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ABSTRACT 

 

Astrocytes play a critical role in supporting the normal physiological function of neurons 

in the central nervous system (CNS). Astrocyte transplantation can potentially promote axonal 

regeneration and functional recovery after spinal cord injury (SCI). Fibrin and collagen 

hydrogels provide a growth-permissive substrate and serve as carriers for therapeutic cell 

transplantation into an injured spinal cord. However, the application of fibrin and collagen may 

be limited due to their relatively rapid degradation rate in vivo. In this study, immature astrocytes 

isolated from neonatal rats were cultured in fibrin hydrogel containing aprotinin and collagen 

hydrogel crosslinked with poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-StarPEG), 

and the cell behavior in these hydrogels was studied. The cell viability of astrocytes in the 

hydrogels was tested using the LIVE/DEAD® assay and the AlamarBlue® assay, and this study 

showed that astrocytes maintained good viability in these hydrogels. The cell migration study 

showed that astrocytes migrated in the fibrin and collagen hydrogels, and the migration speed 

was similar in these hydrogels. Crosslinking of collagen hydrogel with 4S-StarPEG did not 

change the astrocyte migration speed. However, the addition of aprotinin to the fibrin hydrogel 

inhibited astrocyte migration. The expression of chondroitin sulfate proteoglycans (CSPG), 

including neural/glial antigen 2 (NG2), neurocan, and versican, by astrocytes grown in the 

hydrogels was analyzed by quantitative RT-PCR, and no significant difference was found. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. Biomaterial scaffold and hydrogel 

 There has been great interest using biomaterials for therapeutic treatment in neural regeneration 

due to their greater potential for acceptance by the body. An appropriate biomaterial should 

possess several important characteristics including biodegradability, biocompatibility and 

adaptability in physical, biological and chemical environments. Hydrogels are cross-linked 

water-soluble polymers that are considered efficient biomaterials for neural cell regeneration. It 

has already been established that these materials possess mechanical properties which are very 

similar to those of human soft tissue. Further, they allow cells to assemble spontaneously (Ma et 

al., 2004).  Hydrogels have very low interfacial tension, which allows the hydrogel to provide 

appropriate environments for cells migration and survival across tissue implant boundaries 

(Crompton et al., 2007). Hydrogels are mainly used as scaffolds in tissue engineering to repair 

wounded tissues. They are conductive materials that can mediate cell migration into the injured 

tissue. Biomaterial scaffolds are divided into two main groups: biological or natural polymers, 

and synthetic polymers. 

1.2. Synthetic polymer scaffolds 

Synthetic polymers can be degradable or non-degradable. It has been reported that biodegradable 

materials are more efficient for the purpose of neural tissue engineering. Molecular weight and 

subunit ratio define synthetic biomaterials. For example, the ratio of glycolic acid to lactic acid 

in poly(lactic-co-glycolic acid, PLGA) plays a critical role in determining the degradation rate 
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for these polymers (Lavik & Langer, 2004). Currently, the major synthetic polymers that are 

used for neural tissue engineering purposes include: poly glycerol sebacate (PGS), the poly 

lactic-co-glycolic acid family, and polyethylene glycol hydrogels, along with some others. 

However, several disadvantages have limited the application of these polymers in tissue 

engineering. The lack of bioactivity and biocompatibility of synthetic polymers are obstacles for 

neural cell survival, attachment and proliferation in both in vitro and in vivo studies.  

1.3. Biological polymer scaffolds  

 It has been reported that biological polymers have several advantages over synthetic polymers. 

While biological polymers are more biocompatible and degradable they also lack strong 

mechanical properties and exhibit a high degradation rate. These disadvantages are barriers to 

widespread use in clinical applications. Moreover, naturally-derived polymers can trigger an 

immune response. (Lavik & Langer, 2004). Despite all these disadvantages, it has been 

suggested that natural polymers, such as fibrin, collagen type I/II, gelatin, spider silk fiber, 

silkworm silk fibroin, aragonite, alginate, chitosan, and hyaluronic acid, have the greatest 

potential for neural tissue engineering.  

1.4. Hydrogels and neural regeneration 

Hydrogels (Fig. 1) are biocompatible and biodegradable materials that usually contain more than 

90% water, which are potential candidates use in tissue regeneration.  Implantable hydrogels can 

fill the lesion site in an injured CNS. Desirable hydrogels are matrices that promote neural 

growth and axonal extension (Pakulska, Ballios, & Shoichet, 2012). Axonal regeneration is 

hindered by several pathophysiological changes in injured spinal cord. To overcome these issues, 

hydrogels are widely used to prevent scar tissue formation while improving axonal regeneration 
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in the lesion. The axons that grow in hydrogels can connect with neurons on the other side of the 

lesion in order to reconstruct the circuitry. Many studies have been performed to functionalize 

different hydrogels in order to provide a permissive environment for neural regeneration 

(Shrestha et al., 2014). Studies performed to repair acute spinal cord injury using natural 

biomaterial hydrogels and revealed that these scaffolds promoted neural cell regeneration and 

reduced scar tissue invasion in the rat model. Moreover natural biomaterial scaffolds 

successfully improved motor function and axon growth. In these studies, natural biomaterial 

hydrogels were grafted into the neural tissue as permissive scaffolds for tissue regeneration 

(Gros, Sakamoto, Blesch, Havton, & Tuszynski, 2010; Park et al., 2010; Spilker et al., 2000)  

 

Figure 1: Hydrogel used as a conductive environment in regenerative medicine. 

(Modified from Yao L, et al. Drug Discovery Today, 2012) 

 1.5. Collagen scaffolds 

Collagen is a major component of the extracellular matrix. Collagen exhibits a triple helical 

structure. The amino acid sequences of various collagen triple helical domains are characterized 
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by abundant proline and hydroxyproline residues. In addition, a glycine residue is occupies every 

third position in the sequence. This structure contributes to the main structural property called 

fibrillogenesis (aggregation into fibrils). Collagen can be used in two different ways. The first 

way employs a so- called, “top-down approach” in which the collagen is derived from animal 

connective tissue that contains no cells. This approach results in a collagen rich matrix complex. 

The second way is called the “bottom-up approach” that results in an aggregated purified 

collagen shaped as a scaffold (Stang, Fansa, Wolf, & Keilhoff, 2004). 

As collagen forms a weak hydrogel, crosslinking agents are required to improve its stability. 

Genipin is one of the crosslinkers that is less toxic than glutaraldehyde, yet can create a robust 

collagen hydrogel (Pakulska et al., 2012). Alternatively, Poly(ethylene Glycol) derivatives can 

be used as crosslinkers to increase the stability of collagen hydrogels.  

1.6. Poly(ethylene Glycol) (PEG) 

Poly(ethylene Glycol) has been extensively used in regenerative medicine for medical 

applications. This molecule is bioinert and biocompatible. PEG can be easily modified to form a 

variety of structures possessing different chemical groups. Therefore, it is commonly used in 

combination with both synthetic and natural polymers, such as collagen, for regeneration of 

nerves, cartilage, bone and muscle. Crosslinking of a collagen hydrogel with PEG allows it to be 

injectable. The gelation rate of PEG-crosslinked hydrogel is relatively high and it does not 

require an external polymerization trigger such as UV light. The UV crosslinking method is not 

practical for many clinical applications employing biomaterials. Additionally, it is important to 

consider the mechanical properties of the crosslinked hydrogel as a scaffold for tissue 

engineering purposes. The crosslinker should help the hydrogel to maintain a robust and stable 
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structure. PEG crosslinking of a hydrogel can decrease enzymatic degradation, thereby 

increasing scaffold stability.  

Many studies have demonstrated that PEG can be added directly to the hydrogel to increase 

scaffold stiffness. PEG directly reacts with basic residue sidechains in the collagen molecule, 

thereby creating a PEG-collagen matrix with improved properties. Poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate (4S-StarPEG) reacts with the collagen basic residue side chains to 

form cross links, which create a stiffer and more stable network that can support cell growth and 

proliferation (Fig. 2). Moreover, the scaffold is suitable for cell infiltration and migration. 

Previous studies have stressed the the safety of this material when used for in vivo applications. 

4S-StarPEG incorporated into collagen matrices is nonimmunogenic and nontoxic and it is 

biocompatible with cell growth and migration. The crosslinked 4S-StarPEG hydrogel does affect 

cell adhesion or cell migration within the hydrogel (Grover, Rao, & Christman, 2014; Sanami et 

al., 2015; Sargeant, Desai, Banerjee, Agawu, & Stopek, 2012). Therefore, 4S-StarPEG 

crosslinked collagen is an efficient injectable scaffold, which can be used to treat a variety of 

simple and complex tissue injuries. 

 

 

Figure 2: Four-arm PEG Succinimidyl Carboxymethyl Ester.  

The succinimidyl groups react with the amine groups present on the collagen lysine side-chains. 

(Taguchi et al., 2005) 
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1.7. Collagen hydrogels and neural regeneration 

Collagen hydrogels can be used for peripheral nerve and spinal cord regeneration due to their 

permeability and smooth microgeometry (Liu et al., 1998). Mammalian musculoskeletal tissues 

are composed of collagen, especially type I collagen (approximately 30%) that is one of the best 

biological polymers being used in tissue engineering. Collagen is a biocompatible and injectable 

biomaterial which makes it a popular candidate for neural regeneration studies. Due to the 

inverse thermal gelling properties of collagen, it can be an effective candidate for in situ gelling 

material. Many studies have shown that collagen can form biodegradable hydrogels, which 

strongly support axonal regeneration. Bozkurt et al. used a collagen-based scaffold to repair rat 

sciatic nerve defects. Their results showed that the collagen-based scaffold supported directed 

axonal regeneration (Bozkurt et al., 2012). In a study involving peripheral nerve repair, a 

collagen hydrogel encouraged nerve regeneration, when the scaffold was used to bridge a 5 mm 

gap in a mouse peripheral nerve (Masand et al., 2012). In another line of experimentation, 

Alberti et al. used guidance conduits fabricated from collagen to bridge nerve defects.  The 

neural cells successfully adhered, proliferated, and aligned along the collagen conduits (Alberti, 

Hopkins, Tang-Schomer, Kaplan, & Xu, 2014). In yet another approach, the application of a 

single collagen channel tube for the repair of completely transected nerve significantly increased 

the axonal regeneration and prevented scar invasion (Spilker et al., 2000). 

Type II collagen was also evaluated for stability as scaffold material for cell therapy and 

intervertebral disc regeneration. An injectable form of type II collagen, enriched with hyaluronic 

acid, was crosslinked with 4-arm PEG. The resulting scaffold exhibited an efficient system for 

nucleus pulpous repair. Cross-linked hydrogels incorporating 4-arm PEG exhibited the greatest 

stability to enzymatic degradation (Collin et al., 2011). The application of collagen hydrogels to 
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a rat model of spinal cord injury resulted in improved neural cell growth in collagen hydrogels 

(Alovskaya, Alekseeva, Phillips, King, & Brown, 2007).  

1.8. Fibrin scaffold  

Fibrinogen is a hexameric glycoprotein that is composed of pairs of three peptide chains (α, β, 

and γ). Fibrinogen and thrombin are used to form fibrin when they participate in blood clotting. 

To create the stable polymerized fibrin gel, thrombin produces the enzyme that is called factor 

XIIIa (Fig 3) (Ahmed, Dare, & Hincke, 2008). 

 

Figure 3: A Fibrinogen and three pairs of peptide chains (α2, β2, and γ2); Formation of fibrin gel 
following thrombin cleavage. 

(http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/learning-
center/structural-proteins/fibrinogen-fibrin.html) 
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A Fibrin scaffold is formed by a network of proteins that can support the growth of a variety of 

cells and living tissues. This scaffold forms naturally after injury in vivo. Fibrin can be used as a 

tissue substitute for neural cell regeneration in tissue engineering procedures (Atrah, 1994). 

Fibrin scaffolds are widely used for biomedical research to repair injuries in several tissues, 

including lung, liver, spleen, kidney, heart, and spinal cord.   

       Fibrin scaffolds are good candidates for medical applications because they are 

biodegradable, and biocompatible. Several studies have demonstrated that the application of this 

scaffold is associated with fewer complications, faster recovery and the absence of long-term 

effects during and following tissue repair. Moreover, fibrin scaffolds stimulate reduced immune 

response, cell toxicity and inflammation. These properties make them suitable for tissue 

engineering approaches (Bensaıd et al., 2003; Wozniak, 2003).  

      Extracellular matrix (ECM) components (Fig. 4) such as fibronectin, laminin and vitronectin 

can be added to fibrin hydrogels to improve their function. These components are covalently 

linked to fibrin hydrogels and support neural cell survival, migration, proliferation and 

differentiation. Fibrin alone, can be used for neural repair without the need for growth factors. 

Fibrin can provide an efficient scaffold for the treatment of CNS damage (Uibo et al., 2009). 
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Figure 4: Cell and Extra Cellular Matrix Interaction. 

(http://www.glycoforum.gr.jp/science/glycogenes/14/14E.html) 

Some studies reported that the utility of fibrin scaffolds has been limited by due to its rapid 

degradation rate in vivo. It was reported that fibrin hydrogels disappeared 5-6 days after 

implantation. To overcome this obstacle, protease inhibitors can be added to the fibrin hydrogel 

to slow hydrogel degradation by neighboring cells (Willerth, Arendas, Gottlieb, & Sakiyama-

Elbert, 2006; Ye et al., 2000). For example, using fibrinolysis inhibitors including aprotinin and 

α2-antiplasmin may decrease fibrin scaffold degradation rates, thereby stabilizing fibrin 

hydrogels (Cholewinski, Dietrich, Flanagan, Schmitz-Rode, & Jockenhoevel, 2009). 

1.9. Aprotinin 

Aprotinin is a single peptide (monomeric) bovine pancreatic trypsin inhibitor (BPTI) (Fig. 5). 

Aprotinin can bind to the active sites of several serine protease including plasmin, trypsin and 

chymotrypsin and inhibit their proteolytic activities. Aprotinin can slow down fibrinolysis. 

Aprotinin is very stable; resisting denaturation and proteolytic degradation due to its compact 
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tertiary structure that is stabilized by three disulfide bonds. This molecule can also be used in 

surgery in order to reduce bleeding. However, the toxic effects of aprotinin in the human body is 

a concern. High concentrations of aprotinin can cause anaphylaxis (an allergic reaction), 

thrombosis (excessive inhibition of the fibrinolytic system), acute renal failure, myocardial 

infarction, heart failure and encephalopathy. These toxic effects have limited its clinical utility. 

(Keesey & Biochemicals, 1987; Zollner, 1993). 

 

Figure 5: Aprotinin is a single polypeptide chain that possesses three disulfide bonds. 

(http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/aprotinin-
monograph.html) 
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1.10. Fibrin and neural regeneration 

Fibrin is a promising biomaterial for applications involving wound healing. In the presence of 

Ca2+, fibrin hydrogels can be formed by the crosslinking of fibrinogen following cleavage by 

thrombin. The fibrin hydrogel can be used for axonal regeneration because it is biocompatible 

and easily injected (Pakulska et al., 2012). A number of studies that use fibrin as a biomaterial 

demonstrated that an injectable fibrin scaffold can support robust growth of axons while the 

hydrogel was integrated into injured rat spinal cord tissue (V. R. King, Alovskaya, Wei, Brown, 

& Priestley, 2010). An implantable fibrin scaffold was reported to increase the axonal fiber 

density in lesions following SCI (Taylor & Sakiyama-Elbert, 2006). 

Many studies have used fibrin hydrogels for tissue engineering purposes. Ye et al, reported that a 

fibrin hydrogel can act as a three dimensional matrix for cardiovascular tissue engineering. The 

cells distributed evenly in the fibrin hydrogel without stimulating any inflammatory reactions or 

causing any toxic effects on cells. The study suggested that the three-dimensional fibrin hydrogel 

was an excellent scaffold that controlled degradation, and supported tissue development (Ye et 

al., 2000). Moreover, fibrin hydrogels can create an appropriate environment for embryonic stem 

cells (ESC) the proliferation and differentiation (Willerth et al., 2006). 

1.11. Spinal cord injury 

      The spinal cord connects the brain to the peripheral nerves (Fig. 6). The spinal cord conducts 

motor and sensory information and also serves as a center that organizes all reflexes. Glia, 

neurons and blood vessels are three major components of spinal cord. The lower motor neurons 

and dendrites form the spinal cord gray matter that is responsible for muscular movement. The 

upper motor neurons, located in the brain can transmit messages to the spinal cord neurons. 



 
 
 

12 
 

Moreover, the structure called myelin wraps around axons and helps to transmit messages more 

quickly through the axons. Myelin is produced by the oligodendrocytes that are the axon-

insulating cells. The peripheral part of the spinal cord is called white matter (Anthea et al., 1993). 

 

Figure 6: Human nervous system. 

(https://www.wpclipart.com/medical/anatomy/nervous_system/Nervous_system_diagram.svg) 

CNS injuries are classified into two groups: traumatic and neurodegenerative. Traumatic lesions 

usually occur in the brain and spinal cord due to falls, sharp blows, or sudden forces that result in 

disruption of neural fiber tracts, while nontraumatic injuries occur due to degenerative 

pathologies (i.e. Alzheimer’s disease, multiple sclerosis, and Parkinson’s disease) (S. J. Davies et 

al., 1997). The symptoms of spinal cord injury vary based on the damage location (Lin & Bono, 

2014). Complete paralysis and loss of function may result.  
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      Treatments for spinal cord injuries include spinal restraint to control inflammation and 

prevent further damage, but do not involve repair. Currently, studies are underway testing the 

following four spinal cord injury repair methods:  

1. Neuroprotection - to maintain survival of living nerve cells from further damages. 

2. Cell replacement - to replace glial cells or damaged nerves.  

3. Retraining of CNS circuits - to restore body functions. 

4. Regeneration treatment - to stimulate the regrowth of neural cells. 

1.12. Glial Scar 

A prominent aspect of reactive astrogliosis is glial scar formation, which occurs after CNS 

injury. Glial scar formation can be either beneficial or detrimental for neurodegeneration. Lack 

of glial scar formation prevents blood brain barrier repair. However, glial scar may also produce 

inhibitory molecules prevent recovery at the damaged site. Glial scar tissue consists of reactive 

astrocytes, microglia, endothelial cells and fibroblasts. Reactive astrocytes are the main 

components of glial scar tissue that increase glial fibrillary acidic protein (GFAP) synthesis 

following injury. GFAP is a critical intermediate filament that forms the cytoskeletal supportive 

structures in astrocytes. Microglia are analogs of immune system macrophages that become 

active in order to produce cytokines, reactive oxygen intermediates, coagulation factors, and 

neurotrophic factors. Additionally, endothelial cells and fibroblasts (that are activated by 

microglia) are recruited to stimulate angiogenesis.  The regrowth of axons can be inhibited by a 

reactive glial scar. Moreover, astrocytes produce inhibitory molecules that prevent axonal 

regeneration (Silver & Miller, 2004; Stichel & Müller, 1998).  
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1.13. Cell therapy 

To promote regeneration of functional nerve fibers, neural stem cells have been used in cell 

therapy. There are different glial cell types in the nervous system that support the growth of 

neurons. The glial cells in the peripheral and CNS can also promote axon regeneration (Fawcett, 

2006). Astrocytes are glial cells specific to the CNS. They provide nutrients and physical support 

for neurons as well as forming the blood brain barrier. Schwann cells are glial cells located in the 

peripheral nervous system that mediate the myelination of neuronal axons.  

1.14. Astrocytes 

Astrocytes are star shaped glial cells that are abundant in CNS white matter. These cells are 

associated with neural synapses. Astrocytes can maintain ionic balance in the extracellular 

matrix, provide nutrients for nervous system tissue, support endothelial cells, maintain the blood 

brain barrier, repair glial scar tissue after traumatic injuries, and guide the growth of axons 

(Fiacco, Agulhon, & McCarthy, 2009). Astrocytes express the intermediate filament protein 

GFAP, that can be used as a marker to identify them. Astrocytes can also remove extra 

glutamate, which might otherwise kill neural cells, as it does in chronic brain disease.  Astrocytes 

can convert glutamate to glutamine, which is not toxic. Astrocytes can provide a neurovascular 

bridge, which links blood flow to neural tissue. These cells can provide energy to neurons by 

absorbing glucose and converting it to lactate. Astrocytes can control the formation, maturation 

and maintenance of synapses, thereby regulating the connectivity of neuronal circuits 

(Kettenmann & Verkhratsky, 2011). 

Axonal regeneration following peripheral nerve injury is spontaneous due to intrinsic growth 

factors and a permissive environment. However, glial scars prevent neural cell regeneration 
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(Shany et al., 2006). Damaged axons in the CNS are not able to spontaneously regenerate due to 

glial scar tissue formation at the lesion site. A glial scar tissue is comprised of proteoglycans and 

reactive astrocytes that act as a physical barrier to block axonal elongation. In addition, myelin-

associated molecules that are generated by oligodendrocytes can also block axonal regeneration. 

Therefore, controlling astrocytes growth is an important goal for neural tissue engineering (Toy 

& Namgung, 2013). 

1.15. Astrocytes function after SCI 

Astrocytes have a critical role in mediating the regenerative responses after CNS injury. 

Following injury, these cells exhibit a scavenger function by removing cellular debris. Astrocytes 

become hypertrophic during astrogliosis and alter their morphology and molecular expression to 

form glial scar tissue in response to injury. These changes may lead to either gain or loss of 

astrocyte function, which can have beneficial or detrimental effects. At different levels of CNS 

injury, reactive astrocytes respond differently. For example, in extensive CNS injury, reactive 

astrogliosis leads to astrocyte proliferation and glial scar formation that inhibits neural cell 

regeneration. Adhesion molecules, cytokines, and growth factors are also involved in the 

response to CNS injury. Some of these factors induce glial scar formation such as transforming 

growth factor β1 (TGFβ1), transforming growth factor β2 (TGFβ2), interleukin-1 and fibroblast 

growth factor 2 (FGF2). Following injury, glial reaction recruits astrocytes, microglia, meningeal 

cells and oligodendrocytes to form glial scar tissue that is the main obstacle for successful axonal 

regeneration. Astrocytes become hypertrophic and release inhibitory ECM molecules, called 

proteoglycans, that block axon regeneration. Astrocytes produce four proteoglycans; chondroitin 

sulfate proteoglycan (CSPG), heparan sulfate proteoglycan (HSPG), keratan sulfate proteoglycan 
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(KSPG), and dermatan sulfate proteoglycan (DSPG). Following SCI, CSPG gene expression is 

upregulated to form a CSPG gradient along the lesion site producing high concentrations of 

inhibitory molecules. CSPG can block neurite outgrowth that results in axonal regeneration 

failure near the lesion site. The main component of the CSPG family is glycosaminoglycan 

(GAG) chain, which has an inhibitory effect on axonal regeneration (Toy & Namgung, 2013). 

1.16. Reactive astrocyte function 

Recently, some studies have demonstrated that reactive astrocytes are recruited to the injury site 

where they generate beneficial effects on axonal regeneration. Moreover, reactive astrocytes may 

decrease cellular degeneration and have the ability to minimize the inflammatory responses to 

injury. Reactive astrocytes can take up the excitotoxic glutamate molecule, remove oxidative 

stressors and reduce NH4
+ toxicity, thereby protecting the CNS. The lack of reactive astrocytes 

resulted in failure of blood brain barrier repair, increased loss neural cells, and increased tissue 

damage. Genetic depletion of SOC3 and Stat3 in astrocytes decreased reactive astrocyte 

migration into the lesion site, resulting in failed axonal regeneration after injury. Moreover, the 

changes in astrocyte gene expression altered cellular structure, metabolism and signaling that can 

regulate axonal regeneration (Toy & Namgung, 2013). 

1.17. Astrocyte transplantation 

About 100 years ago, astrocytes were considered an obstacle to axonal regeneration after spinal 

cord injury due to their major role in glial scar tissue formation.  However, in recent studies, 

astrocyte transplantation has been evaluated for functional and structural restoration of injured 

neural tissue. Several astrocyte transplantation studies have emphasized the irreplaceable role of 

astrocytes after SCI. Cultured embryonic astrocytes were initially used as substrates for axonal 
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regeneration in injured spinal cord due to their supportive role during development. Later studies 

reported that isolated immature astrocytes from fetal rats could grow, survive, develop and 

migrate in vitro. Moreover, it was reported that type I astrocytes formed dense clusters 

(surrounded by meningeal cells) at the sharp border that restricts axon regrowth. However, type 

II astrocytes fill the cysts and reduce meningeal cell infiltration into the lesion, which can 

increase axonal regeneration at the lesion site. While mature astrocytes support expression of 

growth-inhibitory proteoglycans, which result in scar tissue formation, immature astrocytes 

minimize reactive astroglial responses and reduce the tissue scar formation. Therefore, immature 

astrocytes can not only increase the number of regenerated axons, but also markedly reduce glial 

scar formation.  These results may lead to the development of therapeutic strategies that promote 

axon regrowth by grafting immature astrocytes to the injured site. Collagen and lentiviral vectors 

were widely used to facilitate astrocyte growth, migration and increase glial scar formation 

inhibition. In an acute SCI models, direct transplantation of pre-differentiated glial-restricted 

precursor (GRP)-derived astrocyte (GDA) GDAsBMP improved functional restoration. Successful 

astrocyte transplantation procedure was developed by exposing GRP cells to bone 

morphogenetic protein-4 (BMP). BMP-treated GDAs then promoted neural cell survival, axon 

regeneration and functional restoration (Noble, Davies, Mayer-Pröschel, Pröschel, & Davies, 

2011). The improvement of astrocyte transplantation increases the hope for further improvement 

in the functional regeneration of neural tissue (Chu et al., 2014). 

1.18. Chondroitin sulfate proteoglycans (CSPGs)  

Chondroitin sulfate proteoglycans (CSPGs) are extracellular matrix (ECM) proteoglycans that 

are expressed during CNS development. These molecules consist of a glycoprotein core and 
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chondroitin sulfate side chains (glycosaminoglycans) that are involved in cell growth, adhesion, 

migration and interaction with other ECM molecules. The CSPG family includes: CSPG1 

(Aggrecan), CSPG2 (Versican), CSPG3 (Neurocan), CSPG4 (NG2), CSPG5, CSPG6 (SMC3), 

CSPG7 (Brevican), CSPG8 (CD44) and Phosphacan. Aggrecan, versican (three isotypes), 

neurocan and brevican share the same N-terminal and C-terminal domains. Variations in the 

length of the core proteins, numbers of GAG side chains, and sulfation patterns in CSPGs family 

member determine their different biological activities (Fig. 7).  Some studies demonstrated that 

the sulfation patterns determine whether CSPG molecules will be permissive or inhibitory for 

neural cells growth. During CNS development, CSPG molecules can regulate neural functions by 

interacting with other ECM molecules, adhesion molecules, and growth factors. The patterns of 

CSPG gene expression revealed that versican and neurocan were largely found in white matter. 

Brevican was found throughout the CNS, while the expression of NG2 was restricted to blood 

vessels, OPCs and meningeal cells. Following CNS injury, the expression of these molecules is 

upregulated in cells surrounding the lesion site and that results in the reduction of neurite 

outgrowth, limitation of axonal regeneration, and glial scar formation. It is important to state that 

the upregulation of CSPG expression is a protective mechanism that walls off the injury site in 

order to limit the spread of tissue damage. CNS damage increases proinflammatory cytokine 

production, which leads to the upregulation of CSPG expression. Therefore, CSPGs act as 

barriers that prevent self-regeneration of axons. In traumatic lesions, neurocan is the first CSPG 

member that appears at the lesion site. Brevican and versican appear later. The expression of 

these CSPG members reaches a maximum at two weeks, while the peak of NG2 expression is 

seen one week after injury. The interaction between neurons and CSPG molecules leads to 

activation of Rho, ROCK and the protein kinase C signaling pathways, which result in the 
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extension of inhibition. Brevican is an inhibitory molecule for both axonal growth and 

attachment. Neurocan and phosphacan can interact with cell adhesion molecules, thereby 

inhibiting axonal growth by concealing growth pathways. While some studies indicated that 

NG2 has an inhibitory effect on axonal growth, other studies reported that NG2 can be either 

permissive to axonal regeneration or stabilize the axons following injury.  Moreover, the CSPG 

family has a key role in the progression of some other diseases such as Alzheimer's, epilepsy (a 

neurological disorder), and stroke (loss of brain function). Therefore, it is very important to find 

an efficient way to control CSPG family expression in a manner that allows axonal regeneration 

(Jones, Margolis, & Tuszynski, 2003; Siebert, Conta Steencken, & Osterhout, 2014).  

 

 Figure 7: Chondroitin Sulfate Proteoglycan Family in neural regeneration.  

Comparison of CSPG structures. Roles in neural regeneration 

(Siebert, Conta Steencken, & Osterhout, 2014) 
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Figure 8 (continued) 

1.19. Stem cells 

The application of neuroregenerative substances and transplantation of stem cells in neurological 

studies increases the hopes for spinal cord injury treatment. Stem cells have some advantages 

over glial cells due to their ability to proliferate easily in cell culture environments. However, 

directing their differentiation into specific cell types is difficult.  It was reported that the injection 

of stem cells into the injured spinal cord led to production of neurotrophic factors that triggered 

growth and regeneration of neural cells that contributed  to repair of the damaged site (Abraham, 

Manjunath, & Baskar, 2008; Ravikumar, Narayanan, Baskar, Nagarajan, & Abraham, 2007). 

However, current studies involving cell based therapies for spinal cord injury treatment need 

additional development to become suitably efficient for clinical applications.  
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1.20. Tissue engineering approaches to spinal cord repair 

To repair spinal cord injury, recent studies have used several engineering techniques based on 

efficient scaffolds that provide a permissive environment for improved axonal regeneration. 

These techniques are ideal for the repair of spinal cord injury because they do not induce an 

immune response. Recent approaches using hydrogels revealed that these scaffolds are good 

candidates for promoting neural cell regeneration to repair spinal cord injury (Piantino, Burdick, 

Goldberg, Langer, & Benowitz, 2006; Tysseling-Mattiace et al., 2008). 
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CHAPTER 2 

2. RESEARCH OVERVIEW  

2.1. Introduction 

Astrocytes are the most abundant glial cells in the CNS. They play a critical role in 

supporting normal neural function in the spinal cord. Astrocytes can balance ion, metabolite, and 

neurotransmitter concentrations in the extracellular matrix. They are associated with neural 

synapses and mediate connectivity of the neuronal circuit. Astrocytes generate multiple 

neurotrophic factors that regulate survival, proliferation, and differentiation of neurons 

(Bozoyan, Khlghatyan, & Saghatelyan, 2012; Perea & Araque, 2006; Powell & Geller, 1999). 

Astrocytes are a major source of extracellular proteins and adhesion molecules such as laminin, 

fibronectin, and neural cell adhesion molecules (NCAMs) in the CNS (Pindzola, Doller, & 

Silver, 1993; Powell, Meiners, DiProspero, & Geller, 1997). Gliotransmitters released from glial 

cells can also facilitate neuronal communication between neurons and other glial cells (Araque & 

Navarrete, 2010; Nagelhus et al., 2013). 

Reactive astrocytes are recruited to the lesion after spinal cord injury. Reactive astrocytes 

exert structural and metabolic functions in neural tissue regeneration by taking up the excitotoxic 

glutamate and removing oxidative stressors in order to protect neural tissue (Toy & Namgung, 

2013). Astrocytes proliferate and migrate to the lesion where they fill the empty space and 

replace lost neural cells. Reactive astrocytes may decrease cellular degeneration and minimize 

the inflammatory responses, thereby promoting axon growth (Faulkner et al., 2004; Yiu & He, 

2006). It has been reported that astrocytes are a necessary cell population for SCI repair and are 
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crucial for axonal regrowth. Recent studies revealed that astrocyte transplantation can promote 

axonal regeneration and functional recovery after SCI (J. E. Davies et al., 2006; J. E. Davies et 

al., 2008; S. Davies et al., 2011; Fan et al., 2013; Haas & Fischer, 2013; Kliot, Smith, Siegal, & 

Silver, 1990; Wang, Chuah, Yew, Leung, & Tsang, 1995). In one such study, immature 

astrocytes isolated from neonatal rats were grafted into the hemisected adult rat spinal cord 

(Wang et al., 1995). The grafted cells survived and migrated from the original implantation site. 

Astrocyte transplantation also reduced scar tissue volume (Wang et al., 1995). 

Though cell transplantation can potentially replace lost neural cells and restore biological 

function, the microenvironment that grafted cells will encounter is unfavorable for their survival. 

Recent studies have shown that biomaterial scaffolds can be designed as a growth-permissive 

substrate and serve as a carrier for therapeutic cell transplantation into the injured spinal cord. 

Due to its soft and flexible mechanical properties, which are similar to those of the spinal cord, 

the implanted hydrogel causes little mechanical stress to the surrounding tissue of an injured 

spinal cord. Fibrin and collagen-based hydrogels have specific advantages in tissue regeneration 

because cells can bind directly to these materials via cell surface integrin receptors (Feng, Clark, 

Galanakis, & Tonnesen, 1999; Greiling & Clark, 1997; Kim, Turnbull, & Guimond, 2011). 

Degradation of collagen and fibrin are natural protease-dependent processes in vivo. However, 

the relatively rapid degradation rate observed in vivo may limit the utility of these hydrogels. In 

this study, we crosslinked a collagen hydrogel with poly(ethylene glycol) ether tetrasuccinimidyl 

glutarate. The biological and material properties of collagen hydrogels can be enhanced by 

crosslinking with this compound. We also fabricated a fibrin hydrogel containing aprotinin, 

which is a competitive serine protease inhibitor used to reduce fibrin biodegradation. Astrocytes 
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were grown in these hydrogels. Cell viability, motility, and expression of chondroitin sulfate 

proteoglycans (CSPG) were analyzed. 

Cell migration is an active cellular process, and it is critical for endogenous and grafted cells 

to establish functional connections in a CNS lesion. An implanted hydrogel that can mediate cell 

migration would provide a critical factor in the neural regeneration process. A previous study 

showed that implantation of a fibrin hydrogel into an injured spinal cord decreased the density of 

astrocytes surrounding the injury site and promoted astrocyte migration from the lesion border 

into the lesion itself. The lesion border in the fibrin-treated spinal cord lesion exhibited 

continuity of tissue across the lesion site as a result of cellular migration into the lesion. The 

fibrin appeared to  reduce the barrier for axonal growth across the border (Johnson, Parker, & 

Sakiyama‐Elbert, 2010). In the present study, we recorded the migration of astrocytes isolated 

from neonatal rat brain in crosslinked collagen hydrogels and in fibrin hydrogels containing 

aprotinin, using time-lapse imaging. The outcomes of this study provided direct evidence 

supporting the application of chemically modified collagen and fibrin hydrogels to neural 

regeneration promotion. 

2.2. Hypothesis 

A fibrin hydrogel containing aprotinin and a type I collagen hydrogel crosslinked with 

4S-StarPEG can support neural cell regeneration, growth, proliferation, migration, and maintain 

ECM gene expression that supports these processes.   

2.3. Specific aims of the project  

Aim 1: Fabrication and characterization of crosslinked collagen and fibrin hydrogels. 
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1. Fibrin hydrogel degradation study.   

2. Fourier-transformed infrared (FTIR) spectroscopy analysis of chemical bond formation 

between type I collagen and 4S-StarPEG. 

Aim 2: Determination of cell viability in both hydrogels. 

1. Cell viability assay. Evaluate astrocyte viability in both hydrogels using ThermoFisher 

LIVE/DEAD assay kits. 

2. AlamarBlue viability assay. Cell proliferation was measured in both hydrogels.  

3. Scanning electron microscopy (SEM). Evaluation of collagen hydrogel microstructure.  

Aim 3: Determine CSPG gene expression by astrocytes in both hydrogels. 

Gene expression of CSPG family members, NG2, neurocan, and versican was determined 

by real time PCR. 

Aim 4: Investigation of astrocyte migration both hydrogels.  
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CHAPTER 3 

3. MATERIALS AND METHODS  

3.1. Fabrication of type I collagen and fibrin hydrogels 

Rat tail tendon type I collagen (3.5 mg/ml, Corning, Corning, NY) was used to fabricate the 

collagen hydrogels. The pH of the collagen solution was adjusted to 7 by adding 1 M NaOH and 

5x phosphate-buffered saline (PBS) solution. The collagen solution was then crosslinked with 

three different concentrations of 4S-StarPEG. The final 4S-StarPEG concentrations were 

0.01 mM, 0.05 mM, or 0.1 mM. A collagen hydrogel lacking crosslinker was used as a control. 

To form fibrin hydrogels, a 20 mg/mL solution of human fibrinogen (Sigma-Aldrich, St. Louis, 

MO) was dissolved in PBS. A 25 µl aliquot of 10 U/ml thrombin (Sigma-Aldrich, St. Louis, 

MO) solution was added to each well and mixed with the fibrinogen solution in order to initialize 

fibrin gel formation. In some wells, aliquots of aprotinin were added to achieve either 10 µg/ml 

or 40 µg/ml final concentrations. Control wells did not receive aprotinin. The plate was 

transferred to a 37 ̊ C incubator to form a fibrin hydrogel under a 5% CO2 atmosphere.  

3.2. Astrocyte culture and cell growth in collagen and fibrin hydrogels 

All procedures involving animals in this study were approved by the Institutional Animal Care 

and Use Committee (IACUC) and conducted at Wichita State University. The astrocyte primary 

cell cultures were prepared from the brains of newborn (postnatal days 1-3) Sprague Dawley 

rats, as previously described (Laabs et al., 2007). In brief, cerebral cortices were isolated from 

the brains of neonatal rats after they were sacrificed. The cortex tissues were triturated gently 

through a 5 ml syringe with needle. The tissue suspension was then passed through a 70 mm 
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nylon cell strainer, and the flow-through fraction was collected in a 50 ml sterile conical tube. 

The isolated cells were cultured for about 7–14 days. After reaching confluency, the cultures 

were shaken to remove macrophages and progenitor cells. The adherent astrocytes continued to 

be cultured and were used subsequently in the hydrogel studies. Astrocytes were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (Lifetechnology, Grand Island, NY). The medium was 

changed every 2–3 days, and the cell cultures were incubated under a 5% CO2 atmosphere at 

37°C. Cells obtained from passages 2, 3, and 4 were used in these studies. To seed astrocytes 

into a collagen hydrogel, cells were added to the neutralized collagen solution containing 

crosslinker. To seed astrocytes into a fibrin hydrogel, cells were added to the fibrinogen solution 

containing aprotinin before the thrombin solution was added. Mixtures of either collagen or 

fibrin solutions were maintained at 37° C in a humidified atmosphere of 5% CO2 for 20 minutes 

before adding the cell culture medium into the pre-formed hydrogels. 

3.3. Immunolabeling of cultured astrocytes 

Cultured astrocytes were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton 

X-100. Cells were then exposed to a blocking solution consisting of 10% horse serum and 1% 

bovine serum albumin (BSA) for 20 minutes. The cells were incubated with monoclonal anti-

GFAP antibody (Millipore, Billerica, MA) to determine the cell phenotype. The secondary 

antibody was Alexa Fluor® 594-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, 

West Grove, PA). Nuclei were stained with diamidino-2-phenylindole (DAPI). 
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3.4. Degradation of fibrin hydrogel by astrocytes 

To measure the fibrin degradation rate for cultured astrocytes, cells were seeded in fibrin 

hydrogels containing 0 µg/ml, 10 µg/ml, 40 µg/ml aprotinin at a cell density of 40,000 cells/0.5 

ml hydrogel in plastic tubes. The height and the weight of the hydrogels, with culture medium 

removed, were measured after 6 h, 1, 3, 6, and 9 days of incubation.  

3.5. LIVE/DEAD® cell viability assay 

Astrocytes were seeded in collagen hydrogels with varying concentrations of crosslinker (0 mM, 

0.01 mM, 0.05 mM 4S-StarPEG) and fibrin hydrogels with varying concentrations of aprotinin 

(0 µg/ml, 10 µg/ml, 40 µg/ml aprotinin). In this assay, 40,000 cells were seeded in 0.5 ml 

collagen or fibrin hydrogels. The LIVE/DEAD® cell vitality assay (Lifetechnology, Grand 

Island, NY) was performed on astrocytes cultured in the hydrogels for 6 days. Reagents for the 

LIVE/DEAD® assay were ethidium homodimer-1 (Ethd-1) with a molecular weight of 856.77, 

and calcein AM with a molecular weight of 994.87. Assay reagent solutions were removed from 

the freezer and allowed to warm to room temperature. A 2 µl aliquot of the 2 mM EthD-1 stock 

solution and a 0.5 µl aliquot of the 4 mM calcein AM stock solution were added to 1 ml of sterile 

PBS solution and mixed by vortexing. A 300 µl aliquot of this solution was added directly to 

each cell culture well and incubated for 30 minutes at room temperature. The cells were then 

viewed under a fluorescent microscope. At least three independent experiments were performed 

in this study. Four images of the cells within the hydrogel in each experiment were recorded. The 

live and dead cells in each image were counted, and the ratio of live cells to total cells was 

calculated.  



 
 
 

29 
 

3.6. AlamarBlue® assay 

The viability of astrocytes in each hydrogel was studied by monitoring their metabolic activity 

using the AlamarBlue® assay (Pierce Biotechnology, Rockford, lL). Astrocytes were seeded in 

collagen hydrogels (crosslinked with 0 mM, 0.01 mM, 0.05 mM 4S-StarPEG) and fibrin 

hydrogels containing aprotinin (10 µg/ml, 40 µg/ml). The cell seeding density was 50,000 cells/ 

ml collagen or fibrin hydrogel. The cells were cultured for 3 days. Following this initial 

incubation, the cells were then incubated with cell culture medium containing 10% (v/v) 

AlamarBlue® reagent for 4 hours. Absorbance was measured at wavelengths of 570 nm and 600 

nm in a Synergy Mx (BioTek, Winooski, VT) microplate reader. 

3.7. Infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was performed to measure chemical bond 

formation in collagen hydrogels with or without crosslinking. Collagen hydrogels with or 

without crosslinking were freeze-dried prior to FTIR testing. Spectra were obtained with a 

Spectrum 100 FT-IR Spectrometer Perkin Elmer (PerkinElmer, Waltham, MA). To obtain an IR 

spectrum, the hydrogel specimen was loaded onto a salt plate and placed in a mounting plate in 

the sample loading compartment. The parameters were then adjusted. In FTIR, the infrared beam 

enters the compartment, passes through the sample, and finally enters the detector area, resulting 

in a spectrum with peaks.  

3.8. Scanning Electron Microscopy 

A ZEISS SIGMA VP scanning electron microscope (Carl Zeiss Microscopy, LLC, Thronwood, 

NY) was used in order to evaluate the images of scaffolds with cells. The cells were cultured 
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inside the crosslinked collagen/PEG and then fixed using Paraformaldehyde/PBS for 30 min. 

The samples were then broken into small pieces, dehydrated with graded ethanol solutions, dried 

with hexamethyldislazane, air-dried and coated with gold. Then images were captured by the 

SEM. 

3.9. Migration of astrocytes in collagen and fibrin hydrogels 

To study the migration of astrocytes in hydrogels, 30,000 cells were seeded in 150 µl collagen 

hydrogels containing 0.05 mM 4S-StarPEGor fibrin hydrogels containing 40 µg/ml aprotinin, 

and fibrin hydrogels containing 40 µg/ml aprotinin and 25 µg/ml fibronectin. Cells incubated in 

non-crosslinked collagen hydrogel and fibrin hydrogel lacking aprotinin were used as controls. 

After the cells were cultured for 24 hours, astrocyte migration was recorded by time-lapse 

microscopy using a Zeiss Axio Observer microscope placed in a plastic incubator under a 5% 

CO2 atmosphere at 37ºC (Y. Li, Wang, Lucas, Li, & Yao, 2015; Yao, Li, Knapp, & Smith, 

2015). Sterile conditions were maintained throughout. The time-lapse image recordings were 

made with the ZEN 2011 imaging microscope software. Images were captured using a digital 

camera (AxioCam MRm Rev.3 with FireWire). Cell migration was recorded for 3 hours. The 

time-lapse images were analyzed using the NIH ImageJ software (National Institutes of Health, 

Bethesda, MD). Both cell migration distance and speed were quantified. The distance was the 

full length of cell migration. The cell migration speed was calculated from the full cell migration 

distance and recording time.  

3.10. Real-time PCR 

For quantitative real-time polymerase chain reactions (qRT-PCR), 100,000 cells were seeded in 

collagen hydrogels containing either 0 mM or 0.05 mM 4S-StarPEG, a fibrin hydrogel 
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containing 40 µg/ml aprotinin, and a fibrin hydrogel containing 40 µg/ml aprotinin and 25 µg/ml 

fibronectin. Total RNA was extracted from astrocytes cultured for 6 days using an RNeasy 

Micro Kit (Qiagen, Germantown, MD) according to the supplier’s protocol. The amount of RNA 

was determined using a NanoDrop 2000c spectrophotometer (Thermo Scientific, Waltham, MA). 

The cDNA was reverse-transcribed from the total RNA using a High-Capacity cDNA Reverse 

Transcription Kit (Lifetechnology, Grand Island, NY) according to the manufacturer’s protocol. 

The qRT-PCR reactions were performed using Power SYBR® Master Mix in a StepOnePlus™ 

qRT-PCR System (Lifetechnology, Grand Island, NY). The conditions employed were:  95°C for 

10 minutes, then by 40 cycles at 95°C for 15 seconds followed by 60°C for 60 seconds. Gene 

transcription was normalized in relation to transcription of the rat housekeeping gene, 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The 2-ΔΔCt method was used to calculate 

the relative gene expression for each target gene. Primers used in the qRT-PCR were as follows: 

Neurocan forward primer TGATGGTFFCGCATGAGAAT and reverse primer 

CCACACAGCACTGTACCCTT; Versican forward primer TTGACCAGTGCGATTACGGC 

and reverse primer CAGGGAGAGGGAAGCATGTC; NG2 forward primer 

AGCAGGCCAAACAGATCATCT and reverse primer AGTCACTCAGCACCGTGTCTG; 

GAPDH forward primer GAC ATG CCGCCTGGAGAA AC and reverse primer 

AGCCCAGGATGCCCTTTAGT. 

3.11. Statistics 

Data were expressed as mean ± SD and analyzed by using one-way ANOVA (post-hoc 

Bonferroni) with SPSS version 17.0 software package (SPSS Inc., Chicago, IL). P-values less 

than 0.05 were considered statistically significant. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1. Results 

4.1.1. Astrocyte-induced degradation of fibrin hydrogels was inhibited by aprotinin  

In this study, we labeled the cultured astrocytes with anti-glial fibrillary acidic protein (GFAP) 

antibody. Many astrocytes showed a star-like appearance with multiple processes originating 

from the soma (Figure 8A-8C).  

 

Figure 9: Growth of astrocytes in fibrin hydrogels.   

(A) Immnuostaining of astrocytes with anti-GFAP antibody; (B) nuclei of astrocytes labeled with 
DAPI; (C) merging of images (A) and (B). 

 
Astrocytes developed multiple processes after the cells were cultured in fibrin hydrogels. In the 

fibrin alone hydrogel, hollow circles were seen around astrocytes (Fig. 9A & 9D). This 

observation suggests that the fibrin hydrogel immediately surrounding each cell was digested by 

enzymes generated by the astrocytes. In contrast, no hollow circles were observed around 

astrocytes grown in the fibrin hydrogel containing aprotinin (Figures 9B, 9C, 9E and 9F). 
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Figure 10: Astrocytes growth in fibrin hydrogels. 

 (A) fibrin hydrogel without aprotinin; (B) fibrin hydrogel with 10 µg/ml aprotinin; (C) 
fibrin hydrogel with 40 µg/ml aprotinin; (D)–(F) magnified images of cells indicated by arrows 

in (A)–(C), respectively. Scale bar: 100 µm. 
In the degradation study, the heights and weights of the fibrin-only hydrogels decreased 

significantly after the cells had been cultured for 3 days. There was no significant change in 

either the weight or the height of fibrin hydrogels containing aprotinin after 9 days of culture 

(Fig. 10).   
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Figure 10: Fibrin hydrogel degradation by cultured astrocytes. 

(A) Images of fibrin hydrogels with cultured astrocytes after removal of culture medium. Scale 
bar: 10 mm (B) Fibrin hydrogels weights after being cultured with astrocytes for the indicated 

times (C) Fibrin hydrogels height after culture with astrocytes for the times indicated. *p < 0.05, 
compared with controls. 
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Figure 11 (continued) 

4.1.2. Collagen hydrogels crosslinked with 4S-StarPEG 

After neutralization, 4S-StarPEG was added to the collagen solution. Cell culture medium was 

added to the well containing a hydrogel after the collagen solution had been incubated for 20 

minutes in the 37°C incubator. Stable collagen hydrogels were observed after incubation with the 

cell culture medium (Fig. 11).  
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Figure 12: Hydrogel formation for type I collagen crosslinked with 4S-StarPEG. 

 
FTIR was employed to determine the functional groups of type I collagen (Fig. 12). Results 

show the spectra obtained from FTIR for crosslinked and non-crosslinked type I collagen 

hydrogels. The formation of amide bonds was observed after the hydrogel was crosslinked with 

4S-StarPEG. 

 

Figure 13: FTIR spectra of type I collagen hydrogels. 

A, non-crosslinked hydrogel; B, hydrogel crosslinked with 0.01 mM 4S-StarPEG; C, 
hydrogel crosslinked with 0.05 mM 4S-StarPEG; D, hydrogel crosslinked with 0.1 mM 4S-
StarPEG. 
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4.1.3. Scanning Electron Microscopy (SEM) 

To determine the micro-structure of collagen hydrogels, scanning electron microscopy was used 

to visualize crosslinked type I collagen scaffolds. Fig. 13 shows SEM images of astrocyte cells 

after culturing in collagen hydrogels. Both the crosslinked and non-crosslinked collagen 

scaffolds showed similar fibrous structures. 

 

Figure 14: SEM images of collagen scaffolds. 

A, Non-crosslinked collagen scaffolds. B, Collagen scaffolds crosslinked with 0.01mM 4Arm-
starPEG. C, Collagen scaffolds crosslinked with 0.1mM 4Arm-starPEG. 

 4.1.4. Cell viability of astrocytes in hydrogels 

Cell viability of astrocytes in the collagen hydrogels (Figs. 14A–14I) and fibrin hydrogels (Figs. 

15A–15I) was determined using a LIVE/DEAD® Cell Vitality Assay kit and viewed under a 
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fluorescent microscope. After the cells were cultured for 6 days, most cells survived in the 

hydrogels. Magnified images show that astrocytes extended multiple processes in the collagen 

(Figs. 16A–16C6) or fibrin hydrogels (Figs. 16D–16F). 

 
 

Figure 15: LIVE/DEAD® cell viability assay for astrocytes grown in collagen hydrogels. 

(A, D, G) non-crosslinked collagen hydrogel; (B, E, H) hydrogel crosslinked with 0.01 mM 4S-
StarPEG; (C, F, I) hydrogel crosslinked with 0.05 mM 4S-StarPEG 
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Figure 16: LIVE/DEAD® cell viability assay for astrocytes grown in fibrin hydrogels. 

(A, D, G) fibrin hydrogel without aprotinin; (B, E, H) fibrin hydrogel containing 10 µm/ml 
aprotinin; (C, F, I) fibrin hydrogel containing 40 µm/ml aprotinin  
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Figure 17: (A-C): Magnified images of insets indicated in Figs. 14(A–C) in fibrin hydrogels, (D-
F): Magnified images of insets indicated in 15(A–C) in collagen hydrogels 

Quantification of live cells and dead cells in the hydrogels showed that the percentage of live 

astrocytes as compared with total cells was 97.5 ± 0.6% in collagen hydrogels, 98.5 ± 0.4% in 

collagen hydrogels crosslinked with 0.01 mM 4S-StarPEG, and 95.4 ± 2.7% in collagen 

hydrogels crosslinked with 0.05 mM 4S-StarPEG. The percentage of live astrocytes was 93.8 ± 

2.0% in fibrin hydrogels, 91.6 ± 3.3% in fibrin hydrogels containing 10 µg/ml aprotinin, and 

91.5 ± 1.7% in fibrin hydrogels containing 40 µg/ml aprotinin (Fig. 17). 
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Figure 18: Percentage of live cells in collagen and fibrin hydrogels as determined by 

LIVE/DEAD® cell assay. 

The AlamarBlue® assay showed a similar high level of viability for astrocytes cultured in 

collagen and fibrin hydrogels (Fig. 18). The reduction of AlamarBlue® reagent for astrocytes in 

collagen alone (90.2 ± 6.8%), collagen hydrogels crosslinked with 4S-StarPEG (80.4 ± 13.3%), 

and collagen hydrogels crosslinked with 4S-StarPEG (89.4 ± 6.2%) was greater than that for 

astrocytes in fibrin hydrogels with aprotinin (78.6 ± 3.5%) and fibrin hydrogel with aprotinin and 

fibronectin (71.4 ± 4.9%). However, the differences were not statistically different.  
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Figure 19: AlamarBlue® cell viability assay for astrocytes grown in collagen and fibrin 

hydrogels. The bars represent means ± SD 

4.1.5. Astrocyte migration in hydrogels 

We observed that astrocytes migrated in the collagen hydrogels (Fig. 19A) and the collagen 

hydrogels crosslinked with 0.05 mM 4S-StarPEG (Fig.19B). Astrocytes migrated in the fibrin 

hydrogels (Fig. 19C) and the fibrin hydrogels supplemented with 25 µg/ml fibronectin (Fig. 

19D). The migration of astrocytes was inhibited in fibrin hydrogels containing 40 µg/ml 

aprotinin with or without fibronectin. (Figs. 19E, 19F). 
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Figure 20: Migration of astrocytes in hydrogels. 

(A–F) astrocytes migrated in hydrogels (red lines indicate tracks of migration of 
astrocytes in hydrogels). Scale bar: 50 µm. 

 

In Figures 20A–20F, each frame shows the superimposed migration tracks obtained from 28 - 35 

astrocytes. The position of all cells at t = 0 is represented by the origin (0, 0). Each line 

represents the migration track of a single cell over a 3-hour period. 

Astrocyte migration speed and distance were quantified in different types of hydrogels. 

Migration velocity in collagen hydrogels ranged from 0.47 to 0.52 µm/min and was not 

significantly different for non-crosslinked or crosslinked collagen hydrogels (compare Fig. 20 A 

with 20 B). Similarly, migration velocity in fibrin hydrogels ranged from 0.45 to 0.48 µm/min 

and these were not significantly different (compare Fig. 20C with 20D). Astrocyte migration 

distances in non-crosslinked collagen hydrogel, crosslinked collagen hydrogel, fibrin hydrogel, 
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and fibrin hydrogel containing fibronectin, but no aprotinin were not significantly different. 

Astrocyte migration in the fibrin hydrogels containing aprotinin were significantly reduced 

(0.02-0.03 µm/min) as compared with those hydrogels lacking aprotinin (compare Figs. 20E and 

20F with Figs. 20C and 20D).  

 

Figure 21: Cell migration paths determined by video monitor tracings. 

The position of each cell at t = 0 minis placed at the origin. The migratory track for each cell 
during 3 hours is plotted as a single line. Each axis arm represents 100 µm of translocation 

distance); ; (A) Collagen hydrogels without crosslinking; (B) Collagen hydrogels crosslinked 
with 0.05 mM 4S-StarPEG; (C) Fibrin hydrogels without aprotinin; (D) Fibrin hydrogels with 

25 µg/ml fibronectin; (E) Fibrin hydrogels with 40 µg/ml aprotinin; (F) Fibrin hydrogesl with 25 
µg/ml fibronectin and 40 µg/ml aprotinin. 
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Figure 22: Quantification of astrocyte migration (A) Migration speed in µm/min hydrogels; (B) 

Migration distance µm traveled in 3 hours.  

*p < 0.05, compared with astrocyte migration in FA or FAFn. CG = collagen hydrogel; CPG = 
crosslinked collagen hydrogel; FG = fibrin hydrogel; FFn = fibrin hydrogel containing 

fibronectin; FA = fibrin hydrogel containing aprotinin; FAFn = fibrin hydrogel containing 
aprotinin and fibronectin. 
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4.1.6. Expression of CSPGs by astrocytes cultured in hydrogels 

Astrocyte expressions of neurocan, NG2, and versican was quantified by qRT-PCR after the 

cells had been cultured for 6 days (Fig. 22). Expression of the neurocan gene by astrocytes 

cultured for 6 days on a cell culture plate (0.33 ± 0.05), in collagen gel (0.26 ± 0.03), and 

crosslinked collagen hydrogel (0.28 ± 0.01) is lower than that expressed by astrocytes in the 

fibrin hydrogel (0.87 ± 0.23) (Figure 22A). However, the differences were not statistically 

significant. The expression of NG2 and versican in astrocytes cultured in different hydrogels was 

not significantly different (Figs. 22B, 22C). 
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Figure 23: Expression of neurocan, NG2, and versican by astrocytes cultured in hydrogels. 

Results are expressed as fold change compared with gene expression by astrocytes in 
fibrin hydrogels containing aprotinin. Each target gene expression value was normalized to 
GAPDH. CG = collagen hydrogels; CPG = crosslinked collagen hydrogels; FA = fibrin 
hydrogels containing aprotinin; FAFn = fibrin hydrogels containing aprotinin and fibronectin. 
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4.2. Discussion 

The repair of an injured spinal cord is a significant scientific challenge because of its limited 

capacity to regenerate and restore functional connections. Recent advances in cell therapy 

research suggest that application of biomaterials to spinal cord injury treatment offers alternative 

approaches that may lead to the cure of an injured spinal cord. The implantation of biomaterials 

can provide a permissive environment for growth of grafted cells and conduits to support axonal 

regrowth. Collagen and fibrin are biocompatible and biodegradable natural products that are 

widely used natural in tissue engineering. Previous studies have shown that implantation of 

collagen hydrogels containing growth factors improved regeneration and functional recovery of 

an injured spinal cord (Hamann, Tator, & Shoichet, 2005; Houweling, Lankhorst, Gispen, Bär, & 

Joosten, 1998; Houweling, Van Asseldonk, et al., 1998). Fibrin scaffolds delivering either 

therapeutic cells (Johnson, Tatara, McCreedy, Shiu, & Sakiyama-Elbert, 2010) or growth factors 

(Johnson, Parker, & Sakiyama‐Elbert, 2009; V. King, Phillips, Hunt-Grubbe, Brown, & 

Priestley, 2006) when implanted into an injured spinal cord improved axonal regeneration. 

Type I collagen is a major component of the extracellular matrix which possesses cell-adhesive 

and cell signaling domains that are critical for axonal growth. Fibrin is a fibrous non-globular 

protein involved in blood clotting that has been used extensively as a biopolymer scaffold in 

neural repair. Implantation of fibrin scaffolds fabricated with neural stem cells into an injured rat 

spinal cord resulted in functional recovery (Lu et al., 2012). Type I collagen and fibrin have been 

approved by the Food and Drug Administration (FDA) as implantable medical materials. 

However, fibrin is sensitive to proteolytic degradation by enzymes, such as matrix 

metalloproteinases and plasmin (Buchta, Hedrich, Macher, Höcker, & Redl, 2005). Aprotinin is a 

competitive serine protease inhibitor that forms stable complexes with and blocks the active sites 
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of several proteases, such as plasmin, trypsin, chymotrypsin, and kallikrein (Kang, Kalnoski, 

Frederick, & Chandler, 2005). Previous studies have demonstrated that the addition of aprotinin 

to the fibrin hydrogels can reduce their degradation rates (Lorentz, Kontos, Frey, & Hubbell, 

2011; Smith, Chen, Ernst, Waggoner, & Campbell, 2007). It was reported that crosslinking 

collagen with 4S-StarPEG can efficiently reduce the degradation rate of collagen without 

significant toxicity to cells grown in the hydrogel (Collin et al., 2011). Although chemically 

treated collagen and fibrin hydrogels extended the longevity of these biomaterials, the cellular 

behavior of astrocytes in these hydrogels has not been reported. In this study, we characterized 

major cellular behaviors including cell viability, cell migration, and the expression of CSPG 

genes in astrocytes cultured in these hydrogels.  

We confirmed collagen crosslinking with 4S-StarPEG using FTIR. The astrocytes cultured in 

fibrin hydrogels degraded the hydrogel material. However, addition of aprotinin prevented the 

astrocyte-induced fibrin hydrogel degradation. A previous study demonstrated that 4S-StarPEG 

can effectively crosslink collagen hydrogels and that cells can grow in 4S-StarPEG crosslinked 

collagen hydrogels (Collin et al., 2011; Taguchi et al., 2005). We studied cell viability using the 

LIVE/DEAD® assay and the AlamarBlue® assay. In the LIVE/DEAD® assay, we found that 

astrocyte viability in both fibrin and collagen hydrogels was similar. Neither of collagen 

crosslinking with 4S-StarPEG nor addition of aprotinin to fibrin significantly affected cell 

viability. 

Several groups have studied the migration of stem cells (Cao et al., 2001; Chow et al., 2000), 

such as oligodendrocyte precursors (Franklin, Bayley, & Blakemore, 1996), and Schwann cells 

after transplantation into the adult spinal cord (X. Li, Dancausse, Grijalva, Oliveira, & Levi, 

2003; Xu, Chen, Guenard, Kleitman, & Bunge, 1997). One study showed that after neuronal 
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restricted precursors (NRPs) and glial-restricted precursors (GRPs) were transplanted into a 

hemisected rat spinal cord, excellent cell survival was observed, and the cells  migrated out of 

the injury site and differentiated into mature CNS cell types, including neurons (Lepore & 

Fischer, 2005). Astrocytes play an important role in the repair of SCI by providing trophic 

support for axons growth. Implantation of conductive biomaterials may facilitate astrocyte 

migration into the SCI lesion. A prior in vitro study showed that astrocytes migrated in collagen 

hydrogels crosslinked with genipin (Macaya, Hayakawa, Arai, & Spector, 2013). Fibrin 

hydrogels can provide a permissive environment, promoting the migration of support cells into a 

lesion to enhance axonal regeneration. In this study, a cell migration assay showed that 

astrocytes migrated randomly in both fibrin and collagen hydrogels. The migration speed of 

astrocytes in these hydrogels was similar. Crosslinking of collagen with 4S-StarPEG did not 

change cell migration rate. However, the addition of aprotinin to the fibrin hydrogels 

significantly inhibited astrocyte migration. 

CSPGs are extracellular proteoglycans consisting of a protein core and many chondroitin sulfate 

side chains. In CNS injury, the expression of these molecules is upregulated around the lesion 

site and contributes to glial scar formation that limits axonal regeneration. In a previous study, a 

fibrin hydrogel was implanted into a hemisected rat spinal cord, and the density of CSPG 

surrounding the injury site was analyzed. Immunostaining for NG2 revealed that the density of 

NG2 staining surrounding the injury site in groups treated with fibrin scaffolds was not different 

from that in control groups (Johnson, Parker, et al., 2010). In the present study, we analyzed the 

expression of NG2, neurocan, and versican by astrocytes grown in collagen and fibrin hydrogels. 

The expression of neurocan by astrocytes grown in collagen hydrogels and 4S-StarPEG-

crosslinked collagen hydrogels was lower compared with the expression by astrocytes grown in 
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aprotinin-treated fibrin hydrogels, though it was not statistically significant. The expression of 

NG2 and versican by cells in different hydrogels was not significantly different. 

Fibronectin can be recognized by cell surface receptors and is responsible for the attachment of 

cells to the extracellular matrix. It was reported that during brain development or injury, 

fibronectin and other matrix proteins may promote the migration of neuronal progenitor cells 

(Tonge et al., 2012). Fibrin hydrogels containing fibronectin improved cell attachment and 

proliferation (V. R. King et al., 2010). Implantation of this mixture into an injured spinal cord 

showed improved tissue integration and axonal growth. In this study, we added fibronectin to the 

fibrin hydrogels and studied cell migration in both fibrin hydrogels containing only fibronectin 

and fibrin hydrogels containing both fibronectin and aprotinin. We found that the migration 

speed of astrocytes in fibrin gels with or without fibronectin was not different significantly. The 

addition of aprotinin to fibrin hydrogels significantly inhibited astrocyte migration regardless of 

the presence or absence of fibronectin.  

4.3. Conclusion 

In this study, we fabricated 4S-StarPEG-crosslinked collagen hydrogel and fibrin hydrogel 

containing aprotinin. We grew astrocytes isolated from neonatal rats in these hydrogels and 

studied cell viability and behavior. This investigation demonstrated that astrocytes maintained 

good cell viability in collagen hydrogels crosslinked with 4S-StarPEG or fibrin hydrogels 

containing aprotinin. Astrocytes migrated at the same rate in both fibrin and collagen hydrogels. 

Collagen hydrogel crosslinking with 4S-StarPEG did not affect astrocyte migration speed. 

However, the addition of aprotinin in the fibrin hydrogel inhibited astrocyte migration. A 

quantitative RT-PCR assay showed that the expression of major CSPGs, including NG2, 
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neurocan, and versican, by the astrocytes in the hydrogels was not significantly affected by either 

hydrogel modification. 
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CHAPTER 5 

5. CLINICAL RELEVANCE AND FUTURE DIRECTIONS 

Spinal cord injury is a significant and worldwide health problem. About 11,000 new spinal cord 

injuries are reported every year in United States of America. Spinal cord injury can be caused by 

either accident or disease. The repair of injured spinal cords is a significant challenge due to the 

limited capacity of injured spinal cord to regenerate and regain normal function. Four new 

methods are considered as potential treatments to repair spinal cord injuries including 

neuroprotection, cell replacement, molecular therapy and tissue engineering. Among these 

methods, tissue engineering has been introduced as a promising method in regenerative 

medicine. Application of tissue engineering has drawn attention of more research groups in order 

to solve the problems associated with neural regeneration after SCI. Research groups are trying 

to develop efficient methods that are safe and non-immunogenic in human. However, more 

research is necessary in order to use any of these methods for repairing the injured spinal cord 

because very few studies have been successful in clinical trials. 

Biomaterials offer a permissive environment for axonal regeneration. Hydrogels are cross-linked, 

water-soluble polymers that are biocompatible and biodegradable and exhibit mechanical 

properties are very similar to human tissue. These features suggest biomaterials can be 

engineered to provide clinically useful scaffolds for tissue engineering approaches to neural 

regeneration. Astrocytes, which are important cells that support normal neural cells function in 

the CNS, may be used clinically treat spinal cord injury. Astrocyte transplantation can promote 

axonal regeneration and help to recover the function after SCI.  Implantation of injectable 

hydrogels containing growth factors can help to improve axonal regeneration and functional 
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recovery of an injured spinal cord. Alternatively, the implantation of conductive biomaterials can 

mediate the migration of astrocytes into the SCI lesion.  

This study represents progress towards solving the problem of neural cell regeneration. 

Injectable hydrogels were fabricated that supported neural cell survival and migration. These can 

be used to promote expression of genes that support neuroregeneration, and support expression 

of genes that inhibit these processes in injured spinal cords. 

For future research, these hydrogels will be used in animal models in order to evaluate their 

efficiency and safety as scaffolds for neural regeneration. Moreover, it is essential to evaluate the 

genetically-modified astrocytes in order to control astrocyte function in future studies of tissue 

engineering.  
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APPENDIX 

List of Abbreviations 

 

Central Nervous System (CNS), Spinal Cord Injury (SCI), Poly Ethylene Glycol (PEG), 
Chondroitin Sulfate Proteoglycan (CSPG), Poly Glycerol Sebacate (PGS), Extra Cellular Matrix 
(ECM), Bovine Pancreatic Trypsin Inhibitor (BPTI), Glial Fibrillary Acidic Protein (GFAP), 
Transforming Growth Factor β1 (TGFβ1), Transforming Growth Factor β2 (TGFβ2), Fibroblast 
Growth Factor 2 (FGF2), Heparan Sulfate Proteoglycan (HSPG), Keratan Sulfate Proteoglycan 
(KSPG), Dermatan Sulfate Proteoglycan (DSPG), GAG (glycosaminoglycan), Glial-Rrestricted 
Precursor (GRP)-Derived Astrocyte (GDA), Bone Morphogenetic Protein (BMP), Neural/Glial 
(NG2), Embryonic Stem Cells (ESC), Oligodendrocyte Progenitor Cell (OPC), Neural Cell 
Adhesion Molecules (NCAMs), Fourier-Transformed Infrared (FTIR) spectroscopy, DAPI (4',6-
Diamidino-2-Phenylindole), Scanning Electron Microscopy (SEM), GAPDH (Glyceraldehyde-3-
Phosphate Dehydrogenase), Phosphate-Buffered Saline (PBS), Fetal Bovine Serum (FBS), 
Ethidium Homodimer-1 (Ethd-1), Quantitative Real-time Polymerase Chain Reaction (qRT-
PCR), Neuronal Restricted Precursors (NRPs) 
 

 


