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ABSTRACT OF THE THESIS
Release of uric acid from poly(e-caprolactone) nanofibers as potential treatment
for spinal cord injury

by SALMAN KHALIQ

Thesis Director:

Bonnie L. Firestein, Ph.D.

Spinal cord injury (SCI) is characterized by two phases: the primary phase
involves a traumatic event, which can be external or internal injury, and a
secondary phase, which entails a number of biochemical processes, eventually
resulting in inflammation, neuronal death, and axonal demyelination. Glutamate-
induced excitotoxicity (GIE) is the major contributor to this secondary SCI
pathway. GIE is mediated by the release of excessive glutamate into synaptic
clefts, overstimulating N-methyl-D-aspartate channels, which increases
intracellular Ca2+, and results in cell swelling and mitochondrial dysfunction.
Furthermore, GIE increases the production of toxic reactive species, leading to
DNA and mitochondrial damage, and eventually, cell death. Currently, there is no
clinical treatment that specifically targets GIE after SCI, and emergence of a
therapeutic target for secondary damage in SCI patients is of utmost need. Uric
acid (UA), a product of purine synthesis, acts as an antioxidant by scavenging
free radicals and preserves neuronal viability in several in vitro and in vivo SCI

models. However, high systemic UA concentrations can be detrimental and lead



to hypertension, kidney disease, and gout. Thus, there is need to develop a drug
delivery system that can deliver UA locally to the target injured region. Natural
polymers show high biocompatibility but lack the ability to be fabricated in such a
way that the rate of drug release is controlled. In contrast, use of the synthetic
polymer, poly (e-caprolactone; PCL), offers an advantage over natural polymers
since it is not only biodegradable and biocompatible, but it also has a controllable
degradation rate and is compatible with a vast number of drugs. As such, it has
been studied and used extensively in the context of drug delivery applications.
Here, using the electrospinning technique, we developed a PCL-UA nanofiber
mat containing UA, which has the potential as an implantable drug delivery
carrier for UA. We then optimized delivery of UA via this PCL nanofiber mat in
short bursts of 2 hours by coating the mats with PEGDA. We then optimized the
effective dose of UA released from PCL nanofibers to protect neurons from GIE
in organotypic spinal cord slice culture. We show that the mats decrease reactive
oxygen species generation and cell death. The long-term goal of this project is to
extend these studies in vivo, and ultimately, optimize use for SCI patients. This
approach is therapeutically viable since PCL is an FDA approved polymer
currently used to deliver multiple drugs and fully excreted from the body upon

degradation without any toxic effects.
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CHAPTER 1: INTRODUCTION

Spinal cord injury (SCI) occurs with the initial physical damage or primary insult
followed by biochemical damage or secondary insult that may continue for days
or months post-injury. Glutamate, a common excitatory neurotransmitter in the
central nervous system, is a significant mediator of secondary damage that
occurs after spinal cord injury. [1, 2] Excessive glutamate released by injured
neurons overstimulates N-methyl-D-aspartate glutamate receptors (NMDAR),
which causes ionic imbalances as intracellular concentrations of Na* and Ca?*
start to rise, resulting in cell swelling and mitochondrial dysfunction. [3-5]
Decreased ATP production, due to mitochondrial damage, increases the
production of reactive oxygen species. [6] Furthermore, high intracellular
concentrations of Ca?* trigger the formation of nitric oxide (NO), which reacts with
O2 (superoxide) and forms toxic peroxynitrite (ONOO"), damaging mitochondria
and eventually leading to cell death. [7-10] Currently, there is no safe and
effective treatment available to address damage due to glutamate-induced

excitotoxicity (GIE) caused by SCI. [11]

Uric acid (UA), the most abundant and important antioxidant in the plasma [12-
16], plays neuroprotective roles in reducing GIE as a peroxynitrite scavenger [17-
19] and [20] by upregulating glutamate transporters on astroglia. [21] However,
administration of UA can lead to hyperuricemia, which has been linked to kidney

disease, hypertension, and gout. [22] Detrimental systemic effects and



advantageous local effects of UA treatment makes UA an ideal molecule for
controlled release to the wounded area. UA is highly insoluble in most solvents,
except for heated basic solutions, making it technically challenging to integrate
into biocompatible nanofibers, [23, 24] and sustained release of UA via
biocompatible nanofibers has not yet been achieved. Designing a nanofiber mat

for local delivery of UA will open new avenues for treating GIE as a result of SCI.

Electrospinning, a simple technique often employed to produce non-woven
nanofiber mats, [25] has the potential for creating implantable drug delivery
carriers. [26] The nanofibers produced by this process have comparatively higher
surface area to volume ratio and enhanced mechanical functions than do large
fibers. [27-31] This technique is versatile and allows for adjustment of fiber
diameter distribution, pore size, porosity, release kinetics, and spatial
arrangement by manipulating parameters, such as solution composition, polymer
solution feed rate, applied voltage, and cathode distance. [27, 32-35]
Furthermore, three-dimensional electrospun nanofibers mimic the extracellular
matrix (ECM), making it an ideal drug delivery system. [36] Complete control of
design over nanofiber morphology, dimensions, and porosity enables the delivery

of a variety of drugs from these nanofibers for controlled release.

Various natural and synthetic polymers are used as drug delivery systems for
different clinical applications. Natural polymers have advantages over synthetic

polymers, such as high biocompatibility, [37] but they lack mechanical strength,



suitable controlled degradation rates, and the ability to be fabricated from various
materials. Degradation of polymers in vivo or in vitro determines the release rate
of the drugs entrapped in the polymers. The degradation chemistry of polymers is
dependent on several factors, such as the type and nature of polymer mixtures
(pristine/copolymer), architectural scale (micro scale/nano scale), and presence
of hydrolytic accelerators or suppressors. [38] Of the many synthetic polymers,
polycaprolactone (PCL) possesses optimal mechanical properties and high
compatibility with a vast range of drugs and is extensively used in drug
applications because of these characteristics. [39, 40] Therefore, we used PCL
nanofibers as a drug delivery system for this research. PCL has a slow
degradation rate, and adding a coating of polyethylene glycol diacrylate
(PEGDA), which is a common polymer used to deliver various FDA approved
drugs and therapies, can slow degradation of PCL even further. Hence, we used

PEGDA coating to slow the rate of release of UA from UA-PCL nanofiber mats.

The use of isolated and homogeneous cells in vitro reduces the number of
experimental animals needed for study. [41] This technique allows for the
examination of a wide array of cellular processes and the effects of compounds
on toxicity and cellular viability in primary cultures. However, for neuronal studies,
isolated cells do not reflect the true physiological conditions of an organism and
lack supporting cells and electrophysiological connections with surrounding cells.
[42] Organotypic slice culture can mimic in vivo conditions by preserving several

aspects of extracellular and synaptic organization of primary tissue. Several



organotypic cultures have been proposed and include organotypic culture
chamber [43] and roller tube technique, [44-51] which was modified and
optimized by placing the slice on a semipermeable membrane. [52] It is for this
reason that this culture system is used to assess the efficacy of our UA fiber

mats on neuronal viability in response to GIE.



CHAPTER 2: LITERATURE REVIEW

Spinal cord injury is a devasting neural pathology with drastic effects on the
social and financial aspects of the affected person, their families, and the
healthcare system. There are many new advancements in rehabilitation
strategies, but still SCI remains a major contributor in disability and morbidity
cases worldwide. [53] According to an estimate, the incidence rate of SCI in the
United States alone is between 43 and 71 per million, [54, 55] and approximately
12,500 cases of SCI are registered in North America every year. [56] Currently, it
costs approximately $2.35 million per patient for medical, acute care,
hospitalization, and rehabilitation costs along with lost earnings over the lifetime
of the injury. [56] Therefore, it is critical to understand the pathways that lead to

the loss of motor function after SCI and to develop new therapeutic treatments.

2.1 Phases of Spinal Cord Injury

SCIl is characterized by two phases, primary and secondary. Primary damage is
the first initial physical trauma to the spinal cord, which leads to spontaneous cell
death in the region of impact. There are four main characteristic mechanisms of
primary injury: (1) impact plus persistent compression; (2) impact alone with
transient compression; (3) distraction; (4) laceration/transection. [57-59] These
mechanisms occur independent of the type of primary injury and damage the
afferent and efferent spinal cord pathways, blood vessels, and nerve cell

membranes, [58, 60] implicating imbalances in ionic environment and build-up of



neurotransmitters. [61] Thus far, early surgical decompressions have been the
gold standard for limiting the damage on the spinal cord due to primary injury.

[62, 63]

Secondary injury is the series of biochemical events that start within minutes of
initial physical trauma and can continue for weeks or even months, resulting in
gradual loss of functionality due to the spread of the diffusible signals in the
tissue surrounding the lesion site. [64] These biochemical events are
characterized into acute, sub-acute, and chronic phases. The acute phase
initiates instantaneously after SCI and leads to ionic imbalances as intracellular
concentrations of Na+ and Ca2+ start to rise, resulting in cell swelling and
mitochondrial dysfunction, eventually leading to cell death due to the production
of reactive oxygen species (ROS). [3-5, 59, 64-66] The sub-acute and chronic
phases follow and further damage neurons in the injury site and their
surroundings, ultimately leading to extreme deterioration of motor functions. [59,
64] Currently, there is no therapeutic to counter the effects of acute and sub-
acute secondary injury that leads to ultimate chronic damage. Therefore, this
research is focused on these phases of secondary damage, which involves

glutamate-induced excitotoxicity.

2.2  Mechanism of Glutamate-Induced Excitotoxicity
Glutamate is the most abundant excitatory neurotransmitter in the brain and

contributes in virtually all activities of the CNS. Normally, the extracellular



concentration of glutamate is in the low micromolar range, [67, 68] but after SCI,
the extracellular glutamate concentration increases drastically and leads to
excitotoxicity. [69, 70] During normal neurotransmission, glutamate is stored in
vesicles in the presynaptic terminal, and upon depolarization, the glutamate is
released into the synaptic cleft and binds to ionotropic glutamate receptors (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid (AMPA), kainate, and N-
methyl-D-aspartic acid (NMDA)), which eventually results in membrane
depolarization of the postsynaptic neuron. The glutamate released into the
synaptic cleft is taken up by excitatory amino acid transporters (EAATS) present
on astroglia ensheathing the glutamatergic synapse. [71] Astrocytes convert
glutamate into glutamine using an enzyme, glutamine synthetase, and release
the glutamine into the extrasynaptic extracellular space. The glutamine is taken
up by neurons, converted back to glutamate, and is used again for

neurotransmission. [72]

Minutes after spinal cord injury, extracellular glutamate concentrations increase
to neurotoxic levels [73-77], which causes membrane depolarization and release
of the Mg2+ block on NMDA channels. [78] NMDA and neuronal nitric oxide
synthase (nNOS) are linked by the postsynaptic density protein (PSD-95). [7, 8]
Activation of NMDA channels leads to the influx of Ca2+, which eventually results
in production of nitric oxide (NO) via Ca2+, and calmodulin binding to nitric oxide
synthase. [79, 80] Furthermore, higher concentrations of Ca2+ in the cell causes

mitochondrial membrane depolarization, resulting in mitochondrial dysfunction,



which subsequently generates high concentrations of ROS, including super oxide
(02-). [81, 82] Interaction of NO and O2- forms the toxic peroxynitrate (NO3-),
[10] which interferes with mitochondrial respiration, causes lipid peroxidation,
damages mitochondrial and cellular DNA, and eventually leads to cell apoptosis
(Fig.2.1). [83-85] Additionally, expression of EAATSs following SCI decreases due
to the loss of astrocytes and downregulation of EAATS on surviving cells, causing

decreased glutamate uptake by astrocytes. [86, 87]

Several strategies have been used to counter the effects of glutamate-induced
excitotoxicity, but no current treatment has been effective thus far. Uric acid (UA),
displays neuroprotection from the excitotoxic effects of glutamate by scavenging
ROS and upregulating EAATS, [17-21] in a rodent SCI model. Therefore, UA has

a potential to be a therapeutic for SCI.
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Figure 2.1: Mechanism of Glutamate-induced Excitotoxicity. Glutamate-
induced excitotoxicity results in the production of reactive oxygen species (ROS),
which eventually leads to cell death.

2.3  Uric Acid: A Free Radical Scavenger

Uric acid is an end product of purine synthesis. Cellular purines are mainly
derived from large animal proteins and from live and dying cells. Deamination of
adenine and dephosphorylation of guanine vyields inosine and guanosine,
respectively, which are further converted to hypoxanthine and guanine,
respectively, via purine nucleoside phosphorylase. The oxidation of hypoxanthine

and deamination of guanine results in the formation of xanthine, which is then

subsequently oxidized to uric acid via xanthine oxidase (Fig.1.2). [88-90]
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Figure 2.2: Purine synthesis pathway. Uric acid is the end product of purine
metabolism.

The physiological importance of uric acid is underscored by the fact that 90% of
serum uric acid filtered by kidney glomeruli is reabsorbed [16, 89]. Uric acid can
be further oxidized into the more soluble 5-hydroxysourate, which is
subsequently degraded into allantoic acid and ammonia by uricase, and allantoic

acid can be excreted by the kidneys. However, due to the presence of two
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premature stop codons in uricase MRNA, the gene encoding uricase is a

pseudogene in some primates, including humans and apes. [91, 92]

Due to this fact, humans cannot metabolize uric acid into a more soluble form,
and hence, serum uric acid levels in humans and apes are 3 to 10 times higher
compared to mammals that possess functional uricase. Recent studies have
shown that UA protects CNS neurons from excitotoxic and metabolic injuries.
[17-21, 93] This suggests that increased UA concentration is a compensatory

mechanism for longevity due to evolution.

Uric acid plays a vital role in scavenging ROS and inducing an inflammatory
response, both of which are necessary for tissue healing. Uric acid upregulates
EAAT-1 in astrocytes, which helps regulate excessive extracellular glutamate
after SCI. [21] However, high systemic concentrations of uric acid have been
linked to gout [94], metabolic syndrome [95-99], cardiovascular disease[98-100],
and is one of the best independent predictors of diabetes. [101, 102] Nanofiber
release of UA is a potential therapeutic approach to counter the negative effects
of bolus injection of uric acid as uric acid is highly insoluble in aqueous solution.
Targeted and controlled delivery of UA via electrospun biocompatible nanofibers

mats may be more efficacious for treating GIE after SCI.
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2.4  Polymer drug delivery systems

Polymer drug delivery systems can be controlled by diffusion (monolithic
devices), osmosis (solvent-activated devices), [103] chemical (biodegradable),
and external triggers (pH, temperature). [104] Various synthetic and natural
polymers have been used as drug delivery carriers and offer advantages over
others according to the application. Natural polymers are biocompatible, but
compared to synthetic polymers, their mechanical properties, degradation rate,
pore size, and loading capacity cannot be controlled. Ideally, incorporation of a
drug in polymer offers various benefits, including nontoxicity, nonimmunogenicity,
enhanced permeation and retention rate, greater loading capacity, and the ability
for targeted and controlled delivery. [105] Among several synthetic polymers,
poly (E-caprolactone) (PCL) is considered as a “go to” biomaterial in the fields of
tissue engineering, wound dressing, and targeted drug delivery systems.[106-
108] Electrospun PCL nanofibers have been extensively studied and used for
various biomedical applications because of their slow biodegradation, high
biocompatibility, and thermal stability.[106, 109-113] Hence, we chose synthetic

polymers for the delivery of uric acid to injured spinal cord tissue.

2.5 Electrospun UA-PCL nanofibers

The electrospinning setup consists of five components: a DC power supply (kV
range), polymer solution, electrically charged spinneret, a syringe pump, and a
grounded collector. (Fig. 2.3) The process begins with jet initiation, in which

polymer is pumped through the spinneret to make a droplet. The electrostatic
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Figure 2.3: Electrospinning Setup. The electrospinning setup consists of five
components: a DC power supply, polymer solution, electrically charged
spinneret, a syringe pump, and a grounded collector.

field accumulates on the droplet, causing elongation of the droplet and forming a
Taylor cone. When electrostatic forces overcome surface tension on the droplet,
a polymer solution jet is ejected to the grounded collector, and the solvent is
evaporated. This thinning of the polymer jet results in production of fibers of
nanometer dimensions. [33, 114, 115] Several parameters can be changed to
control the characteristics of the nanofibers, such as type of collector, applied
voltage, distance between spinneret and collector, molecular weight, solvent
evaporation characteristics, solution conductivity and viscosity, and dispersion
flow rate. [33, 114-117] Typically, these parameters have direct effects on the
morphological features of the nanofibers, which in turn, can shape the bioactive
characteristics of the nanofibers. Therefore, we electrospun UA-PCL polymer

solution to form nanofiber mats to achieve the desired characteristics of an ideal

drug delivery system for SCI. In applications, which require even slower drug
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release, materials, such as poly (ethylene glycol) diacrylate (PEGDA), are used
to coat the base nanofiber mats, [118-120] which in addition to slowing drug
release, improve the mechanical strength of the nanofiber mats and inhibit

protein adsorption. [121, 122]

2.6 PEGDA as acoating polymer

PEGDA is formed by adding two acrylate groups, the crosslinker between the
molecular chain polymers, on either side of the PEG chain. (Fig.2.4) PEG
hydrogels can form different structures using three types of polymerization: (1)
chain-growth, (2) step-growth, and (3) mixed-mode growth. [123] PEGDA follows
chain-growth polymerization and uses photopolymerization for cross-linking, and
initiation of the reaction occurs with cleavage of the initiation molecule by visible
light, eventually leading to covalent crosslinking of PEGDA. The non-ionic and
hydrophilic properties of PEGDA provide a lack of binding sites for proteins, and
hence, reduce the chance of the material being recognized by the immune
system. PEGDA has been shown to be an ideal polymer for drug delivery
systems as it improves the pharmacokinetics of drugs and is FDA approved to
deliver several enzymes, cytokines, antibodies, and growth factors. [124] We
coated UA-PCL nanofiber mats with PEGDA to slow the release of UA from the

PCL nanofibers.



15

H,

‘ ] n

C%\//
!

Polyethylene Glycol Diacrylate (PEGDA)

Figure 2.4. Structures of polyethylene glycol (PEG) and polyethylene
glycol diacrylate (PEGDA)

2.7 Organotypic slice Culture

The Firestein group reported that UA acts astroglia to protect spinal cord neurons
from injury, [21] and this work and the work of others was performed in vitro
using dissociated neuron cultures. In vitro cell culture is crucial and important for
studying cellular processes in an isolated environment, and it reduces animal
suffering and numbers of animal used for an experiment. However, primary
dissociated cells do not reflect the true architecture of the cellular environment.
Therefore, organotypic slice cultures, which simulate in vivo like conditions, are

used for the studies described here.

Organotypic culture includes several cell types and preserves neuronal synaptic
organization, which are crucial for understanding the role of different therapeutics

for SCI. Large volume organotypic slice culture was first introduced by Boyd [43]
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and further optimized by Ansevin and Lipps. [125] Gahwiler's group introduced
the roller tube method, [44-46, 49, 51, 126] following optimization of the culture of
tissues on semipermeable membranes by the Stoppini group. [52] This method is
still used widely to culture organotypic brain and spinal cord slices with some
modifications. The lack of the ability to obtain electrophysiological readings from
long-term organotypic slices cultures on semipermeable membrane points to a
need to grow organotypic slices directly on the culture dish without a
semipermeable membrane. Therefore, we optimized organotypic spinal cord
slice culture from embryonic day 15-17 rats without using a semipermeable
membrane insert, allowing for study of the functional aspects of long-term

organotypic slice cultures.



17

CHAPTER 3: MATERIALS AND METHODS

3.1 Experimental Design

Spinal cord slices were isolated from rat embryos at embryonic day 16 (E16) and
sliced at 350pm using vibratome. The slices were then placed into 12 well plates
previously coated with poly-D-lysine and laminin. The slices were cultured for 7
days in vitro (DIV) in Neurobasal A medium supplemented with B-27, GlutaMAX,
and gentamycin. Locke’s buffer (NaCl, 154 mM; KCI, 5.6 mM; CaCl2, 2.3 mM;
MgCl2, 1.0 mM; NaHCO3, 3.6 mM; glucose, 5 mM; Hepes, 5 mM; pH 7.2) was
used as vehicle for glutamate and UA treatments. On DIV7, the slices were
treated with 3mM glutamate for 1 hour and different concentrations of UA for 24
hours at 37C and 5% CO:2. For assessment of oxidative stress, phase contrast
and fluorescence micrographs were taken under a 4x objective using the EVOS
FL Microscope (ThermoFisherScientific) following the incubation of slices in 3.5

MM CellROX™ Green Reagent for 1 hour (Fig.3.1.).
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Figure 3.1: Experimental setup for assessment of effects of UA on
glutamate-induced cell death (propidium iodide staining) and generation of
reactive oxygen species (ROS; CellROX staining).

3.2  Preparation of UA-containing PCL nanofibers

Preparation of UA containing PCL nanofibers was adapted from McKeon-Fisher
et. al.. [127] Briefly, PCL and dichloromethane (DCM) were combined for a final
solution of 20% PCL (w/v). To load the fibers with UA, 0.1% and 0.2% of UA
solution was added to the PCL solution. Solutions were loaded into a 5 ml
syringe with a 20 gauge blunt stainless steel needle and placed into a syringe
pump set at an extrusion rate of 5 ml/h. A distance of 18 cm was set between the
needle tip, and a 3000£200 rpm rotating mandrel with a 5 cm diameter was used
to collect the nanofibers. A 2 kV negatively charged plate was placed behind the
rotating mandrel to aid in attracting the positively charged solutions. The positive
voltage ranged from 13 — 17 kV and was adjusted to produce the most stable

Taylor cone during the electrospinning process to produce the most consistent

fiber morphology in the scaffold.
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3.3 Coating of PEGDA on UA-PCL Nanofibers

All hydrogel solutions were prepared by dissolving poly (ethylene glycol)
diacrylate (PEGDA) in phosphate-buffered saline (PBS) using a vortex mixer.
Photo-initiator ~ solution  comprised of 300 mg/ml 2,2-dimethoxy-2-
phenylacetophenone in 1-vinyl-2-pyrrolidinone was prepared and added to the
hydrogel solution (50 pL of photo-initiator solution per 1 mL hydrogel solution (5%
v/v) just prior to applying UV radiation. The hydrogel solution mixture was poured
on top of UA-PCL nanofibers, and UV radiation was applied at a wavelength of
365 nm using a 3UVTM Lamp at 30 s intervals until the solution solidified and

failed to flow.

3.4 Release profile of UA

UA-PCL nanofibers were cut into 1 inch x 1 inch cross section mats and were
incubated in 10 ml phosphate-buffered saline (PBS). The pH of the PBS, which
decreases with increasing concentration of UA released from the nanofiber mats,

was measured over time with a pH meter.

3.5 Organotypic Spinal Cord Slice Culture

Sprague Dawley rats at 16 days of gestation (E16) were extracted via Caesarian
section in Gey’s balanced salt solution supplemented with 1% of 30uM kynurenic
acid and 0.6% glucose solution. A dorsal incision was made in the embryos to
isolate spinal cords, which were sliced at 350 pym using a Mcllwain tissue

chopper. The slices were placed into 12 well plates previously coated with 0.1%
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poly-D-lysine for 24 hours and 0.1mg/ml laminin for 2 hours at 37C and 5% COa.
The slices were cultured in serum-free medium (FNBA; Neurobasal A medium
supplemented with B-27, 0.5mM GlutaMAX, 25ug/ml gentamycin) for 7 days in

vitro (DIV). Medium (100 pL) was added every other day.

3.6  Glutamate-induced Injury and UA Nanofiber Treatment

On DIV7, cultures were treated with 3mM glutamate dissolved in Locke’s buffer
(LB; NaCl, 154 mM; KClI, 5.6 mM; CaCl2, 2.3 mM; MgClI2, 1.0 mM; NaHCO3, 3.6
mM; glucose, 5 mM; HEPES, 5 mM; pH 7.2), or with LB alone as control for 1
hour followed by treatment with nanofiber mats for 15 minutes, after which, the
mats were removed. The slices were then placed into an incubator at 37C and

5% CO2 overnight.

3.7 CellROX, H2DCFDA, PI Treatment, and Fluorescence Imaging

For assessment of oxidative stress, phase contrast and fluorescence
micrographs were taken under a 4x objective using the EVOS FL Microscope
(ThermoFisher Scientific) following the incubation of slices in 3 yM propidium
iodide (PI) for 30 minutes and 5 uM CellROX™ Green Reagent or H2DCFDA for
1 hour. Images were quantified using ImageJ software, and statistical analysis

was performed using GraphPad Prism 6 software.
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3.8 Image Processing

Images of organotypic slices that were exposed to Pl for quantifying % dead cells
and CellROX/H2DCFDA for quantifying % ROS were taken under a 4x objective
using the EVOS FL Microscope (ThermoFisherScientific). Fluorescence
micrographs were quantified using ImageJ by converting to 16-bit, then the

region of interest was traced and mean grey value (intensity) was measured.
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CHAPTER 4: RESULTS

4.1 Uric Acid is Neuroprotective and Scavenges Reactive Oxygen
Species in Organotypic slice culture

To determine whether UA reduces levels of reactive oxygen species (ROS) in
organotypic slice cultures incubated with 3 mM glutamate, we stained the slices
with CellROX Green Reagent. We found that treatment with UA at concentrations
of 200, 400, and 800 uM after glutamate-induced injury resulted in decreased

ROS, suggesting that UA scavenges ROS (Fig. 4.1 and 4.2).

Control Vehicle (3 mM Glu_tamate) 3 mM Glut + 200 yM UA

e

Figure 4.1: Representative heat maps demonstrating ROS in organotypic
spinal cord slices following 3 mM glutamate treatment and post-treatment with
(A) Control, (B) Vehicle, (C) 200 uM UA, (D) 400 uM UA and (E) 800 uM UA.
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Figure 4.2  Quantitation of % Control ROS from heat maps after 1 hour of
3.5 uyM CellROX Green Reagent exposure the n(CTL) = 28, n(VEHICLE) = 21,
n(200 uM UA) = 27, n(400 uM UA) = 22, and n(800 uM UA) = 27. Statistics
calculated by one-way ANOVA followed by Tukey’s multiple comparisons test.
****%n<0.0001. Error bars indicate SEM.

4.2 Sustained Release v/s Burst Release of UA from UA-PCL Nanofibers
To determine whether the protective effects of UA are mediated over time, we
constructed nanofiber mats that release UA as a burst or over time. We
incorporated UA into PCL and electrospun UA-PCL nanofiber mats for burst
release of UA (Fig. 4.3A). We also coated UA-PCL nanofibers with PEGDA for

sustained release. Using a decrease in solution pH as an assay for UA release

from the nanofiber mats, we found that UA was released into PBS solution within
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20 minutes from UA-PCL nanofibers (burst) whereas PEGDA coated UA-PCL
nanofibers released in UA in a sustained manner over a 2 hour period (Fig.
4.3B). We calculated the concentration of UA in the solution at different time
points using the release profile and determined that at the 15 minute time point,
the concentration of UA in the solution is approximately 200 uM. Thus, we
applied the nanofiber mats to spinal cord cultures for 15 minutes for comparison

of effects of the nanofibers to that of 200 uM soluble UA.

Figure 4.3A: Bright field image of nanofibers, demonstrating that they mimic
the extracellular matrix microenvironment
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Figure 4.3B: Release Profile of UA-PCL and UA-PCL-PEGDA nanofibers.
UA-PCL-PEGDA fibers release UA more slowly than UA-PCL fibers as measured
by a change in the pH of the solution (as a proxy for UA release) with respect to
time. A 1 inch x 1 inch nanofiber was used for the release profile.

4.3  Effects of UA Release from Nanofibers on Cell Death

To investigate the effects of UA release from the two types of nanofibers on cell
death in organotypic spinal cord slices after glutamate induced excitotoxicity, we
stained the slices with 3 uM propidium iodide (Pl) after GIE and treatment. We
observed that treatment with UA-PCL and UA-PCL-PEGDA nanofibers after
injury increased cell viability as compared to the slices that were not treated with

nanofibers. Furthermore, treatment with PCL and PCL-PEGDA nanofibers alone

does affect cell death in the cultures (Fig 4.4).
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Figure 4.4: Quantitation of propidium iodide staining in response to high
levels of glutamate with and without UA nanofiber mat treatment. Statistics
calculated by one-way ANOVA followed by Tukey’s multiple comparisons test.
****%n<0.0001 vs. control. Error bars indicate SEM. n=3 cultures.

4.4  Effects of UA Release from Nanofibers on ROS

Finally, to assess the effects of treatment with UA-PCL and UA-PCL-PEGDA
nanofibers on ROS after GIE, we treated the slices with 5 yM of H2DCFDA, a
ROS indicator. Treatment with UA-PCL and UA-PCL-PEGDA nanofibers after

GIE significantly decreased the % ROS as compared to no treatment.
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Furthermore, PCL and PCL-PEGDA nanofibers alone do not affect ROS

production in the cultures (Fig 4.5).
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Figure 4.5 Quantitation of % baseline (control) ROS in response to

excess glutamate with and without nanofiber mats. Statistics calculated by
one-way ANOVA followed by Tukey’s multiple comparisons test. ****p<0.0001 vs.
control. Error bars indicate SEM. n=3 cultures.
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CHAPTER 5: DISCUSSIONS, CONCLUSIONS, AND FUTURE DIRECTIONS

This study investigated the role of PCL nanofibers as a potential drug delivery
carrier of UA for the treatment of secondary damage in spinal cord injury due to
glutamate-induced excitotoxicity. Experiments were performed to broadly assess
the recovery of organotypic spinal cord slices after glutamate-induced injury with
the application of UA-PCL nanofibers. Initially, a dose-response curve was
constructed for UA treatment of cultured organotypic spinal cord slices injured
with 3 mM glutamate for 1 hour. Our results demonstrate that all concentrations
of UA tested (200 uM, 400 pM, and 800 uM) significantly reduced the level of
glutamate-induced ROS formation in organotypic slice cultures. Additionally, we
found that the reduction of ROS levels occurred to the same degree for all
concentrations tested. Hence, we treated with 200 uM UA for our experiments,
keeping in mind that higher systemic concentrations of UA have detrimental
effects on kidneys and heart, [94, 98-100] and the ultimate goal is to design a
therapeutic material. We then used our nanofiber mats that release UA within 20
minutes and those that release UA over 2 hours to determine whether bolus vs.
slow release results in better outcome after the slices are injured with glutamate.
We found that regardless of the rate of release, the nanofiber mats that released
UA, but not control mats, resulted in less damage, as evidenced by lower cell
death and lower ROS production. These results are consistent with previous

finding that UA reduced damage on neurons caused by oxidative stress. [21]
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Glutamate-induced excitotoxicity causes the production of highly toxic
peroxynitrite, a type of ROS that causes lipid peroxidation, mitochondrial and
cellular DNA damage, and ultimately, apoptosis. Since UA is considered a
peroxynitrite scavenger and plays a role in mediating damage caused by
overstimulation of glutamate receptors after CNS injury, it has been a focus of
research. In one study, it was observed that UA protects hippocampal neurons
by reducing ROS accumulation after excitotoxic insult. [19] Furthermore, UA
scavenges peroxynitrite in mouse spinal cord neuronal culture. [20] Previously,
our lab established that UA plays a role in neuroprotection from secondary injury
by upregulating EAAT-1 on the astrocytes. [21] The ability of UA to reduce the
accumulation of ROS in organotypic spinal cord slice culture has also been
demonstrated in our study. (Fig.3.2) It has been established that high systemic
concentrations of UA are linked to several diseases, such as gout, hypertension,
and diabetes, and so controlled release of UA is a potential therapeutic to

promote the beneficial effects of UA without raising serum UA levels.

We decided to use nanofiber mats to deliver UA to injured neurons for the
following reasons. Nanoscale polymer fibers display a wide variety of properties,
such as very large surface area to volume ratio, flexibility in pore size and
volume, and appropriate stiffness and tensile strength to match biological tissue,
making it the ideal candidate to be used in a wide variety of applications. [128-
131] There are several methods available for producing polymer nanofibers,

including drawing, [132] template synthesis, [133, 134] phase separation, [135]
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self-assembly, [136, 137] and electrospinning, [138, 139]. Each of these methods
allows for production of fibers with different characteristics and applications.
However, electrospinning offers a huge advantage over other methods as it
allows for various fiber assemblies and scalability, [131] is low cost, allows for
control over fiber dimensions, can form long continuous nanofibers, [140] and
produces nanofibers from both natural and synthetic polymers. [141]. In fact, the
fundamental idea of electrospinning (i.e. electrostatic spinning of fibers) dates to
1902, [142, 143] and was modified and perfected over time. [144-146] Our
results demonstrate that electrospinning is a viable technique to produce

nanofiber mats that release UA for biological applications.

Electrospun nanofibers have been used as composite reinforcements [131, 147,
148] for gas, liquid, and molecule filtration, [149, 150] as thin porous films in
prosthetics [151-154], and as tissue templates because its structure and function
mimics the natural extracellular matrix (ECM). [155] Furthermore, nanofibers
have been used for wound dressing as they promote natural skin growth and
eliminate scar tissue formation. [156-159] Electrospun nanofibers are also widely
used as drug delivery carriers for antibiotics, [160] anticancer drugs, [161]
proteins [162], and DNA. [163] Several drug delivery systems have been
developed, such as liposomes, polymer micelles, and nanofibers, and all offer
the benefits of cost effectiveness, high loading capacity and encapsulation
efficiency, ease of operation, simultaneous delivery of various therapies, and

reduction in toxic effects caused by traditional delivery systems. [131] However,
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we chose to use nanofibers formed by electrospinning since we had control over
the morphology and degradation rate of nanofibers by manipulating the
parameters, such as type of collector, applied voltage, distance between
spinneret and collector, molecular weight, solvent evaporation characteristics,
solution conductivity and viscosity, and dispersion flow rate. [33, 114-117] Our
results support the fact that electrospinning provides the ability to control the
release of UA from PCL nanofiber mats, as release is controlled by the
degradation rate of PCL. This allows for the opportunity to modulate UA delivery
by optimizing the percent concentration and molecular weight of PCL. Additional
coating with PEGDA provides a barrier to hydrolysis of PCL since PEGDA is non-
degradable. The release kinetics can be further tailored by changing the
molecular weight of PEGDA utilized. [164] Higher molecular weight is associated
with higher pore size of the hydrogel structure. PEGDA is hydrophilic and does
not allow adsorption of proteins, making it non immunogenic and biocompatible
and inhibiting foreign body response. [165, 166] Our results supports this notion
that PEGDA does slow the release of UA from UA-PCL nanofiber mats and has

no detrimental physiological effect on the organotypic spinal cord slices.

5.1 Future studies

There has been a large amount of in vitro research performed using dissociated
neurons as a model for SCI, and these cultures do not offer the architectural and
morphological structure of the intact spinal cord, which is important for

understanding the roles of neurons and other cell types surrounding the injured
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area. Organotypic slice culture has been optimized by many research groups,
and currently, the majority of researchers use the semipermeable membrane
method optimized by the Stoppini group. [52] However, this method does not
allow for recording of electrophysiological signals in long-term culture. We
optimized our organotypic slice cultured directly on culture dishes without the use
of semipermeable membranes. This culture allows for the recording of electrical
signals long-term. In the future, we will culture organotypic spinal cord slices
directly on microelectrode arrays (MEAs) and record electrophysiological signals
to analyze the effects of UA-PCL nanofibers on preserving neuronal function
after glutamate-induced excitotoxicity. The data obtained will further our
understanding of the neuroprotective effects of UA from secondary SCI.
Functional activity will give information about the strength of synaptic

connections.

Another future direction is to research the antioxidant effects of UA for SCI in
preclinical in vivo studies in rodents and large animals. Additionally, the long-
term effects of UA-PCL nanofibers on systemic concentrations of UA, in vivo
pharmacokinetics and pharmacodynamics of UA released from nanofiber mats,
and the extent of recovery after injury can be assessed. Release kinetics of the
nanofibers can be further improved by changing the concentration of PCL, flow
rate of polymer, distance of spinneret from mandrel, and coating of PCL

nanofibers mats with different molecular weights of PEGDA during the
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electrospinning process. We can also explore other burst and sustained release

polymer drug delivery models.
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