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There are approximately a quarter of a million people suffering from spinal cord 

injury (SCI) today in the United States and there are over 10,000 new cases reported each 

year however a clinically effective treatment for traumatic SCI is yet to be developed. 

Although recent advances in the neurological research has yielded positive findings on 

the regenerative capacity of axons within the central nervous system (CNS),  functional 

regeneration of the injured spinal cord remains a current challenge, due to its chemical 

environment, which is highly non-permissive to growth and regeneration. Our primary 

objective of this study was to conduct a tissue-engineering study using composite 

olfactory ensheathing cell-hyaluronic acid (OEC-HA) scaffold compositions for the 

spinal cord.  Anisotropic HA scaffolds were prepared by a freeze-drying method for the 

first time. Selected scaffolds ionically crosslinked with trivalent chromium were surface 

modified with 2-methacryloyloxyethyl phosphorylcholine (MPC), in order to enhance 
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biocompatible properties and increase cell attachment and viability on the substrate 

material prior to implantation.  

In order to verify the reproducibility of the implant material and to maximize its 

biocompatibility, chemical and physical properties of the scaffold implants were 

characterized by scanning electron microscopy (SEM), electron dispersive spectrometry 

(EDS), atomic force microscopy (AFM), fourier transform- infrared spectrometry (FT-

IR), gas permeation chromatography (GPC)  and multi-angle light scattering (MALS). 

Plastic embedding of tissue in Epon was conducted to visualize the implant in vivo and to 

assess stability of the polymer stability and verify the absence of an inflammatory 

response and other immune events. 

Novel biodegradable micro-uniaxial-mesoporous hyalurnonan/phospholipid 

scaffold implants were synthesized and implanted into the rat spinal cord following a left 

cervical hemisection at C2/C3 in order to assess proof of principle for this method. 

OECs’ regenerative-promoting capacity has been highly investigated and have been 

found to facilitate axonal elongation at graft-host interfaces than Schwann cells; making 

them good candidates in SCI applications. Optimal OEC cell attachment and viability 

was found in vitro on the HA films which were subject to a total gamma irradiation dose 

of 0.15Mrad.  Implant treated subjects showed no immunological response to the implant 

and showed minimal cystic cavitation and promoted tissue regeneration. Although 

implants seeded with cells has been done, the analysis is not covered in this study.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Today in the United States there are approximately 250,000 persons suffering from 

spinal cord injury (SCI) and approximately 11,000 new cases are reported each year (1). 

Clinically the only neurologically targeted treatment even considered is the systemic 

delivery of methylprednisolone. However, the drug’s safety and efficacy has been 

recently questioned (2) and results from clinical trials have been openly criticized (3). 

Traumatic SCI is most commonly the result of a single displacement or penetration of the 

spinal cord which is referred to as primary injury.  

The effects of primary injury are significantly enhanced by the destructive 

secondary injury events which can extend for days after the initial traumatic event (4). 

Secondary injury involves a complex and destructive cascade of pathophysiological 

processes involving a variety of vascular changes including edema, eschemia and 

hypoxia, cellular responses such as glial cell activation and scar formation, and 

biochemical events including nitric oxide release and free radical formation (5). 

Immediate scar tissue formation as a normal wound healing response is a major factor in 

limiting SCI repair. Strategies to overcome this problem are needed. In this regard, acute 

animal models with immediate treatment may not reflect the real clinical setting for more 

effective SCI repair. (6). 

Biodegradable polymer implant materials have the potential to ameliorate a variety 

of the problems associated with SCI. Implants prevent cystic cavitation, and can be 
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seeded with a variety of drugs to be slowly released as the material degrades which can 

either promote growth of injured axons such as NGF and BGNF, or inhibit unwanted 

cellular responses such as glial scar formation. These scaffolds can also act as cell 

carriers so that the desired cells have a substrate to adhere to. The micro-architecture of 

the implant can be engineered for optimal axonal growth and organization through 

various methods such as the freeze-dry process (7), particulate-leaching techniques (8), 

heat compression and extrusion (9) while providing a physical support for delivery of 

various cell types including stem cells (15, 16), microglial cells (17), Schawnn cells (SC) 

(18), and potentially others cells such as olfactory ensheathing cells (OEC) which have 

shown the ability to restore axonal conduction after injections into the dorsal column 

lesions in rats (19, 20) and are being currently used in clinical trials overseas (21).  

Another possibility, which has not yet been investigated, is the seeding of multiple 

cell types. For example, implanted grafts show that SC are more efficient than OEC in 

promoting axonal regeneration/sparing and remyelination of spared axons; however, 

OECs seemed to facilitate axonal elongation at graft-host interfaces better than SCs. 

These findings suggest that a combination of SC-OEC grafting might be more beneficial 

in the contused spinal cord than one involving OECs or SCs alone. OECs, however, have 

the unique ability to meld with astrocytes, lacking in SCs and peripheral nerve grafts, 

making them ideal candidates for SCI. (22) The implant material may also serve as a 

conduit for sustained-release delivery of therapeutic agents such as vascular endothelial 

growth factor (VEGF) (10), nerve growth factor (NGF) (11), ciliary-neurotrophic factor 

(CNTF) (12) and a variety of other neurotrophic factors (23, 24, 25). The delivery 

through biomaterials may provide an attractive alternative to the intrathecal pump, as 
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delivery is reproducible and immobilized concentration gradients can be created (13, 14). 

With these factors taken into consideration, the use of a modified biomaterial implant for 

treatment of SCI can significantly aid the patient’s recovery by attacking the multiple 

issues involving SCI with a single implant.  

A material that is a good candidate as a scaffold for SCI should be a biocompatible 

polymer which is biodegradable, so that healthy neural tissue can gradually replace the 

implant as it degrades, and provides both chemical and physical guidance for 

regenerating axons and related cells. Implant compositions of natural polymers such as 

alginate, collagen, hyaluronic acid and DNA as well as synthetic polymers such as poly-

(α-hydroxyacids), polyethylene glycol and 2- hydroxyethyl methacrylate have been 

previously synthesized and characterized and are shown to have a potential uses as 

biomaterials (17, 26). Natural materials such as collagen and hyaluronic acid (HA) are at 

an advantage since they convey chemical signals within the structure that can enhance 

tissue formation (27). The optimal time for scaffold biodegradation is dependent on the 

rate of regeneration of the spinal cord tissue. Ideally, the scaffold should degrade at the 

same rate that the neural tissue reconstitutes itself however degradation rate is hard to 

control and is difficult to assess in situ (7).  

HA is a naturally occurring polymer which was first found in the vitreous humor of 

the eye in cattle (30) and later was discovered to be widely distributed in the body, 

notably in synovial fluid, extracellular matrix and loose connective tissues such as the 

umbilical cord, dermis and rooster combs. (31, 32, 33) HA is also known to interact with 

cellular surface receptors including well known CD44, RHAMM and ICAM-1 which are 

involved in processes such as morphogenesis, wound repair, inflammation and metastasis 
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(28). HA is found naturally throughout the spinal cord and is synthesized predominantly 

by astrocytes, which contain the RHAMM and CD4 receptors, and are localized around 

white matter fibers in the interstitial space between myelin and astrocyte processes. In 

spinal gray matter, HA surrounds neuron cell bodies. (36, 37) The role of HA in the 

nervous system has not been extensively examined; however, recent studies demonstrate 

that high-molecular weight form of HA can inhibit astrocyte proliferation in vitro and 

promotes astrocyte quiescence in vivo (38). Uncrosslinked HA injected into a fibrin 

matrix nerve guide tube has been shown to enhance peripheral nerve regeneration in vivo 

due to the influence on the motility of growing cells by way of its cell surface interactions 

with extracellular matrix fibroblasts and by its ability to distort the fibrin matrix into a 

more porous microenviroment, which thus facilitates infiltration of cells responsible for 

tissue regrowth. (34, 35) 

 

Figure 1-1.  Structure of hyaluronic acid composed of repeating units of d-glucuronic 
acid and N-acetyl d-glycosamine (44).  

HA is a linear, unbranched high molecular weight, up to 7 million Daltons, 

polysaccharide of repeating disaccharide units composed of N-acetyld-glucosamine and 

d-glucuronic acid linked by a β 1-4 glycosidic bond as shown in Figure 1-1. The 

disaccharides units are linked together by β 1-3 bonds (28, 29). The polymer backbone 

contains carboxyl, acetoamino and alcohol functional groups which are free for chemical 
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crosslinking or surface modifications of any kind. It has been found through preliminary 

experiments that HA can be crosslinked with polyvalent chromium (III) under specified 

conditions to form a water insoluble scaffold. It is likely that chromium (III) crosslinkes 

HA via electrostatic interactions between the cation and the negatively charged 

carboxylic acid groups, leaving the alcohol groups available for further chemical 

modifications (43).  

It is hypothesized that the probability of achieving functional recovery, by having 

growing axons reconnect to the appropriate (original) neurons, is increased by retaining 

the native organization of regenerating axons across the lesion site. This is achieved by, 

in addition to providing biochemical and/or cellular support, providing physical guidance 

for the linear growth of axons across a site of injury. The production of linear guidance 

pores, utilizing freeze-drying techniques, extending through the entire length of a scaffold 

for use in SCI has been previously reported with the natural polymer agarose; (11) 

however, this engineering method has not yet been applied to other natural polymers, 

including hyaluronic acid. A freeze-drying technique is of preferred use for pore 

formation and manipulation since no additional, potentially toxic, chemicals are required 

and the direction of growth and size of ice crystals may be controlled by manipulating the 

temperature gradient applied to polymer solution (7). HA has never been previously 

reported in the form of an insoluble scaffold with an intentionally defined tertiary 

structure.   

2-methacryloyloxyethyl phosphorylcholine (MPC), and its copolymers have been 

proved to interact mildly with proteins and cells on their surfaces and have show 

biocompatibility and hemocompatibility in vivo (17, 48, 49). Polymers used for 
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cardiovascular applications demonstrated increased endogenous blood phospholipid 

adhesion and decreased platelet activation when coated with polyMPC (40, 41, 42).  In 

addition, MPC copolymers have been shown to be a promising cytocompatible material 

for tissue engineering, because the MPC polymer prevents the cells on biomaterials from 

inducing an inflammatory response or other foreign body response (50, 51, 52) Also, 

cells cultured on an MPC-Alginate copolymer previously in our lab, among other MPC 

copolymers, showed high cell viability in vitro ( 17, 53, 54). Since reduced thrombus 

formation and chronic inflammation has been correlated with endogenous phospholipid 

adsorption it is hypothesized that the surface modification of hyaluronic acid scaffolds 

will improve hemocompatibility of the scaffolding material, as well as improving the 

cellular proliferation and adhesion onto its surface. The structure of the MPC monomer is 

shown in figure 1-2. Results from previous studies demonstrated proof of principle for 

the surface modification of polysaccharide compositions with hydrophilic, water soluble, 

vinyl monomers using gamma radiation initiation polymerization (17).  
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Figure 1-2.  Structure of 2-methacryloyloxyethyl phosphorylcholine monomer. 

Ionizing radiation may be used to initiate radical polymerization of MPC at 

ambient temperature in the absence of other chemical radical initiators. Residual 

chemical from chemical initiations may potentially exhibit cytotoxic and carcinogenic 

responses in vivo.  Polymerization of aqueous acrylates, methacrylate and acrylamide 

monomers have been previously reported to be polymerized through initiation 
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mechanisms via the radiolysis of water. (45, 46, 47). In addition to the lack of residual 

chemicals, the molar mass of the polymer, or extent of surface modifications to be 

irradiated onto a substrate, may be controlled by varying the total dose and dose rate of 

gamma irradiation a solution is exposed to. Although surface modifications using gamma 

grafting have been previously reported in our laboratory (17), little is currently known 

concerning surface modification of hydrogel materials by gamma-induced 

polymerization. With these factors taken into consideration, gamma radiation initiation 

polymerization is the ideal method for HA surface modifications of previously 

crosslinked insoluble scaffolds.  

1.2 Specific Aims 

1.2.1 Aim 1: Synthesis and Characterization of Novel Porous 2-
Methacryloyloxyethyl Phosphorylcholine (MPC) Modified Hyaluronic Acid (HA) 
Based Compositions  

Porous hyaluronic biopolymer implant compositions were prepared using freeze- 

dry/lyophilization and film casting techniques. Implant compositions were surface 

modified with the polymeric phospholipid, MPC using gamma radiation initiation 

polymerization. Fourier Transform Infrared spectroscopy (FTIR), and energy dispersive 

spectroscopy (EDS) were used in order to verify the presence of the MPC substrate on 

the modified samples by functional group and elemental analysis, respectively. Scanning 

electron microscopy (SEM) was used to visualize porous structure of the material and 

analyze surface features of dehydrated films. Gas permeation chromatography (GPC) and 

multi-angle light scattering (MALS) were used for molecular weight determinations. 

Atomic force microscopy (AFM) was performed on hydrated films in order to determine, 

quantitatively, the surface features introduced by varying doses of MPC. For comparison 

with both hydrated data and SEM data, AFM was performed on dehydrated film as well. 
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The effects of gamma radiation and autoclave sterilization on implant stability were also 

investigated. 

1.2.2 Aim 2: In Vitro and In Vivo Evaluations of HA Scaffolds as Olfactory 
Ensheathing Cell (OEC) Carriers in the Treatment of Spinal Cord Injury(SCI) 

In order to determine if OECs are able to adhere to and grow on HA scaffolds, In 

Vitro studies were conducted on HA films of the same composition as the scaffolds. 

Films were soaked in a solution of MPC and gamma irradiated with doses varying from 

0.5 to 1.5Mrads. Cells were then placed on unmodified films and films modified with a 

gradation of MPC. Adhesion studies and vital staining with trypan blue were conducted 

to determine adhesion and viability of cells onto specific substrates.  

As an advance toward future tests of therapeutic efficacy, we first wanted to 

determine the stability of this polymer in vivo and whether it would elicit an adverse 

inflammatory response. The second issue explored was how stable the cell-polymer 

construct would be in vivo. To address these issues, left sided hemisections were made at 

the cervical C2/C3 level in the adult rat cord. Implant compositions were placed 

immediately following injury. Animals were allowed to recover for 1 week post-

implantation. Analysis was conducted by plastic embedding in order to determine 

scaffold regenerative effects.  
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CHAPTER 2 
HYALURONIC ACID SCAFFOLDS FOR TREATMENT OF SPINAL CORD INJURY 

2.1 Hyaluronic Acid (HA) Solutions 

Low molecular weight hyaluronic acid (reported MW=560 KDa) donated by 

Genzyme was used in the preparation of all microporous foams and films. 40mg/mL of 

HA was dissolved in ultrapure water with a resistivity of approximately 17.4MΩ using 

Lightnin™ and Caframo high-speed mechanical mixers and in-house built 3-blade 

propellers at a speed of 400 revolutions per minute overnight. 10mg/mL solutions were 

prepared with less aggressive magnetic stirrer at the maximum speed setting. The 1% 

solutions were used for film casting and the more viscous 4% solutions were used for 

foam synthesis. Solutions were filtered into clean 100 ml screw cap glass bottles using a 

stainless steel air-pressure apparatus manufactured by Gelman Sciences and 70µm 

Spectra™ filters. Solution concentration (mg/ml) was verified using a Mettler LJ16 

Moisture Analyzer.  Solutions were stored at 4oC until further use. Hyaluronic acid 

molecular weight was verified by using a Waters gel permeation chromatography (GPC) 

system and a Wyatt Dawn EOS multi-angle light scattering (MALS) detector.   

2.2 Uniaxial Porous Scaffold Synthesis 

Approximately 4mL of the 4% HA solution was injected into flat-bottom 

borosilicate tubes measuring 8mm in diameter and 4.5cm tall. Solutions were allowed to 

sit at room temperature covered with a piece of Kimwipe for approximately 45 minutes in 

order to allow for gravitational removal of air bubbles trapped within the viscous 

solution. If air bubbles still remained, tubes were placed inside 50mL centrifuge tubes 



10 

 

and centrifuged at approximately 1500rpm order to remove residual air bubbles. The 

physical setup used for the formation of linear pores by freeze drying was similar to the 

one reported by Stokols in 2004 (11).  

A piece of Styrofoam (10.85cm x 12.7cm x  4.7cm) which serves as a 15mm poly-

propylene centrifuge test tube holder (x25) from Fisher’s centrifuge packaging was used 

as the insulating test tube holder in the experiment. Four holes measuring 8mm in 

diameter (flush with borosilicate tube) were cut through the Styrofoam into respective 

centrifuge tube slots as shown in Figure 2-1. Each HA filled tube was then firmly pressed 

into its respective hole so that the bottom of the tube was flush with the bottom of the 

Styrofoam piece (both surfaces were in contact with the bench). A piece of dry ice 

measuring approximately (15cm x 13cm x 3cm), which contains a flat surface that is 

parallel to the ground, was placed inside a small vacuum oven hooked up to a vacuum 

pump. The Styrofoam setup containing the HA solutions was then placed on top of the 

block of dry ice which is sitting inside the vacuum-oven. The entire setup may be 

visualized in Figure 2-1.  

Immediately after inserting the sample the vacuum was turned on and adjusted to 

500mmHg in order to remove gaseous carbon dioxide that could potentially freeze the 

solution laterally. Solutions were left to freeze in for two hours and linear ice crystals 

were clearly visible when removed. Scaffolds were then lyophilized overnight, gently 

removed from their glass tubes and cut into sections measuring 2mm in using a #10 

stainless steel surgical blade. The bottom 1cm and top 2mm of the scaffold was 

discarded. Individual foam pieces were then crosslinked for 3 days on rotary tumbler in 

solution of 70% ethanol and 30% 0.0025M CrK(SO4)2.  
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a.  b.  

Figure 2.1.  Freezing apparatus. A) A flat block of dry ice was placed in the Styrofoam 
container inside the vacuum oven. The two Styrofoam sample holders were 
then placed on top of the dry ice. B) Borosilicate flat bottom test tube inserted 
into a hole within the Styrofoam holder (right) next to a vacant spot (left) 

2.3 Thin Film Synthesis 

The dilute 1% HA solution was used for casting of all films. Two milliliters of the 

HA solution was injected into individual wells of a 12 well cell culture flask (Corning 

Inc.) and flask was covered with a piece of Kimwipe in order to prevent contamination. 

Flask was gently tapped in order to ensure an even distribution of the solution throughout 

the bottom of each well. Flask was then left overnight under biological hood in order to 

allow for the films to dry. Once dry, 2mL of 0.0025M CrK(SO4)2 was injected to each 

well and allowed again to rest in the hood covered with a piece of Kimwipe for 3 days. 

Dried films were then peeled off the bottom of the dish using microforceps and washed 

with ultrapure water in 50mL centrifuge tubes. Films were then transferred to a new 12 

well cell culture flask and stored at 4oC until further use or into a single detached wells 

from what was originally a 12 well cell culture flask for MPC modifications.  
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2.4 2-Methacryloyloxyethyl Phosphorylcholine (MPC) Surface Modifications 

2.4.1 Monomer Solutions 

MPC monomer was generously donated by Dr. K. Ishihara, Department of 

Materials Engineering, University of Tokyo (Tokyo, Japan), and stored dry at –20oC.  

10% MPC solutions (100 mg/mL) were prepared using nanopure water (resistivity > 

17.4MΩ) and used for all modifications. Each scaffolding piece subject to modifications 

was washed for only one day inside a 50mL centrifuge tubing using nanopure water. The 

scaffold was then immersed in 4mL of the MPC solution inside a 15mL borosilicate test 

tube, capped, and left on the bench at room temperature for 48 hours. Films were also 

washed for one day and placed into single detached wells of a 12 well flask. Two mL of 

the MPC solution was pipetted into each well and covered with Parafilm. Films were also 

left to soak for 48 hours. Tubes or wells were gently agitated periodically in order to 

remove air bubbles. Prior to the gamma-polymerization, solutions inside the test tube and 

wells were degassed for approximately 5 minutes and 3 minutes respectively in order to 

remove dissolved O2. 

2.4.2 Gamma-Radiation Polymerization 

Polymerizations were conducted using a Wiscon Type 60Co source reactor. Source 

was lowered to 3cm above the reactor floor and dosimetry was conducted prior to initial 

experiment to determine target radii. Preliminary studies found no significant effect on 

dose rate variability therefore a constant dose rate of 1000rad/min was used for all 

modifications. Samples were evenly distributed around source’s center and rotated on its 

axis 180o every 0.05Mrad and 1/3 the circumference of the test tube slots in order to 

account for dose rate inhomogeneity. The three total doses of exposure were 0.05, 0.10 

and 0.15Mrad.  
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2.4.3 Post Irradiation Cleaning 

Once modifications were complete 1mL aliquots of each polyMPC solution was 

transferred to 2mL vials and stored at 4oC for further experimentation in order 

determination the molecular weight and radius of gyration of the polymer through GPC 

and MALS. The scaffolds and/or films were transferred to 50mL centrifuge tubes and 

washed for one week at room temperature using ultrapure water. Once radiation was 

complete scaffolds and/or films were stored in the refrigerator until further use.  

2.5 Scaffold Characterization 

2.5.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was employed in order to analyze the three 

dimensional microstructure of the MPC modified and unmodified samples and to 

qualitatively analyze the material’s pores. Longitudinal sections of the HA scaffold were 

imaged in order to analyze pore distribution, area, and degree of circularity. Transverse 

sections were imaged in order to verify the continuity and directionality of the pores.  The 

major (dmj) and minor (dmn) diameter of 30 pores were measured per scaffold piece 

utilizing ImajeJ software. Three longitudinal pieces of MPC modified and unmodified 

were analyzed along with two transverse cross-sections running the entire length of the 

center of the scaffold prior to slicing into 2mm sections (~4cm). The area of each pore 

was calculated using the general equation for calculating the area of an ellipse:  

mnmj ddA ⋅⋅= π  

General pore structure was found to have an ellipsoid nature therefore the degree of 

circularity (C) of each pore measured was also calculated by the following expression:  

mj

mn

d
d

C =
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Upon completion of the washes, samples were placed in the lyophilizer overnight 

in order to ensure sample dryness. Samples were then adhered onto a piece of double 

sided carbon tape on an aluminum stub and sputter coated with gold-palladium using the 

Technix Hummer V sputter coater. All imaging was conducted using the JOEL SEM-

6400 scanning electron microscope (JOEL, Ltd., Peabody, MA) at an accelerating 

voltage of 5KeV, working distance of 15 mm and condenser lens setting of 8. 

Electron Dispersive Spectroscopy (EDS) was used in order to verify the presence 

of phosphorous, not found on HA, on the surface of a MPC modified scaffold. EDS was 

conducted on uncoated sample and all parameters are the same as above except for the 

accelerating voltage was increased to 10KeV in order to visualize the Kα and Kβ lines for 

Cr.  

2.5.2 Optical Microscopy 

Optical microscopy was employed in order to analyze pore distribution and to 

measure pore diameters for scaffold pieces hydrated in PBS. A Zeiss Axioplan2 imaging 

optical microscope was utilized for all imaging and pictures were captured by a Zeiss 

AxioCamHR camera, version 5.05.10, utilizing the AxioVission 3.1 software. The 

AxioVission software, in conjunction with ImageJ software, was also used to measure the 

major and minor diameters of 10 pores per scaffold piece. Three longitudinal pieces of 

MPC modified and unmodified scaffolds were hydrated in PBS for at 48hrs in order to 

ensure they were fully hydrated prior to pore diameter measurement. The same equations 

used for calculating area of an ellipse and degree of circularity in SEM were used for 

hydrated pore analysis.  
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2.5.3 Equilibrium Water Content 

The equilibrium water content of scaffolds (n=5) was measured for both 

unmodified and MPC modified with a total radiation dose of 0.10Mrad. Scaffold pieces 

were dried overnight in an oven at 45oC to ensure sample dryness and weighed 

immediately afterwards. Each piece was then placed in a 50mL centrifuge tube filled with 

phosphate buffered saline (PBS) at a pH of 7.4. Water content was measured at the same 

time each day for five consecutive days, beginning 24 hours after initial immersion, and 

on the eighth day. Each scaffold was removed from PBS solution, gently blotted onto a 

piece of Kimwipe until no more water was visibly being absorbed by the Kimwipe, and 

weighed. Pieces were then immediately returned to it’s original PBS solution in the 

centrifuge tube.  The percent equilibrium water content is equivalent to the percent mass 

increase due to water absorption and was calculated using the expression bellow. The wet 

and dry masses are represented by Mw and Md respectively. 

100% ⋅
−

=
d

dw

M
MM

EWC
 

2.5.4 Fourier Transform:Infrared Spectroscopy (FT-IR) 

FT-IR was utilized in order to qualitatively verify the presence of MPC on 

modified thin films subject to gamma radiation doses of 0.05, 0.10 and 0.15Mrad. 

Absorption frequencies characteristic of MPC, which are not present in HA, include P=O, 

P-O-CH2, and –N+-(CH3)3 at 1240cm-1, 1075cm-1 and 970cm-1 respectively (17). FT-IR 

spectra was collected using a Nicolet Magna 60SC FT-IR spectrometer using Omnic ESP 

software. Spectra were scanned 200 times per sample with a spectral resolution of 4cm-1 

in the range of 2000cm-1 to 800cm-1. After thin films were placed inside the sealed 

sample holder and prior to all spectra collection, 5 minutes was allowed to pass in order 
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for the majority of CO2 and H2O to be removed from the chamber with AIR PUMP 

THINGIE. Prior to film analysis, a background spectra was obtained in order to correct 

for the absorption of the remaining CO2 and H2O still present in the chamber.  

2.5.5 Atomic Force Microscopy (AFM) 

AFM experiments were conducted on a Veeco Dimension 3100 Atomic Force 

Microscope under liquid cell contact mode with a silicon nitride tip in order to analyze 

the difference in surface topography between hydrated modified and unmodified thin 

films. This method of analysis will allow for relative quantitative assessment of MPC on 

the film’s surface by correlating gradual changes in surface topography with the 

increasing dose rate of gamma irradiation experienced by each sample. All scans were 

conducted with a scan area of 10µm2, a scan rate of 4.069 Hz, and a z range of 30.0nm. 

Three spots were chosen at random and analyzed under doses analyzed (0.05-0.15Mrad). 

Andrew Gerger assisted running all AFM experiments.  

AFM was also conducted on dried films under contact mode in order to analyze the 

difference in surface topography of hydrated and dry films as well as a direct comparison 

with SEM data obtained. Films were placed on microscope slides, covered with a piece of 

Kimwhipe and allowed to dry overnight in the hood prior to AFM.  

2.6 Results and Discussion 

2.6.1 Scaffolds Directionality & Porosity 

For a biomaterial implant to be suitable for tissue repair, not only must the material 

exhibit biocompatibility but it must also contain a porous structure and a relatively large 

surface to volume area, in order to support cellular and sustain tissue ingrowth. The 

biocompatibility of the HA has been previously demonstrated in numerous publications, 

as well as the freeze drying processes used in this experiment to innavertantly control 
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direction and size of pores by controlling the rate and temperature water freezes within 

the matrix (7). 

Intact scaffolds initially measured approximately 4cm tall and were cut into 2mm 

slices prior to any crosslinking. In the particular experimental task of verifying the 

directionality and continuity of pores through SEM, intact scaffold were carefully cut in 

half longitudinally prior to any imaging. Average pores of lyophilized unmodified and 

modified (0.15Mrad) samples were found to have area of 0.10±0.049mm2 and 

0.16±0.078mm2 respectively when imaged under SEM. Through light microscopy 

imaging of scaffolds hydrated in PBS the area of unmodified and modified samples were 

found to be 0.070±0.058mm2 and 0.10±0.058mm2 respectively. Summary of pore 

circularity and area can be found summarized in Table 1 bellow. Pore area was found to 

slightly decrease as the material was hydrated. This can be attributed to the swelling of 

the HA walls as the material swells. Error obtained through light microscopy, however, 

was significantly greater than error obtained through SEM. These results could be 

partially attributed to the fact that there seems to be a larger discrepancy between large 

and small pores when the material is hydrated. In addition, two different focus setting per 

section had to be used in order to image the entire section properly due to the 3D nature 

of the scaffold, which inadvertently enters some errors when measuring pore diameter.  

Figure 2-2 A and B are examples of two different focus settings used when imaging an 

MPC modified scaffold. This dual focusing is needed in order to properly visualize and 

measure pore diameters.  
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Table 2-1.  Pore area and degree of circularity of hydrated and porous HA scaffolds. 
Plain HA Scaffold MPC modified (0.15Mrad)  

Dehydrated Hydrated Dehydrated Hydrated 
Porea Area (mm2) 0.10±0.049 0.070±0.058 0.16±0.078 0.10±0.058 
Deg. Circ 0.30±0.12 0.36±0.19 0.30±0.13 0.34±0.18 
 

Transverse sections, imaged solely through SEM, confirmed directionality of the 

porous material to be consistent 0.8-1cm above the bottom of an intact scaffold. Some 

interconnection is seen through the pores however the directionality is clearly conserved. 

Gamma irradiation shows no difference in scaffold directionality when modified 

transverse sections were imaged through SEM. Figure 2-2 C exhibits the directionality 

observed of an SEM image of a transverse section of an unmodified substrate. Transverse 

sections were too thick in order to be visualized hydrated under a light microscope.  

 
 

 
 A. B. 
 
Figure 2-2.  Microscopy images of HA scaffolds. A)Light microscopy of MPC modified 

(0.15Mrad) scaffold at 40x zoom at a certain focal length. B) Same image as 
A however using a different focal length. C).SEM image of a transverse cross-
section of a HA scaffold 
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C. 

Figure 2-2.  Continued 
 

The majority of pores in the tertiary structure assumed an ellipsoid shape. It is 

hypothesized that perfectly circular pores would not have a significant effect, if any 

effect, on the neurogenerative properties of the material relative to the importance of 

polymer composition and an observed directionality throughout the material. Degree of 

circularity values ranges from 0 to 1 where 0 represents a straight line and 1 represents a 

perfect circle. The average circularity of the unmodified and modified sample through 

SEM was determined to be 0.30±0.12 and 0.30±0.13 respectively. When pores were fully 

hydrated, they assumed a slightly more circular shape with a degree of circularity of 

0.36±0.19 and 0.34±0.18 respectively. The relatively large standard deviation is due to 

the fact that there was a somewhat significant range of pore shape however, the majority 

of pores were clearly ellipsoid in shape. Similarity in pore structure between MPC 

modified and unmodified substrates can be seen in the comparative SEM images in 

Figure 2-8.   
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2.6.2 2-Methacryloyloxyethyl Phosphorylcholine (MPC) Modified Compositions 

A main objective of this experiment was to determine the physical properties that 

differentiates between the different doses of gamma irradiated MPC scaffolds and 

unmodified samples. In order to determine if MPC modifications on a HA is feasible 

electron dispersive spectroscopy (EDS) was primarily employed in order to verify the 

presence of MPC. The elemental composition of a HA scaffold consists of carbon, 

oxygen, hydrogen and the crosslinking agent chromium. MPC elemental composition 

differs from HA only in that it contains phosphorous; which has a distinct Kα value. An 

accelerating voltage of 10KeV was used in order to visualize the chromium Kα line. 

Uncoated samples were used in order to eliminate interference of the gold-palladium 

coating. EDS spectra seen in Figure 2-3 clearly demonstrates the MPC modified sample 

(total dose = 0.10Mrad) containing a phosphorous peak which was not initially present in 

an unmodified sample.  

 
Figure 2.3.  EDS spectra of unmodified crosslinked HA (top) and MPC modified 

(0.10Mrad) scaffold slices (bottom). 
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Figure 2-3.  Continued 
 

HA is a very hydrophilic polymer that is known to absorb and retain water 

efficiently. It has been reported that 1g of uncrosslinked HA has the capacity of 

absorbing up to 6kg of water. Since the HA scaffolds are to be placed in an aqueous 

environment of the spinal cord, the equilibrium water content of the material is crucial in 

predicting the swelling properties of the scaffold in vivo. The equilibrium water content 

was obtained by immersion of scaffold pieces in PBS at pH=7.4. Since PBS at this pH 

has a similar salt and hydroxide composition to fluids in the body, it is hypothesized to 

yield more accurate results relative to nanopure water.  

Two conditions were used for this study, an MPC modified scaffold with a total 

irradiation dose of 0.10Mrad and an unmodified scaffold. Upon immersion of dried 

scaffolds slices in PBS, 48 hours was necessary in order for the pieces to become fully 

hydrated. Figure 2-4 shows the equilibrium water content (EWC) values obtained through 

eight consecutive days of immersion of 5 different scaffolds in the same PBS solution. 

The average EWC for the unmodified and modified scaffolds was 635±55% and 

576±43% respectively. This value for EWC was computed by taking the average water 
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content for all days after the second date to ensure scaffold was completely hydrated in 

the calculations.  
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Figure 2-4.  Percent equilibrium water content for MPC modified (total dose = 0.10Mrad) 

or unmodified scaffolds for five consecutive days and on the eighth day.  

Although dehydrated SEM images gives us information on pore size and distribution, it is 

not a valid representation of the surface features which will be hydrated when in direct 

contact with animal tissue in vivo. The surface features of hydrated modified and 

unmodified samples were examined through atomic force microscopy (AFM) in order to 

access the effect of MPC on surface roughness of various HA films. It was found that 

surface roughness of hydrated samples gradually increased as the MPC content of the 

scaffold increased. Figure 2-5 shows 3D AFM images of a typical film surface with 

different MPC contents. Table 2-1 shows the numerical values corresponding to the 

average of all the conditions that were run for the hydrated and dehydrated samples. 

Dehydrated samples followed a roughness topography change similar to the one observed 

for hydrated sample of the modified substrate, however the unmodified sample had an 

average roughness significantly larger than any condition of the modified samples. This 

data indicates that there is a clear change in the rearrangement of MPC along the surface 
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when the surface is hydrated. Therefore, one must be skeptical of any conclusions drawn 

from data obtained solely of dehydrated samples, as is often the case in biomaterial 

publications.  

Table 2-2.  Atomic force microscopy (AFM) values obtained for average height of 
surface of modified hyaluronic acid (HA) films. 
Hydrated Avg Height (nm) Dehydrated Avg Height (nm) 
No MPC 2.619±0.545 No MPC 5.384±0.596 
0.05Mrad 5.018±0.733 0.05Mrad 1.462±0.176 
0.10Mrad 7.106±0.145 0.10Mrad 1.806±0.188 
0.15Mrad 8.137±1.849 0.15Mrad 1.819±0.143 
 
 

 
 

Figure 2-5.  AFM images taken under liquid cell contact mode of a. unmodified and b. 
0.15Mrad MPC modified sample.  
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Figure.2-5.  Continued 
 

A quantitative assessment of MPC adhered to the surface through gamma 

irradiation can be deduced by inspection of liquid cell AFM and thin film fourier 

transform infrared spectroscopy (FT-IR) data. Absolute quantitative measurements are 

not possible through these methods due to the lack of known standards however relative 

quantitative results yielded useful information. If average roughness is correlated directly 

with MPC content of the material, the plot shown in Figure 2-6 bellow shows an initial 

constant increase of MPC adhered to the surface of the material. At the highest radiation 

dose, the material’s surface is beginning to get saturated with MPC and the rate of MPC 

adhesion begins to decrease slightly. FT-IR data provides us not only with the qualitative 

confirmation of the presence of MPC but it also gives us some insight as to the amount of 

MPC adhered to the films surface. The FT-IR shows peaks for P=O, P-O-CH2, and –N+-

(CH3)3 at 1240cm-1, 1075cm-1 and 970cm-1 respectively for all MPC modified samples. 
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These peaks are not present in unmodified films of HA. Figure 2-7 shows superimposed 

spectra lines for all four experimental conditions ran in FT-IR from a range of 2000 to 

800cm-1. Similar to the AFM data, the increase of MPC is observed as the transmittance 

peaks get stronger however the strongest absorbance line (green) corresponded to a total 

dose of 0.10Mrad. This could be due to varying thickness between films, or microscopic 

scratches on the surface that may deflect the IR beam.  
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Figure 2-6.  Plot of average roughness versus total radiation dose 

 

 
Figure 2-7.  Fourier transform-infrared spectra of percent transmittance through a range 

of 2000-800cm-1 for unmodified samples, 0.05Mrad, 0.10Mrad and 0.15Mrad 
total doses corresponding to the brown, red, green, and blue lines respectively.  
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Scanning electron microscopy (SEM) images also yielded interesting visual cues of 

the MPC adhered to the surface. By visual inspection the MPC modified surfaces 

exhibited a less uniform and rough topography that more closely resembles materials 

which favor cellular adhesion. The polymerized MPC on the surface of a 0.15Mrad 

irradiated scaffold can be clearly seen when compared with an unmodified scaffold piece, 

shown in Figure 2-8. These same features are not visible when observed under SEM. 

Images taken at higher magnification, shown in Figure 2-9, also allowed for visual 

inspection of the MPC adhered to the surface of the material. One can deduce from the 

visual inspection of the surface topography of the MPC modified substrates that the 

material is suitable for cellular adhesion. An important note to keep in mind is the fact 

that SEM images are taken of dehydrated samples that do not clearly exhibit the tertiary 

conformation of the material when hydrated. Ideally, environmental SEM images should 

to be taken in order to properly access the configuration of the MPC on the surface of the 

material.  

 
 

Figure 2-8.  SEM images of scaffold pieces unmodified (left) and modified with a total 
dose of 0.15Mrad (right) samples exhibiting clearly the MPC adhered onto its 
surface. \ 
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Figure 2-9.  SEM images at high magnification of scaffold pieces of unmodified (left) 

and modified with a total dose of 0.15Mrad (right) exhibiting MPC adhesion.  
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CHAPTER 3 
IN VITRO AND IN VIVO EVALUATIONS OF HYALURONIC ACID SCAFFOLDS 

AS OEC CARRIERS FOR TREATMENT INJURED NEURONAL SPINAL CORD 
TISSUE 

3.1 Specific Aim 

The purpose of this chapter is to explore the casting of hyaluronic acid (HA) films 

and the 2-methacryloyloxyethyl phosphorylcholine (MPC) modification of such films in 

what is considered to be a sterile environment. These films were then used to determine if 

olfactory ensheathing cells (OEC) will adhere to and grow on HA films. It is 

hypothesized that since the film is of the same composition as the scaffold, the cells 

would demonstrate similar adhesion properties on scaffolds prior to implantation. Films 

were soaked in a solution of MPC and gamma irradiated with doses varying from 0.5 to 

1.5Mrads. Cells were allowed to grow for four days prior to analysis of vital staining with 

trypan blue and cell adhesion experimentation.  

In order to first determine the stability of the polymer in vivo and if adverse 

inflammatory responses are present, implants were sectioned in a sterile environment and 

implanted into a rat spinal cord. The stability of the cell-biopolymer construct, as well as 

the differing regeneration effects, in vivo is also of interest. To address these issues, left 

sided hemisections were made at the cervical C2/C3 level in the adult rat cord. Implant 

compositions were placed immediately following acute injury. Animals were allowed to 

recover for 1 post-implantation. Tissue analysis was conducted by plastic embedding in 

Epon.  
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3.2 Thin Film Synthesis 

The same 1% HA solution described in chapter 2, which was used for thin film 

characterization, was utilized for in vitro studies. Individual wells were mechanically 

detached from a 12 well cell culture flask and washed with 95% ethanol prior to any 

work. Two milliliters of the HA solution was then injected into each well and each was 

gently tapped in order to ensure an even distribution of the solution. The wells were then 

placed in a large Petri dish and covered with a piece of Kimwipe in order to prevent 

contamination. The dish was placed in a biological hood and films were allowed to dry 

overnight. Once dry, 2mL of 0.0025M CrK(SO4)2 was injected to each well and allowed 

again to rest in the hood covered with a piece of Kimwipe for 3 days. Dried films were 

then washed inside the wells repeatedly for two days.  

Wells that were not going to be further modified were washed for two more 

consecutive days and placed in 4oC for storage. Three milliliters of 10% MPC solution 

were injected into the wells designated for MPC modification. The wells were covered 

with Parafilm, backfilled with Argon, and then covered with two more pieces of 

Kimwhipes to ensure no gas exchange was occurring prior to modifications. Twenty four 

to forty eight hours was allowed to pass prior to gamma irradiation of each well for a 

total dose of 0.5, 1.0 and 1.5Mrad. MPC solutions were then discarded and HA films 

were again washed inside wells with ultrapure water continuously for 3 days. Films were 

stored at 4oC fully hydrated in water until sterilization with EtO gas.   

3.3 In Vitro Evaluations 

3.3.1 Cell Cultures 

The immortalized OEC cell line utilized was created by Dr. Jacobberger (54) and 

donated by Dr. Kathy Jones.  Lisa Tanzer, a current member of Dr. Jones’ lab, generously 
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prepped cells for shipment, provided tissue culture protocols, and was available for 

generalized questions in handling these cells. Cells arrived frozen at -70oC and remained 

in -70oC until further use. One vial was thawed and utilized for all in vitro and in vivo 

experiments. Cell viability and attachment of each experimental condition was 

determined through vital staining with trypan blue.  

3.3.2 Cell Culture Reagents 

All materials were obtained from Sigma-Aldrich. All filterware was obtained 

through Fisher Scientific. Growing media was utilized to multiply OECs upon thawing 

and splitting. The growth media consisted of 500mL of Dulbecco’s Modified Eagle’s 

Medium (DMEM) containing high glucose sodium pyruvate, 5mL of a penicillin-

streptomycin mixture, 5mL of glutamine-gentamicin, and 50mL of heat inactivated Fetal 

Bovine Serum (FBS). Solution was filtered through a 0.22µm filter into a previously 

autoclaved screw cap 500mL glass bottle. FBS was added afterwards in order to avoid 

filtration of essential proteins. Experimental media was used for all in vitro and in vivo 

experiments and was prepared exactly as described above however FBS addition was 

omitted. Cell detachment was accomplished by utilizing a 0.25% tryspin-EDTA solution 

to wash cells of T75 cell culture flasks. Growing media was used to inhibit the trypsin in 

the processing of splitting and collecting cells for experiments. Freezing media was 

prepared by adding 1mL of 10% cell culture grade DMSO and 3mL of FBS to 7mL of 

DMEM.  

3.4 Scaffold Cell Seeding 

Prepared scaffolds were stored in the refrigerator at 4oC. Prior to any seeding or 

implantation 2µm scaffold pieces were suspended in a 50mL centrifuge tube containing 

ultrapure water (R =17.4Mohm) and autoclaved. Sealed tubes were then placed in the 
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refrigerator until further use. Inside a biological hood sterile implants were trimmed to 

approximately 1mm3 pieces and placed inside a well of a 96 well plate. OECs were 

trypsanized and washed with FBS-free DMEM three times prior to use. Cells were 

diluted to a final concentration of 2*106cells/mL and viability was determined by vital 

staining with trypan blue.  150µL of the OEC suspension was pipetted onto sterile 

implants within the well and placed on a bi-directional rotator for approximately 1 hour 

(8% CO2 & 37oC) prior to implantation. Tissue culture flask was removed from incubator 

and taken to surgery immediately prior to the implant’s need.   

3.5 In Vivo Trial 

3.5.1 Surgical Procedure 

An adult female Sprague Dawley rat weighing approximately 225g was used as the 

subject of this study. Careful attention was made to ensure that proper handling and 

sterile techniques were utilized at all times prior, during, and post surgery. 0.15mL of 

Xylazine was administered subcutaneously in order for the rats to become sedated. The 

rat’s weight was then obtained once sedated (approximately 5-15 minutes), in order to 

determine the correct Ketamine dose to be administered intraparitoneally. Animal 

clippers were used to shave from the top of the head to T2 and ophthalmic ointment was 

applied to each eye.  

Rat was placed supine on a wooden block under the microscope and rat’s level of 

sedation was checked before any incisions were performed. A #15 scalpel blade was used 

to perform a skin incision at the base of the skull running 5cm caudally along the midline. 

Surgical scissors were used to cut away the first three layers of muscle from C1 to C5 and 

forceps were used to separate the final layer, exposing the vertebral process over C2 and 

the surrounding tissue. Curved Dumont was used to hold the dura which was cut with a 
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#11 blade. A 1-mm-long left-sided hemisection was made in the cranial segment of C2, 

and the section was aspirated with a fine-tipped glass pipette. The dura was sutured with 

Ethicon 10-0 and muscle was then sutured using a Vicryl 4-0 and a cutting needle. 

Finally skin staples were used to close the wound. Rat was moved to heated water pad on 

post-op table and 0.2mL Yobine, 0.4mL Bupinex and 6mL of warmed Lactated Ringers 

were administered subcutaneously. Rat ear was wiped with alcohol soaked gauze and 

appropriate ear holes were punched out. Surgery was performed by Kevin Siegel. 

3.5.2 Surgical Implantation 

Sterile implants were sized under an operating microscope to a ~1mm diameter and 

carefully inserted into the cardotomy. The data analyzed was from the trail animal with 

an unmodified HA implant containing no cells and the animal was allowed to survive for 

a week. Implants to be placed with cells were sized and soaked in FBS free DMEM for 

two days prior to trimming and cell seeding. Implants were placed in spinal cord by Dr. 

Paul J Reier and Todd White.  Once proof of principle was achieved four MPC modified 

HA scaffolds were implanted through the same surgery, however, as mentioned above, 

that data was not analyzed in this study.  

3.6 Postmortem Evaluations 

3.6.1 Perfusions and Tissue Storage 

All perfusions were performed under the fume hood utilizing a Millipore 

mechanical perfusion pump. Rat was anesthetized with 0.3-0.5mL of Beuthanasia D and 

her weight was logged. If rat had no response to a pinch reflex perfusion was begun. If rat 

continued to respond after approximately 10minutes, about 0.1mL of Beuthanasia-D was 

administered. Each rat was perfused with 250mL of saline followed by 500mL of fixative 

solution made with 4% paraformaldehyde and 3.5% glutalaldehyde in 0.1M phosphate 
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buffer. Following perfusion the entire spinal cord was removed the following day and 

stored at 4oC in a fresh batch of the same fixative solution as used in the perfusion 

process.  

3.6.2 Plastic Embedding of Tissue 

Lesion area of the cord, running approximately 5mm in length, was removed under 

Zeiss dissecting microscope along with 2mm sections caudal and raustral to the lesion 

site. Each section was then subject to plastic embedding in hard Epon. Tissue sections 

were first washed with saline solution and were stored in 2% Osmium tetrachloride at 

4oC for 2 -4 hours depending on section size. Tissues were then washed with 0.8% NaCl 

and 8% glucose solutions, with distilled water, and then dehydrated in progressively 

increasing concentrations of ethanol. Sections were then washed with propylene oxide 

and left overnight in a mixture of 50% propylene oxide and 50% Epon. The following 

day tissue was placed in pure Epon, baked at 60oCfor 15 minutes and allowed to cool to 

room temperature. Tissue sections were then each placed in a plastic embedding mold 

containing Epon ensuring that the raustral to caudal directionality of the spinal cord ran 

perpendicular to the bench’s surface. Tissue was then baked overnight at 60oC and ready 

for further processing the following day, once cooled to room temperature.  

All sections were trimmed down and slices cut using a LKB Nova Ultratome. 24 

slices (2 slides) measuring 2µm thick were consecutively sectioned every 100µm through 

the entire lesion site. Sections were visualized from 1.25-40x their original size using a 

Zeiss Axioplan microscope. Images were obtained with the KS400 Image Analysis 

System (Zeiss, KONTRON) utilizing a Hamamatsu Color Chilled 3CCD camera.  
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3.5 Results and Discussion 

3.5.1 In Vitro Thin Film Evaluations 

Preliminary in Vitro studies involving the seeding of OEC surface modified HA 

substrates with varying degrees of MPC via gamma irradiation were conducted. 

Inspection through an inverted light microscope yielded results which indicate MPC 

surfaces exhibit favorable growth and adhesion properties. Superior growth and adhesion 

properties were found on control samples of OEC growing on Petri dish however this 

result is to be expected since cells most commonly grow preferentially in tissue culture 

plates. When looking at the MPC modified samples relative to each other, however, a 

gradually increasing number of OECs adhered to HA surface was found as the MPC 

content of the films were increased. These results support the hypothesis stating MPC 

modified surfaces would be preferential to OEC attachment and growth relative to 

unmodified substrates.  

3.5.2 Histological Analysis 

Hyaluronic acid implants were apparent by gross anatomical inspection following 

spinal cord dissection. Analysis of the slices through light microscopy indicated the 

implant did not provoke an inflammatory response and has proven to be biocompatible in 

vivo. An example of a slice image at 2.5x is seen in Figure 3.1. It was also apparent that 

the scaffold had degraded with some time, indicating the entire material would degrade 

with time. No infiltration of tissue was seen and a rather large air bubble was trapped 

within the lesion area during the embedding process, which introduced some error. Proof 

of feasibility is seen and a different study now in place is analyzing the effects of OEC 

alone, OEC seeded onto a MPC modified implant and modified implant alone implanted 

into a rat spinal cord.  
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Figure 3-1.  Optical image at lesion site of hyaluronic acid scaffold implant at 2.5x 
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CHAPTER 4 
CONCLUSIONS 

The lack of neurological recovery in spinal cord injury (SCI) following current 

attempts has enticed research which yielded advances in the understanding of the 

developing CNS and associated pathologies. Current repair strategies have emphasized 

fetal tissue and specific cell transplantation, as well as a variety of specific biochemicals.  

The more knowledge that is gained by SCI research, the more apparent is the 

multifaceted nature of the problem. This being so, a combination of interventions would 

have to be utilized to reverse the variety of issues encountered. .  

Biomaterials offer the possibility to deal with more than one of the associated 

problems in SCI simultaneously. The surface can provide physical/structural support, a 

favorable surface terrain, an architecture which offers directionality to ingrowing neurons 

and also act as support for cells which offer a variety of neuroregenerative advantages. 

The basic concept was to use neural cell-biopolymer compositions to help control the 

dynamic and complex repair process following SCI.  

Novel anisotropic, water insoluble hyaluronic acid (HA) scaffolds were engineered. 

The architecture of the linear pores of the HA scaffold is also unique. Although 

polysaccharides have been surface modified with MPC, this is the first time specifically 

HA has been gamma irradiated 2-methacryloyloxyethyl phosphorylcholine (MPC) onto 

its surface.  

Results of studies to date with our polysaccharide, phospholipid, and 

polynucleotide composite implants suggest that optimization of compositions, implant 
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design, and surgical procedures may lead to a clinically important medical technology for 

spinal cord repair. In vitro studies showed that olfactory ensheathing cells (OEC) 

preferentially adhered and grew on the polystyrene cell culture well superiorly to any HA 

film condition. Within the HA films, however, the MPC modified films showed superior 

adhesion and growth relative to the unmodified films. The film modified with 0.15Mrad 

had the most healthy cells growing on its surface. The In vivo trial showed proof of 

principle and the feasibility of such strategy.  

The accumulated data indicate the strategy of using neural OEC-HA compositions 

can address a number of issues involved in SCI and warrants further investigation.  Ideal 

compositions have not been identified as of yet, and may include the incorporation of 

other multiple cell types and other therapeutic agents to existing or novel implants.  Also, 

there are important broader implications of results stemming from this research including 

the application of similar implant compositions for the treatment of peripheral nerve 

damage and optic nerve disease and trauma, as well as macular degeneration and retinal 

disease. 
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CHAPTER 5 
FUTURE DIRECTIONS  

While working on this research a series of questions arose that could be 

experimentally answered through future research. Bellow are some examples of potential 

experimentation that would yield in interesting and applicable information. 

1. Environmental Scanning Electron Microscopy (ESEM) experiments on 
hydrated scaffolds.  

The tertiary structure of the scaffold implants investigated through scanning 

electron microscopy (SEM) was conducted on dehydrated samples. If one wants to 

examine the hydrated microstructure of the 3D scaffold, which resembles more closely 

the hydrated implant that would be placed in an injured spinal cord, then the structure 

must be examined hydrated. The only way to achieve such goal would be through ESEM. 

There would also be the possibility of visualizing the olfactory ensheathing cells (OEC) 

directly onto the scaffolds, instead of cast films which have a different geometry.   

2. In Vitro and In Vivo evaluations of hyaluronic acid (HA) implants crosslinked 
with Gadolinium.  

Through my research I conducted trial studies with Gd3+ crosslinked scaffolds and 

films and determined it is feasible although relatively more short lived than chromium 

cations. Recent literature has reported gadolinium to be a more biocompatible ion than 

chromium. It would be interesting to analyze the effects of cell seeding onto films and 

implanted scaffolds of HA that have been crosslinked with Gd3+ relative to Cr3+ to see if  

there are advantages associated with such.  
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3. Seeding multiple cell types (Schwann cells + OEC) onto a single implant.  

OEC cells have been shown to facilitate axonal elongation at graft-host interfaces 

more effectively than Schwann cells however Schwann cells promoted axonal 

regeneration/sparing and remyelination better than OECs. Never has there been a study 

which evaluated more than one cell type seeded onto a biomaterial substrate 

simultaneously and implanted into the spinal cord. It is expected that the seeding of these 

two cell types together would result in increased regeneration, remyelination and axonal 

elongation more than only one cell type. 

4. Hyaluronic acid scaffolds covalently crosslinked after being ionically 
crosslinked in order to increase biodegradation time of implant.  

By following the methods described in chapter 2 it is possible to make anisotropic 

insoluble HA scaffolds when crosslinked with Cr3+. The uncrosslinked HA scaffold 

dissolves in solution prior to crosslinking using the same technique with covalent 

crosslinking such as divinyl sulfone (DVS) or a carbodiamide. Covalently crosslinking 

HA scaffolds would most likely results in scaffolds with a longer in vivo degradation 

time. A possible investigation would be the crosslinking with DVS and a carbodiamide, 

among other known covalent crosslinkers of HA, after crosslinking with Cr3+. These 

covalent crosslinkers use HA’s hydroxyl groups which are available for reacting since the 

carboxylic acid groups is what is involved in the ionic crosslinking.  
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