffolds were implanted into adult athymic rats.

Live/Dead assay (Molecular Probes, Eugene, Oregon) was used to assess the
viability of the NCSCs after the surgery for vascular scaffold implantation. Briefly, the
samples were harvested and then incubated in the culture medium containing 4mM
ethidium bromide (stains dead cells) and 2mM calcein (stains live cells) for 1.5 hours at
37°C. The samples were then fixed in 4% paraformaldehyde and immediately visualized

using a Nikon TE300 fluorescence microscope.
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4.2.5. In vivo Implantation

All animal study procedures were
approved by the Institutional Review
Board Service and Institutional Animal
Care and Use Committee at the
University of California, Berkeley. Adult
athymic rats (200 = 20 g) were
anesthetized with 1.5% isoflurane in 70%
N,O/30% O,. Body temperature was

maintained at 37.0+0.5°C during surgery.

Briefly, the rat was set in a supine position, and a midline incision was made on the
ventral side of the neck to expose the left common carotid artery (CCA). Under a
surgical microscope, the carotid artery was isolated and the segment of the artery was
clamped temporarily. A nanofibrous vascular scaffold was placed end-to-end to the CCA
and sutured with 10-0 interrupted stitches. Retrieval of the scaffold involved the same
initial steps for implantation. The vascular scaffold was removed by ligation of native
CCA directly adjacent to the suture locations. The incised muscle layers were

approximated with interrupted 4-0 nylon sutures and stainless steel wound clips were

used to close the skin wound.

The animals were divided into experimental groups according to the composition
of the implanted vascular scaffold as follows: nanofibrous vascular scaffold only (n=15),

Matrigel-cellular vascular scaffold (n=15) and Collagen-cellular vascular scaffold (n=15).

Vascular |
- Graft ‘

LN

Common
Carotid Artery
(CCA)

Figure 41. Nanofibrous
vascular graft with NCSCs
after  three months of
implantation.

The animals were sacrificed at 2 weeks, 1Tmonth and 3 months post-surgery.
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4.2.6. Mechanical Testing

Nanofibrous vascular scaffolds were
Scaffold Segment

,

subjected to load-to-failure testing to determine Force

their Young’s modulus mechanical strength. The
animals were sacrificed and scaffold samples
were explanted. Briefly, the scaffold was cut into

Force

1.5-2 mm long segments,mounted on the Instron . . )
Figure 4.2. Mechanical testing

of the segment excised from a

mechanical test system and subjected to uniaxial
vascular scaffold.

loading (Figure 4.2.) to failure at a strain rate of
0.0025/s. Young’'s modulus was obtained from the slope of the linear part of the stress-
strain curve. At least 3 samples for each group were tested to calculate the mean and

SD.

4.2.7. Histological Evaluation

For histological analysis, the sample was placed into OCT and cryopreserved at -
20°C. The frozen cross-sections (10 um in thickness) were fan-dried for 1 hour at room
temperature. Then the slides were fixed in 4% paraformaldehyde solution for 15 minutes
at room temperature. Samples were incubated in 5% normal goat serum for 30 minutes
to block the non-specific binding, and then incubated overnight at 4°C with primary
antibody diluted in 5% normal goat serum. Primary antibodies include anti-CD31 (1:100
dilution, BD Pharmigen) for endothelial cells (ECs), anti-neurofilament (1:200 dilution,
Sigma) for axons, anti-glial fibrillary acidic protein (GFAP) (1:2000 dilution, Sigma) for
astrocytes, anti-myosin heavy chain (MHC) (1:50 dilution, Santa Cruz) and a-actin
(1:100, Sigma) for smooth muscle cells, anti-NG2 (1:100 dilution, Sigma) for pericyte,

anti-Tuj1 (1:100 dilution, Millipore, Billerica, MA) for neural stem cells. Negative
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controls were conducted by omitting the primary antibody. The sections were incubated
for one hour with either horseradish peroxidase-conjugated anti-mouse or rabbit IgG
(1:1000, Alexa 594 for red and Alexa 488 for green, Invitrogen, Carlsbad, CA). Finally,
slides were mounted and examined by using a fluorescence microscope (Zeiss Axioskop
2 MOT).

Collagen and elastin were stained with Verhoeff's Elastic Stain Kit (American
Master*Tech Scientific, Inc.). The sections were stained following a standard H&E

staining protocol.

4.2.8. Statistical Analysis

The data are presented as mean * standard deviation (SD). For data of
mechanical test requiring comparisons between more than two groups, analysis of
variance (Statview 5.0) was first used to compare differences among all groups. Post-
hoc testing was performed to analyze the data by using Fisher's protected least
significant difference (PLSD). A P-value less than 0.05 was considered statistically

significant.

4.3. RESULTS

4.3.1. Characterization of iPSC-derived NCSCs

Four human iPSC lines (BJ1-iPS1 derived from skin fibroblasts, ADAfE4-iPS38-2
derived from skin fibroblasts, MSC-iPS1 derived from bone marrow mesenchymal stem
cells) were applied in this study. NCSCs were induced from undifferentiated iPSC-
derived neural rosette structures. After cell maintenance and expansion for 7-8 days, the

expression of NCSC markers p75, HNK1, nestin and vimentin were shown
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homogeneously in those three NCSC lines. (Figure 4.3.)

Vimentin Nestin.

Figure 4.3. NCSCs stained for NCSC markers Nestin, Vimentin, P75
and HNK1, indicating their NCSC identity. Nuclei were stained with DAPI
(in blue). Scale bar = 100 pm.

4.3.2. Characterization of Nanofiber Organization in Vascular Scaffolds
Electrospun nanofibrous vascular scaffold with an inner diameter of 1mm were
produced (Figure 4.3.A.). SEM images of the luminal surfaces showed longitudinally
aligned nanofibers. Layers of circumferentially aligned nanofibers were generated
outside of the longitudinally aligned nanofibers. (Figure 4.3.C-D). The purpose of
longitudinally aligned fibers in the inner layer (~30 ym in thickness) was to provide
guidance for the growth and migration of endothelial cells and facilitate cell infiltration

into the three-dimensional (3D) scaffold. The outer layer (~70 ym in thickness) with
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circumferentially aligned nanofibers enhanced the extracellular matrix remodeling and

mechanical properties of the scaffolds.

Figure 4.4. Nanofibrous Vascular Scaffold Fabrication and
Characterization (A) A nanofibrous vascular scaffold (8mm length, 1Tmm
ID). (B-D) SEM image of a vascular scaffold showing longitudinally aligned
fibers in luminal layer and circumferencially aligned fibers in outer layer.

4.3.3. Multipotent Differentiation of iPSC-derived NCSCs

The differentiation of iPSC-derived NCSCs into peripheral neural cells and
mesenchymal cells was assessed as previously described ([12-13]. NCSCs
differentiated into Tuj+/Peripherin+ peripheral neurons in neural differentiation medium
with a combination of BDNF, GDNF, NGF and dibutyryl cyclic AMP (dbcAMP) for 4
weeks. GFAP+/S100p+ Schwann cells were induced by CNTF, neuregulin 18 and

dbcAMP. Besides the peripheral nerve system lineages, NCSCs were differentiated into
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various mesenchymal lineages. Under specific conditions [16,18], iPSC-NCSCs
differentiated into chondrocytes, osteoblasts, adipocytes and smooth muscle cells (data

not shown). These results demonstrated the multipotency of derived NCSCs.

4.3.4. Mesenchymal Lineage Differentiation in NCSC Vascular Scaffolds

To assess the mesenchymal differentiation of NCSCs after vascular scaffold
replacement in vivo, immunofluorescent staining of a-actin, MHC and NG2 was
performed in NCSCs vascular scaffold samples at 2 weeks, 1 months and 3 months

(Figure 4.5.). We found that many NuMA+/a-actin+ and NuMA+/MHC+ cells attached to

C
DAPI

G
DAPI

J L
Numa =0Hn

Figure 4.5. Immunofluorescent staining of mesenchymal lineage
markers a-actin (A), MHC (E), and NG2 (I) (green) and human nuclei antigen
NuMA (B, F, J) (red) in the cellular vascular graft transplantation group at 3
months. Cell nuclei were labeled with DAPI staining (C,G, K). The combined
fluorescent staining is shown in D,H and L. Scale bar = 20 ym.
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the outer surface of the vascular scaffold and formed smooth muscle cell layers with
host cells. No a-actin and MHC positive staining were found to colocalize with NuMA
positive cells distributed in the surrounding tissue of vascular scaffold. Interestingly,
there is no positive staining of a-actin and MHC in the implanted NCSCs at 2-week and
1-month time points. In those samples only host cells were involved in the smooth
muscle cell layer remodeling. In addition, NUMA+/NG2+ cells were found in both the

outer surface and surrounding tissue of the vascular scaffold at 3-month time point.

Figure 4.6. Immunofluorescent staining of peripheral neural lineage
markers GFAP (A), NF (E), and Tuj1 (l) (green) and human nuclei antigen
NuMA (B, F, J) (red) in the cellular vascular graft transplantation group at 3
months. Cell nuclear was labeled with DAPI staining (C, G, K). The combined
fluorescent staining was shown in D,H and L. Scale bar = 20 pm.

4.3.5. Peripheral Neural Lineage Differentiation in NCSCs Vascular
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Scaffolds

To assess the peripheral neural differentiation of iPSC-derived NCSCs in vivo,
immunofluorescent staining of GFAP, NF and Tuj1 was performed in NCSC vascular
scaffold samples at 2 weeks, 1 months and 3 months (Figure 4.6.). In the surrounding
area of the vascular scaffold, NuMA positive cells showed different expression of neural
lineage markers including GFAP, NF and Tuj1 at the 3-month time point. No neural
lineage markers were found in 2-week and 1-month samples. Moreover, no GFAP, NF

and Tuj1 positive cells attached to the surface of the scaffold.

4.3.6. Cellular Graft Fabrication and Characterization

To improve the outer layer remodeling and mechanical strength in the vascular
scaffold, we used collagen gel with NCSCs to wrap the scaffold tightly. The contraction
of collagen gel with NCSCs around the nanofibrous scaffold can be seen in Figures

4.7.A-B. The inclusion of TFG- in the media for the collagen gel led to better and more

uniform contraction of collagen around the nanofibrous scaffolds. Live/dead assays were

Figure 4.7. Collagen-cellular vascular scaffold fabrication. (A-B) Collagen
gel layer with NCSCs wrapped around the nanofibrous vascular graft. Scale bar
= 1 mm. (C) Live/dead assay after cellular vascular graft fabrication. Green =
calcein-positive (live) cells. Red = ethidium bromide-positive (dead) cells. Scale
bar=100 um.
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performed to determine whether cells survived after the fabrication process and surgical
procedures. After a one-day incubation period post collagen gel formation, almost all the
cells were calcein positive (live) and ethidium bromide negative (dead) (data not shown).
This finding suggested that the cells were not detrimentally affected by the collagen gel
formation and were viable at the pre-implantation period. Another live/dead assay was
performed on the NCSC vascular scaffold after in vivo implantation to determine the
viability of the cells after the suturing procedure. Almost all the cells were calcein positive
and ethidium bromide negative post surgery, indicating that they were viable in all stages

during implantation (Figure 4.7.C).

4.3.7. Structure of Cellular Vascular Grafts

To evaluate the structure and cell infiltration of the vascular scaffold and
surrounding tissue, hematoxylin and eosin staining was performed in acellular and
cellular samples at 2 weeks, 1 month, and 3 months. Some cells infiltrated into both the
acellular and cellular vascular scaffold. Most cells grew in the lumen and outer surface
area, and few cells survived in the middle part of the scaffold. The loose tissue structure
covered the acelluar scaffold and only a few cells penetrated into that area at the 2-week
time point (Figure 4.8.A). Compared to the acelluar scaffold group, a tight tissue layer
with dense cell infiltration was found in the cellular collagen group (Figure 4.8.B). After
two more weeks, H&E staining showed no significant difference in the structural
organization of the surrounding tissue. A thin tissue capsule enfolded the whole scaffold
in the acellular scaffold group after 3 months of implantation (Figure 4.8.C). However,
the cellular collagen scaffold group showed a thicker and denser tissue capsule than that
of the acellular scaffold group (Figure 4.8.D). In addition, slight intimal hyperplasia was
found in both the acellular and cellular collagen groups at the 3 month-time point, but not

at the 2-week and 1-month time points.

86



2 weeks

3 months

Figure 4.8. Hematoxylin and eosin staining of acellular and collagen-
cellular vascular scaffold groups at 2 weeks and 3 months. A capsule
layer covered the outer surface of scaffold. Scale bar = 50 pm.

4.3.8. Cellular Vascular Graft Improved Matrix Remodeling

To evaluate the structural remodeling of the cellular vascular scaffold, CD31 and
MHC staining were performed to assess the smooth muscle cell layer and vascular
network in acellular and cellular samples at 2 weeks, 1 month, and 3 months. After 1
month of vascular scaffold implantation, only a few CD31 and MHC positive cells were

found in both acellular and cellular collagen vascular scaffold groups (Figure 4.9.A, C).

87



Many CD31 positive cells shown around the capsule layer represented new microvessel
formation in the cellular collagen scaffold group (Figure 4.9.B). Moreover, another thicker
smooth muscle cell layer covered the capsule layer in the cellular collagen group as

opposed to acellular groups (Figure 4.9.D).

Acellular
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Figure 4.9. CD31 and MHC staining for acellular and collagen-
cellular vascular scaffold samples at 3 months. Arrows show
positive staining of CD31 and MHC. Scale bar = 50 ym.

4.3.9. Mechanical Testing of Vascular Scaffolds
The ultimate Young’s modulus of the collagen-cellular vascular scaffold was
34.3111.1N and 49.848.1N 1 month and 3 months after implantation, respectively.

Comparatively, the average ultimate modulus of the acellular vascular scaffold was
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18.7+24 4N and 31.7£3.7N 1 month or 3 months after implantation, respectively (Figure
4.10.). There was no significant difference between the acellular and collagen-cellular
vascular scaffold groups at 2 weeks (data not shown). At both 1-month and 3-month time
points, the collagen-cellular vascular scaffolds showed better modulus results than
accelular ones (P<0.05). The collage-cellular vascular scaffold group of 3 months had

significantly higher ultimate modulus than that of other groups (P<0.05).

B Acellular Scaffold

H Collagen-Cellular Scaffold

0
o

*%

Modulus (MPa)
) 3

N
o
']

1 Month 3 Months

Figure 4.10. Young’s Modulus of acellular and collagen-cellular
scaffold samples at 1 and 3 months. * indicates significant
difference (P<0.05) compared to acellular scaffold groups at 1-month
and 3-month time point. ** indicates significant difference (P<0.05)
compared to collagen-cellular scaffold at the 1-month time point. The
data are presented as mean £ SD.
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4.4. DISCUSSION

The difficulty in vascular replacement can be attributed to multiple factors,
including the limited availability of venous and arterial grafts and the lack of appropriate
mechanical properties and cell recruitment in synthetic vascular grafts. Most efforts to
improve the strength and remodeling of synthetic vascular scaffolds have been directed
toward fabricating the ideal biocompatible and biodegradable material, providing
appropriate cell sources and enhancing cellular organization. Here we developed a
biodegradable nanofibrous scaffold with iPSC-derived NCSCs to fabricate a novel
cellular vascular graft.

To electrospin the conduits composed of aligned nanofibers, researchers in
previous studies [9,19-20] either rolled a sheet with aligned nanofibers to form a vascular
graft or filled a silicone tube with aligned nanofiber films. Here we developed a one-step
electrospinning process to fabricate a novel, seamless, tubular nanofibrous vascular
scaffold composed of two fully-integrated layers: a luminal layer with longitudinally
aligned nanofibers and an outer layer with circumferentially organized nanofibers.
Longitudinally aligned fibers in the lumen mimic the structure of native artery and
promote endothelial cell attachment and migration. The circumferential nanofibrous layer
facilitates the organization of SMCs and extracellular matrix (ECM) remodeling, to
improve the mechanical properties. Natural polymers such as collagen and elastin could
create a vascular graft with favorable mechanical properties and cellular integration [21-
22]. The combination of synthetic polymer PLLA and collagen gel with stem cells could
provide a synergistic effect on biomechanical strength and structural remodeling.

The key discovery of iPSCs reprogrammed from adult cells could create many
embryonic stem (ES) like cell lines and further differentiate them into cells of interest in
cellular therapies. In previous studies, we successfully differentiated different iPS cell

lines to NCSCs, and four surface markers (P75, HNK1, Vimentin and Nestin) were
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examined to demonstrate the NCSCs’ identity and homogeneity. In addition, in vitro
studies showed that iPSC-derived NCSCs differentiated into mesenchymal lineages
(smooth muscle, chondrogenic, adipogenic and osteogenic cells) and neural lineages
(Schwann cells and peripheral neurons) under different differentiation conditions.

To investigate the NCSCs’ differentiation in vivo, the engraftment of the NCSCs
with matrigel and collagen gel was implanted in a vascular healing environment for 2
weeks, 1 months and 3 months. Interestingly, the NCSCs on the surface of the scaffold
expressed the positive staining of a-actin, MHC and NG2. The surrounding cellular-gel
area of the scaffold showed some NG2 positive cells, but without a-actin and MHC.
Moreover, we found positive GFAP, NF and Tuj positive cells only in the surrounding
tissue. The positive staining of those markers is only shown at the 3-month time point,
not at 2-week or 1-month. In response to various rigidity matrices, stem cells specify
lineage and commit to elasticity-sensitive phenotypes [23-25]. Three months after
implantation, soft matrices induced the NCSCs to differentiate to neural lineages in the
vascular remodeling environment. On the contrary, rigid surfaces directed the same
types of NCSCs to mesenchymal lineages, especially smooth muscle cell lines. The
NCSC-derived pericytes may respond to both soft and rigid physical matrix states. In
addition, no evidence of early differentiation to mesenchymal and neural lineages was
found in vivo.

To investigate the NCSCs performance in smooth muscle cell differentiation, we
used a collagen-cellular vascular scaffold model to direct NCSCs to be involved in the
formation of a smooth muscle layer and facilitate cellular incorporation with the scaffold.
Our results showed the cellular collagen gel wrapped around the scaffold, contracting
and covering the surface of the scaffold with a dense and tight layer following TGF-38
(5ng/ml) treatment (Figure 4.7.). The live/dead assay was performed after 24hrs of

incubation and in vivo implantation to demonstrate the survival of the NCSCs and the
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applicable cell seeding method. At three months post surgery, a thick tissue layer
covered the scaffold, and MHC staining showed a significant smooth muscle cell layer in
the collagen-cellular group. The NuMA positive NCSCs in vivo showed both stretched
cytosol and nuclear morphology and expressed significant a-actin and MHC markers.
Those implanted cells might incorporate host cells to develop the smooth muscle layer to
enhance mechanical strength. Moreover, the wrapped collagen gel could be conductive
to endothelial cell attachment and migration, and increased microvessel formation may
encourage the local circulation to provide abundant nutrition and oxygen for cell
infiltration and organization. Compared to the acellular vascular scaffold group, the
results of mechanical tests showed better scaffold remodeling in collagen-cellular groups
at the 3-month time point. The data of both acellular and cellular groups showed no
significant difference at 2 weeks and 1 month post surgery.

Overall, this study demonstrated that nanofibrous scaffolds offer a valuable
platform of cellular therapies for vascular graft replacement in addition to the guidance of
SMC organization. Scaffold/gel-mediated NCSC implantation not only controlled in vivo
differentiation to neural and mesenchymal lineages in response to various matrix
stiffness conditions, but also advanced the mechanical properties. The results have
imperative implications for the potential of iPSC-derived NCSCs in autologous
regenerative therapies and also for understanding the physical effects of the in vivo

vascular microenvironment.

4.5. REFERENCES

[1] Matsuda T, Miwa H. A hybrid vascular model biomimicking the hierarchic structure of
arterial wall: neointimal stability and neoarterial regeneration process under arterial

circulation. J Thorac Cardiovasc Surg. 1995;110:988-97.

92



[2] L'Heureux N, Paquet S, Labbe R, Germain L, Auger FA. A completely biological
tissue-engineered human blood vessel. FASEB J. 1998;12:47-56.

[3] Seliktar D, Black RA, Vito RP, Nerem RM. Dynamic mechanical conditioning of
collagen-gel blood vessel constructs induces remodeling in vitro. Ann Biomed Eng.
2000;28:351-62.

[4] Bognitzki M, Czado W, Frese T, Schaper A, Hellwig M, Steinhart M, et al.
Nanostructured fibers via electrospinning. Adv Mater. 2001;13:70-+.

[5] Li D, Xia YN. Electrospinning of nanofibers: Reinventing the wheel? Adv Mater.
2004;16:1151-70.

[6] Matthews JA, Wnek GE, Simpson DG, Bowlin GL. Electrospinning of collagen
nanofibers. Biomacromolecules. 2002;3:232-8.

[7] Yoshimoto H, Shin YM, Terai H, Vacanti JP. A biodegradable nanofiber scaffold by
electrospinning and its potential for bone tissue engineering. Biomaterials.
2003;24:2077-82.

[8] Xu C, Inai R, Kotaki M, Ramakrishna S. Electrospun nanofiber fabrication as
synthetic extracellular matrix and its potential for vascular tissue engineering. Tissue
Eng. 2004;10:1160-8.

[9] Hashi CK, Zhu Y, Yang GY, Young WL, Hsiao BS, Wang K, et al. Antithrombogenic
property of bone marrow mesenchymal stem cells in nanofibrous vascular grafts. Proc
Natl Acad Sci U S A. 2007;104:11915-20.

[10] Park IH, Arora N, Huo H, Maherali N, Ahfeldt T, Shimamura A, et al. Disease-
specific induced pluripotent stem cells. Cell. 2008;134:877-86.

[11] Ebert AD, Yu J, Rose FF, Jr., Mattis VB, Lorson CL, Thomson JA, et al. Induced
pluripotent stem cells from a spinal muscular atrophy patient. Nature. 2009;457:277-80.
[12] Lian Q, Zhang Y, Zhang J, Zhang HK, Wu X, Lam FF, et al. Functional

mesenchymal stem cells derived from human induced pluripotent stem cells attenuate

93



limb ischemia in mice. Circulation. 2010;121:1113-23.

[13] Hu BY, Weick JP, Yu J, Ma LX, Zhang XQ, Thomson JA, et al. Neural differentiation
of human induced pluripotent stem cells follows developmental principles but with
variable potency. Proc Natl Acad Sci U S A. 2010;107:4335-40.

[14] Grigoriadis AE, Kennedy M, Bozec A, Brunton F, Stenbeck G, Park IH, et al.
Directed differentiation of hematopoietic precursors and functional osteoclasts from
human ES and iPS cells. Blood. 2010;115:2769-76.

[15] Song Z, Cai J, Liu Y, Zhao D, Yong J, Duo S, et al. Efficient generation of
hepatocyte-like cells from human induced pluripotent stem cells. Cell Res.
2009;19:1233-42.

[16] Lee G, Kim H, Elkabetz Y, Al Shamy G, Panagiotakos G, Barberi T, et al. Isolation
and directed differentiation of neural crest stem cells derived from human embryonic
stem cells. Nat Biotechnol. 2007;25:1468-75.

[17] Lam H, Patel S, Wong J, Chu J, Lau A, Li S. Localized decrease of beta-catenin
contributes to the differentiation of human embryonic stem cells. Biochem Biophys Res
Commun. 2008;372:601-6.

[18] Wang D, Park JS, Chu JS, Krakowski A, Luo K, Chen DJ, et al. Proteomic profiling
of bone marrow mesenchymal stem cells upon transforming growth factor beta1l
stimulation. J Biol Chem. 2004;279:43725-34.

[19] Kim YT, Haftel VK, Kumar S, Bellamkonda RV. The role of aligned polymer fiber-
based constructs in the bridging of long peripheral nerve gaps. Biomaterials.
2008;29:3117-27.

[20] Chew SY, Mi R, Hoke A, Leong KW. Aligned Protein-Polymer Composite Fibers
Enhance Nerve Regeneration: A Potential Tissue-Engineering Platform. Adv Funct
Mater. 2007;17:1288-96.

[21] Caves JM, Kumar VA, Martinez AW, Kim J, Ripberger CM, Haller CA, et al. The use

94



of microfiber composites of elastin-like protein matrix reinforced with synthetic collagen
in the design of vascular grafts. Biomaterials. 2010;31:7175-82.

[22] Buttafoco L, Kolkman NG, Engbers-Buijtenhuijs P, Poot AA, Dijkstra PJ, Vermes I,
et al. Electrospinning of collagen and elastin for tissue engineering applications.
Biomaterials. 2006;27:724-34.

[23] Flanagan LA, Ju YE, Marg B, Osterfield M, Janmey PA. Neurite branching on
deformable substrates. Neuroreport. 2002;13:2411-5.

[24] Georges PC, Miller WJ, Meaney DF, Sawyer ES, Janmey PA. Matrices with
compliance comparable to that of brain tissue select neuronal over glial growth in mixed
cortical cultures. Biophys J. 2006;90:3012-8.

[25] Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell

lineage specification. Cell. 2006;126:677-89.

95



Chapter 5.

Conclusion and Future Directions

96



5.1. Conclusion

In this dissertation, nanofibrous scaffolds are applied as a model to investigate the
effects of surface topography modifications, as a delivery and release platform, and with
stem cells and tissue engineering by both in vitro and in vivo study.

Nanomaterials, one of the booming fields of nanotechnology, not only encourages
scientists to design and construct nano-devices used in clinical diagnosis and monitoring
but also promotes potential applications in regenerative medicine. The use of the
electrospinning technique to generate functional nanofibrous scaffolds for replacing
tissues such as nerve, spinal cord or blood vessels, is particularly exciting. Moreover,
biocompatible and biodegradable polymers can be spun into nanofibers in the scaffold to
provide mechanical support and guidance for cell growth. The structure and morphology of
electrospun nanofibers can be manipulated to resemble that of extracellular matrix (ECM),
therefore creating a more “familiar” environment for cells. In Chapters 2 through 4, we applied
the electrospinning method to design three different nanofibrous scaffolds for peripheral nerve
repair, spinal cord regeneration and vascular replacement, respectively.

As described in Chapter 2, a goal in neural tissue engineering is to develop
synthetic nerve conduits for peripheral nerve regeneration with therapeutic efficacy
comparable to that of autografts. Nanofibrous conduits with aligned nanofibers have been
shown to promote nerve regeneration, but current fabrication methods rely on rolling a

fibrous sheet into the shape of a conduit, which results in a graft with inconsistent size
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and a discontinuous joint or seam. In addition, the long-term effects of nanofibrous nerve
conduits, in comparison with autografts, are still unknown. In this study, we developed a
novel one-step electrospinning process, and for the first time, fabricated a seamless
bi-layer nanofibrous nerve conduit: the luminal layer having longitudinally aligned
nanofibers to promote nerve regeneration, and the outer layer having randomly
organized nanofibers for mechanical support. Long-term in vivo studies demonstrated
that bi-layer aligned nanofibrous nerve conduits were superior to random nanofibrous
conduits and had comparable therapeutic effects to autografts for nerve regeneration.
This study may lead to the scalable fabrication of engineered nanofibrous nerve conduits
for efficient nerve regeneration, and will facilitate the development of engineered tubular
scaffolds for many other applications in regenerative medicine.

As pointed out in Chapter 3, the difficulty in spinal cord regeneration has been linked
to inhibitory factors for axon growth and the lack of appropriate axon guidance in the
lesion region. Here we developed scaffolds with aligned nanofibers for nerve guidance
and drug delivery in the spinal cord. Blended polymers including Poly (l-lactic acid)
(PLLA) and Poly (lactide-co-glycolide) (PLGA) were used to electrospin nanofibrous
scaffolds with a two-layer structure: aligned nanofibers in the inner layer and random
nanofibers in the outer layer. Rolipram, a small molecule that can enhance cAMP activity
in neurons and suppress inflammatory responses, was immobilized onto the nanofibers.
To test the therapeutic effects of nanofibrous scaffolds, the nanofibrous scaffolds loaded

with rolipram were used to bridge a hemisection lesion in 8-week old rats. The scaffolds
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with rolipram increased axon growth through the scaffolds and in the lesion, promoted
angiogenesis through the scaffolds, and decreased the population of astrocytes and
chondroitin sulfate proteoglycans in the lesion. Locomotor scale rating analysis showed
that the scaffolds with rolipram significantly improved hindlimb function after 21 days.
This investigation demonstrated that nanofibrous scaffolds offered a valuable platform
for drug delivery for spinal cord regeneration.

In Chapter 4, we developed a one-step procedure to fabricate a seamless
vascular scaffold with a bi-layer structure similar to native artery: the luminal surface has
longitudinally aligned nanofibers for endothelial cell migration, and the outer layer has
circumferentially aligned nanofibers for smooth muscle cell organization and structural
support. iPSC-derived NCSCs’ differentiation in various matrix stiffness conditions
demonstrate the potential of combining iPSCs and nanofibrous scaffolds for vascular
tissue engineering. The unique design of matrigel and collagen cellular vascular scaffolds
sustains efficient cell recruitment and organization, significant synthesis and
self-assembly of ECM, and excellent patency. Moreover, collagen-cellular vascular
scaffolds with TGF-B show significant synthesis, self-assembly of ECM and increased
mechanical strength. In this chapter, we uncovered the multi-differentiation properties of
iPSC-derived NCSCs and the underlying mechanism, which may have a significant
impact on the use of iPSCs for vascular tissue engineering and regenerative medicine.

In conclusion, our studies mainly focused on the new generation of prosthetic and

medical implants with nanotechnology innovation, intended to benefit patient healthcare
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in the long run.

5.2. Future Directions

Although significant progress has been made through this research, more

detailed experiments and animal trials are necessary before the proposed designs can be

used in the clinical setting.

The focus of the studies in Chapter 2 and 3 was to develop an electrospun

nanofibrous scaffold with surface topographic and chemical modifications to improve its

performance for peripheral nerve and spinal cord treatment. In Chapter 4, we

emphasized the synergistic effects of stem cells and nanofibrous scaffolds to investigate

iPSC-derived NCSC differentiation and vascular structure remodeling. Since preliminary

data demonstrate the pluripotent characteristics of iPSC-derived NCSCs, future studies

may apply the stem cell engineered scaffold in peripheral nerve and spinal cord

regeneration. For vascular scaffold applications, we may modify the nanofibers with

bioactive molecule to either attract SMC infiltration or promote EC adhesion and

migration. That will aid long-term patency and structural remodeling. In addition, various

homopolymers, copolymers or polymer mixtures may be tested to fabricate an ideal

nanofibrous scaffold in the future.
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