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ABSTRACT 

 

 

 Spinal and peripheral nerve injuries are common in both civil and military 

environments and are primarily the result of transection injuries or burns. In the majority of 

nerve injuries, the nerve ends cannot be directly sutured. Biomaterial conduits can act as a 

bridge to connect two damaged nerve ends together, providing channels to guide nerve growth. 

In the proposed project, we fabricated a novel multichannel neural conduit with a hybrid 

composition of collagen and wheat glutenin (WG) for nerve repair and regeneration. Collagen 

is a common biomaterial that mimics a microenvironment suitable for neural growth. However, 

collagen materials have weak mechanical properties. The WG component in the proposed 

neural conduit can increase its mechanical strength. In this project, a WG-collagen neural 

conduit has been fabricated and a number of studies are performed to characterize the 

mechanical, molecular, chemical, and biocompatible properties of the neural conduits. Because 

gliadin is toxic to animal tissue, the glutenin will be extracted from the wheat gluten and the 

gliadin component will be removed. Our preliminary study by western blotting showed that 

gliadin has been effectively removed from WG. Adult human astrocytes (HA) were cultured 

on top of WG-collagen and shown to support cell growth and migration. The outcome of our 

study indicates that the neural conduit is suitable to be grafted into the injured rat nerve to 

investigate nerve regeneration and functional recovery.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Spinal cord and peripheral nerve injuries 

 

 Spinal cord injuries (SCI) and peripheral nerve injuries (PNI) are common in both civil 

and military environments and are primarily the result of transection injuries or burns, resulting 

in complete or partial loss of motor and autonomic function, and sensation in areas below the 

injured site (1). In the majority of nerve injuries, the nerve ends cannot be directly sutured, and 

due to the complex cellular microenvironment and glial scar formation, axonal regeneration is 

unable to occur (2). The basic theoretical approach to repairing an SCI is to reduce inhibitory 

factors and provide a cellular shelter to control the microenvironment such that regeneration of 

damaged axons at the site of injury can take place (3, 4). Engineered biomaterial conduits can act 

as a bridge to connect two damaged nerve ends together, providing channels to guide nerve 

growth. Research into utilizing tubes for neural regeneration has been carried out since at least 

the early 1980s (5). A multi-disciplinary approach consisting of neural stem cells seeded onto 

biomaterials to facilitate axonal repair offers potential as a treatment for SPI and PNI. 

 Damage to peripheral nerves and the spinal cord are generally categorized into complete 

and incomplete injuries, with an incomplete form retaining some amount of functionality, 

whereas a complete injury is a total loss of sensory or motor function (6). The capacity of the 

body to repair such injuries depends on location of the lesion site and which system is affected. 

The central nervous system (CNS) and peripheral nervous system (PNS) have significant 

differences in their ability for repair of damaged tissues (7), with glial tissues in the PNS 

possessing a higher potential for regeneration and functional repair compared with glial tissues in 
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the CNS. In the PNS, macrophages, monocytes, and Schwann cells assist in guiding axons to 

their synaptic targets, and the general removal of damaged fragmented myelin and miscellaneous 

detritus (2). Schwann cells support neo-neural growth via the secretion of cytokines (8).  

Endoneurium and perineurium tissue layers are present which act as conduits between groups of 

axons (9). In contrast to the microenvironment of the PNS, CNS sites of injury consist of glial 

scar tissue comprised of oligodendrocytes, astrocytes, microglia, myelin, and other cellular 

debris. This material directly inhibits axonal regeneration toward synaptic targets of interest. 

There is also a distinct lack of endoneurium and perineurium layers or anything similar in action 

to the axonal tunnels, further complicating the potential for repair of SCI (10). 

 Taking these factors into consideration, the complex and heterogeneous environment at 

the site of a SCI is such that multiple processes need to be regulated in order for the process of 

growth of new axons to be viable. Clinical administration of high doses of methylprednisolone 

has been practiced, however some studies have shown that this treatment results in only weak 

neurological improvement after SCI (10, 11). Nerve growth factors are required and must be 

released in a controlled fashion, inflammation and potential for gliosis must be kept to a 

minimum, and the implementation of a makeshift conduit to bridge the gap of the lesion can 

serve as an integral point of contact to protect and guide the new axon as it develops. These 

biomaterial channels can receive stem cells prior to implantation, cells which may improve 

functional recovery of the SCI site via providing trophic support or directly replacing neurons 

and their support cells. The basic theoretical approach to repairing a SCI is to reduce inhibitory 

factors and provide a cellular shelter to facilitate the regeneration of damaged axons at the site of 

injury (1, 3, 4). Thus, a multi-disciplinary approach consisting of stem cells combined with 
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biomaterial scaffold conduits to facilitate axonal repair offers potential as a treatment for both 

SPI and PNI. 

1.2 Induced pluripotent stem cells 

 

 Epigenetic states must be tightly regulated during development to allow for the proper 

transitions between cellular states. However, cell fates during development are neither restrictive 

or irreversible. The generation of animals by nuclear transplantation of somatic nuclei into eggs 

has demonstrated that the epigenome of differentiated cells can be reset to a pluripotent state 

(12). 

 Two important characteristics of stem cells are self-renewal and an inherent capacity for 

differentiation (13). Pluripotent cells can form all somatic lineages, the first were derived from a 

type of germline tumor called teratocarcinoma. When explanted in tissue culture these cells 

generated embryonal carcinoma cells, showing that cancer cells can be reprogrammed into 

pluripotent cells (14). 

 The next developmental breakthrough came when researchers isolated embryonic stem 

cells (ESC) from normal mouse embryos, which created a platform for the genetic engineering of 

animals (15). Less than a decade later came the generation of ESCs from human embryos (16). It 

is this technique combined with Yamanaka’s direct reprogramming of somatic cells that is 

leading towards the development of a personalized regenerative medicine. 

 Yamanaka’s initial discovery occurred at Kyoto University (17), with skin cells harvested 

from adult mice which were then infected with a virus to introduce 24 genes of interest that were 

thought to play a role in the determination of pluripotency. After two weeks, these cells were 

transformed into ones behaving like pluripotent embryonic stem cells. 
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 Over the course of two months, the 24 genes were systematically narrowed down to only 

four genes needed to change cells to pluripotency. These genes thus known to be determinants of 

reprogramming adult cells are c-Myc, Klf4, Oct3/4, and Sox2. However, these therapies are still 

problematic and expensive to develop. Up until 2015, there was only one clinical trial using iPS 

cells, which was halted that same year after only one person received treatment due to concern 

regarding potential oncogenic factors. Consistency and reproducibility in results also continues 

to be an issue, since some papers have produced results whereas others have been unable to 

reproduce them in exact fashion (18). 

 The work of Yamanaka was quickly recognized for its potential and within a year of the 

initial publication in 2006, three labs including Yamanaka’s improved upon the reprogramming 

method (19–21). Six months after this publication, Yamanaka and Thomson were able to 

reprogram adult cells from humans (22, 23). Though more trials are on the horizon, these cells 

have proven useful as a modeling tool for the screening of potential drugs, and for investigating 

human disease in general. Gene editing technologies allow iPSC to become a mainstay of lab 

work, by virtue of their capacity to produce a supply of various human tissues for research. This 

is especially noteworthy for developmental and neurological diseases. The reprogramming of 

somatic cells lead towards the development of a personalized regenerative medicine. 

 By 2009, around 300 iPSC related papers were published (18). These studies included a 

wide variety of types of adult cells which could be reprogrammed, and a growing list of cell 

types that they could be differentiated into. Others helped to refine the techniques of 

reprogramming, including eliminating the need for the use of c-Myc, a gene recognized as 

having potential to turn some cells cancerous, and reducing the required genes to three (24). A 
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later development resulted in being able to deliver the genes without integrating into the genome, 

which was another safety concern for iPSC treatments. iPSC have been shown to retain an 

epigenetic memory, a pattern of chemical marks on their DNA that reflects their original cell 

type. This memory should not affect iPSC use in therapy (25).  

 In 2012 Yamanaka received half of the Nobel Prize in Physiology or Medicine (18), and 

in 2013 Takahashi generated iPSC from skin cells of two people with age-related macular 

degeneration, and used these to create sheets of retinal pigment epithelium (RPE) cells for this 

clinical trial. In 2014 doctors implanted these sheets into a woman in her seventies, with the 

result being a halt in the patient’s macular degeneration and brightened vision. However, post 

treatment two small genetic changes were noted in the RPE and patient’s iPSCs. While they had 

no evidence that they could be associated with tumor formation, there were concerns for 

potential oncogenic activity and the trial was put on hold. The Astellas Institute for Regenerative 

Medicine is developing iPSC-based therapies for glaucoma and macular degeneration. Their 

team is looking into another trial with a proposed therapy for Parkinson’s disease. 

 While setbacks have taken place, other improvements have made the process more 

generally refined than they were several years ago. Still, most techniques remain inefficient, as 

only a small fraction of cells become successfully reprogrammed (26). Similar to all cell lines, 

iPSCs vary from one strain to another. This inherent variance makes it difficult to set controls in 

experiments. Tessier-Lavigne’s team took this into consideration with a study on iPSCs made 

from early-onset Alzheimer’s disease and frontotemporal dementia (27). They realized that 

comparing iPSC with a healthy control didn’t work, since the cells behaved too differently in 

culture, likely the result of disparities in genetic background or gene expression. 
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 As an alternative they utilized gene editing technology, including the clustered regularly 

interspaced short palindromic repeats (CRISPR)-Cas9 system. This technology allowed 

researchers to introduce disease-associated mutations into a selection of iPSCs, then compared 

them to the original unedited lines. Refinements in this technique also continue to be made. In 

2016, one study developed a technique to introduce point mutations with CRISPR, and editing 

only one copy of a gene, instead of both (27). This allowed them to generate cells with precise 

combinations of Alzheimer’s associated mutations to study their effects. 

 The exact process of how iPSC reprogramming occurs is still not known in great detail. 

The field is focused on systematically verifying cell lines’ safety and identity, checking their 

genomes, and patterns of gene-expression. Yamanaka and others are actively banking iPSCs in 

order to catalog them for future use. Ectopic expression of defined transcription factors has 

raised questions regarding the epigenetic stability of the differentiated cell state in iPSCs. There 

is also evidence that distinct states of pluripotency are able to inter-convert through modulation 

of both cell-intrinsic and exogenous factors. As such, there is a need to comprehend the 

molecular and epigenetic determinants that convert one cell type into another (28). 

1.3 Bio-scaffolds enhance stem cell therapy of spinal cord and peripheral nerve injuries 

 

 Biomaterial scaffolds constructed from natural and synthetic polymers have both shown 

to increase stem cell viability in vivo via providing a controlled microenvironment which permits 

successful cell growth and differentiation (29). Biomaterial scaffolds can assist in the prevention 

of scar tissue formation, allow axonal regeneration to take place between two ends of damaged 

neural tissue, and an increased concentration of neurotrophic growth factors takes place within 

its structure (30). The development of new axons can then occur and pathways reconnect through 
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the scaffolds, to the neurons on the caudal end of the lesion site (31). This modality of contact- 

mediated guidance has potential for functional recovery to take place (32). A study involved 

application of neural stem cells modified to express green fluorescent protein (GFP) which were 

placed in fibrin matrices along with neural growth factors. These were surgically placed in rats 

with SCI, and the cells differentiated into neurons which resulted in the abundance of synapses in 

the host, and functional recovery of this injury (33). 

 Due to the complexity of SCI/PNI, there are a number of factors to take into 

consideration in the design of a biomaterial scaffold for neural regeneration. The material must 

permit a microenvironment which can function in axonal regeneration. The scaffold functions as 

a bridge across the injured site, connecting across the tissues of interest, while also performing 

the duties of a vehicle in delivering stem cells and related bio-molecules to facilitate the 

differentiation and growth of new axons (34). For implantable materials, biocompatibility is a 

critical parameter. Weaving in native proteins and shorter peptide chain versions by surface 

conjugation assist in providing a sense of camouflage for the scaffold such that it resembles the 

extracellular matrix (31). The overall morphology of the scaffold is important, not only in the 

correct spatial dimensions to bridge the injured site, but in pore size and porosity as well. These 

factors are crucial in defining the flow rate of cellular materials which serve to suppress or 

promote neural renewal. 

 An increased porosity will allow for an increased surface area attachment site (35). 

Scaffolds with a consistent porosity resemble a natural matrix which is an environment well 

suited for axonal regenerative activities, favoring cell attachment. Fibers, channels, and pores 

aligned axially assist in directing neural structures (36). The temporal lifespan of the biomaterial 
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scaffold is another integral component. The scaffold must be able to exist long enough for axonal 

regeneration to take place, and should then degrade once this condition has been met. Performing 

follow up surgery to remove the scaffolds can result in complications and novel injuries, such 

that the more preferred method is found in manipulation of the scaffold materials so that they can 

be digested naturally via host enzymes (33). Post-surgical implantation, the scaffold will be 

subjected to host enzyme-mediated degradation and repetitive compressive forces which will test 

the mechanical strength and resistance of stress of the biomaterials. This force can be inflicted 

via movements of the spine and muscles nearby.  

 Material composition optimization and chemical-induced crosslinking can serve in 

tempering the materials to further improve the scaffold’s inherent mechanical properties (31). 

Hydrogels, a network of hydrophilic polymer chains, have excellent flexibility and 

biocompatibility, and have been used as a biomaterial in SCI (37). 

 Collagen is a biomaterial that is found already in wide use in application as artificial skin 

for treatment of wounds and burns (38, 39). A main structural protein in the extracellular matrix, 

collagen naturally has good qualities of biodegradability and biocompatibility (40). A study 

utilizing collagen scaffolds implanted into rat transected spinal cords displayed an alignment of 

axonal growth along and within the collagen channels, in addition to reduced glial scar formation 

(41). Collagen conduits seeded with neural stem cells (NSC) from adult rat brains implanted in 

fully transected rat spinal cords resulted in decreased levels of cyst formation at the SPI site (34). 

Studies have included gelatin (derived from collagen) scaffolds seeded with mesenchymal stem 

cells (MSC), which are an easily obtained source of stem cells compared with fetal and 

embryonic tissues (42). MSCs can be derived from autologous bone marrow, umbilical cords and 
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adipose tissues. These scaffolds were implanted into SPI in rats, and eight weeks post-treatment 

the group with MSCs had a reduced cavity are surrounding the injury site. Reduced levels of 

microglial and macrophages were also noted, which supports the immunosuppressive effects of 

MSCs. 

 Another major constituent of the extracellular matrix is the glycosaminoglycan 

hyaluronic acid. Hydrogels combined with hyaluronic acid have been modified with nogo-66 

receptor antibody and poly-L-lysine and implanted into rat spinal cords, with resultant inhibition 

of glial scar formation and in supporting angiogenesis (43). A different study involving high 

molecular weight hyaluronic hydrogels were crosslinked and surgically implanted into dorsal 

hemisection injury afflicted rats. The presence of hyaluronic acid reduced the proliferation of 

astrocytes which attenuated gliosis and the general inflammatory response to the hydrogels (44). 

 Fibrin is a non-globular, fibrous protein which assists in the function of blood clotting 

through the formation of hemostatic plugs; these features make for a viable biomaterial scaffold 

which has been used in a number of studies in bioengineering (45). Fibrin scaffolds containing a 

neurotrophic growth factor neurotrophin-3 used in rat SCI showed an increased growth of axons 

after two weeks (46). A study using embryo-derived NSC were seeded in fibrin scaffolds along 

with NT-3 and platelet-derived growth factor, and implanted in SCI rats (47). This resulted in an 

increased level of differential control and cell survival, with observed functional recovery four 

weeks post-implantation. Fibronectin is a high-molecular weight extracellular matrix 

glycoprotein. It doesn’t aggregate as readily in comparison to fibrin, although it shows better cell 

attachment than fibrin. In a study, fibronectin mats constructed and placed in a SCI exhibited 

growth of myelinated axons (48). Combination scaffolds of fibrin and fibronectin resulted in 
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improvements in cell proliferation and overall cell attachment (49). 

 Chitosan is a linear polysaccharide natively found in insect and crustacean exoskeletons. 

Chitosan channels with type I collagen were implanted in a SCI rat model, followed by axonal 

regeneration through the biomaterial and resultant functional recovery (50). It also exhibits a 

quality of potentially assisting in the directional projection of new axons and in reducing glial 

scar formation. A study with chitosan scaffolds were seeded with NPC and implanted in 

transected rat SCI (51). Fourteen weeks post-surgery the treatment group with NPC exhibited a 

larger number of surviving cells and increased neural tissue connectivity at the implantation site, 

with the NPCs differentiating into oligodendrocytes and astrocytes. Another study also using 

chitosan scaffolds seeded with NPC were implanted three weeks post-extradural compression 

injury in rats. As a control, NPCs were directly injected. Six weeks post-transplantation, the 

treatment group with scaffolds displayed higher numbers of surviving NSCs (52). 

 Agarose is a polysaccharide derived from red seaweed. Agarose-based scaffolds 

containing brain-derived neurotrophic factor have been used to treat SPI with noteworthy rates of 

axonal regeneration (53). In another study, freeze-dried agarose scaffolds were implanted in rat 

SPI models, which resulted in aligned axonal growth one month post-surgery (54). Interestingly, 

the scaffolds in this study were not crosslinked and were able to survive over a month in vivo 

under physiological conditions. 

 Synthetic polymer scaffolds have also been explored for their potential usage in SCI. 

Poly N-2-hydroxypropylmethacrylamide (pHPMA) is a biocompatible polymer with good 

viscoelastic properties. This material is capable of promoting diffusion of growth and trophic 

factors due to its macromolecular network which facilitates the ingrowth of cells. A study 
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combining this polymer with hydrogel implanted in a hemisected rat spinal cord supported 

axonal growth (55). Poly 2-hydroxyethyl methacrylate (PHEMA-co-MMA) is a polymer which 

exhibits similar mechanical properties as the spinal cord. A study implanted PHEMA-co-MMA 

hydrogels into completely transected rat spinal cords, wherein the hydrogel reduced necrotic 

tissue formation and supported axonal regeneration (56). 

 Polylactic-co-glycolic acid (PLGA) is a copolymer of both polyglycolic and polylactic 

acid, with inherent biodegradable and biocompatible properties. Through manipulation of the 

ratio of polylactic to polyglycolic acid, it is possible control the rate of degradation in the 

material (57). PLGA neural scaffolds have been effectively used to regenerate axons in 

completely transected rat spinal cords (58). One-month post implantation, an increased number 

of axons were noted in a treatment group with NSC in comparison to a group with scaffolds only. 

Another study utilizing PLGA conduits were seeded with multi-potent neural cell lines, 

generated via retrovirus-mediated v-myc into murine cerebellar progenitor cells, and placed in 

hemisection rat spinal cords. 70 days post-surgery results included reduced scar tissue formation 

and increased functional recovery (59). A study comprised of PLGA scaffolds seeded with 

human NSCs were implanted immediately post-injury in hemisection SPI in African green 

monkeys (60). These scaffolds persisted for more than 40 days, allowing for the NSCs to divide 

and differentiate. 

 A significant downside to using PLGA is that during degradation lactic and glycolic acids 

are produced which lower the micro-environmental pH, leading to potential effects on tissue 

repair. Thermoplastic polycarbonate polymers are able to degrade to non-acidic byproducts, 

thereby having no effect on local pH levels. For polycarbonate polymers, their hydrophobic 
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properties do not allow them to adhere to cells, and poly-L-lysine is required in order to 

overcome this limitation (51). In rat SPI poly-L-lysine-coated polycarbonate channels were 

implanted and seeded with Schwann cells, with axonal growth observed two months post-

surgery (61). Table 1 summarizes the discussed studies.  

 

TABLE 1 

 

BIO-SCAFFOLD THERAPEUTIC REPAIR TO SPINAL CORD 

AND PERIPHERAL NERVE INJURIES 
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TABLE 1 (continued) 
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TABLE 1 (continued) 
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TABLE 1 (continued) 

 

 
 

 

 

 

1.4 The combined therapy of bio-scaffolds and iPSCs for neural trauma 

 

 IPS-derived neural stem cells (iNSC) have been used in attempts to repair the wounded 

spinal cord in animal studies. A study used human iNSCs in marmosets and directly injected the 
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cells without bio-scaffolds (65). The NSCs proliferated and differentiated into three neural 

lineage cells (neurons, astrocytes, and oligodendrocytes) within the lesion site of 10 adult female 

common marmosets. Analysis for tumorgenesis found no evidence of tumor formation at 12 

weeks post implantation, and functional recovery was observed via cage climbing and bar 

gripping analysis. The application of iPS-NSPCs combined with bio-scaffolds in animal models 

allows a controlled microenvironment the NSPCs to differentiate into neurons, astrocytes, and 

oligodendrocytes and proliferate (figure 1.4). The use of biodegradable and biocompatible 3-

dimensional bio-scaffolds combined with iPSCs is a promising therapeutic strategy for 

enhancing regenerative potential and restoring spinal cord function after SCI. This combined 

strategy provides for a controlled microenvironment which mimics the human CNS, facilitates 

and promotes axonal regeneration and remyelination. 

 
 

Figure 1.4. Bio-scaffold implantation in animal model for repair of SCI. Seeding bio-scaffolds 

with induced iPS-NPCs into an animal model with a SCI provides a controlled 
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microenvironment where further differentiation can take place, resulting in repair of the spinal 

cord lesion and restoration of functional mobility. 

 

 Previous studies showed that spinal cord-derived NSPC cells seeded in chitosan bio-

scaffolds showed better survival and proliferation of NSPCs compared with direct injection of 

cells without a bio-scaffold shelter, although there was no significant functional recovery 

compared with the control group (52). However, there was also no further decline in functional 

mobility post treatment. In another study, DHT-crosslinked collagen bio-scaffolds seeded with 

NSCs showed less spinal canal narrowing compared with control group, with the scaffolds 

remaining intact two weeks post implantation (34). This treatment also showed significantly less 

fluid-filled cyst formation in the lesion site, compared with DHT-scaffold alone and control 

groups. A mouse study involving hiPSC-derived low-affinity nerve growth factor receptor 

(LNGFR)- and thymocyte antigen-1 (THY-1)-positive neural crest-like cells (LT-NCLCs) 

implanted in silicone tube conduits, resulted in LT-NCLC treatment showing promotion of 

axonal remyelination by Schwann cells and increased axonal regrowth (62) in murine PNI. 

Motor functional assessment showed significant improvement over control, via leg muscle 

contraction testing and walking track analysis. 

 A study resulting in angiogenesis and attenuated inflammation in the lesion site in rats 

involved bone marrow derived-MSCs seeded in gelatin sponge bio-scaffolds coated in a thin 

layer of poly(lactic-co-glycolic acid) (PLGA) (42). There was also a reduction in cavity 

formation around the lesion site compared with controls. The potential for angiogenesis was 

confirmed with observation of fibronectin deposition via western blot, as well as expression 

of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1α (HIF-1α) as 

potential inducing factors. Attenuation in inflammatory response was evidenced via the reduced 
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observation of infiltrating macrophages and microglia, along with decreased levels of TNF-α and 

IL-1β expression in the lesion site. A separate mouse study with resultant improvements in 

functional recovery seeded iPSC-derived NSCs in gelatin methacrylate (GelMA) photo- 

crosslinked hydrogel bio scaffolds for mouse with spinal cord transection (64). The lesion site 

showed a reduction in inflammation and decreased cavity formation. The porous structure 

provided an adequate microenvironment for the facilitation of neuronal and axonal regeneration. 

Glial scar hyperplasia inhibition and increased locomotor recovery were noted. 

Polycaprolactone (PCL) electrospun fiber bio-scaffolds seeded with Schwann cells and induced 

pluripotent stem cells-derived neural stem cells (iPSC-NSCs) and implanted in the transected 

spinal cord of rats is an additional study resulting in improvements to locomotor functional 

recovery (66), as a combined cell treatment strategy for SPI repair. Reduction in cavity volume 

size around the lesion site was observed. Improvements in locomotor functional ability was 

assessed via the Basso, Beattie, and Bresnahan open field locomotor test. 

 While SPI remains a complex issue, these studies show that this method can result in 

favorable conditions for SPI lesion site repair and the recovery of motor and sensory functions. 

Bio-scaffolds provide a conduit and shelter for proper alignment with the long axis of the spinal 

cord, allowing new axons to form and tissue bridge formation to occur across the damaged 

tissue. Reduction in inflammatory response, glial scarring, formation of fluid-filled cysts, and 

cavity formation have all been noted across multiple studies, further providing evidence for the 

viability of iPSC-seeded bio-scaffolds for SPI repair. 

 

1.5 Wheat glutenin combined with collagen as a potential bio-scaffold 
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 Collagen is a common protein biomaterial that mimics a microenvironment suitable for 

neural growth. A main structural protein in the extracellular matrix, collagen naturally has good 

qualities of biodegradability and biocompatibility which has proven useful in clinical 

applications with chronic wound and burn patients in particular (38, 39). However, collagen 

materials have weak mechanical properties, are unstable in aqueous environments, and they are 

normally not strong enough to support surgical suturing (40).  

 The addition of a wheat glutenin (WG) component in the proposed neural conduit can 

possibly increase its mechanical strength. WG nanoparticles (70-140 nm) have been shown as 

biocompatible, stable vessels for drug delivery in mice (67). WG films have shown good 

mechanical strength (8-30 MPa) and a higher osteoblast proliferation rate compared with 

polylactic acid films (68), and have a higher tensile strength compared with gliadin films (69). 

Gamma-irradiated WG films can further increase tensile strength by up to 49% versus non-

irradiated films (70). High molecular weight WG subunits have glutamine rich areas in the 

central regions with arrays of interchain hydrogen bonds which are the source of gluten’s elastic 

properties (71). The high molecular weight subunits are also stabilized by intermolecular 

disulfide bonds which increases its elastic properties (72). 

 In this project, novel multichannel neural conduits have been fabricated with a hybrid 

composition of collagen and WG for nerve repair and regeneration, with a variety of studies 

performed to characterize the mechanical, chemical, biocompatible, and biodegradable properties 

of the neural conduits. The hypothesis is that WG bio-scaffolds are biocompatible, in that glial 

cells are viable and will proliferate in their presence, as biodegradable, in that such bio-scaffolds 

will break down in a controlled fashion, such that neural regeneration can be facilitated.  
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  A number of objectives will be utilized to characterize the novel bio-scaffolds, including 

western blotting with gliadin antibodies to confirm removal of gliadin subunits from wheat 

glutenins, and glial cell viability and proliferation rates assessed via Alamar blue assay. RNA 

extraction and sequencing will be utilized to analyze the gene expression in glial cells cultured in 

the treatment groups. Mechanical properties will be assessed with swelling capacity, collagenase 

degradation, and dynamic mechanical analysis studies. Differential scanning calorimetry and 

Fourier-transform infrared spectroscopy will be utilized to characterize the effects of chemically 

crosslinking the bio-scaffolds. These studies will provide a foundation towards a future rat 

animal model study where a SCI/PNI can be created and an iPSC-seeded wheat glutenin bio-

scaffold can be surgically implanted to assess for neural regeneration and functional recovery. 

 Gliadins are a constituent part of WG, and are believed to be a significant source of the 

reason genetically susceptible individuals are gluten intolerant, causing symptoms from slight 

discomfort to chronic inflammation (73). Because of this toxicity in animal tissue, the glutenins 

will be extracted from the gliadin subunits. Glycerol (a plasticizer) treated films produced from 

gliadin have shown to degrade more quickly in water compared with WG films (69). 

 Investigating glutenin as a material for bio-scaffolds may hold promise as a part of an 

active field of research in biomaterials and regenerative medicine. There have been recent 

applications with gliadin bio-glass composites used in 3D-printed scaffolds in monitoring bone 

tissue growth (74).  Researchers have focused specifically on plant-sourced proteins as good 

potential sources for various medical applications (75, 76). Novel fibers constructed from WG 

have been found to have similar mechanical properties to wool and may perform better in 

comparison to zein fibers (corn derived) and soy protein (77). Wheat protein films have been 
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mechanically tested and have shown potential as a substrate for medical application and tissue 

engineering purposes (68). 

 Wheat has been a renewable source of human sustenance across recorded history and has 

been processed into wheat flour to create many variations of baked goods. As of 2008 the global 

production equated to 670 million tons (78). Approximately 80% of the wheat endosperm is 

storage protein, which are comprised of polymeric high molecular weight and low molecular 

weight glutenin subunits (HMMGS and LMMGS), which can be alcohol soluble in mono- di- 

and smaller polymers, and monomeric alcohol soluble α-, γ-, and ω-gliadins (79). Water-soluble 

albumins and salt-soluble globulins are also present (80). Gliadins have a molecular weight in 

the range 30−80 kDa, whereas glutenins are 30 to 90 kDa and linked together via disulfide bonds 

(81). 

 Celiac disease (CD) is an immune-mediated systemic disorder of chronic inflammation 

triggered by gluten and gliadin sensitivity in genetically susceptible individuals. Pre-clinical and 

clinical studies have shown that gliadin, a prolamin component of gluten that is implicated in CD 

pathogenesis, can affect mucosal barrier permeability via disassembling intercellular junctional 

proteins by up-regulating the zonulin pathway (82). Proteins in wheat gluten are rich in proline 

(10-15%) and glutamine (30-35%) residues, making them more resistant to digestion via 

proteolytic action. This plays a role in contributing to the immunogenic nature of CD (83). The 

α-Gliadins are thought to be largely responsible for gluten intolerance while γ-gliadins and 

glutenins are less involved (73). As such, in order to fabricate a bio-scaffold for use in as many 

targets as possible, the gliadin subunits should be extracted.  
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 A study found an economical approach for gliadin removal using mechanical agitation in 

a 70% ethanol/dih2o solution, and gliadin removal confirmed via liquid chromatography with 

linear ion trap mass spectrometry (LC-LIT-MS) analysis ran on dried concentrated samples of 

collected supernatant (84). Based on these results, an optimized solution will be to agitate with 

70% (w/v) ethanol solution, centrifuge and discard supernatant to remove the gliadin subunits. 

The other component to consider in preparing a suitable gluten solution for bio-scaffold work is 

to ensure it is appropriately soluble and viscous in nature. Acetic acid in particular was noted as 

producing a viscous solution when mixed with wheat glutenins (85). 

 In consideration of these previous studies, a combined iPSC and bio-scaffold approach 

for SPI and PNI appears to be a viable method of controlling the unique microenvironment of a 

lesion site, promoting and facilitating axonal regeneration and functional recovery. 

Characterizing WG as a novel biomaterial for this purpose has potential to fill a gap in the 

knowledge of neuroregeneration treatment modalities. The three working hypotheses for this 

project are: glutenin bio-scaffolds are biocompatible, in that glial cells are viable in their 

presence and will proliferate as normal; they are biodegradable, in that the bio-scaffolds will 

break down in a slow, controlled fashion such that neural regeneration can take place; glutenin 

bio-scaffolds have appropriate mechanical properties for use in neural regeneration applications, 

in that they are structurally strong and able to maintain their internal channels, yet flexible 
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CHAPTER 2 

 

MATERIALS & METHODS 

 

 

2.1 Wheat glutenin preparation and gliadin removal 

  

 500 mg research grade wheat gluten powder (from Sigma-Aldrich) added to 5 ml 70% 

ethanol/di H2O solution, vortex mixed, and left on a low-speed mechanical shaker overnight. The 

samples were then centrifuged at 500 rpm for five minutes and supernatant containing gliadin 

subunits was then discarded. 0.05 N Acetic acid added to 5 ml di H2O solution, and mechanically 

agitated for 1 hour at ambient temperature. Samples were lyophilized and weighed to determine 

protein concentration in preparation for SDS gel electrophoresis and subsequent western blot 

analysis. A series of samples were prepared via the same method, with differing number of times 

washed with new solution and the length of time left on the mechanical shaker, in order to 

determine the most efficient means of removing the gliadin from the original sample powder. 

1:100 dilutions were prepared for gel electrophoresis of the unprocessed wheat gluten, an 

incomplete gliadin removal sample, glutenin post gliadin removal, and gliadin itself (from 

Sigma-Aldrich) as a control. Gluten samples were prepared at different weights (1 µg, 5 µg, and 

20 µg) to determine the optimum amount for solubility in the 70% ethanol solution. Bio Rad 

Precision Plus Protein WesternC Standards was utilized as a molecular weight reference. Native 

and denatured, via mixing with beta-mercaptoethanol (βME), samples were heated at 100 °C for 

4 minutes via heat block, and ran in Bio Rad Tris-Tricine 16.5% 12 well precast gels in the Bio 

Rad Mini-PROTEAN Tetra System with Bio Rad 1x Tris/Glycine/SDS buffer at 180V for 

approximately 70 minutes until complete.  
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 Towbin buffer working solution prepared for western blot: 25 mM Tris, 192 mM glycine, 

pH 8.0, 20% (v/v) methanol in di H2O, and chilled to 4oC. Proteins transferred to methanol-

activated Bio Rad PVDF membrane at 4°C in the Bio Rad Mini-PROTEAN Tetra System, with 

magnetic stir bar at 1200 rpms at 100V for 1 hour. Trials also included performing the transfer 

step in a cold room. Transfer “sandwich” included (pre-wetted in transfer buffer) Bio Rad Mini 

Trans Blot Filter Paper encasing the gel and methanol-activated PVDF membrane. Post transfer 

the gel was stained with Bio Rad Coomassie Brilliant Blue R-250 staining solution and imaged 

via an Azure systems imaging device. 

 The membrane was removed from apparatus and nonspecific binding sites blocked with a 

blocking buffer (5% milk powder in TBST) for 60 min at room temperature with shaking. The 

membrane was removed from solution and washed three times for five min each with 20ml 

TBST with shaking. Blot incubated with varying amounts of primary antibody up to 10 µl 

(Invitrogen mouse IgG gliadin monoclonal antibody 4F3) in 15 ml of TBST containing 1% (v/v) 

bovine serum albumin (BSA) with rocking for 1 hour at room temperature, followed by 

overnight incubation at 4°C. Membrane washed three times for 5 min each with 20ml TBST with 

shaking, followed by incubation in secondary antibody solution: 2 µl secondary ab (Invitrogen 

goat anti-mouse IgG H+L cross-adsorbed, HRP) in 15 ml TBST, 1.5 µl Bio Rad Precision Plus 

StrepTactin-HRP conjugate, 2% milk powder for 1 hour with shaking at room temperature, and 

overnight incubation at 4°C. The membrane was washed five times for 5 min each with 20ml 

TBST with shaking. Thermo Scientific Supersignal West Pico Plus Chemiluminescent Substrate 

was used as developing solution and incubated for five minutes before imaging with Bio Rad 

VersaDoc and Azure systems imaging devices.  
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2.2 Cell viability & proliferation 

 

 A 24-well plate was coated with 1:1 (w/v) samples of WG and bovine-derived type I 

collagen solution, with and without gliadin, as well as samples of bovine type I collagen only 

(n=4 for each treatment). 100 µl of each sample transferred to 24 well plate, after air-drying, the 

samples were incubated at room temperature for six hours with a crosslinking solution: 50mM 

MES (2-(N-morpholino)ethanesulfonic acid), 5 mM NHS (N-Hydroxysuccinimide), 20mM EDC 

(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride). Solution washed out 

repeatedly with di H2O, and incubated for 30 minutes with 0.1 M sodium phosphate dibasic 

solution, followed by repeated washes with di H2O and ethanol sterilization in preparation for 

seeding with human glial cells obtained from Cell Applications, Inc. Adult human astrocytes 

were seeded at 10K cells per well and incubated at 37°C. The treatment conditions consisted of 

applying enough material to cover the 24 well plate, approximately 100 µl: collagen only, WG 

with gliadin, WG without gliadin, along with positive and negative controls. Alamar blue assay 

was performed at two and four days post seeding, with wells incubated with 10% Thermo 

Scientific Alamar blue/cell culture media solution for two hours at 37°C before 

spectrophotometer analysis. Data visualization methods performed utilizing Rstudio v1.3.1093. 

2.3 Cell motility 

  

 A separate 24-well plate was set up with n=4 wells per treatment type. Approximately 

100 µl of 1:1 (w/v) homogenized sample solution of bovine type I collagen, WG and bovine-

derived type I collagen solution, with and without gliadin. The well plate was briefly air-dried 

with a fan, followed by incubation at ambient temperature for six hours with a crosslinking 

solution: 50mM MES (2-(N-morpholino)ethanesulfonic acid), 5 mM NHS (N-
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Hydroxysuccinimide), 20mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride). Post incubation, the well plate was washed thoroughly with di H2O, and 

incubated for 30 minutes with 0.1 M sodium phosphate dibasic solution, followed by another 

round of thorough washing with di H2O. 70% ethanol solution was then utilized to disinfect the 

well plate in preparation for seeding with human glial cells obtained from Cell Applications, Inc. 

Adult human astrocytes were seeded at a density of 10K cells per well and incubated at 37°C for 

two days. Wells were then viewed under microscope at 40x magnification, with still images 

taken every 5 minutes for approximately 3 hours for each treatment well. The images were then 

processed together into a video file. 20 cells were chosen from each treatment condition to track 

visually with Fiji (Fiji is just ImageJ) v1.53c, and Ibidi Chemotaxis and Migration Tool v2.0 

software applications.  

2.4 Bio-scaffold fabrication 

 

 Fabrication of 1 cm length bio-scaffolds carried out by carefully applying layers of a 1 ml 

1:1 w/v solution of WG without gliadin and bovine type I collagen to a wire and plastic 4 

channel hybrid scaffold previously prepared by Dr. Li Yao, consisting of four metal wires which 

when complete will form four channels for cells to migrate through. Layers allowed to air dry 

with use of a fan to expedite drying. Once fully dry, scaffold is transferred to a 15 ml centrifuge 

tube and incubated for six hours with 5 ml of crosslinking solution: 50mM MES (2-(N-

morpholino) ethanesulfonic acid), 5 mM NHS (N-Hydroxysuccinimide), 20mM EDC (N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide). Solution washed out repeatedly with di h2o, and 

incubated for 30 minutes with 0.1M sodium phosphate dibasic solution, followed by repeated 

washes with di h2o, and lyophilization.  
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 These approximately 2 mm (diameter) x 1 cm (length) bio-scaffolds were utilized for the 

following swelling capacity, collagenase degradation, and differential scanning calorimetry tests. 

However, the dynamic mechanical analysis apparatus required longer length bio-scaffolds. As 

such, 3x the material was added following the same directions for bio-scaffold fabrication for 

each treatment condition, resulting in 2 mm (diameter) x 3 cm (length) bio-scaffolds for DMA 

testing.  

2.5 Fourier transform infrared spectroscopy 

 

 Fourier transform infrared spectroscopy (FTIR) analysis measures the infrared interaction 

of light absorbance and emission of a sample, which can be utilized to identify functional groups, 

and in the case of this study to confirm crosslinking effectiveness. FTIR analysis was performed 

on 2D material membranes 2 cm x 2 cm (n=1) for each treatment condition of collagen with and 

without EDC chemical crosslinking, and wheat glutenin without gliadin, with and without EDC 

chemical crosslinking. Materials prepared at 1:1 (w/v) samples of WG and bovine-derived type I 

collagen solution, for wheat glutenin without gliadin, as well as samples of bovine type I 

collagen only. 500 µl of each sample transferred to plastic plate, and air-dried with a fan at 

ambient temperature. Then, incubation at room temperature for six hours with 500 µl of applied 

crosslinking solution: 50mM MES (2-(N-morpholino)ethanesulfonic acid), 5 mM NHS (N-

Hydroxysuccinimide), 20mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride). Solution washed out repeatedly with di H2O, and incubated for 30 minutes with 

0.1 M sodium phosphate dibasic solution, followed by repeated washes with di H2O, then 

allowed to air dry at ambient temperature. The dried samples were then taken to the National 

Institute for Aviation Research (NIAR) composites & structures lab for FTIR analysis, with 
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separate scans performed for absorbance and transmittance to confirm chemical crosslinking 

effectiveness.  

2.6 Differential scanning calorimetry 

 

 Differential scanning calorimetry (DSC) is a thermoanalytical method which measures 

the amount of heat necessary to increase the temperature of a sample, in comparison to a known 

reference. This is useful for detecting at what temperature a thermal phase transition occurs (i.e. 

solid to liquid) in the sample. Bio-scaffolds were fabricated with n=3 replicates for the following 

treatments: 10 mg collagen, 10 mg WG + 10 mg collagen, and 5 mg WG + 5 mg collagen. These 

treatments included versions which were EDC crosslinked, and non-crosslinked conditions for 

comparison, for a total of six treatment conditions. Samples were re-hydrated in di H2O at 

ambient temperature for one hour prior to testing. Bio-scaffolds were then cut into thirds to 

accommodate the testing chamber size, and placed in the TA Instruments DSC equipment for 

analysis. The instrument utilized the following custom program: equilibrating the sample at 

25°C, ramping the temperature up at a rate of 10°C per minute to 200°C, equilibrating at 200°C, 

ramping temperature down at a rate of 10°C per minute to 25°C, and equilibrating at 25°C. Data 

visualization methods performed utilizing Rstudio v1.3.1093. 

2.7 Swelling capacity 

 

 To quantify the bio-scaffolds capacity for swelling, bio-scaffolds were fabricated 

according to three treatment groups for comparison, with n=4 replicates for each of the 

following: 10 mg collagen, 10 mg WG + 10 mg collagen, and 5 mg WG + 5 mg collagen. The 

bio-scaffolds were then immersed and incubated in separate Eppendorf tubes in 1ml Gibco 

Dulbecco’s phosphate buffered saline (PBS), which is physiologically isotonic to humans and 
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thus appropriate for this test, at 37°C. At two, seven, and fourteen days post initial incubation, 

the scaffolds were removed from solution and measurements obtained of the following 

parameters: channel area, base area, diameter, and length. Length was determined with a 

standard ruler. Microscope images were taken of the bio-scaffolds at 20x magnification, and the 

remaining measurements were obtained via the Fiji (Fiji is just ImageJ) v1.53c software 

application. Data visualization methods performed utilizing Rstudio v1.3.1093. 

2.8 Collagenase degradation 

 

 Collagenase is an enzyme which breaks down peptide bonds in collagen, made in the 

body and acting as part of a normal functioning immune response. Prepared bio-scaffolds were 

placed in a 125 units/ml Gibco collagenase solution, incubated at 37°C, with n=3 replicates for 

each treatment. The treatment conditions included: 10 mg collagen, 10 mg WG + 10 mg 

collagen, and 5 mg WG + 5 mg collagen. These treatments included versions which were EDC 

chemically crosslinked, and non-crosslinked conditions for comparison, for a total of six 

treatment conditions. At days one, two, and three the bio-scaffolds were removed, lyophilized, 

and then measured in terms of length and weight. Data visualization methods performed utilizing 

Rstudio v1.3.1093. 

2.9 Dynamic mechanical analysis 

 

 Dynamic mechanical analysis (DMA) is a method to characterize materials, such as 

plasticity and strength. N=4 bio-scaffolds of the following treatment conditions were used in this 

analysis: 30 mg collagen, 15 mg WG + collagen, and 30 mg WG + collagen, all EDC chemically 

crosslinked. These bio-scaffolds were taken to the NIAR advanced coatings lab for TA 

Instruments DMA 850 3-point bending testing. Each sample was run in a 2 mm displacement 
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cycle twice. Data visualization methods performed utilizing Rstudio v1.3.1093, to assess the 

mean force and stress tolerance for the materials. 

2.10 RNA extraction and sequencing 

 

  6-well plate preparation consisted of preparing 1:1 (w/v) samples of WG and 

bovine-derived type I collagen solution, for wheat glutenin without gliadin, as well as samples of 

bovine type I collagen only (n=3 for each treatment). 1000 µl of each sample transferred to 6-

well plate, after air-drying, the samples were incubated at room temperature for six hours with a 

crosslinking solution: 50mM MES (2-(N-morpholino)ethanesulfonic acid), 5 mM NHS (N-

Hydroxysuccinimide), 20mM EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride). Solution washed out repeatedly with di H2O, and incubated for 30 minutes with 

0.1 M sodium phosphate dibasic solution, followed by repeated washes with di H2O and ethanol 

sterilization in preparation for seeding with human glial cells obtained from Cell Applications, 

Inc. Adult human astrocytes were seeded at 100K cells per well and incubated at 37°C for two 

days.  

 A Zymo Research Direct-zol RNA microprep extraction kit was utilized to prepare and 

extract the RNA from the treatment wells, according to manufacturer instructions. The RNA 

samples were then sent to a partner lab (KU Medical Center) for RNA sequencing, in order to 

analyze gene expression in cells cultured in treatment groups via production of a Kyoto 

Encyclopedia of Genes and Genomes (KEGG) focal adhesion signal pathway map, and a gene 

expression heatmap comparing (n=3) samples of collagen and wheat glutenin treated human 

astrocytes. 
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CHAPTER 3 

 

RESULTS 

 

 

3.1 Wheat glutenin preparation and gliadin removal 

 

 Lanes one through eight in figure 3.1.1 show western blot results to determine the 

optimal, efficient method for separating gliadin subunits from the original research-grade wheat 

gluten powder. All lanes were loaded with 1 μg of WG. Samples for lanes one and two were 

mechanically agitated in 70% ethanol solution for three hours, denatured and native, 

respectively. Samples for lanes three and four were mechanically agitated in 70% ethanol 

solution overnight, denatured and native, respectively. Samples for lanes five and six were 

prepared via five cycles of mechanical agitation in fresh 70% ethanol solution for 30 minutes, 

denatured and native, respectively. Samples for lanes seven and eight were similarly prepared as 

lanes five and six, except for washing with four cycles fresh 70% ethanol solution, with one hour 

mechanical agitation each, denatured and native, respectively.  

 

Figure 3.1.1. Gliadin removal optimization 
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 Data was collected from several western blots using the preferred, optimized method to 

remove gliadin subunits. ImageJ analysis performed to determine the relative density of gliadin 

chemiluminescent signals detected, and visualized as a ratio and illustrated in figure 3.1.2. The 

comparison shows the relative amounts of gliadin detected in a research grade gliadin powder 

sample, research grade wheat gluten powder, and the prepared wheat gluten sample with gliadins 

removed.  

 

Figure 3.1.2 Gliadin density 

 

 An example of a gliadin removal western blot is shown in figure 3.1.3 A, with the 

original wheat gluten sample in lane 1, wheat glutenin with gliadin removed in lane 2, and a 

gliadin control in lane 3. Figure 3.1.3 B depicts the mean quantities of gliadins detected in 

samples before and after the optimized separation protocol. 
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Figure 3.1.3 Gliadin removal  

 

3.2 Cell viability & proliferation 

 Cell viability and proliferation assays performed with Thermo Fisher Alamar Blue 

reagent, on adult human astrocytes cultured on experimental treatment conditions of collagen, 

wheat glutenin sans gliadins, and wheat glutenin with gliadins. Assays were performed at two 

days and four days post-initial cell seeding, with mean alamar percent reduction graphed in 

figure 3.2. Cells proliferated on all scaffold biomaterials from day 2 to day 4. However, cell 

proliferation on collagen-glutenin scaffolds is lower than that on collagen scaffolds. Though 

comparatively lower than the collagen group, both WG treatments (with and without gliadin) had 

proliferations rates at p ≤ 0.0001, between day 2 and day 4. Groups not displaying comparison 

bars in the figure were not significantly different. 
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Figure 3.2 Human astrocyte proliferation 

 

3.3 Cell motility 

 Determination of cell motility was performed via microscope observation of adult human 

astrocytes cultured on treatment conditions of collagen, collagen with wheat glutenin, and 

collagen with the original wheat gluten with gliadins intact. In figure 3.3, images A-C shows 

representative 10x magnification images of astrocytes in their respective treatment environments. 

Applied colors represent the arbitrary picking of cells marked for motility tracking in terms of 

velocity and distance covered during the three-hour observation period. Images D-F graphs the 

cells as they moved from their initial points, with the histogram in G showing the velocity 
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measured, and H showing the distance measured, for each treatment group. The cells showed the 

highest cell migration speed on the surface of glutenin-collagen scaffolds.  

 

Figure 3.3 Human astrocyte motility 
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3.4 Bio-scaffold fabrication 

 

 Bio-scaffold images were drawn in a parametric modeling program for illustrative 

purposes in figure 3.4.1. Geometrically-constrained 3D models were generated with FreeCAD 

0.18.  

 

 

  

Figure 3.4.1 CAD illustration of bio-scaffold 

 

 Representative examples of completed, lyophilized bio-scaffolds shown in figure 3.4.2 

exhibiting 3 cm length bio-scaffolds, as well as microscopic cross sections at 20x magnification, 

with an included scale bar of 1 mm. The four channels represent where glial stem cells would be 

injected prior to surgical implantation into a SPI or PNI lesion site. 
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Figure 3.4.2 Bio-scaffolds 

 

 

 

3.5 Fourier transform infrared spectroscopy 

 

 A method to determine chemical crosslinking success and characterization was achieved 

via Fourier transform infrared spectroscopy. A PerkinElmer Spectrum 100 FTIR spectrometer 

was utilized for this test, set for detection of percent transmittance at 16 scans, in the range of 

550-4000 cm-1. Figure 3.5 depicts a combined FTIR graph of the four scans for visual 

comparison of crosslinked collagen, non-crosslinked collagen, crosslinked wheat glutenin 

without gliadin, and non-crosslinked wheat glutenin without gliadin. 
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Figure 3.5 FTIR comparative analysis  

 

 

3.6 Differential scanning calorimetry 

 

 Prepared bio-scaffold samples inserted in the TA Instruments DSC apparatus were 

initially ran for a cycle increasing the temperature in step fashion to a maximum range of 100°C. 

The observed phase range occurs at a much lower temperature so further samples were ran at a 

more optimized maximum temperature of 80°C. Three treatment conditions were selected for 

this study: 10 mg collagen, 10 mg wheat glutenin without gliadin plus 10 mg collagen, and 5 mg 

wheat glutenin without gliadin plus 5 mg collagen. The initial graph provided by TA Instruments 

Universal Analysis v4.5A software is shown in figure 3.6.1, with the EDC-crosslinked samples 

represented by solid lines, and their non-crosslinked counterparts represented by dashed lines. 

Two selected temperature changes of interest were that of the onset detected change of phase 
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change, and the peak observed change, shown in figures 3.6.2 and 3.6.3, respectively. The 

crosslinking increased the onset and peak temperature of samples. For the onset temperature, 

there was no significant difference between the WG crosslink and non-crosslink treatment, but 

significant differences (p ≤ 0.05) between crosslinked and non-crosslinked collagen and the half-

amount WG treatment groups. The peak temperature data showed that there were significant 

differences (p ≤ 0.05) between crosslinked and non-crosslinked collagen and WG treatments, 

with a higher significance level (p ≤ 0.01) between the crosslinked and non-crosslinked half-

amount WG treatment group.  

 

 

Figure 3.6.1 DSC analysis 
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Figure 3.6.2 DSC onset 

 

 
 

Figure 3.6.3 DSC peak 
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3.7 Swelling capacity 

 

 EDC crosslinked bio-scaffolds 1 cm in length were utilized in the 14 day swelling 

capacity testing in PBS solution, in treatment conditions of 10 mg collagen, 10 mg wheat 

glutenin without gliadin plus 10 mg collagen, and 5 mg wheat glutenin without gliadin plus 5 mg 

collagen. At selected time points of day zero, two, seven, and fourteen, bio-scaffolds were 

removed from solution, lyophilized, and imaged at 20x magnification. ImageJ software was 

utilized to measure bio-scaffold channel area, base area, diameter, and length at each of the time 

points, as seen in figures 3.7.1-4, respectively. An image constructed for visual comparison of 

these bio-scaffolds is shown in figure 3.7.5. Channel area and scaffold length did not change 

significantly during this testing, while the base area and bio-scaffold diameter increased slightly 

after incubation for 14 days. 

 

Figure 3.7.1 Swelling capacity channel area 
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Figure 3.7.2 Swelling capacity base area 

 

 
 

Figure 3.7.3 Swelling capacity diameter 
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Figure 3.7.4 Swelling capacity length 

 

 
Figure 3.7.5 Swelling capacity visual comparison 

 

3.8 Collagenase degradation 
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 Observation of bio-scaffold rate of degradation was performed via soaking in collagenase 

solution (125 units/ml). Six treatment conditions were chosen for this study: 10 mg collagen 

crosslinked and non-crosslinked, 10 mg wheat glutenin without gliadin crosslinked and non-

crosslinked, and 5 mg wheat glutenin without gliadin crosslinked and non-crosslinked. Treatment 

groups that were non-crosslinked were selected to provide additional data for chemical 

crosslinking-induced changes on bio-scaffold structural integrity. Observations of weight and 

length were taken at days zero, one, two, and three. Bio-scaffolds placed in collagenase solution 

were removed at the selected time points and lyophilized before measuring. In consideration of 

the varied initial measurements of the bio-scaffolds, the day zero measurements are calibrated as 

being at 100 percent. Figures 3.8.1-2 illustrate the observed bio-scaffold weight and length, 

respectively.  

 
 

Figure 3.8.1 Collagenase weight degradation 
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Figure 3.8.2 Collagenase length degradation 

 

 

3.9 Dynamic mechanical analysis 

 

 For DMA analysis, 3 cm length bio-scaffolds were prepared according to three selected 

treatment conditions: 30 mg collagen, 30 mg wheat glutenin without gliadin plus 30 mg collagen, 

and 15 mg wheat glutenin without gliadin plus 15 mg collagen. The increased amounts of 

materials compared to previous testing were necessary in consideration of the TA Instruments 

DMA 850 apparatus, which required a minimum length to reach across the span of the 

instrument in order to appropriately perform the three point bending study. Analysis cycles of 

bending the bio-scaffolds 2 mm in displacement were performed twice for each bio-scaffold. 

Selected observations of interest included observed force and stress on these materials. The 

initial scatterplot for force is shown in figure 3.9.1, with a line representing the conditional mean 

for each treatment group. One can see the collagen and half-amount WG treatment begin to bend 
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as it loses structural integrity. To distill this information in histogram form bio-scaffolds were 

arranged by type, with the mean max force calculated for each treatment condition and illustrated 

in figure 3.9.2, and a similar histogram for observed mean stress shown in figure 3.9.3. For both 

the mean maximum force and the stress data, there were high significance levels (p ≤ 0.0001) 

between all treatment groups. The 30 mg WG treatment group exhibited the highest amount of 

sustained force (0.165 N) and stress (0.052 mPa), without losing structural integrity. 

 

 
 

Figure 3.9.1 DMA force scatterplot 
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Figure 3.9.2 DMA mean max force 

 

 
 

Figure 3.9.3 DMA mean stress 
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3.10 RNA sequencing 

 

 A gene expression heatmap was generated from RNA extracted from adult human 

astrocytes cultured on treatment conditions of collagen, and wheat glutenin with gliadins 

removed. Based on the threshold of significantly differential expression as q < 0.05, we 

identified 1,159 up-regulated and 1,055 down-regulated genes in cells grown on glutenin-

collagen scaffolds versus collagen scaffolds. The genes were arranged in clusters of similarity 

and analyzed in this heatmap shown in figure 3.10.1, with three replicates of collagen samples 

shown on the left side, and the three right side replicates representing the wheat glutenin minus 

gliadin samples. Colorimetric determination was based on their gene expression differentiation 

with a mean Z-score, measured in terms of standard deviations from the mean. Here, a blue color 

represents values below the mean score, with white representing a mean value, and yellow 

representing values above the mean score.  
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Figure 3.10.1 Gene expression heatmap 

 

 An additional method of gene analysis generated from sample RNA sequencing resulted 

in a KEGG wheat glutenin without gliadins signal pathway map for adult human astrocyte focal 

adhesion, illustrated in figure 3.10.2. Colorimetric values depicted show a green color for 

proteins that are down-regulated in the presence of wheat glutenins. Similarly, a red color shows 

those proteins that are up-regulated in the presence of wheat glutenins. 
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Figure 3.10.2 Glutenin KEGG focal adhesion signal pathway map. 
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CHAPTER 4 

 

DISCUSSION & CONCLUSIONS 

 

 

 The initial western blot analysis provided information towards optimization of gliadin 

separation from the wheat gluten powder. The data showed that washing five cycles in 70% 

ethanol solution for 30 minutes is an efficient means of accomplishing this goal, with subsequent 

n=3 blots indicating that on average 99.96% of the gliadin was removed. Determination of this 

method allowed the studies to continue, through being able to provide a gliadin free environment 

for gluten intolerant individuals with an SCI or PNI. 

 The bio-scaffolds would be placed in the lesion cavity in SCI, so assessing the reaction of 

glial cells coexisting with these materials need to be assessed to verify biocompatibility. An 

alamar blue assay seeded with adult human astrocytes provided this information in terms of cell 

viability and proliferation. Astrocytes cultured in WG and collagen were both viable and 

proliferated, although at a lower rate compared with collagen alone. Interestingly, the cells with 

WG and gliadin were also viable, with a slightly lower reduction compared with the WG group 

at day 2, yet not significantly different than the WG and collagen group after four days. 

 Another point to consider for glial cells here is that of motility. In the lesion, cells will 

need to be able to move in an adequate way, such that they will be able to bridge a connection 

between the two damaged nerve endings to facilitate neural regeneration. The results of the adult 

human astrocyte study showed that the cells in the WG and collagen groups had higher rates of 

motility in both velocity and distance covered, compared to the collagen alone group. 

Interestingly, the cells cultured in the wheat gluten and collagen group also performed at higher 
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velocity and distance compared with collagen alone. Here, gliadin also seemed to not impede 

these activities. 

 The bio-scaffolds were successfully fabricated in a rudimentary by-hand fashion, and 

chemically crosslinked with EDC. The overall dimensions of diameter and length, channel size 

and area, were relatively consistent across the various sizes needed for the involved studies. 

FTIR analysis was performed to determine whether the crosslinking process was successful. 

Here, the data showed a a distinct comparative, visual difference in the percent transmittance 

among the bio-scaffold materials. The area of interest is in the range of 3,300-3,500 cm-1, which 

corresponds to the reference values for the N-H amine groups. The EDC chemical crosslinking 

process will form linkages between available carboxyl and amine groups in the materials. A 

higher rate of transmittance at a particular frequency would indicate that there are fewer bonds of 

that type present to absorb the infrared light. Similarly, a lower rate of transmittance would mean 

more bonds of that type would be present. Non-crosslinked samples of WG and collagen and 

collagen alone were included to provide a baseline indicator as to the materials’ relative bond 

presence. The FTIR data shows that both crosslinked WG and collagen and collagen alone 

materials were able to be successfully crosslinked, with lower rates of transmittance compared to 

their non-crosslinked counterparts. The WG and collagen alone group showed the least amount 

of percent transmittance in the amine group range, with 80.16% at 3,288.81 cm-1.   

 To further characterize the bio-scaffolds, DSC provided thermoanalytical data on the 

amount of heat required to change the physical state of the involved materials. Here, the data 

showed that in general, the crosslinking process increases the structural integrity of the bio-

scaffolds, with higher amounts of heat required to produce a phase change in both the WG and 
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collagen and the collagen alone treatment groups. The differences required for this change in 

terms of both the initial onset and peak temperature were significantly different for all 

crosslinked versus non-crosslinked groups. Interestingly, these same values for the both the 

crosslinked WG and collagen and collagen alone groups were not significantly different from 

each other. Similarly, the non-crosslinked groups were not significantly different from each other 

either, in both the onset and peak temperatures. It is reasonable to conclude that the act of 

chemical crosslinking had a more significant impact on the temperature for state change, 

compared with the choice of the tested materials. 

 Being a relatively dry composite material, the bio-scaffolds will absorb liquid while 

residing the environment of a SCI or PNI lesion site. Thus, it is of importance to determine how 

the bio-scaffolds behave when placed in a suitable, isotonic solution. PBS served in this capacity 

during the swelling capacity study. Here, the data indicated that the base area and the overall 

length of all the bio-scaffolds groups, both WG and collagen and collagen alone, increased over 

time. There was no significant difference for length among the treatment groups. The base area 

and overall length data showed that the 10 mg WG and 10 mg collagen group absorbed 

significantly more solution. This is reasonable as it makes sense that the dry material will absorb 

some liquid when surrounded by it, and it may be that WG as a material has a relatively higher 

capacity to absorb a liquid compared with collagen. Perhaps this can be seen in a situation at 

one’s dinner table, where a piece of bread could be used to take up a soup as part of the eating 

process. More of specific interest, is in how the channels in the bio-scaffolds react to this activity, 

as this is where the NSCs will be residing. If there is too much swelling here, the channels can 

become too distorted, preventing the NSCs from bridging a connection between the damaged 



54 

nerve ends and preventing neural regeneration from taking place. While the data showed some 

slight variance among the treatment groups over the 14 day period for channel area, none were 

significantly different, indicating that these materials provide a relatively stable physical 

environment for the NSCs and glial cells to facilitate the neural regenerative process.   

 Another characterization of interest for the bio-scaffolds is in how well they degrade over 

time, addressing the hypothesis of biodegradability. In the SCI and PNI lesion site, the materials 

of the bio-scaffold would need to degrade in a controlled fashion, such that neural regeneration 

can take place, then the material will break down, leaving only repaired neurons in the lesion 

site. The enzyme collagenase allowed for a suitable degradation study to take place, where 

collected data provided information on both the length and weight of the bio-scaffolds in its 

presence. For both data points, non-crosslinked materials degraded almost immediately over 

three days, providing evidence that crosslinking the bio-scaffolds is an essential step in order to 

suitably strengthen its structural integrity. For the crosslinked treatment groups, all degraded 

slightly over the three day period, with the only significant differences in the weight data for 10 

mg WG and 10 mg collagen treatment, and in the length data for the 5 mg WG and 5 mg 

collagen treatment. It is reasonable to consider that with a lower total amount of material for the 

5 mg WG and 10 mg collagen group to degrade more quickly in terms of length. In comparison, 

it is interesting that in terms of weight, the 10 mg WG and 10 mg collagen showed significantly 

more degradation, though this group also had the widest amount of variance around the mean. 

This may indicate a variance in the crosslinked materials for this group, and if one notes the 

upward bounds of the variance here is similar to the data for the other treatments.  
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 DMA provided data on characterizing the mechanical flexibility of the bio-scaffolds, in 

terms of the maximum force and stress that the materials could absorb before bending too far to 

be considered reasonably suitable for purposes of neural regeneration. Initial graphing of the 

numerous data points resulted in overplotting. To correct for this, a mean of the values for each 

treatment group was obtained, with these values displayed in a histogram. This was a point of 

interest for the author in dealing with large data sets, so inclusion of the stages of graphs 

distilling the information for mean maximum force were included for informative purposes. 

Here, all treatment groups significantly different amounts of both mean maximum force and 

stress. The 30 mg WG and 30 mg collagen having the highest values for both. This makes sense 

since this group had the highest amount of overall material. The lowest values for both were the 

30 mg collagen group, with the 15 mg WG and 15 mg collagen group being in the middle range 

for both. It is interesting that the hybrid 15 mg group had higher values for stress and force, 

providing an indication that WG increases the mechanical strength of the bio-scaffolds. 

 Lastly, RNA sequencing and analysis provided another means of detecting changes in the 

adult human astrocytes cultured in WG, with the data informing differences in gene expression 

as well as the up and down-regulation of proteins. Regarding gene expression, approximately 

2,000 genes were clustered in a heatmap to determine what differences in expression could be 

seen when comparing astrocytes cultured on WG and collagen compared with collagen alone. 

The colors of blue, white, and yellow were arbitrarily chosen to visually represent to standard 

deviations from the mean Z-score for the genes of interest. While some genes appearing in white 

in both groups have some appearance, there is a significant difference in the overall gene 

expression of the WG and collagen group. Considering now that there are known differences in 
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expression for the astrocytes, a KEGG focal adhesion signal pathway map for the astrocytes 

provided more detail as to which proteins were up-regulated, shown in red, or down-regulated, 

shown in green, while cultured in the presence of WG and collagen. The following proteins were 

up-regulated: ECM, RTK, Fyn, Vinculin, ILK, Rap1, JNK, c-Jun, MLCK, MLC, Actin, and 

cIAPs. The following proteins were down-regulated: GF, ITGA, ITGB, PKC, Calpain, Paxilin, 

PI3K, Sos, Crk, ROCK, MLCP, PAK, MEK1, ERK1/2, and CycD. The up-regulated proteins 

inform us as to why the cells were comparatively more motile in WG and collagen compared 

with collagen alone, while the down-regulated proteins provide information as to why the cell 

proliferation rate is lower in the WG and collagen groups. This is an important point here, in that 

having more motile yet lower proliferating glial cells in the lesion site will lead to better 

outcomes in terms of neural regeneration, as the cells will be able to bridge the damaged ends 

while regenerating in a slow and controlled fashion. A slower rate can decrease the amount of 

glial scar formation as a result of such cellular activities, whose physical presence in the lesion 

cavity can hinder neural regeneration, the formation of which is in part due to an increase of 

astrocyte proliferation resulting after CNS injuries. This process is also referred to as astrogliosis. 
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CHAPTER 5 

 

FUTURE DIRECTIONS 

 

 

 In this project, novel multichannel neural conduits have been fabricated with a hybrid 

composition of collagen and WG for nerve repair and regeneration, with a variety of studies 

performed to characterize the mechanical, chemical, biocompatible, and biodegradable properties 

of the neural conduits. The hypothesis is that WG bio-scaffolds are biocompatible, in that glial 

cells are viable and will proliferate in their presence, as biodegradable, in that such bio-scaffolds 

will break down in a controlled fashion, such that neural regeneration can be facilitated.  

 As the results of the studies performed so far have indicated, the WG bio-scaffolds appear 

to be both biocompatible and biodegradable, and are reasonably mechanically strong and 

flexible. This work has provided a foundation of data for characterizing these bio-scaffolds in a 

number of ways. It is the opinion of the author that they are suitable for use in an in vivo rat 

model study to determine the ability of the WG bio-scaffold seeded with NSCs to facilitate 

neural regeneration and functional recovery in a SCI or PNI.  

 Much further testing can also be performed. It would be interesting to conduct similar 

studies for motility, viability, and proliferation rate for other glial cell lines, such as microglia 

and NSCs. RNA sequencing of these differing cell lines can provide additional data points on 

variance of gene expression and regulation of proteins. Western blot analysis can be performed to 

test for proteins of interest in the treatment groups, such as chondroitin sulfate proteoglycans, 

whose presence in SCI contribute to glial scar formation, which inhibits axon regeneration. 

Increasing the sample sizes in these further studies could increase the reliability of the obtained 

data. Ultimately, these studies may provide a suitable treatment for SCI and PNI in humans, 
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leading to functional recovery and an improvement of the lives of those afflicted with these 

conditions.  
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