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Abstract 

 To restore function lost by damage to the nerve fibers, nerve regeneration must 

take place. Poor clinical outcomes are still observed for many autografting surgeries, 

stem cell therapies, and growth factor treatments. Biomaterials-based tissue engineering 

approaches to nerve repair utilize nerve guides. These nerve guides can be made of a 

variety of materials, using various fabrication processes and design concepts. The use of 

these nerve guides in conjunction with neurotrophic factors, gene therapies, cell 

transplants, and extracellular matrix proteins has shown improved experimental results 

for promoting nerve regeneration. Here, contact drawn poly(vinyl alcohol) fibers were 

cross-linked with glyoxal, to increase resistance to dissolution and hydrolytic degradation 

in an aqueous environment for application as a component of a nerve guide. Quercetin 

(an anti-inflammatory plant flavonoid) was loaded into fibers in a dose-dependent 

manner prior to contact drawing and reached a maximum cumulative release of 56 ± 6%. 

Fibers were characterized via IR spectroscopy. Glyoxal cross-linking and quercetin 

loading effects on fiber formation behavior and fiber diameters were investigated. Initial 

cytotoxicity screening against PC12Adh cells indicated novel PVA fiber formulations 

were not cytotoxic. The contact-drawn, glyoxal cross-linked, quercetin-loaded PVA 

fibers demonstrated potential for release of quercetin – a known neuroprotectant. 

Incorporation of these PVA fibers into a nerve guide may have potential to alleviate scar 

tissue formation and fibrosis following surgical intervention, improving outcomes for 

patients suffering from nerve damage.  
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1. Introduction 

1.1 Significance and Prevalence of Nerve Injuries  

Spinal cord injuries (SCIs) affect many people around the globe, including an estimated 

320,000 North Americans (1). In Canada, SCIs affect more than 85,000 Canadians, including 

over 4,300 new cases every year (2). These injuries are separated into traumatic and non-

traumatic cases, with a nearly even split of 51 and 49% respectively (2). The affected Canadians 

are 2.6 times more likely to be hospitalized than Canadians who do not live with a SCI (2). 

Furthermore, the lifetime financial cost of partial paraplegia is an estimated $1.5 million, 

whereas the average cost for tetraplegia is $3.0 million (3). While these figures seem relatively 

small considering Canada has a population of over 37 million, this still represents an annual 

economic burden of around $2.67 billion for those who survive their initial hospitalization (3). 

These figures present a large economic burden for the health care system – but the toll on the 

emotional, mental, social, and physical livelihoods of the patients and their families is 

immeasurable. The number of individuals affected by peripheral nerve damage (neuropathy) is 

much larger; it is estimated that 25-30% of Canadians will suffer some degree of neuropathy in 

their lifetime (4).  

To restore function lost by damage to nerve tissue, nerve regeneration must take place. 

Unfortunately, nervous tissue has poor regenerative capacity; it is essentially nonexistent for the 

nerve fibers of the spinal cord (5). There is greater regenerative potential for peripheral nerves, 

yet there is still a relatively limited intrinsic regenerative capability when compared to many 

other tissues. Nevertheless, there is great potential for tissue engineering in this field. Clinical 

outcomes can be drastically improved for patients suffering some degree of neuropathy. Yet, 
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there are many challenges and barriers to overcome in the development of a clinically relevant 

technique/procedure. 

1.2 Understanding Neurobiology of Nerve Injuries 

An overview of neurobiology, neuroanatomy, and cellular biology (especially related to 

nerve injuries and the processes involved) is required to understand and appreciate the challenges 

facing regenerative medicine and tissue engineering for nerves. As for general neuroanatomy, the 

nervous system is subdivided into the central nervous system (CNS) and the peripheral nervous 

system (PNS) (6). The CNS includes the brain and spinal cord and is considered the command 

center of the nervous system. The PNS includes a variety of spinal and cranial nerves (6). The 

nervous system is considered to function in sensory input, integration of data, and motor output. 

This is accomplished by means of a communication network (i.e., the nervous system) that 

conducts electrical impulses across tissue (7).  

Neurons can be classified by the afferent (sensory) and efferent (motor) neurons of the 

PNS (as indicated previously), with the third functional classification being interneurons of the 

CNS that form connections between neurons (8). These neurons are classified according to the 

number of processes associated with the neuron, which stem from the soma of the neuron. On the 

other hand, neuroglia are much smaller than neurons and function in various roles in the nervous 

system. Neuroglia include microglial cells (resident macrophages of the CNS), astrocytes (star-

shaped macroglial cells, abundant in CNS, crucial to axon guidance and synaptic support), 

oligodendrocytes (CNS cells that form myelin sheaths to increase speed of action potential 

travel), Schwann cells (PNS equivalent of oligodendrocytes), and satellite glial cells (line the 

surface of neuron cell bodies in ganglia) (9). Other types of neuroglia include various progenitor 

cells and support cells associated with various efferent neurons. Surrounding each nerve, there 
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are three layers of connective tissue including endoneurium, perineurium, and epineurium (10). 

These layers are important in understanding the extent of a nerve injury.   

1.3 Classification Systems of Nerve Injuries  

Classification of peripheral nerve injuries is key in determining the appropriate treatment 

strategy. A classification system developed by Seddon was detailed in 1943 and expanded by 

Sunderland in 1951 (11,12). Both classification systems indicate the degree of damage based on 

the extent of tissue damage and extent of transection. Seddon’s classifications include three main 

classes: neurapraxia, axonotomesis, and neurotmesis (also Class I, II, and III respectively, Figure 

1) (12). Neurapraxia is indicated by the temporary interruption of conduction without loss of 

axonal continuity. This includes sensory-motor problems distal to the site of injury, an absence 

of Wallerian degeneration (the cellular process which prepares the injury for regeneration), and 

all three layers of connective tissue (endoneurium, perineurium, and epineurium) being intact 

(12). Axonotemesis can be identified as a loss of complete continuity, yet the connective tissue is 

maintained. In this case, Wallerian degeneration is present, there are sensory and motor defects, 

nerve conduction is inhibited, and the process of axonal regeneration can occur without surgical 

intervention (12). Finally, neurotmesis indicates a total disruption of the entire nerve fiber and 

can be partial or complete. Like axonotomesis, Wallerian degeneration occurs and a loss of 

conduction results in motor and sensory defects, yet surgical intervention is required for 

regeneration to occur following neurotmesis (12).  
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Figure 1 Seddon’s classification of peripheral nerve injuries (13). 

As for Sunderland’s classification scheme, the first two degrees match up to Seddon’s 

neurapraxia and axonotomesis, respectively (11). The subsequent three classifications subdivide 

the injury situation relative to Seddon’s definition of neurotmesis. In these three classifications 

(third, fourth, and fifth degree), the layers of connective tissue indicate the degree of damage. 

Sunderland’s third degree involves damage to the endoneurium, the fourth degree only includes 

an intact epineurium, and the fifth degree is defined by a complete transection of the nerve (11). 

Note that Wallerian degeneration occurs in all classifications except neurapraxia.  

Another classification scheme was developed by the American Spinal Injury Association 

(ASIA) (14). In this scale, the rankings proceed from ASIA A through E, where subsequent letter 

indicates a less severe injury. Thus, the ASIA E indicates a normal spinal cord with no indication 

or detectable form of crush and/or lesion (14). Letter D indicates an incomplete motor injury, 

where more than half the muscle groups potentially effected maintain their antigravity 

capabilities (those muscles which help to maintain an upright balanced posture) (14). ASIA C is 

also an incomplete motor injury, but in this case less than half the muscles are still antigravity 
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(14). ASIA B indicates complete loss of motor function and limited sensory function (14). 

Finally, ASIA A indicates a complete motor and sensory loss (14).  

1.4 Wallerian Degeneration in the PNS and CNS 

Wallerian degeneration is a complex physiological response due to a nerve injury. 

Following nerve fiber damage, (usually a cut or crush) active degeneration occurs distal to the 

site of the injury (i.e., further from the neuronal soma) (15). This process occurs in both the 

peripheral and central nervous system to varying degrees and via different mechanisms. In the 

peripheral nervous system, there are many chemical messengers (e.g., transforming growth 

factor β1 and tissue necrosis factor alpha) responsible for this process, many of which are 

secreted by Schwann cells (15). These messengers induce apoptotic mechanisms originating in 

the distal portion of the axons (relative to the injury), activating resident macrophages, and 

recruiting additional macrophages to clear myelin and other cellular debris (Figure 2) (16). 
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Figure 2 Ongoing cellular actions during Wallerian degeneration (17). 

The event described above lead to axonal degeneration, dedifferentiation of Schwann cells, 

and subsequent clearing of cellular debris. This occurs more quickly in the peripheral nervous 

system for three main reasons: degradation rate is dependent on the diameter of the axon (larger 

axons take longer to degenerate), expedited clearance of cellular debris (much easier for 

macrophages to be recruited in the PNS), and Schwann cells can survive independent of axonal 

stimulation (18). On the other hand, oligodendrocytes of the CNS undergo apoptosis or enter a 

state of latency without electrical activity (18). Thus, oligodendrocytes fail to accomplish what 

Schwann cells can in the PNS, and the role of Wallerian degeneration must be facilitated by 

microglia. It has been observed that an overexpression of these messengers can lead to fibrosis 

(as opposed to regeneration), potentially causing a permanent loss of function (18). The Schwann 

cells will eventually align in tubes known as Büngner bands, which express surface markers to 

guide regenerating fibers (19). The transected/damaged nerve will send out sprouts from the 
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proximal portion that grow at approximately 1 mm per day, eventually reinnervating the target 

tissue (19). Misguided growth, scar tissue formation, and a significant gap may all limit the 

success of axonal regeneration (20). These can often be alleviated through surgical intervention, 

with the nerve autograft being the current gold standard. 

1.5 Overview of Approaches to Nerve Regeneration and Repair 

For most nerve injuries, the damaged nerve can be sutured end-to-end in a tension free 

primary neurorrhaphy (21). In cases where there is a significant gap, many alternatives exist: 

allografts, direct repair, autografts, nerve conduits, and end-to-end sensory repair. A nerve 

autograft is used to close the gap and the donor nerve (sourced from a second surgery on the 

same patient) is sutured on both proximal and distal ends to connect the damaged nerve (21). 

Nerve allografts have also been used in this instance, where the donor nerve is sourced from a 

second patient rather than the same individual (21). This technique has been used when there is 

significant damage to the nerve tissue that would otherwise be irreparable. Even though many of 

these techniques were introduced in the late 1870’s, they have been significantly improved 

through the development and advancement of microsurgical techniques. Treatment for spinal 

cord injuries requires various measures to at a bare minimum, maintain the injury (i.e., prevent 

further damage). Surgery may often be performed to treat spinal cord compressions, or to 

stabilize the spinal cord to prevent future deformity and pain. 

The role of biochemical signals that promote/inhibit nerve growth in the spinal cord has 

also been explored. Unfortunately, growth factors (and similar signaling molecules) alone do not 

provide desirable levels of neuronal regeneration (22). Stem cell therapies have also attracted 

interest; however, the safety and efficacy of these treatments have not been determined (23). Cell 

therapies, gene therapies, and other molecular therapies have also been explored to help restore 



8 

 

motor function and sensory function following a nerve injury. These techniques are relatively 

new and still not well understood. Furthermore, these techniques rely on the knowledge and 

understanding of molecular pathways and specific cellular responses. Recently, biomaterials-

based approaches have exploded in popularity as a novel technique for nerve guidance and repair 

(24). These techniques have potential to provide clear benefits to the tissue engineering approach 

– the addition/loading of growth factors, various extracellular matrix proteins, and even 

transplanted cells could provide crucial cues and components necessary for a successful nerve 

guidance conduit (Figure 3).  

Figure 3 Schematic showing the proposed biosynthetic nerve graft as opposed to the 

traditional nerve autograft (17). 

There have been a variety of nerve guidance conduits that have supported nerve growth and 

attachment (both in research and clinical settings), including some that have better clinical 

outcomes than the nerve autograft. Tissue engineering of nerves (both peripheral and central) has 
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been an area of interest for various researchers and is often viewed as the holy grail of 

regenerative medicine. There are a variety of differences in physiology, cellular function and 

organization, and neuroanatomy between the PNS and CNS, both have their own challenges and 

limitations when it comes to developing a tissue engineering approach for these tissues. 

Assessment of peripheral nerve approaches can provide foundations of nerve tissue engineering 

which may help translate into a more informed approach for the CNS. The peripheral nervous 

system has a much higher capacity for nerve regeneration. However, the pathophysiology of 

injuries to the PNS are much simpler than that of the CNS, and although similar techniques and 

scaffolds may be applied, the process is intrinsically different at the cellular level. Thus, it is 

likely more complex and robust treatment options will likely be necessary solutions for the CNS.  

1.6 Biomaterial Approaches to Nerve Regeneration and Repair  

Biomaterials have become increasingly important as a potential route for promoting 

nerve regeneration following traumatic nerve injury. The most common approach involves the 

use of biosynthetic nerve guides in place of donor nerves, coined nerve guidance conduits 

(NGCs, Figure 4) (25–27). These devices have also been referred to as tissue engineered nerve 

guides (28–30). For consistency, these guides will be herein referred to as nerve guidance 

conduits or NGCs. The basis of the NGC is a sheath of natural or synthetic biomaterial which 

encapsulates the injured section of the nerve via suturing. The basic requirements of an NGC 

include formation of a physical barrier from the external environment whilst also providing 

guidance for regenerating axons across the gap. This also helps provide a localized environment 

for endogenous and exogenous growth factors, hormones, cytokines, and extracellular matrix 

(ECM) factors. These factors could even be loaded into or on the surface of the materials within 
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the interior of the NGC. The most variable and arguably largest indicator of success for any 

NGC is the internal composition of the sheath; a few of these strategies are listed in Figure 4.  

Figure 4 Biomaterial strategies for creating nerve guide conduits – synthetic nerve guides 

to promote nerve regeneration following traumatic nerve injuries (31). 

There have been a variety of material compositions including synthetic materials like 

polyglycolic acid, silicone, polylactic acid, and polycaprolactone as well as natural materials like 

chitosan, collagen, and laminin (25,31). Glass fabrics, ceramics, and metallic materials have also 

been purposed for neural scaffolding (32,33). Natural materials tend to mimic tissues and help to 

provide proper guidance cues whereas synthetic materials are much simpler to fabricate, access, 

and modify. Synthetic polymers can also be biostable or biodegradable, meaning they either 

become incorporated within the regenerating nerve tissue or they degrade and make way for 

regenerating nerve tissue. There are many benefits and drawbacks to the potential biomaterials, 
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indicating a composite NGC which takes advantage of different materials may be beneficial. In 

addition to modifying composition, materials can be chemically or physically adapted to form 

unique biomaterials with specific functions. In addition to chemical and physical changes, the 

fabrication method can impart various guidance properties and enhanced mechanical properties. 

An ideal guidance material could be one which allows incorporation of specific integrins or 

binding motifs for cellular interactions, and which can be selectively modified (by chemical or 

physical means) to control a variety of factors including degradation rate, swelling, and 

hydrophilicity. In this sense, a template material for further modification may be suitable for this 

purpose.  

Loading various adjuvants can increase the local response of regenerating axons, helping 

to facilitate integral cellular functions within the regenerating nerve. For example, the addition of 

Ca2+ to a fibrin-forming solution can produce conductive fibers for neural tissue engineering 

(34). Various magnetically aligned collagen materials have also been proposed to enhance axon 

guidance (35). Axon guidance is an essential process in formation of neuronal connection during 

development and regeneration. Axonal growth stems from the growth cone and must reach the 

target through guidance from chemical messengers (36). The use of physical guidance strategies 

via NGC intervention helps to prevent misguided axonal growth (37,38). Cross-linkers can also 

modify the material characteristics and change the micro- and macromechanical properties of the 

material. These types of modification have been shown to increase the resistance to degradation 

and provide proper topographical guidance cues. Degradation is a difficult factor to control since 

the ideal degradation profile will be determined by the regeneration rate which can be extremely 

variable and may require more stringent design protocols determined through case-by-case 

analysis. Some of the various fabrication techniques employed for NGC materials include 
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injection molding, fused deposition, soft-lithography, immersion precipitation, dip-coating, 

microextrusion bioprinting, and inkjet bioprinting (39). All these methods used in fabrication of 

internal compositions for NGCs, with varying challenges and outcomes. The idea of a 

multifunctional, composite NGC conduit may be a more likely solution to combat the challenges 

facing nerve regeneration and repair. Hence, it is important to consider a fabrication method that 

is compatible with this approach. Fabrication must be compatible with potential adjuvant loading 

and production of a biocomposite scaffold/network with various materials. Attention has also 

been placed on production of synthetic filaments or fibers based on analogous structure to nerve 

tissue and the guidance potential of such structures (40,41).     

 The use of fibrous materials to promote nerve regeneration is based on the idea that fiber 

fabrication methods can produce materials which possess the ability to facilitate nerve guidance 

through topographical guidance cues. In conjunction with a nerve guidance conduit, the proper 

fibrous scaffold can provide the proper nano- (macromolecular), micro-(cellular), and 

macromechanical guidance. Electrospinning whilst using a grounded rotating collector allow for 

formation of highly aligned, parallel fibers of different polymers (42). This alignment allows for 

formation of small grooves which can provide individual guidance channels for regenerating 

axons. Polycaprolactone and poly(lactic glycolic acid) fibers, and polyethyleneimine can be 

incorporated in arranged electrospun polymer fibers within a nerve guide to promote guidance 

along grooves (40,43). In addition to microgrooves, fibers promoting guidance can also be 

coated or loaded with ECM proteins or growth factors. Laminin coated conduits based on poly(l-

lactide-co-glycolide) fibers and yarns can help to promote nerve guidance through cooperation of 

topographical structure and biological cues (41). Fibers can also be natural materials rather than 

synthetic polymers, like the nerve growth factor functionalized silk nanofibers for nerve 
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reconstruction in a rat model (44). Fibers provide a great potential template for production of a 

larger fibrous scaffold. Fiber fabrication can be modified to influence pore size and control 

cellular interactions, create micro- and nanogroove structures to promote axonal guidance, and 

act as a vehicle for various proteins, growth factors, and small molecules. Thus, biomaterial 

fibers can affect the nano- (macromolecular), micro- (cellular), and macrolevel interactions that 

influence the success of nerve guidance conduit approaches, prompting the need to develop 

efficient approaches (such as contact drawing described below) for fabrication of functionalized 

biomaterials. 

1.6.3 Optimizing Material Characteristics of Biomaterial Fibers  

The nerve guide has some desirable qualities (user needs) that can act as design inputs for 

fiber development (Table 1). The design inputs will hopefully become the design outputs 

necessary for the nerve guide through iterative design processing and verification (45). Although 

these properties were not validated for a medical device for this project, user needs were 

important to consider during the design process (45). Other important user needs may be more 

appropriately associated with the nerve guide and not biomaterial fibers. For this project, the 

focus was on the material characteristics and the fiber development.   
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Table 1  User needs and corresponding design inputs for fiber development. 

User needs  Design Inputs  

Biocompatible (nervous 

tissue environment) 

Polymer fibers and by-products of degradation are non-cytotoxic, 

non-pyrogenic, non-immunogenic in the response of nervous tissue 

implantation 

Biodegradable/biostable Polymers are sufficiently modified to degrade over a time period 

suitable for nerve attachment and growth in situ or do not degrade 

and can be incorporated into regenerating tissue without causing a 

chronic foreign body response 

Non-friable Mechanical properties which prevents material being crushed or 

turned into a powder when handled 

Pliable Mechanical properties corresponding to fibers which can be 

extended or compressed without compromising the fiber or material 

integrity 

These user needs and corresponding design inputs will help to guide the iterative design 

process in making biomaterial fibers that can support nerve growth and guidance. This is not an 

exhaustive or comprehensive list and as various user needs present themselves, the 

corresponding design inputs should be included in the design process. These inputs may not be 

necessary until the fibers are being assembled into bundles and arranged into a nerve guide, and 

thus may not be necessary requirements at this stage of development. Nevertheless, they are 

important considerations when designing novel biomaterial formulations and fabrication 

processes. Furthermore, various mechanical properties (both macro and micromechanical 

properties) will be of specific interest to the development, so that a pliable, non-friable nerve 

guide can be constructed with the fibers. The specific inputs appropriate to satisfy these 

conditions is specific to the material and application, as without further experimentation and 

mechanical testing, the explicit range of acceptable values cannot be determined.  

These criteria can be compared to nerve guides which have reached clinical trials or are in 

the process of being approved for human studies (46–48). For the most part, the material 

specifications for the nerve guides listed in 510(k) summaries include both characteristics of the 
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material and desired responses in vivo. The in vivo response requirements detail a noncytotoxic, 

nonpyrogenic, nonirritating, and nonsensitizing nerve guide whereas the material characteristics 

denote a soft, pliable, nonfriable, porous tube (46–48). The intended use of the nerve guides is 

introduction of an interface between the nerve and surrounding tissue, creating a localized 

environment for axonal growth across a nerve gap (47). Referring back to the nerve injury 

classification scheme, the intended use scenario involves nerve discontinuities, which indicate 

neurotmesis according to Seddon and depending on the depth of discontinuity one of three 

classifications (third-fifth degree) for Sunderland. Some of the available nerve guides indicate 

more ambiguous indication of application – indicated for peripheral nerve discontinuities where 

gap closure can be achieved by flexion of the extremity (47). On the other hand, some guides list 

use for complete discontinuities of up to 20 mm (46).  

1.7 Contact Drawing of Viscous Polymer Solutions 

1.7.1 Contact Drawing versus Other Fiber Fabrication Methods 

Polymers can be dissolved into aqueous solutions for fabrication of various biomaterials – 

including porous scaffolds, hydrogels, or polymeric fibers. The prominent methods for 

fabrication of fibers are wet-spinning, electrospinning, melt spinning, direct spinning, and 

extrusion spinning (49,50). Electrospinning seems to be the leading choice for fabrication of 

fibrous materials for tissue engineering applications. Many types of electrospun materials have 

been proposed for neural tissue engineering, including hemin-doped serum albumin scaffolds, 

polyvinylidene fluoride-based scaffolds, and polycaprolactone-gelatin scaffolds to name a few 

(27–29). Aside from wet-spinning and electrospinning, many of these techniques require high 

temperatures or hot air for formation of fibers. One of the major benefits of electrospinning and 

wet-spinning processes is that they occur at room temperature – providing an expanded range of 
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pharmaceuticals and biologics that can be incorporated. Electrospinning and wet-spinning are 

similar (aside from the electrical field required) and can effectively form fibers of various natural 

and synthetic biomaterials. In this highly active field, the demand for mass production of these 

materials is likely to be a considerable challenge for these spinning techniques. Multiple 

extrusion tips and/or spinnerets may help to alleviate this issue, although the equipment and set-

up required for this process can become cumbersome (53,54). Contact drawing provides a 

seemingly too good to be true” solution to this process as it allows formation of hundreds to 

thousands of biomaterial fibers at room temperature in seconds (Figure 5).  

 

 

 

 

 

 

Figure 5 Contact drawing of viscous polymer solutions.  

1) A viscous polymer paste is placed on a flat surface and a pin array is pressed into the polymer 

paste. 2) The pin array and flat surface are pulled in opposite directions with parallel alignment 

to the pins. 3) Polymer entanglement drives formation of stable liquid bridges which become 

fibers as they dry.  

Polymers without suitable solvent systems may not be appropriate for pursuing within 

contact drawing methods, although this is the case for many of the other techniques as well. One 

of the benefits of contact drawing is the ability to use viscous polymer solutions to form fibers, 

where the viscosity of these solutions could clog the nozzles used in wet-spinning and 

electrospinning (54,55). Moreover, the necessary equipment is a fraction of the price and size 

when compared to the set-up required for electrospinning or wet-spinning, making contact 
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drawing a more accessible techniques for researchers (42,54,55). Furthermore, electrospinning 

may produce fabrication defects within the polymer fibers formed (49,56). The use of water as 

the solvent (aqueous polymer formulations) is also desirable since the recovery of industrial 

solvents is a large issue for mass production of other biomaterials. Some proteins and other 

biologics are incompatible with other fiber fabrication processes due to the high temperature and 

electric fields that can cause denaturation and inactivation of these adjuvants (50). Furthermore, 

the method accommodates one-pot additions of these adjuvants to the polymer system prior to 

contact drawing for homogenous distribution within the fibers. This incorporation may be 

physical or chemical in nature, providing routes for controlled release. As the material swells or 

degrades, the physical or chemical interactions holding the adjuvants in place may weaken and 

allow release of the loaded material. This provides a much simpler route of loading as compared 

to the other techniques discussed previously. Cross-linking agents or other modifying agents can 

be also added prior to contact drawing. 

1.7.2 Contact Drawing is Driven by Polymer Entanglement  

 Contact drawing is driven by the process of polymer entanglement – a process where 

polymer chains are constrained in their movement with respect to each other. To understand 

polymer entanglement, we need to describe polymer motion. Reptation is the motion of long, 

linear macromolecules like polymer chains. The motion was analogous to slithering snakes for 

Pierre-Gilles de Gennes who coined the term in 1971 (57). He described the effect of polymer 

chain entanglements as a function of molecular mass and chain relaxation time (57). Specifically, 

entanglements with other polymer chains restrict polymer chain motion to a thin tube-like area 

(57–59). Relaxation time refers to the time required for a chain to completely escape this tube-
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like area (57). Assuming that the polymer chain cannot be broken, the entangled chains must be 

pulled or flow through the restrictions (Figure 6).  

 

Figure 6 Reptation theory depicts tube-like areas of motion for entangled polymers. 

In this figure, other polymer chains are depicted as points so indicate the complexity of three 

dimensional entanglements (59).  

Molecular mass is one of the strongest determinants of relaxation time for entangled 

polymer systems (60). Increasing the molar mass will effectively increase the chain length and 

thus increase the number of tangles within the system. Cross-linking is one method for 

modifying entangled polymer systems since cross-linking forms covalent linkages between 

polymer chains – increasing the effective molar mass of the polymer distribution. Cross-linking 

density, type of cross-linker (chemical, thermal, physical), size of cross-linker (steric 

hinderance), and strength/stability of the cross-linker can all affect polymer entanglement 
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(57,58,60). Although chemical cross-linking can affect polymer entanglement, these covalent 

linkages between or among chains are unique from the interactions which describe polymer 

entanglement. These non-covalent interactions are often classified as either topological or 

cohesional (for amorphous polymers) (61). The former being a steric hinderance of chains in a 

three-dimensional space where the latter is a molecular interaction between chains which may 

act like a physical cross-link (61).  

 

Figure 7 Two main classifications of polymer entanglements in amorphous systems (61).  

Note that these are two-dimensional representations of polymer entanglement which exist as 

three-dimensional systems. This is an oversimplification of polymer entanglement. 

Polymer entanglements are the driving factor behind fiber formation through contact 

drawing (62). Understanding this process and how it affects fiber formation for a given polymer 

system can be important in optimizing fiber formation for novel fiber formulations. Contact 

drawing is a fabrication technique that can be used to design polymeric fibers for a specific 

application, like nerve regeneration and repair. 
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1.8 Research Questions, Aims, and Objectives  

The current prognosis for almost any spinal cord injury is some loss of function, ranging 

from partial motor loss to complete loss of sensory and motor function (for those individuals 

who survive their related traumas). Furthermore, people with spinal cord injuries are at elevated 

risks for various complications including pneumonia, pressure ulcers, and deep vein thrombosis. 

The goal of this research aims to progress toward a clinical outcome for those affected 

individuals that may include a partial or complete functional recovery. Through a biomaterials-

based approach, this research aims to provide new strategies that will improve upon current 

approaches to nerve injury. 

1.8.1 Polymer Selection  

Various peripheral nerve approaches have shown promising results for various biomaterials, 

extracellular matrix components, cellular therapies, and even gene therapies. The goal of this 

research was to develop a novel biomaterial fiber approach for potential use in an NGC. The 

nature of the biomaterial and possible modifications will be explored to maximize intended use. 

For use surrounding a nerve injury, the polymer of choice will have to be significantly cross-

linked (thermal, physical, or chemically) to produce a material which slowly degrades in an 

aqueous environment since these polymers are all readily soluble in water. A variety of synthetic 

polymer candidates were considered for this task, with unique side groups and thus many 

potential chemical modifications (Table 2). This shortlist was part of a patent proposal relating to 

the templating of collagen and other materials though loading into polymer systems prior to 

contact drawing (63). 
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Table 2 Potential polymers for biomaterial based-nerve guide. 

Polymer  Supplier  Average 

MW (kDa) 

Cost ($/g 

or $/mL) 

Modifiable Group(s)  

Dextran  Pharmacosmos, 

Dextran Products 

Ltd.  

500 2.79/g  Hydroxyl 

Hydroxypropyl 

Cellulose 

Sigma Aldrich  80 0.91/g Hydroxyl 

Poly(2-ethyl-2-

oxazoline) 

Sigma Aldrich 500 0.39/g Amide 

Poly(4-styrenesulfonic 

acid-co-maleic acid) 

Sigma Aldrich 20 0.20/g Sulfonic 

acid/sulfonate, 

carboxylic 

acid/carboxylate 

Poly(diallyldimethyl 

ammonium chloride) 

Sigma Aldrich 450 1.59/g Carboxylic acid 

Poly(acrylic acid) Sigma Aldrich 400-500 0.04/mL Ammonium  

Poly(methyacrylic 

acid) 

Sigma Aldrich 9.5 0.05/mL Carboxylate  

Poly(methyl vinyl 

ether-alt-maleic acid) 

Sigma Aldrich 216 0.65/g Ester, carboxylic acid 

Poly(vinyl alcohol) Sigma Aldrich 31 & 205 0.23/g Hydroxyl group 

Poly(vinylpyrrolidone) Sigma Aldrich 360 0.98/g Amide, heterocyclic 

ring  

These polymers were all characterized as polymers which could form fibers from 

aqueous systems and then be rehydrated to wash away the templating polymers whilst leaving 

the collagen fibers behind. To modify these polymers for the intended use (slowly degrading 

material in aqueous environment), a significant drop in hydrophilic character was required to 

decrease dissolution and hydrolytic degradation of the polymer. Thus, polymers containing 

reactive, hydrophilic side chains were identified as strong candidates. Furthermore, the reactive 

species should be able to participate in cross-linking reactions where the reaction occurs between 
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or among polymer chains to increase cross-linking density of the polymer system and create a 

water-stable polymer fiber. Hydroxyl linkages provide a route for formation of acetal, 

hemiacetal, or other potential linkages among themselves depending on the cross-linker. On the 

other hand, cross-linking reactions between sulfonates and carboxylates either do not proceed or 

do not form very stable linkages when reacting with each other. Amide linkages can also form 

strong interactions among polymer chains through formation of various linkages including esters, 

imides, or other potential linkages once again depending on the cross-linking agent. A few of the 

polymers fitting the favourable moieties for cross-linking included the hydroxyl containing 

poly(vinyl alcohol) (PVA) and dextran, and the amide containing poly(2-ethyl-2-oxazoline) 

(P2E2O). It should be noted that the list contains a multitude of polymers fitting these criteria 

considering the polymers were all relatively soluble in aqueous solutions. The other criteria for 

initially shortlisting the polymer list for preliminary experiments was the average molecular 

weight and corresponding ease of fiber formation. Fiber formation tends to be easier for higher 

molecular weight polymers like dextran (500 kDa), P2E2O (500 kDa), and the higher molecular 

weight PVA (205 kDa), providing a starting point for learning and mastering the contact drawing 

technique.  

Degradation time is important since rapid degradation can result in swelling and loss of 

structural stability, whereas too slow degradation can lead to compression and a potential chronic 

foreign body reaction (64). Although ambiguous, degradation must be consistent with the time 

required for axons to regenerate across a nerve gap. This is dependant on the size of the nerve 

gap and the rate of regeneration and thus has some case-by-case variance. This is also an 

important consideration for the central nervous system due to a lack of intrinsic regeneration. It 

is likely that the polymeric biomaterial will need to be modified to last for longer than the 10 
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days shown by Alhosseini et al. These polymers (Dextran, P2E2O, PVA) all have potentially 

modifiable side chain moieties within the polymer networks. Cross-linkers which can act on 

these reactive side chains can be used to increase the resistance to degradation and produce a 

biomaterial which slowly degrades in vivo. Furthermore, cross-linking may provide a route for 

controlled release – fine tuning the cross-linking density can correspondingly affect the timeline 

over which a material degrades in vivo. As the material degrades, the physical and/or chemical 

interactions responsible for incorporation of the small molecule will become weaker, allowing 

the adjuvant to be released. In theory, increased cross-linking density could be used for a more 

sustained release, whereas decreasing the cross-linking density could cause a burst release.  

1.8.2 Quercetin as a Model Drug for Controlled Release  

There are a variety of molecular mechanisms at play within a regenerating nerve, and 

some research groups have looked at incorporating various proteins, small molecules, and other 

additives to nerve guides to facilitate nerve cell attachment and promote overall nerve 

regeneration (25,26,37). Various extracellular (ECM) components and proteins can allow for the 

scaffold to be biomimetic and quite bioabsorbable, in addition to providing topographical 

guidance cues. ECM components provide natural cellular attachment cues to guide regenerating 

shoots of the proximal end of a nerve lesion. These cells express specific integrins that bind to 

ECM proteins to promote myelination through their interaction (65). A variety of ECM 

components have been shown to play a major role in nerve guidance and attachment, including 

fibronectin, laminin, collagen, and vitronectin (65,66). Neurotrophic and growth factors can also 

be loaded into the nerve guides. Brain-derived neurotrophic factor, ciliary neurotrophic factor, 

fibroblast growth factor, glial cell-derived neurotrophic factor, nerve growth factor, vascular 

endothelial growth factor, insulin-like growth factor 1, platelet derived growth factor, leukemia 
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inhibitory factor, glial growth factor, and neurotrophin-3 have all shown specific affinity for 

ECM components and promising activity for nerve tissue (26,67). Contact-drawn dextran fibers 

have been used for templating ECM proteins (63). This biomaterial fabrication approach 

produced collagen fibers that could direct myoblast cell growth in 2D and 3D cell culture models 

(63). ECM proteins were also employed in a variety of loading methods, conduit materials, and 

animal models for nerve guidance conduits, hoping to take advantage of this similar property 

(27,68). Most of the factors showed improved results in comparison to nerve guides that did not 

contain the growth factors. No adverse events were noted, although some cases reported no 

significant difference in regeneration. Protein loading in biomaterials can cause considerable 

fabrication challenges: microstructure manipulation, physical/chemical interactions, fabrication 

techniques, and retention of mechanical properties. 

Other potential adjuvant loading has focused on small molecules such as pharmaceuticals 

proposed to be useful in promoting regeneration of nerves. These small molecules can have 

similar benefit and efficacy to larger proteins (like ECM and growth factor proteins) whilst 

providing a less challenging route to incorporation in biomaterials. Drug-eluting biomaterials can 

improve drug efficacy through targeted release (local response), controlled release (kinetics), and 

increased dispersity for poorly soluble materials. Although there are no clinically approved 

pharmacotherapies, research groups have hypothesized the use of drug interventions to help treat 

and manage nerve injuries. For example, Flora et al. looked at the use of a selective 

phosphodiesterase-4 inhibitor, Rolipram, for treatment of subacute spinal cord injuries (69). 

There are a variety of clinical trials testing various interventions to improve neurological 

function following nerve damage. These include (but are not limited to) Minocycline, human 

growth hormone, Riluzole, BA-210, AC-105, Dalfampridine, Escitalopram, and SUN-13837 
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(70). Almost all these interventions hope to improve the motor function of those affected by 

spinal cord injuries (70). There are other potential small molecules that are currently in 

preclinical studies, most of which have functions specific to neuroprotection, anti-inflammation, 

and neuroregeneration. Some of these molecules include Rolipram, Oxycyte, and a variety of 

compounds with their tradenames protected by the various pharmaceutical companies which are 

working on them (69,70).  Although ECM proteins and other various proteins like neurotrophic 

factors can be beneficial for nerve guides, this project will focus on small molecule addition to 

nerve guides. These small molecules will be much smaller than proteins, so loading of these 

molecules will be important so that a slow, local release can be achieved. The specific chemical 

moieties of the drugs/nerve guide polymer will be important considerations for controlling the 

release kinetics and delivery in situ. The slow release is important since the nerve repair timeline 

is extensive, and we would like the desired effect of the drug to continue as the axons regenerate 

and the nerve guide is slowly degraded.     

 This project will look at investigating the effects of loading a model small molecule into 

biomaterial fibers for neuroprotection and regeneration. A suitable small molecule must be 

compatible with the polymer of choice, PVA. Any chemical or physical cross-linking to the 

polymer of choice should also be considered when selecting the small molecule. Finally, the 

molecule of choice should be beneficial in a nerve regeneration environment – the intended 

target should combat a known issue/problem facing current nerve regeneration techniques. A few 

known small molecules according to these criteria include Deoxygedunine, 7,8-

Dihydroxyflavone (7,8-DHF), Quercetin, and Tacrolimus (left to right, Figure 8). Tropomyosin 

receptor kinase B (TRKB) is the high affinity catalytic receptor for several neurotrophins, which 

are small protein growth factors that induce the survival and differentiation of distinct nerve cell 

https://en.wikipedia.org/wiki/Catalytic_receptor
https://en.wikipedia.org/wiki/Neurotrophin
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Quercetin 

populations (71,72). Both Deoxygedunine and 7,8-DHF are examples of TRKB agonists. 

Quercetin is a plant flavanol from the flavonoid group of polyphenols (73). Quercetin acts as an 

antioxidant, preventing oxidative damage from free radicals and other reactive species (73,74). 

Tacrolimus has been used in the past as an immunosuppressant to prevent organ rejection 

following transplants (75).  

  

 

 

 

 

Figure 8 Potential small molecule adjuvants for loading into biomaterial fibers. 

 Based on the molecules seen above, Quercetin and 7,8-DHF are both free of any chiral 

centers. The presence of chiral centers could present a problem for incorporation of 

Deoxygedunine or Tacrolimus into a biomaterial using cross-linking to modify the synthetic 

polymer. It is possible that the chiral centers could be modified if the small molecule itself 

becomes chemically modified during incorporation, potentially resulting in production of the 

enantiomer of the drug/prodrug or a racemic mixture during release. This may lead to effectively 

rendering the drug useless (enantiomer is benign), decreasing the efficacy (enantiomer binds to 

receptor but does not elicit proper biological response), or producing a toxic response 

(enantiomer has antagonistic effect or acts improperly on another target). Of the simpler 

molecules, TRKB agonists like 7,8-DHF have a variety of neuronal cell responses in their 

downstream pathways once activated including survival, differentiation, and synaptic plasticity; 

however, the efficacy of this loading and release (within a biomaterial context) is dependent on 

7,8 DHF Deoxygedunine Tacrolimus  

https://en.wikipedia.org/wiki/Flavonol
https://en.wikipedia.org/wiki/Flavonoid
https://en.wikipedia.org/wiki/Polyphenol
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proper expression of the appropriate receptors – TRKBs (72). On the other hand, Quercetin is an 

antioxidant with the capacity to act in an unmediated fashion to prevent oxidative damage to 

many cell types (73,76). The plant flavanol is also fluorescent, providing a method for 

quantifying and/or identifying the small molecule following incorporation within a biomaterial. 

Based on these arguments, Quercetin presents as a viable model small molecule to load into 

contact-drawn biomaterial fibers.  

Misguided growth and scar tissue formation is a major limitation regarding nerve 

regeneration, and is often believed to be one of the leading causes of failures with respect to 

injury prognosis (25). To avoid scar tissue formation, the foreign body response which causes the 

fibrosis can be alleviated though prevention of the apoptotic cell death that triggers fibrosis (99). 

This was the intended goal through the addition of quercetin to PVA fibers. Quercetin is a known 

antioxidant and neuroprotectant when preventing oxidative damage in a nervous tissue 

environment and can potentially avoid scar tissue formation which may lead to misguided and 

terminated growth of regenerating axons. 
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2. Materials and Methods 

2.1 Polymer Selection – Preliminary Screening 

Viscous polymer solutions from stock polymer powders were prepared in distilled water. 

Solutions of dextran (500 kDa, obtained from Dextran Products Ltd.), poly(2-ethyl-2-oxazoline) 

(500 kDa, obtained from Sigma-Aldrich), and poly(vinyl alcohol) (31 kDa, obtained from Sigma 

Aldrich) were prepared by combining known amounts of the stock polymers and adding distilled 

water to reach a desired weight percentage. Dextran and P2E2O were dissolved into 50% (wt/wt) 

solutions and PVA was dissolved into a 12.5% (wt/wt) solution. These stock polymers solutions 

were then incubated in a water bath (37°C) until a homogenous solution was observed (~24 h). 

Once the polymers had dissolved the solutions were stored at room temperature. All of these 

polymers have been previously reported as fiber-forming polymers so initial experimentation 

involved exploring how to pull fibers using 3D printed devices. These 3D printed devices 

(similar to the pin array shown in Figure 5) consisted of columns in an array with variable 

column widths and spacing between columns.  

2.1.1 Contact Drawing of Viscous Polymer Solutions 

           Fibers were pulled for dextran (50% wt), poly(2-ethyl-2-oxazoline) (P2E2O, 50% wt), 

and poly(vinyl alcohol) (12.5% wt). To pull fibers, 1 mL aliquots of prepared polymer solutions 

were evenly spread over the flat surface of a 3D-printed block using a wooden applicator. A 

corresponding 3D-printed array was pressed against the block coated with the viscous polymer 

solution. The blocks were pulled apart from one another and stable liquid bridges became dry 

fibers between the two 3D-printed devices. Fibers were then deposited onto a collecting substrate 

(e.g., microscope slide, PDMS, or over the opening of a beaker) depending on intended use. The 
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most challenging polymer to form fibers with at the given concentrations was PVA (31 kDa). 

The higher molecular weight Mowiol® 40-88 (205 kDa) PVA was obtained from Sigma-Aldrich. 

This polymer took longer to dissolve into a homogenous aqueous solution (7-10 days at 37°C) 

but was much better suited to forming fibers via contact drawing. 

2.2 Glyoxal Cross-linking – Secondary Screening  

  After reviewing numerous potential cross-linkers and methods within the literature, 

glyoxal was chosen as the cross-linking agent. The rationale here was choosing a cross-linker 

with reactions conditions which would be compatible with the contact drawing process. First, the 

cross-linker could act on side chains present in the polymer short-list provided. Glyoxal is an 

excellent choice since it can act on both free hydroxyl and free amine groups to form acetal 

linkages or Schiff bases, respectively (77). Cross-linkers were subsequently screened for 

reactions that proceed (or can proceed) at room temperature in an aqueous environment. Glyoxal 

proceeds via nucleophilic addition of alcohol or amino to the electrophilic dialdehyde and a 

protic solvent (required for proton transfer) and acidic conditions are required for the reaction 

mechanism (Figure 9). Furthermore, the reaction should not produce toxic by-products or have 

potential for sequestering any potential cytotoxic agents due to the intended use of the polymeric 

fibers. Although the dialdehyde cross-linker is a known cytotoxin, free glyoxal can be easily 

inactivated in many biomaterials through glycine washes or other agents with free amines or 

alcohols to react with the residual glyoxal (78).   

2.2.1 Reaction Scheme  

This cross-linking reaction can be kinetically controlled via temperature, where 

increasing the temperature will increase the rate of reaction. The acidic conditions have two main 

purposes – proton transfer helps to protect against self polymerization of glyoxal chains 



30 

 

(potentially cytotoxic upon hydrolysis) and acting as a catalytic agent to speed up the reaction. 

The temperature and proton concentration will be important considerations in combining this 

reaction with contact drawing. This is because as the cross-links form, polymer entanglement 

will increase, and this process directly influences fiber formation. Keeping the reaction 

conditions at room temperature will slow down the reaction and allow fiber formation to occur.  

 

Figure 9 Reaction scheme for glyoxal cross-linking of poly(vinyl alcohol) chains.  

The pH and any unreacted glyoxal of the fibers can be balanced post cross-linking via a glycine 

buffer wash. This step was completed for any fibers intended for use in cell-based assays or 

experiments meant to elucidate in vivo effects. The washing step was completed with a 10 mM 

glycine solution prepared in phosphate buffered saline (PBS) to deactivate any residual glyoxal.  

2.2.2 Cross-linking Contact Drawn Fibers and Rehydration Experiments 

For initial studies, glyoxal was incorporated into viscous polymer solutions prior to 

contact drawing in a one-pot addition method. Fibers were pulled from aliquots of the viscous 

polymer solution without any modifications. Fibers were also pulled 5 min after the addition of 

5% glyoxal solution (40% wt/wt, obtained from Sigma-Aldrich) by total weight. Glyoxal 
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chemistry was completed according to similar reactions for a poly(vinyl alcohol) precipitate 

formation (77). The pH was lowered to 4.0 through dropwise addition of HCl prior to glyoxal 

addition. One difference from the glyoxal chemistry previously reported was the completion of 

the reaction at room temperature instead of 60°C. After allowing the fibers to dry overnight, 

solubility screening experiments were completed for the dextran (50% by weight), P2E2O (50% 

by weight), and PVA (12.5% by weight) fibers and the same fibers following cross-linking with 

glyoxal. Fibers were visualized using the 20Χ objective of a Nikon Eclipse Ti optical microscope 

following the addition of distilled water. Videos were collected for 1 minute following the 

addition of distilled water.  

2.2.3 Optimization of Cross-linking Protocol for Contact Drawn Fibers 

Cross-linking reactions were continued with PVA in the hopes of producing a biomaterial 

fiber for intended use in a nervous tissue engineering application. Alhosseini et al. showed 

promising proliferation of PC12 nerve cells on electrospun fibers of PVA cross-linked with 

glutaraldehyde (79). Unfortunately, this study also indicated the scaffolds were almost 

completely dissolved 10 days into a degradation study (scaffold immersed in PBS solution 

buffered at pH = 7.4) (79). Depending on the nature and size of the gap, this may be too rapid for 

the timeline for reinnervation. This timeline could also be variable due to the gap, location, and 

nature of the injury. 

 To increase the resistance to degradation and hydrolysis in vivo, the degree of cross-

linking should be increased. The method of cross-linking could also influence the efficiency of 

the reaction. Fibers were pulled for aliquots of PVA with and without addition of the previously 

reported glyoxal additions. Glyoxal addition was increased to 20% (mol effective) and the 

reaction was allowed to progress for 15 min prior to fiber pulling. These fibers were allowed to 
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dry overnight and then placed in vapor chambers containing 50 mL of glyoxal (40% wt/wt) for 

subsequent cross-linking. Chambers were heated to 60°C in an oil bath for 24 h. Once fibers 

were allowed to dry overnight for a second time, solubility experiments were completed to assess 

cross-linking methods. Fibers were visualized using the 20Χ objective of a Nikon Eclipse Ti 

optical microscope following the addition of distilled water. Images were collected prior to 

rehydration, at 3, 12, and 48 h post rehydration, and after fibers were allowed to dry following 

the experiment. 

2.3 Small Molecule Loading  

 After shortlisting the small molecule adjuvants, quercetin was selected as the model small 

molecule. The naturally occurring plant flavonoid is touted for anti-oxidant properties and has 

been shown to act as a neuroprotectant through sequestration of reactive oxygen species (e.g., 

free radicals) known to cause damage to neuronal cells (73,74,76). The issue with loading 

quercetin into the PVA polymer system is that quercetin is relatively insoluble under aqueous 

conditions. To alleviate this issue, quercetin powder (Sigma-Aldrich) was prepared as a 

concentrated 100 mM stock solution in dimethyl sulfoxide (DMSO). This stock solution could 

then be combined with the viscous PVA paste prior to contact drawing. The PVA mixture was 

thoroughly mixed for 2 min after the addition of quercetin to aid in homogenous distribution of 

the small molecule. Fibers were pulled (as per the contact-drawing protocol) for quercetin 

additions leading up to 200 µM final concentrations within PVA solutions. At concentrations 

greater than 200 µM, the polymer network seemed to become gel-like and was too viscous for 

liquid bridges to form. Fibers were pulled with 0, 50, 100, and 150 µM final concentrations of 

quercetin. These fibers were cross-linked with the same glyoxal cross-linking protocol as 

optimized previously, with both one-pot and vapor assisted glyoxal cross-linking. 
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2.3.1 Analysis of Quercetin Loading via Fluorescence Microscopy 

PVA fibers containing 0, 50, 100, and 150 µM final concentrations of quercetin were 

pulled according to previously developed contact drawing and glyoxal cross-linking protocols. 

These fibers were collected on glass slides and then rehydrated in distilled water. Fibers were 

visualized using the 20Χ objective of a Nikon Eclipse Ti optical microscope. Epifluorescence 

microscopy images were collected for each loading condition. Quercetin is an active fluorophore 

that can be excited by blue light (460 nm) with a corresponding emission λmax of 544 nm (80,81). 

Thus, quercetin loading can be quantified via fluorescence microscopy using a blue excitation 

filter (B2-E, 450-490 nm) and green emission/barrier filter (520-560 nm). Images were collected 

under identical exposure conditions.  

Fluorescent images were processed using an ImageJ macro to quantify and compare 

fluorescent images among quercetin loading conditions. This macro incorporated similar aspects 

from ImageJ analysis protocols outlined by Hartig et al. and Nichelle et al. (82,83). Images were 

first split into color channels. The green channel was converted to binary and corresponding 

integrated densities were obtained to normalize to fiber density. Images were also processed to 

produce the corresponding micrographs devoid of fluorescent fibers to correct for 

autofluorescence of the background. These images were obtained through application of specific 

thresholds to the original images to allow the fibers to be removed from the images. This was 

optimized for each image according to the average greyscale value of the background. This 

allowed the ImageJ macro to act as a low pass filter (i.e., only image particles with integrated 

density values below a threshold remained) to obtain an integrated density measurement 

representative of the background autofluorescence. Representative images help to illustrate this 

image processing workflow in Figure 10. 
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Figure 10 Representative images showing the workflow for processing raw fluorescence 

images to obtain images for background and fiber density corrections.  

Raw images obtained from fluorescence microscopy (shown on the left) were adapted into 

images shown on the right to correct for background density (bottom right) using intensity filters 

to remove fibers (the signal) from the image and retain background fluorescence (which 

represents the noise). Fibers were also corrected for fiber density to correct for number and size 

of fibers included in the image frame among loading conditions.  

The percent fluorescence for each loading condition was then calculated using the raw integrated 

density of the green channel image and the corresponding background and fiber coverage 

integrated densities as follows: 

 
% 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =

𝑟𝑎𝑤 𝑖𝑛𝑡. 𝑑𝑒𝑛𝑠. − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑖𝑛𝑡. 𝑑𝑒𝑛𝑠.

𝑏𝑖𝑛𝑎𝑟𝑦 𝑖𝑛𝑡. 𝑑𝑒𝑛𝑠.
× 100 

(1) 

These values were reported in addition to values which corrected for the autofluorescence of the 

fibers (0 µM quercetin loading).  
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2.4 Characterization of Quercetin Loading and Glyoxal Cross-linking on PVA  

Since the glyoxal reaction proceeds via formation of acetal linkages, this reaction should 

be quantifiable by analysis of chemical environments. Two main methods for this type of 

analysis are NMR and IR spectroscopy, which both provide information about the chemical 

environments present in the materials and how these may be modified. NMR requires materials 

to be dissolved at fairly high concentration in deuterated solvents for analysis, whereas IR can 

analyze the polymeric fibers directly. Redissolving the fibers may disrupt acetal linkages or 

release quercetin. Thus, a more complete description of the chemical environments present in the 

PVA fibers can be obtained via IR analysis. Specifically, hydroxyl stretching is represented by 

broad stretches in IR spectra around 3000-3500 cm-1. This stretch provides a useful indicator for 

analysing the addition of glyoxal and the effectiveness of glyoxal in reaction with free hydroxyls 

to form acetal linkages. 

2.4.1 IR Spectroscopy for Quantification of Glyoxal Cross-linking  

 To quantify the degree of cross-linking in PVA, the cross-linking reaction was completed 

as described by Zhang et al. (77). PVA was added to distilled water and the mixture was heated 

at 60°C until the PVA had dissolved to form a clear solution. Glyoxal (40% wt solution, Sigma-

Aldrich) was added at 0, 20, 40, 60, and 100% mol effective amounts and the pH was lowered 

through dropwise HCl addition to 4.0. Solutions were allowed to react at 60°C for 2 h. The 

viscous polymer mixtures were then poured onto polydimethylsiloxane (PDMS, Slygard® 184) 

to form thin films which were allowed to air dry overnight. The films were dried in a dry gravity 

convection oven at 40°C for 2 h prior to infrared (IR) spectroscopy. IR spectra were collected 

using a Thermo Scientific Nicolet iZ10 Spectrometer using the Thermo Scientific Smart iTX 
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attenuated total reflection (ATR) sampling accessory. 16 scans were collected using the KBr 

beam splitter with a resolution of 4.00, resulting in data point spacing of 0.482137/cm-1. Samples 

were scanned from 400 to 4000 cm-1 and the OMNIC software suite was used to view and 

process the spectral data. The advanced ATR correction algorithm within the OMNIC software 

was used to process spectra, to correct data points for relative shifts in band intensity and 

absolute shifts in frequency introduced by the instrument configuration (84). The algorithm uses 

a library of transmission spectra to help correct for these effects (84). 

2.4.2 IR Spectroscopy for Analysis of Quercetin Loading  

 To assess any molecular changes to PVA or quercetin during the contact drawing 

approach, fibers were pulled according to previously reported contact drawing protocols. Fibers 

were pulled with 20% one pot addition of glyoxal and 12 h of vapor-assisted cross-linking.  

Fibers were pulled with 0, 50, 100, and 200 µM of final quercetin loading to the viscous polymer 

solution prior to contact drawing. Fibers were allowed to dry overnight after vapor assisted 

cross-linking. Fibers were dried in a 40°C dry gravity convection oven for 30 min prior to IR 

analysis. Samples of pure quercetin powder and stock glyoxal solution were also prepared. IR 

spectra were collected using a Thermo Scientific Nicolet iZ10 Spectrometer using the Thermo 

Scientific Smart iTX ATR sampling accessory. 16 scans were collected using the KBr beam 

splitter with a resolution of 4.00, resulting in data point spacing of 0.482137/cm-1. Samples were 

scanned from 400 to 4000 cm-1 and the OMNIC software suite was used to view and process the 

spectral data. The advanced ATR correction was used to process data (84). 

2.5 Quercetin Release Studies  

For efficacy in vitro or in vivo, quercetin should be released from the PVA fibers for 

quercetin to act as an antioxidative agent and protect cells from oxidative damage. To model 
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drug release, choosing a mimetic bodily fluid for cumulative release studies can be a strong 

indicator for the response of the drug-eluting material. For quercetin release, bulk scaffolds of 

PVA fibers could be incubated in artificial cerebrospinal fluid (aCSF) to mimic a spinal cord 

injury environment. The Cold Spring Harbour Protocols recipe for aCSF was used to prepare a 

solution of 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl and 1 mM NaH2PO4 in distilled 

water and a solution of 1.3 mM MgCl2 and 10 mM glucose in distilled water (85). These two 

solutions could be stored separately at 4°C until combined in equal parts to yield aCSF.  

Bulk scaffolds were fabricated according to previously reported contact drawing, glyoxal 

cross-linking, and quercetin loading protocols. Two types of scaffolds were fabricated – 

quercetin free with 20% (mol effective) glyoxal one pot addition following by 12 h vapor bath 

cross-linking at 60°C and identical scaffolds loaded with 200 µM of quercetin. These materials 

were allowed to dry overnight after vapor assisted cross-linking. The bulk scaffolds were washed 

in 10 mM glycine buffer (in phosphate buffered saline) to inactivate residual free aldehydes. 

Scaffolds were then dried in gravity convection oven at 40°C for 2 h before dry weight 

measurements were collected. Scaffolds were then placed into 10 mL aliquots of aCSF and 

incubated at 37°C for 10 days. After 1, 4, 8, 40, 66, 114, and 240 h scaffolds were removed from 

aCSF, rinsed with distilled water, and oven dried at 40°C until weight measurements were stable. 

Weight measurements were used to calculate percent of original scaffold remaining over time 

according to: 

 
𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 (𝑤𝑡 %) =

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 × 100 

(2) 

These experiments were completed in triplicate (N=3) and so averages were calculated for both 

scaffolds at all time points. Scaffold retention (wt%) was plotted over time for these values to 
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yield degradation profiles. Corresponding error bars for 90% confidence intervals of each data 

point were included.  

2.5.1 Ultraviolet-Visible Spectroscopy for Quantification of Quercetin Release 

Based on literature precedents, ultraviolet-visible spectroscopy (UV-Vis) appeared to 

provide a sensitive (low limit of detection) and accurate (low degree of error) method for 

analysis of drug-eluting biomaterials. For example, quercetin has been observed in UV-Vis in a 

release study via analysis of absorbance at a λmax of 375 nm (86). For quantification of quercetin 

release via UV-Vis, a standard curve is necessary. Quercetin powder (Sigma-Aldrich) was 

dissolved into DMSO to produce a stock solution of 100 mM. Samples containing 2, 5, 10, 25, 

50, and 75 µM quercetin were prepared in aCSF. Non-linear derivations from the standard curve 

were observed at quercetin concentrations ≥100 µM. This could be a result of concentration-

based deviations from Beer-Lambert Law. Spectra were collected on an Olis 8452A Diode Array 

Spectrophotometer. 10 × 4 × 45 mm acryl cuvettes (Sarstedt) were used. Three scans were 

collected between 200 and 700 nm for data collection. Olis GlobalWorks software was used to 

collect, view, and process spectral data. Absorbances values at 375 nm were plotted against 

corresponding quercetin concentrations to generate the standard curve (Figure 11). 
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Figure 11 Standard curve for quercetin in aCSF.  

Bulk scaffolds were incubated in aCSF at 37°C. Samples of aCSF from the incubations at 

1, 4, 8, 16, 40, 66, 114, and 240 h of both scaffolds (+/- quercetin loading) were collected for 

analysis of quercetin release. Spectra were acquired identically to the methods previously 

described using an Olis 8452A Diode Array Spectrophotometer.  

A series of calculations were used to determine quercetin release in the commonly used 

cumulative drug release format. First, the standard curve (Figure 11) was used to convert 

absorbance to drug concentration (C, µM) in aCSF. The absorbance (A) used for this conversion 

was previously corrected according to the absorbance of the scaffold without quercetin. Note that 

the constant (0.0067) is an experimentally determined value via standard curve construction 

(Figure 11): 
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𝐶(µ𝑀) =

𝐴

0.0067
 

(3) 

Next, the concentration (C, µM) could be converted to moles (n, nmol) using the total volume of 

the incubations (10 mL):  

 𝑛 (𝑛𝑚𝑜𝑙) = 𝐶(µ𝑀)(10 𝑚𝐿)   (4) 

  Weight of quercetin released (mr, µg)  was calculated according to: 

 
𝑚𝑟(µ𝑔) = 𝑛 (𝑛𝑚𝑜𝑙) ×

302.236 𝑔

𝑚𝑜𝑙
×

1 µ𝑔

103 𝑛𝑔
 

(5) 

To compare the amount of quercetin released to the quercetin initially loaded into the scaffold, 

the initial quercetin content was calculated based on the loading concentration and final weight 

of the scaffold. The quercetin loading (LQu, µg/mL) was expressed for a quercetin concentration 

(CQu, µ𝑀) by: 

 
𝐿𝑄𝑢(µ𝑔/𝑚𝐿) =  𝐶𝑄𝑢 (µ𝑀) ×  

302.236 𝑔

𝑚𝑜𝑙
×

1𝐿

103 𝑚𝐿
 

(6) 

For example, the quercetin loaded at 200 µM would correspond to 60.4 µg/mL loading 

(assuming 100% loading efficiency). The quercetin content would be relatively insignificant in 

the conversion from dry to original PVA volume since one milliliter of PVA would dry to form 

125 mg of scaffold for a 12.5% (wt/wt) solution of PVA (compared to the 0.0604 mg of 

quercetin per 1 mL). Thus, the conversion from dry scaffold weight (msc, mg) to wet scaffold 

volume (Vsc, mL) quantities can be calculated according to: 

 
𝑉𝑆𝑐 (𝑚𝐿) = 𝑚𝑠𝑐  (𝑚𝑔) ×

1 𝑚𝐿

125 𝑚𝑔
 

(7) 

This wet scaffold volume (Vsc, mL) and quercetin loading (LQu, µg/mL) can be used to calculate 

the quercetin load (ml, µg) based on the weight of the dry scaffold. 
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 𝑚𝑙(µ𝑔) = 𝐿𝑄𝑢(µ𝑔/𝑚𝐿) × 𝑉𝑠𝑐 (𝑚𝐿) (8) 

Finally, the ratio between quercetin released (mr, µg) and quercetin loaded (ml, µg) was 

converted into cumulative drug release (%): 

 
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =

𝑚𝑟 (µ𝑔)

𝑚𝑙 (µ𝑔)
× 100 

(9) 

2.5.2 Scanning Electron Microscopy for Morphological Analysis  

 Bulk scaffolds were incubated in aCSF at 37°C. After 1 h, 1 day, 3 days and 10 days, 

scaffolds were removed for sampling. A scalpel was used to slice surface and cross-sectional 

segments from the scaffolds. These slices were then placed onto adhesive carbon tape stubs. 

Samples were sputter coated with gold/palladium (80/20) nanoparticles using a LEICA EM 600 

high vacuum sputter coater at a current of 30 mA and a sputter rate of 0.03 nm/sec until a coating 

depth of 12.19 nm was reached. Images were acquired using a ZEISS Sigma 300 Field Emission 

Scanning Electron Microscope. Samples were subject to an accelerating voltage of 5.00 kV and 

viewed using the secondary electron detector. 

2.6 Characterization of Quercetin Loaded, Glyoxal Cross-Linked PVA Fibers 

 In addition to understanding how PVA, glyoxal, and quercetin influence the 

characteristics of the bulk material, characterization of the fibers was also conducted. 

Understanding the factors influencing fiber formation will be important considerations for 

manufacture of bulk materials and optimizing protocols for this polymer system.  

2.6.1 Overview of Apparatus for Observing Single Fiber Formation 

The fiber formation behaviour for contact drawing of a polymer system can be characterized 

using an apparatus developed previously (62). This apparatus has a viscous polymer solution 

loaded into a caddie, and a translational stage with a microneedle (Figure 12). This translational 
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stage can be moved along a fixed axis by a motor, under computer control (Thorlabs 

Kinesis® Software). The motor brought the needle into contact with the viscous polymer 

solution and after a short delay, moved the translational stage at a controlled speed back to 

the point of origin. The pull speed was the main parameter modified to understand the nature 

of fiber formation for a polymer system. 

 

Figure 12 Reservoir-microneedle based system for single fiber formation analysis. 

Figure adapted from Chowdhry et al. (62).  

For the PVA-based polymer system, the effects of pull speed on failure rate will help to elucidate 

the effects that PVA concentration, glyoxal cross-linking, and quercetin loading will have on 

fiber formation behaviour.  

2.6.2 Failure Rate Analysis of Fiber Formation 

Fibers pulled using the reservoir-microneedle based apparatus were assessed to elucidate 

fiber formation and the parameters affecting this process. All data were collected using an Ultra 

Micro-Needle, straight, tip radius 20 µm, 0.50 mm (Ted Pella, Inc). Data were collected in a 

binary system where the result is either success (liquid bridge becomes stable fiber as 
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microneedle pulls away from reservoir) or failure (fiber does not begin to form or fails as the 

microneedle pulls away from the reservoir). Each experiment was conducted from complete 

success (N=10, all fibers form) to complete failure (N=10, all fibers fail). For most polymer 

systems, the trend seems to be that as pull speed decreases, polymer entanglement will also 

decrease, and this will result in increased failure rate. To complete these analyses, the initial pull 

speed was set to >500 mm/s (uncorrected pull speed, input for Thorlabs Kinesis® Software). 

Data were collected for each pull speed, decreasing in 50 mm/s input increments until fibers 

ceased to form (i.e., 10 failures for a given pull speed were recorded). If the incremental steps 

became difficult to resolve (e.g., went from complete or almost complete success to complete or 

almost complete failure in one increment), more data were collected at 10, 12.5, or 25 mm/s 

increments.  

 The PVA systems for this analysis described modifications to three main parameters – 

PVA concentration (wt% in aqueous solution), glyoxal concentration (fixed PVA concentration 

and fixed time following addition of cross-linker), and time period following addition of glyoxal 

(fixed PVA and glyoxal concentrations). PVA concentrations tested were 7.5, 10.0, 12.5, 15.0, 

and 17.5% PVA (wt/wt). Glyoxal concentrations tested were 5, 10, 20, 50, and 100% glyoxal 

additions where the PVA concentration was fixed at 12.5% and the time following glyoxal 

addition prior to loading into the reservoir was 15 min. Finally, the time period following glyoxal 

addition was modified at 5-minute intervals between 15 and 45 min when the PVA concentration 

was fixed at 12.5% and the glyoxal concentration was fixed at 20% mol effective. To alleviate 

any confounding variables with solvent evaporation and timing concerns the 50 µL aliquot was 

replaced in the reservoir whenever the pull speed was adjusted (10 pulls, ~1 minute). 
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The modifiable pull speed was correcting using data obtained from an Edgertronic high-

speed camera to adjust the input pull speed to actual pull speed. The desired pull duration (τpull) 

was then calculated according to:  

 
τ𝑝𝑢𝑙𝑙 =

𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ 

 𝑝𝑢𝑙𝑙 𝑠𝑝𝑒𝑒𝑑
 

(10) 

Failure rate was calculated according to: 

 
𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑟𝑎𝑡𝑒 (%) =  

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑖𝑙𝑒𝑑 𝑡𝑟𝑖𝑎𝑙𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑖𝑎𝑙𝑠
× 100 

(11) 

The corresponding failure rate plots were generated using Minitab statistical analysis software. 

The data were modelled using the best fit of a Weibull Growth distribution for each unique PVA 

system. 

2.6.3 Scanning Electron Microscopy Fiber Diameter Analysis 

Fibers were also pulled using the reservoir-microneedle apparatus for analysis of fiber 

diameter via scanning electron microscopy (SEM). At least 25 fibers were collected at 260, 320, 

and 365 mm/s pull speeds to first determine the effects of pull speed on fiber diameter. At least 

25 fibers were also collected for each of 5, 10, and 20% (mol effective) glyoxal additions both in 

the absence and presence of quercetin (final loading concentration of 200 µM) at a constant pull 

speed of 365 mm/s. Fibers were collected directly onto SEM carbon tape stubs. Samples were 

sputter coated with gold/palladium (80/20) nanoparticles using a LEICA EM 600 high vacuum 

sputter coater at a current of 30 mA and a sputter rate of 0.03 nm/sec until a coating depth of 

6.21 nm was reached. Images were collected using a ZEISS Sigma 300 Field Emission Scanning 

Electron Microscope. Samples were subject to an accelerating voltage of 5.00 kV and viewed 

using the secondary electron detector.  
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Images were analyzed using ImageJ, where fiber diameters were measured using particle 

analysis and the provided scale bars/given magnification for the SEM images. Each fiber was 

measured in three separate locations to yield an average fiber diameter for n=25 fibers. The 

average of these diameters was calculated and reported with 95% confidence intervals to 

compare statistical significance among treatment groups. 

2.6.4 Fiber Swelling  

 Fibers were pulled onto clear glass slides for analysis of swelling according to previously 

reported contact drawing, glyoxal cross-linking, and quercetin loading protocols. A solution of 

12.5% PVA was used to pull fibers containing 20% (mol effective) glyoxal through one pot 

addition and a subsequent 12 h of vapor-assisted glyoxal cross-linking. Fibers were dried 

overnight and washed with 10 mM glycine solution (in phosphate buffered saline) to remove any 

residual glyoxal before being dried again for 2 h in a 40°C dry gravity convection oven. Fibers 

were immersed in aCSF for 7 days at 37°C. Fibers were visualized using the 20Χ objective of a 

Nikon Eclipse Ti optical microscope at 0, 1, 2, 4, 8, 12, 18, 24, 48, 72, 120, and 168 h following 

rehydration. Fiber diameters were obtained according to the same image processing analysis as 

mentioned previously. 

2.7 Cell-based experiments  

 To model the novel biomaterial for the intended use, a suitable cell assay is required to 

determine the potential cytotoxicity of the PVA-based fibers and potential efficacy for quercetin 

release from these fibers. PC12-Adh cells are the adherent phenotype of the PC12 cells derived 

from pheochromocytoma of the adrenal rat medulla. These cells have origins in the neural crest 

and are a mix of neuroplastic and eosinophilic cells. These cells respond well to a variety of 
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neurotrophic factors, acting as an excellent model for neurotoxicity, neuroprotection, 

neurosecretion, neurodifferentiation, neuroinflammation, and synaptogenesis studies.  

2.7.1 PC12Adh Cell Culture  

 Cells were brought out of liquid nitrogen storage and thawed at 37°C for approximately 2 

min. Cells were pelleted by centrifugation at 200 × g for 5 min, with the pellet retained and the 

cryoprotectant (DMSO) removed with the supernatant. Cells were resuspended in complete 

culture medium. Cells were cultured in standard 150 mm (diameter) × 25 mm (height) Corning® 

tissue-culture treated culture dishes and kept in an incubator at 37°C and 5% CO2. Two distinct 

media – complete cell culture medium (passaging and subculture) and differentiation medium 

(experimental media) were used. Both media used Kaighn’s Modification of Ham’s F-12 

Medium (F-12K; Corning), supplemented with 1% antibiotic solution. The complete cell culture 

media also incorporated 2.5% fetal bovine serum (FBS) and 15% horse serum whereas the 

differentiation media had 1% horse serum. Culture medium was replaced every 3 days.  

 Subculture and passaging were completed at 90% confluency for PC12Adh cells. Media 

was removed and residual media was washed with phosphate buffered saline. 5 mL of 0.05% 

trypsin and 0.53 mM ethylenediaminetetraacetic acid (EDTA) in Hank’s balanced salt solution 

(Corning) were added to the culture dish and placed into the incubator at 37°C for 5 min. Plates 

were assessed visually to assess morphological changes in cells to indicate release from culture 

dish. Trypsin was quenched with 5 mL of complete cell culture media and the cell suspension 

was transferred to 15- or 50-mL conical tubes (VWR). Tubes were centrifuged at 200 times the 

force of gravity for 5 min, allowing cells to form pellets in the bottom of the tubes. Supernatant 

was poured off and cells were resuspended using 1 mL of fresh complete cell culture media. 
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Cells were quantified using Countess II FL cell counter before being added to new culture dishes 

or plated for experiments.  

2.7.2 Initial Cytotoxicity Screening for PVA Fiber Formulations 

 To understand how novel fiber formulations may affect PC12Adh cells, an experiment 

was designed to determine potential cytotoxic effects. PC12Adh cells were seeded directly into 

96-well tissue culture treated culture plates in differentiation medium at a density of ~104  cells. 

Fibers were pulled onto PDMS sheets, and a biopsy punch was used to make punches for 

placement in the wells. Treatment groups included the well plate (no PDMS or fibers), PDMS 

control (PDMS blanks), PVA fibers without and with the addition of 100 and 200 µM of 

quercetin (on PDMS punches, 20% mol effective one-pot glyoxal addition and 12 h vapor-

assisted cross-linking). Representative images were taken using a Nikon Eclipse Ti 

Epifluorescence Microscope and later processed with ImageJ for normalizing to cell densities. 

Cells were placed back in the incubator for 72 h before assessment of cell viability using Cell 

Titer Glo® 2.0 Cell Viability Assay (Promega). This single reagent assay quantifies cellular 

adenosine triphosphate (ATP) to determine cell viability. Cell medium was removed from wells 

and wells were washed with phosphate buffered saline. 100 µL of Cell Titer Glo® Reagent were 

added to the wells and placed on the agitator for 20 min. Total luminescence (all wavelengths) 

was measured using the Molecular Devices FilterMaxF5 Multimode Microplate Reader and 

processed using SoftMax Pro 6.5. Raw data for luminescence was corrected for cell density and 

then normalized to cell viability for cells cultured without PDMS or fibers. Each data point was 

the average of a triplicate and error bars represent 95% confidence intervals. 
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3. Results  

3.1 Polymer Selection – Preliminary Screening for Stability Following Rehydration 

Fibers were successfully pulled for dextran (50% by weight), poly(2-ethyl-2-oxazoline) 

(P2E2O, 50% by weight), and poly(vinyl alcohol) (12.5% by weight). The pin array tool with 

pins of dimensions 0.75 mm columns with 0.5 mm spacing was suitable for testing production of 

contact drawn fibers. This pin spacing was robust enough for reuse (i.e., the device could be 

reapplied to the polymer solution to pull many fibers without running into issues like pin 

breaking or clogging causing inconsistent fiber formation). Although the cross-linked dextran 

fibers showed some swelling and resistance to dissolution, the fibers were completely dissolved 

after a few minutes (Figure 13). The 50% P2E2O showed no signs of cross-linking as there was 

no change between the fibers before and after cross-linking following rehydration with distilled 

water (Figure 13). Glyoxal is known to cross-link free hydroxyls (in acetal formation) or free 

amine groups (in Schiff base formation). Thus, a reaction between the carbonyl groups present in 

P2E2O was not expected. Finally, for 12.5% PVA fibers, there was significant swelling and 

resistance to dissolution of cross-linked fibers compared to fibers that were not cross-linked 

(Figure 13). This indicated some degree of cross-linking between PVA molecules via acetal 

formation. 
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Figure 13 Rehydration experiments for various polymer fibers. 

Fibers pulled with and without cross-linking via glyoxal addition (5% by weight) following 

rehydration with distilled water. Rehydrated images were acquired 1 min post-rehydration. 

 The initial rehydration experiments indicated that PVA and dextran could both be 

suitable polymers of choice for use in the proposed research. PVA has a simpler monomer than 

dextran, indicating potential steric hinderance may be less of a concern for chemical cross-

linking by glyoxal. The simplest dialdehyde may require unfavourable molecular conformations 

of dextran for formation of acetal linkages. In addition to avoiding potential steric issues, PVA 

has a higher relative amount of free hydroxyl groups available for cross-linking. Therefore, PVA 

was selected as the polymer for further cross-linking experiments.  

3.2 Optimization of Cross-linking Protocol 

With PVA selected as the polymer of choice for the proposed research, the glyoxal cross-

linking reaction was studied more in depth to optimize it for the contact drawing process. Cross-

linking was pursued as a route to make the PVA fibers more resistant to hydrolysis and 

hydrolytic degradation. This was so the fibers could exist in an aqueous environment (and thus in 

vivo) over the course of the nerve regeneration following injury.  
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In this work, the so-called “one-pot addition” method was used, whereby the cross-

linking agent glyoxal was added directly to the viscous PVA polymer solution along with HCl 

since lowering the pH promotes acetal formation via proton shifts (87). A one-pot method 

displays favourable kinetics and intermolecular interactions when the reacting species are in 

solution. In other words, chemical reactions proceed at reasonable rates when in solution since 

the number of collisions between molecules is greatly increased proportional to the same 

reaction between solid materials. Since PVA needs to be dissolved into an aqueous solution for 

contact drawing, the one-pot method is compatible with this process.     

The second method explored for cross-linking of PVA fibers was through glyoxal vapour 

exposure. This method of cross-linking has more stringent requirements for the cross-linker. For 

example, vapour-assisted cross-linking requires a cross-linking agent that can exist as a vapour at 

reasonable vapour pressures and working conditions (i.e., pressures below 760 mm Hg are ideal). 

Glyoxal has a vapour pressure of 255 mm Hg at room temperature and this pressure increases as 

a function of temperature (88). The boiling point of glyoxal (51°C) is also lower than water, and 

glyoxal is almost always sold as an aqueous solution (88). Thus, at the right temperature, the 

vapour chamber will contain an extremely high proportion of glyoxal vapour relative to water 

vapour. Furthermore, the high heat capacity of water helps to absorb excess heat and keep the 

vapour chamber at a safe temperature and pressure. Collisions between molecules in gaseous 

states are even more likely than those in solution, making this method viable for chemical cross-

linking. To accommodate glyoxal cross-linking through vapor-assisted cross-linking, PVA fibers 

were placed in vapor chambers for various times to further modify fibers after contact drawing. 

The effectiveness of vapor-assisted cross-linking and one-pot cross linking is shown below 
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through rehydration experiments in distilled water (Figure 14). 

 

Figure 14 Rehydration experiments for cross-linking methods.  

Conditions for cross-linking include OP – one-pot addition of glyoxal to viscous polymer 

solution prior to contact drawing and VA – vapor-assisted glyoxal cross-linking of fibers 

following contact drawing in vapor chambers at 60°C for 12 h. Presence of fibers (hydrated or 

dry) is indicative of cross-linking success (to which there are varying degrees) since fibers resist 

dissolution. 

 The one-pot and vapour-assisted methods indicate formation of acetal linkages between 

PVA chains to produce acetal linkages which made fibers less susceptible to hydrolysis and 

dissolution. The one-pot method produced fibers that were more resistant to hydrolysis and 

degradation than the vapour-assisted method, with the combination of approaches producing 

fibers that were still present 48 h after rehydration in distilled water. Fibers were essentially non-

existent at 48 h for the vapour-assisted approach, whereas some of the fibers began to show 

broken segments for the one-pot method at 48 h that were similar to the broken fibers at 3 and 12 

h for the vapour-assisted method. 

3.3 Quercetin Loading – Dose Response  

 With successful approaches developed to cross-link PVA fibers following contact 

drawing, the potential to load the fibers with a model small molecule during the contact drawing 

OP 

 

VA 

 

OP + 

VA 
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process was investigated. Small molecules like quercetin can be loaded into biomaterials in two 

main ways – before or after the fabrication step. Quercetin is soluble in many organic solvents, 

so loading following fiber formation could potentially proceed through a soaking process in a 

quercetin-containing solvent. It is also possible to load quercetin directly into the viscous 

polymer solutions prior to contact drawing. To explore the latter, various final concentrations of 

quercetin were added to the viscous polymer solution in combination with glyoxal. Although 

quercetin is insoluble in water, it has high solubility in DMSO. Thus, small volumes of 

concentrated quercetin in DMSO were added to the polymer solution before fiber formation. The 

microscopy images (brightfield and fluorescence of rehydrated fibers) for quercetin loading at 0, 

50, 100, and 150 µM final concentrations show an increase in fluorescence proportional to the 

amount of quercetin present in the polymer solution, indicating that quercetin is readily 

incorporated into the contact drawn fibers (Figure 15). 

 

 

 

 

 

 

Figure 15 Quercetin loading – dose response.  

PVA fibers pulled with various quercetin additions though one-pot addition of DMSO stock to 

viscous polymer solution. 
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Quercetin itself is an active fluorophore which provides an excellent indicator of loading 

via analysis of fluorescence (81). There is some autofluorescence observed for the fibers without 

any quercetin addition (Figure 15). Although autofluorescence is mostly encountered in the 

instance of biological autofluorescence (natural emission of light by biological structures), the 

autofluorescence of polymers is also known for many polymers across the visible spectrum 

(89,90). The degree of fluorescence could be quantified for each loading condition using ImageJ 

and fiber fluorescence for those containing quercetin can be corrected for autofluorescence 

(Figure 16).  
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Figure 16 Fluorescence quantification.  

Absolute fluorescence and relative fluorescence (correcting for autofluorescence) for 

fluorescence images of PVA fibers loaded with various final concentrations of quercetin prior to 

contact drawing. Error bars indicate signal to noise ratios for each loading concentration (signal 

being integrated density of the fibers and noise being integrated density of the background).  

3.4 Characterization  

 Physical and chemical characterization of the material will help understand any 

significant modification to the base PVA polymer through glyoxal cross-linking and quercetin 

loading. Identifying the molecular changes from the addition of quercetin and glyoxal can help 

elucidate many useful experimental factors. For the purposes of this analysis, the focus was on 

the quantification of the cross-linking reaction and any significant changes to the base PVA 

which may affect future in vitro and in vivo applicability. 
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3.4.1 IR Spectroscopy for Quantification of Glyoxal Cross-Linking  

 The first characterization involved using films rather than fibers, to ensure ample material 

would be present for detection via ATR-FTIR. Material processing mimicked preparation of 

viscous polymer solutions prior to contact drawing but instead of pulling fibers the polymer 

solution were poured onto PDMS to make thin films for analysis. The films consisted of varying 

amount of glyoxal to understand how the cross-linking agent modified the PVA (Figure 17).  

Figure 17 Quantification of glyoxal cross-linking via IR.  

From bottom to top, films loaded with 0 (red), 20 (green), 40 (dark blue), 60 (pink), and 100 

(blue) percent glyoxal (mol effective).  

 As the glyoxal concentration was increased, the presence of a broad band consistent with  

hydroxyl stretching from 3000-3500 cm-1 decreased in intensity. This corresponds to a depletion 

R-OH stretching  
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of hydroxyl groups that would initially be present in PVA, indicating that they formed acetal 

linkages. 

3.4.2 IR Spectroscopy for Analysis of Quercetin Loading  

 IR can also be used to assess the PVA fibers following the addition of glyoxal and 

quercetin. Namely, IR can be indicative of different chemical functionalities through differences 

in vibrational signatures. IR spectra were collected for fibers with 0, 50, 100, and 200 µM of 

quercetin and compared to pure PVA (Figure 18). Spectra were mainly dominated by the PVA 

present in each samples when comparing groups to pure PVA (Figure 18). To compare with the 

IR spectrum of quercetin, see Appendix B. 

 

 

 

 

 

 

 

Figure 18 IR spectra for PVA fibers loaded with quercetin.  

Spectra were collected from 400-4000 cm-1. All fibers were pulled with 20% glyoxal addition 

(one-pot) and 12 h of vapor assisted cross-linking. Fiber spectra were compared to the spectrum 

of PVA alone. Spectra (top to bottom) are pure PVA, glyoxal cross-linked PVA fibers, glyoxal 

cross-linked PVA fibers with 50 µM of quercetin, glyoxal cross-linked PVA fibers with 100 µM 

of quercetin, and glyoxal cross-linked PVA fibers with 200 µM of quercetin. 

 The increasing intensity of stretching between 3000 and 3500 cm-1 with the addition of 

quercetin may be a result of the many hydroxyl groups present in the structure of quercetin, 

indicating successful incorporation within our PVA fibers.  
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3.5 Quercetin Release  

 With quercetin showing promising results for loading into contact drawn PVA fibers, the 

logical progression was to assess whether the material releases quercetin in vivo. To model this, 

bulk scaffolds of the fibrous PVA materials were placed in aCSF to mimic conditions 

surrounding implantation following a traumatic nerve injury. 

3.5.1 Degradation and Cumulative Drug Release Profiles  

PVA scaffolds were incubated in aCSF at 37°C for 10 days. At 1, 4, 8, 16, 40, 66, 114, 

and 240 hours, the aCSF was assessed for quercetin release and at 1, 4, 8, 16, 40, 66, 114, 170 

and 240 hours the weight of the scaffold was measured to assess degradation (Figure 19). 

  

Figure 19 Cumulative drug release and degradation profiles.  

Cumulative drug release (left) and degradation profile (right) for PVA fibers loaded with 200 

µM of quercetin. Cumulative drug release over 10 days is calculated from UV-Vis absorbance at 

375 nm (normalized to absorbance of scaffold without quercetin addition). Degradation profile 
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shows weight percent of original scaffold remaining over the course of 10 days. Data represent 

the average of 3 replicates (N=3) and corresponding 90% confidence intervals. 

 A short burst release of quercetin is indicated by the sharp increase in quercetin release to 

~5% in the first few h following incubation in aCSF. Following this burst, the release pattern 

becomes more sustained and indicates a slow release of quercetin to a maximum of 56 ± 6% 

(average of three replicates). Degradation profiles indicate a relatively stable material, with 

degradation reaching 27 ± 3% for scaffolds loaded with quercetin and 33 ± 5% for those without 

quercetin.  

3.5.2 Morphological Analysis of Scaffolds via SEM  

In addition to quantifying quercetin release and degradation behaviour, analysis of 

fibrous scaffolds through the course of the incubations can yield valuable information about the 

release and degradation mechanisms at play. Scaffolds with and without quercetin from the 

incubations in aCSF at 37°C were also used for morphological analysis via SEM at 1 h and 1, 3, 

and 10 days (Figure 20).  
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Figure 20 SEM analysis of fibrous scaffolds following incubation in aCSF.  

Fibrous scaffolds without (-Qu, top two rows) and with (+Qu, bottom two rows) 200 µM 

quercetin addition. Surface and cross-sectional profiles of scaffolds are shown for both 

conditions. 

 Scaffolds without addition of quercetin appear to have highly retained fibrous 

morphologies, indicating degradation is likely to occur primarily through surface erosion of 

polymer fibers. Fibers without quercetin appear to shrink noticeably by day 10, further indicating 

surface erosion as a potential mechanism of bulk material loss. On the other hand, quercetin-
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loaded scaffolds appear to become more porous over time and fibers appear to fuse together, 

becoming a lattice network of PVA fibers. 

3.6 Fiber Formation Behaviour  

 Using a motorized stage for contact drawing, a better understanding of the fiber 

formation of the PVA polymer system can be obtained. Polymer entanglement drives fiber 

formation and the entanglement of polymers within a system can be influenced by many factors. 

Using the single fiber-forming needle-reservoir based system, we can assess the effects of a few 

of these factors: PVA concentration, glyoxal concentration, and time following glyoxal addition 

to the PVA solution.   

3.6.1 PVA Concentration Effects 

  Chowdhry et al. showed that for solutions of dextran, increasing the concentration of 

dextran increased polymer entanglement and allowed stable liquid bridges (and thus dry fibers) 

to form at slow pull speeds (i.e., or long τpull values). To elucidate the effects of PVA 

concentration on fiber formation, aqueous solutions of PVA (205 kDa) at 7.5, 10.0, 12.5, 15.0, 

and 17.5% (wt/wt) were assessed (Figure 21). Fibers did not form at any pull speeds (maximum 

pull speed of the apparatus is ~400 mm/s) for 7.5% PVA. The pull speed required for polymer 

entanglement to drive fiber formation at the lowest tested concentration of PVA (7.5%) was 

likely beyond the capability of the motorized stage. 
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Figure 21 Failure rate analysis for PVA concentration effects on fiber formation.  

Failure rate as a function of τpull for various PVA concentrations (no cross-linking). Each data set 

is fit using a Weibull cumulative distribution function (shown in dashed lines). Each data point is 

the percentage of failures from 10 trials.  

 With increasing PVA (wt%), the distribution curve displays a shift to the right toward 

larger τpull values, indicating fibers are more likely to form at slower pull speeds. The data 

indicated that polymer entanglement also increases for PVA polymer systems as the amount of 

polymer in solution is increased. If fibers can form at slower pull speeds, the entanglement of the 

polymer system must also be increasing.  

3.6.2 Glyoxal Concentration Effects  

 Although the needle-reservoir system has been used to assess polymer concentration 

effects on fiber formation, this system has not been used previously to assess how the addition of 

a cross-linker may affect fiber formation. For this analysis, PVA concentration was fixed at 

12.5% and the time was fixed at 15 min following the addition of glyoxal for running trials. 
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Trials were completed for 0, 5, 10, 20, 50, and 100% glyoxal additions (mol effective). Fibers 

did not form at any pull speeds for 100% glyoxal addition. This was likely the result of polymer 

entanglement increasing to the point where movement of polymer chains become too restricted 

for liquid bridge formation.   

 

Figure 22 Failure rate analysis for glyoxal concentration effects.  

Failure rate as a function of τpull for various glyoxal concentrations. Each data set is fit using a 

Weibull cumulative distribution function (shown in dashed lines). Each data point is the 

percentage of failures from 10 trials.  

 Similar to the increasing polymer content, as the amount of glyoxal is increased the 

failure rate distributions for polymer systems shift to the right. This indicates that fibers can form 

at larger τpull values, indicating polymer entanglement must be increasing for increasing glyoxal 

additions. Although a similar shift is indicated, the trend is less pronounced than the increasing 

PVA concentration. The subtle shift due to cross-linking (compared to PVA concentration 
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effects) indicates a less pronounced effect on polymer entanglement compared to addition of 

more polymer chains to the system. 

3.6.3 Time Following Glyoxal Addition Effects  

 The final parameter explored for this polymer system was the time allotted following the 

addition of glyoxal to the PVA polymer solution. For this analysis, the amount of glyoxal was 

fixed at 20% (mol effective) and the PVA concentration was fixed at 12.5% (wt/wt). Trials were 

initially conducted for 15, 30, and 45 minute periods following glyoxal addition. However, the 

data indicated increased fiber formation at 30 min and comparable formation behaviour for 15 

and 45 min. To explore this unexpected result, time periods at 5 min intervals between 15 and 45 

min were collected (Figure 23, 24). 

 

 

 

 

 

 

 

 

 

Figure 23 Failure rate analysis for time periods following glyoxal additions on fiber 

formation (15-30 min).  

Failure rate as a function of τpull for various time periods following glyoxal additions. Each data 

set is fit using a Weibull cumulative distribution function (shown in dashed lines). Each data 

point is the percentage of failures from 10 trials.  
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 For the first set of trials, polymer entanglement appears to drive fiber formation in a 

similar manner to the trend seen in both glyoxal and PVA additions. As the cross-linking 

reaction proceeds, the entanglement increases and intuitively fibers begin to form at slower pull 

speeds (larger τpull values). The same rightward shift of the distributions is present for these data 

sets. 

 

Figure 24 Failure rate analysis for time periods following glyoxal additions on fiber 

formation (30-45 min).  

Failure rate as a function of τpull for various time periods following glyoxal additions. Each data 

set is fit using a Weibull cumulative distribution function (shown in dashed lines). Each data 

point is the percentage of failures from 10 trials.  

 In the data sets for the time points beyond 30 min, the opposite trend is observed. The 

cross-linking reaction is still progressing; thus, polymer entanglement is likely increasing. In this 

case, it was expected that the trend would continue as seen from Figure 23, yet the opposite trend 

is observed. One possible explanation for this is that the polymer system has begun to form a gel 

but has not completely gelled. This may result in localized areas where polymer chains are 

incorporated into a gel network and the areas outside of these gel regions actually have lower 
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apparent viscosity than the system as a whole. In this case, the fibers observed are likely due to 

the needle coming into contact with these areas in the reservoir to form liquid bridges and then 

dry fibers.  

3.7 Fiber Diameter Analysis  

 With a better understanding of how fibers form as a function of different processing 

conditions, this was next related to the degree to which each PVA fiber type differed in physical 

character. Fiber diameter is a key parameter for biomaterial fibrous scaffolds, since fiber 

diameter can control a variety of factors including (but not limited to) pore size, cell adhesion 

and interaction, diffusion of nutrients, and degradation characteristics. 

3.7.1 Pull Speed Effects  

 To understand how other factors (i.e., glyoxal cross-linking and quercetin loading) were 

affecting fiber diameters, a baseline of fiber diameter measurements was taken. For this 

analysis., the needle-reservoir apparatus was used to pull fibers at various pull speeds to 

determine the potential effects of pull speed on fiber diameter. Chowdhry et al. indicated that 

dextran did not show any significant effects on fiber diameter due to pull speed. To determine if 

this was also true for PVA fibers, fibers were pulled from 12.5% PVA at 260, 320, and 365 mm/s 

(Figure 25).  
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Figure 25 Pull speed effects on PVA fiber diameters. 

Representative images of fibers pulled at (left, top to bottom) 260, 320, and 365 mm/s. Scale bars 

represent 10 µm. Fiber diameter as a function of τpull (right). Each data point is the average of at 

least 25 fibers and error bars indicate 95% confidence intervals.  

 Average fiber diameters were reported as 2.79 ± 0.34, 2.68 ± 0.24 and 2.79 ± 0.30 µm for 

pull speeds of 260, 320, and 365 mm/s respectively (corresponding to τpull values of 0.38, 0.31, 

and 0.27 respectively). These data did not show any significant differences in fiber diameter 

among pull speeds based on 95% confidence intervals. These pull speeds were chosen since a 

sufficient pull speed was required for fiber formation of 12.5% PVA, slower pull speeds may 

have resulted in partial formation of fibers and collection of loose fiber ends that could skew 

data. Although possible, it is unlikely pull speed plays a major role in fiber diameters for the 

contact drawing process since chain entanglement plays a major role in stabilizing fibrous 

structure. With increasing pull speeds, fibers could potentially approach 100% failure events due 

to chain relaxation time being too slow for polymer chains to slide past one another. Since 

polymer entanglement is the driving mechanism of fiber formation, it is likely the main 

determinant of fiber diameters as well.   
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3.7.2 Glyoxal Cross-linking and Quercetin Loading Effects  

 Although fiber diameter was not affected by pull speed (260-365 mm/s), it is possible 

that glyoxal cross-linking and quercetin loading may play a role in determining fiber diameters. 

Since pull speed did not lead to significant differences in diameter between 260-365 mm/s, fibers 

to test for glyoxal and quercetin effects were pulled at 365 mm/s. First, fibers were pulled with 

the introduction of glyoxal at 5, 10, and 20% (mol effective) (Figure 26). At the same 

concentrations of glyoxal, fibers were also loaded with quercetin (200 µM) to determine 

potential effects of glyoxal cross-linking and quercetin loading on fiber diameter (Figure 26).  

 

Figure 26 Glyoxal cross-linking and quercetin loading effects on PVA fiber diameters.  

Representative images of fibers pulled at (left, top to bottom) 5, 10, and 20% glyoxal (mol 

effective). Images of fibers pulled with (+Qu) and without (-Qu) 200 µM quercetin addition. 

Scale bars represent 10 µm. Fiber diameter as a function of glyoxal loading (mol %) (right). 

Each data point is the average of at least 25 fibers and error bars indicate 95% confidence 

intervals.  

 PVA fibers showed a trend of increasing fiber diameter with increased glyoxal loading. 

Fiber diameters were measured at 2.18  ± 0.18, 3.02 ± 0.33, and 3.83± 0.51 µm for glyoxal 
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concentrations of 5, 10, and 20% (mol effective), respectively.  Fibers also exhibited increasing 

diameter with the addition of quercetin, at 2.92 ± 0.29, 3.46 ± 0.43, and 4.03 ± 0.53 µm for 

glyoxal concentrations of 5, 10, and 20% (mol effective) respectively. The only significant 

difference based on 95% confidence intervals was the fiber diameter increase from 5 to 10% 

glyoxal (without quercetin) and the difference with and without quercetin at 5% glyoxal. 

Although the data indicate increasing fiber diameter for increasing glyoxal concentrations and 

increasing fiber diameter with the addition of quercetin, the increasingly large range of fiber 

diameters for increasing glyoxal concentrations and quercetin addition resulted in wide 95% 

confidence intervals. 

3.8 Fiber Swelling Experiments  

 The swelling response of a material is one facet of the material response and is an 

important consideration for hydrogels and other hydrophilic materials. PVA is considered to be 

highly hydrophilic due to the abundance of hydroxyl groups present in the side chains of the 

polymer. As a result, PVA materials can swell substantially in aqueous environments. The effect 

of swelling in aCSF was studied for the glyoxal cross-linked PVA fibers with and without 

addition of quercetin (Figure 27).  
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Figure 27 Fiber swelling in aCSF.  

Fibers pulled with and without quercetin were incubated at 37°C in aCSF for 7 days. Fiber 

swelling assessed using fiber diameters and reported as percentage of the dry fiber diameter. 

Each data point is the average of 25 fibers and taken as a ratio of the initial average fiber 

diameter (for dry fibers). Error bars indicate 95% confidence intervals of swelling ratios.  

 Fiber swelling during the first 24 h of incubation reached values of up to 152.6 ± 2.9% 

and 168.0 ± 3.5% for fibers loaded without (-Qu) and with (+Qu) respectively. Swelling 

appeared to reach a plateau event after 3 days of incubation in aCSF with a maximum swelling 

after 7 days of 184.5 ± 3.3% and 199.4 ± 3.3% for fibers loaded without (-Qu) and with (+Qu) 

respectively. Fibers loaded with quercetin diverged from fibers without at 4 h and became 

significantly more swollen from 8 h onward.  

3.9 Cell Viability Evaluation 

 The final objective of the proposed research was to determine efficacy of the PVA fibers 

in a cell-based assay. To properly determine efficacy based on intended use of this material, an 

assay (using PC12Adh cells as the model cell line) was developed. Cell viability would be an 
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indicator of the neuroprotective efficacy of the glyoxal-cross linked, quercetin loaded, PVA 

fibers.  

3.9.1 Cell Viability – Screening Potential Cytotoxic Fiber Formulations 

 Before assessing the PVA fibers in the more complex neuroprotective assay, the fibers 

were screened for general cell viability in culture with PC12Adh cells. Fibers were washed with 

excess glycine buffer to remove any residual aldehydes from the bulk scaffolds prior to 

culturing. Representative images of the fibers are shown below (Figure 28).  

 

Figure 28 PC12Adh cells grown with PVA fibers.  

Cells grown in (left to right) A) well plate (no PDMS), B) PDMS blank, C) PVA fibers with 

glyoxal, D) PVA fibers with glyoxal and 100 µM quercetin and E) PVA fibers with glyoxal and 

200 µM quercetin. All PVA fibers were cross-linked with 20% glyoxal (one-pot addition) and 12 

h of vapor assisted cross-linking. Images were taken before cell viability assessed at 3 days. 
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 Fibers grown on the PDMS blank appeared to aggregate in clumps and displayed more 

spherical morphologies rather than the more dispersed and flattened morphologies expected for 

PC12Adh cells (Figure 28A). Cells also appeared more spherical for those grown alongside PVA 

fiber formulations (Figure 28C-E). Since these fibers were situated onto PDMS punches within 

the 96-well plates this is likely a result of the PDMS rather than the fibers. Cell viability results 

for the experiment indicate this as well (Figure 29).  

 

Figure 29 Cell viability results for PC12Adh cells cultured with PVA fibers.  

Cells grown in (left to right) PDMS blank, PVA fibers with no quercetin (0 µM), PVA fibers 

with 100 µM quercetin (100 µM), and PVA fibers with 200 µM quercetin (200 µM). All PVA 

fibers were cross-linked with 20% glyoxal (one-pot addition) and 12 h of vapor assisted cross-

linking. Viability data were normalized to cell viability of cells grown in absence of PDMS (well 

plate only condition from Figure 28) and reported as the average of triplicate trials (N=3). Error 

bars represent 95% confidence intervals. x 

 Cell viability results indicated fiber formulations were not cytotoxic toward PC12Adh 

cells. Cell viability for groups were reported as 78.3 ± 4.8%, 95.3 ± 5.4%, 75.9 ± 3.58%, and 

70.4 ± 1.3% for cells grown with PDMS blanks, PVA fibers with no quercetin, PVA fibers with 

100 µM quercetin, and PVA fibers with 200 µM quercetin, respectively. Cells grown with PVA 
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fibers alone indicated better cell viability than cells without fibers, potentially indicating a 

beneficial interaction between PVA fibers and PC12Adh cells. Cells grown with fibers loaded 

with quercetin showed comparable cell viability to those grown on PDMS blanks.  
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4. Discussion 

As the data has been presented, three main sections of the work came together as a 

biomaterial development process – material fabrication and characterization, material response, 

and applicability of the material.  

4.1 Material Fabrication and Characterization 

Novel biomaterial development usually begins with an intended use in mind. This 

intended use often begins with theory-crafting, where obstacles or shortcomings of the current 

medical approach are known and documented. For example, improving regeneration and 

reinnervation following a nerve injury can provide significant improvements to a patient’s 

prognosis, helping to restore motor and nerve function. To combat this problem with a novel 

biomaterial approach, a biocompatible material (with respect to nerve tissue) is required. 

Biomaterials science has advanced from materials that act as permanent implants which replace 

tissues or organs (e.g., metal alloy hip implants) to materials that provide support and are 

biodegradable/bioresorbable to allow/promote new tissue to replace dead/injured tissue (91). 

This is also true within the field of nerve repair applications since some of the first materials 

attempted (with extremely poor results) were not resorbable materials. To begin the material 

development process, PVA was selected as the polymer of choice for making contact drawn 

fibers. PVA has been widely used in tissue engineering applications and within various 

composites for a variety of tissues, including peripheral nerves (79). In addition to forming fibers 

through contact drawing, PVA is considered a bioabsorbable, which means it (or the degradation 

products) can be absorbed, metabolized, and/or excreted by the body (92,93). Once PVA was 

identified as the polymer of choice, glyoxal cross-linking was optimized and quantified. Next, 
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quercetin was successfully incorporated into fibers, and the effects of modifications to the 

contact drawing process were explored through fiber formation behavior and fiber diameters. 

4.1.1 Hybrid cross-linking protocol and quantification  

 Although the choice of biomaterial is an important starting point, modifications to the 

design and fabrication process can have drastic effects in improving the success of a material in 

vivo. Cross-linking of biomaterials is one of the most powerful techniques for modifying these 

properties. Cross-links between polymer chains can affect the physical and chemical properties 

of a given polymer (94). Furthermore, the number of cross-links (or cross-linking density) can be 

modified to fine tune various chemical, physical, and mechanical properties. What is most 

interesting about many of these properties is that they are based on a spectrum. For PVA, the 

complete absence of cross-linking will cause contact drawn fibers to dissolve within seconds 

when placed in an aqueous environment, yet the incorporation of cross-linking can allow fibers 

to exist for more than 10 days in an aqueous environment. Thus, varying the amount of cross-

linking could allow for desirable levels of solubility depending on the size of transected nerve, 

the extent of damage, and the gap between proximal and distal portions. Complex interactions in 

vivo can be hard to dictate and control, being able to selectively modify the biomaterial for an 

intended use allows for tailoring a polymeric biomaterial to a nerve regeneration application. 

 The hybrid approach of cross-linking contact drawn fibers through glyoxal addition in a 

one-pot fashion and through vapor-assisted cross-linking seemed to provide the best results for 

fibers resisting hydrolytic degradation and dissolution. The hybrid approach allows glyoxal to be 

incorporated withing the PVA solution to enhance homogeneity of cross-linking and 

incorporates enhanced surface cross-linking (95). Protecting the surface of the fibers is likely to 

slow the degradation by limiting the effects of surface erosion which lead to bulk material loss 
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and increased sites for hydrolytic degradation to proceed (96). Since the contact drawing also 

proceeds at room temperature, subjecting the fibers to heated glyoxal chambers for an extended 

period aids the kinetics of this reaction, allowing potentially unreacted glyoxal to react within 

PVA fibers.  

 As mentioned, the ability to fine tune a polymeric material through cross-linking is 

extremely beneficial for controlling specific chemical or mechanical properties of interest to 

maximize effectiveness. Through quantification via IR (although a semiquantitative technique) 

the amount of glyoxal incorporated can directly influence the hydroxyl stretching around 3260 

cm-1. This quantification method was also shown by Zhang et al. (77). The decreasing intensity 

of hydroxyl stretching indicates incorporation of these groups into acetal linkages. The amount 

of cross-linking will directly affect the solubility and many other characteristics of the 

biomaterial. A method for determining the degree of cross-linking can help to correlate how 

these properties are going to be affected and help predict outcomes for the material based on 

cross-linking density. The hybrid approach also involves glyoxal vapors which could be difficult 

to quantify without a method that can assess the biomaterial following this modification.  

4.1.2 Quercetin loading  

The major obstacle for regenerative medicine with respect to nerves is a lack of intrinsic 

regenerative capability (97). Researchers are still exploring the cellular microenvironments 

present following a nerve injury (peripheral or central) to determine the potential mechanisms at 

play which cause the stark differences in a regenerating nerve compared to regenerating bone or 

skin tissue. Potential issues at the cellular level include cell types becoming inactivated due to 

lack of electrical activity, inability to clear cellular debris (more pronounced for larger axons and 

in CNS), and over or under expression of signaling pathways involved in proper degeneration 



76 

 

and regeneration of axons (15,98). At the tissue scale, these issues may manifest as misguided 

growth and scar tissue formation before the gap between proximal and distal ends of a transected 

nerve can be connected by regenerating axons (25). One way to potentially avoid scar tissue 

formation is to thwart a potential foreign body response, by preventing apoptotic cell death that 

can trigger fibrosis (99). This was the intended goal through the addition of quercetin to PVA 

fibers. Quercetin is a known antioxidant and neuroprotectant when preventing oxidative damage 

in a nervous tissue environment (74).  

Quercetin was successfully loaded and identified in PVA fibers through fluorescence 

microscopy, indicating a dose-dependent response via fluorescent signal. Quercetin could be 

loaded at concentrations up to 200 µM prior to contact drawing for incorporation in fibers. 

Above concentration of 200 µM, fibers did not successfully form, indicating quercetin was 

affecting the PVA polymer system. It may be that quercetin was interacting with polymer chains 

as a physical impedance, interrupting normal reptation and polymer flow that allowed fibers to 

form through contact drawing. It is also possible that the quercetin was reacting chemically with 

the PVA system, increasing polymer entanglement to the point where polymer chains could no 

longer freely flow to form stable liquid bridges. Numerous NMR experiments were conducted to 

try to elucidate the potential chemical modifications to quercetin or PVA, with little success. The 

first experiments included a preliminary release experiment to identify the product (quercetin or 

related derivative) released from the fibers. Due to small loading concentrations and relative 

quantities potentially released from the fibers, the solvent and PVA-related degradation products 

dominated these NMR spectra, providing no useful information about the nature of the released 

agent. Experiments were also conducted where excess quercetin was left to react with limiting 

amounts of PVA. These experiments showed excess quercetin present for the most part, either 
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indicating the relative amount of a reacted product was not detectable compared to excess 

quercetin, or potentially that quercetin was not being chemically modified by either glyoxal or 

PVA.  

4.1.3 Experimental factors affecting PVA fiber formation and diameters 

 One of the biggest issues with any biomaterial development project is the trouble with 

scalability and translating a bench top procedure to bulk processing for widespread use. 

Exploring the PVA polymer system and understanding fiber formation as a function of PVA 

concentration, glyoxal cross-linking,  and time periods following glyoxal addition provides 

valuable information to developing standard protocols for bulk production of these materials 

through contact drawing methods. For the needle-reservoir experiments that produced failure 

distribution curves, these data can be used to identify the best PVA concentration, glyoxal 

concentration, and time period allotted for cross-linking to produce fibers. Most of the failure 

distribution curves showed sharp transitions between failure and success, indicating a narrow 

range of pull speeds (and corresponding τpull values) for which fibers may or may not form. 

Within these mostly narrow ranges, failing fibers could pose an issue for bulk production of 

fibers in contact drawing apparatus, where the free ends of a failing liquid bridge could disrupt 

other liquid bridges and cause large aggregations of material before fibers have a chance to dry. 

As a result, it is best to avoid these pull speeds and the experimental conditions which may have 

slower transitions to complete failure events to avoid such phenomena. Since fibers were pulled 

by hand, pull speeds empirically determined from the fiber formation data were used as guidance 

for developing the best technique for fabrication.  

Experimental conditions with sharp transitions from 0 to 100% failures and pull speeds 

clear of potential transition points were ideal for bulk fiber pulling. These conditions should 
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avoid fiber failure events which may lead to fiber tangles, large bead structures, or other 

undesirable fabrication artifacts. The working conditions developed from this analysis used for 

making bulk scaffolds for examining the material response included 12.5% PVA, 20% mol 

effective glyoxal addition, and a cross-linking time of 15 min at ambient temperature prior to 

pulling fibers. 10.0 and 12.5% PVA showed a much sharper transition from 0 to 100% failure 

than 15.0 and 17.5% PVA, making both suitable choices for use in contact drawing. 20% glyoxal 

was the largest loading of glyoxal concentration tested that showed a relatively sharp transition 

in failure analysis. Finally, the most difficult parameter to assess was the cross-linking duration 

because the results were largely unexpected. A similar trend to PVA and glyoxal concentration 

was predicted for increasing duration of cross-linking. Polymer systems and the associated 

polymer entanglement and free movement of polymers is complex process and is influenced by 

many factors. A sufficient degree of cross-linking was desired to create a biomaterial fiber 

resistant to degradation as to persist within the environment of a regenerating nerve for the 

course of the recovery. As a result, one-pot cross-linking alone with 20% mol effective cross-

linking for 15 min may not produce sufficiently cross-linked fibers even though the conditions 

are beneficial for contact drawing. This is why the hybrid protocol for cross-linking is so 

valuable, allowing fibers to be subsequently cross-linked after fabrication of fibers and 

subsequently modifying fibers to become more resistant to degradation whilst not impeding 

optimal fiber formation conditions.  

In addition to playing a large role in the formation of fibers (failure or success), these 

conditions can also influence fiber diameters. Fiber diameter within the scope of a biomaterial 

scaffold can influence a variety of interactions including (but not limited to) release of adjuvants 

(like quercetin), cell interactions, nutrient and bulk material flow, and cell interactions, and 
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porosity within the scaffold. All of these can have a significant effect on the success of a drug-

eluting fibrous scaffold. The addition of quercetin and increased glyoxal additions was observed 

to cause an increase of average fiber diameters. Almost a two fold increase in fiber diameter was 

noted when increasing from 5 to 20% glyoxal additions (2.18 ± 0.18 to 3.83 ± 0.51 µm) for 

fibers pulled in the absence of quercetin. This effect was less dramatic when quercetin was 

present (2.92 ± 0.29 to 4.03 ± 0.53 µm). Quercetin also showed significant changes to fiber 

diameters when comparing 5% glyoxal addition groups (+/- quercetin), with fibers increasing 

from to 2.18 ± 0.18 to 2.92 ± 0.29 µm. This effect became insignificant (with respect to 95% 

confidence intervals) at increasing concentrations of glyoxal, indicating glyoxal had a stronger 

effect on fiber diameters than quercetin. 

Fiber diameters were notably smaller at the similar pull speeds for experiments testing 

pull speed effects without the addition of glyoxal or quercetin. One possible explanation is that 

the initial addition of glyoxal causes a more sterically favourable orientation of neighbouring 

chains, allowing increased polymer chain movement based on polymer entanglement theory. As 

the cross-linking increases, this initial increase in polymer movement is now countered by 

increasing cross-linking density which results in increased effective molecular weight and 

effectively increases polymer entanglement. Another possible explanation for this difference is 

variability in ambient temperature and relative humidity within the lab during the days these 

experiments were conducted. If these two sets of fibers were collected on the same day it would 

be easier to draw conclusions about the fiber diameters as a function of polymer entanglement 

and reptation theory. The temperature and humidity have been postulated to affect polymer 

systems and the molecular interactions governing fiber formation. 
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4.2 Material Response  

 In addition to developing detailed protocols and for fabrication and characterisation of 

biomaterials, the intended use demands an iterative design process where the behaviour of the 

material in situ can have researchers revisiting the design process to optimize material 

characteristics for more desirable responses. For example, placing the contact drawn PVA fibers 

in an aqueous environment only to discover they have completely dissolved after 4 h requires a 

more robust cross-linking reaction for a nerve regeneration application. Observing a one-off or 

complete burst release of quercetin loading may not have the neuroprotective effects required to 

prevent fibrosis and scar tissue formation following apoptotic events. The novel biomaterial 

fibers were observed in mimetic models to gain an understanding of how the material is likely to 

respond in vivo as to further develop and optimize the fiber formulation.   

4.2.1 Degradation of fibrous scaffolds 

 Preliminary experiments for studying the response of contact drawn fibers included 

simple rehydration experiments in distilled water to assess solubility and resistance to hydrolysis. 

The hydrophilic PVA would resolubilize rapidly with no modifications to the PVA pre- or post-

contact drawing. Once the cross-linking protocols had been updated to include increased 

amounts of glyoxal in one pot addition and subsequent vapor assisted cross-linking, fibers were 

significantly more stable in distilled water (persisting for at least 48 h). At this point, bulk 

scaffolds were assessed in a more biomimetic aqueous environment – aCSF. The scaffold 

degradation was assessed in two ways – quantitatively through weight measurements of bulk 

scaffolds after incubation and qualitatively through analysis of cross-sectional and surface slices 

of scaffolds. Compared to a similar material, the contact drawn PVA fibers persisted much 

longer than the electrospun PVA fibers cross-linked in glutaraldehyde bath Alhosseini et al. (79). 
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At 10 days, the materials were essentially completed degraded whereas more than two thirds of 

the original scaffolds of hybrid cross-linked PVA fibers remained by weight after 10 days in 

aCSF at 37°C. It is likely that the material will need to persist for longer than 10 days through the 

course of a nerve regeneration event, although this time period is variable and may require a 

case-by-case analysis of many variables (e.g., size of gap, diameter of injured nerve) to 

determine the appropriate degradation rate. Since the degree of cross-linking can be selectively 

modified for the approach, the degradation rate can also be correspondingly modified. 

 The qualitative degradation studies include interesting morphological differences 

observed between contact drawn scaffolds loaded with and without quercetin. Scaffolds without 

quercetin did not show significant changes to fiber structures, and original fiber morphologies 

were extremely well retained following 10 days in aCSF. It was noted the fiber diameters seem 

to decrease noticeably by 10 days, potentially indicating a shrinkage of fibers and loss of 

material as a result of surface erosion.  On the other hand, quercetin scaffolds appeared to lose 

their original fibrous structure over time, melding or fusing with neighbouring fibers. This was 

observed as an increasingly latticed and porous network from surface perspectives, with original 

fiber traces becoming part of the lattice network that appeared increasingly spongiform over 

time. This was also indicated in the cross-sectional images as observed by larger super-structures 

of fibers present than seen during fabrication and increasingly large gaps presenting over time in 

the interior of these scaffolds. This process could be the result of slightly more favourable 

interactions between fibers loaded with quercetin, encouraging their association with one another 

over time in the aqueous environment. 

 There is a significant amount of PVA-based scaffold materials, mostly those fabricated 

through electrospinning (100). Many scaffolds also represent composite designs – including 
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additions of chitosan, carbon nanotubes, or other polymers (100,101). These additions usually 

function to impart increased mechanical or material responses depending on the intended use. 

Applications within tissue engineering are also well varied, everything from bone to nerve to 

cardiac tissue engineering approaches are detailed (100–102). There is also a variety of cross-

linked PVA scaffolds including those cross-linked with genipin, glutaraldehyde and glyoxal. 

Electrospun PVA scaffolds cross-linked in glutaraldehyde baths from Alhosseini et al. showed 

almost complete degradation by 10 days (103). On the other hand, PVA scaffolds cross-linked 

with glutaraldehyde vapours and surface modified with polydopamine (to increase cell 

adherence) were claimed as insoluble scaffolds (104). The PVA scaffolding presented in this 

project falls in between these two PVA-based scaffolds, indicating the tunability of dialdehyde 

cross-linking for intended use.  

4.2.2 Quercetin release 

 Whereas glyoxal was incorporated into PVA fibers for increased chemical properties of 

the material, addition of quercetin was proposed as a route creating a localized neuroprotective 

effect following surgical intervention of a nerve injury. Although quercetin loading showed 

promising results, the neuroprotective effects quercetin is known for may not reign true if the 

small molecule is not released from PVA fibers. To model release, incubations of bulk scaffolds 

were completed in aCSF at 37°C. Ultraviolet-visible spectroscopy provided a sensitive technique 

for identifying quercetin release over time in the surrounding aCSF. Quercetin release was 

reached a maximum release of 56±6% by the tenth day. The slower, sustained released indicates 

the quercetin is well integrated within the PVA fibers. This may be through significant hydrogen 

bonding or possibly even covalent linkages which hydrolyze over time to see quercetin released 

into the surrounding environment.  
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 When compared to other polymeric materials designed for drug release, the quercetin 

loaded PVA fibers show a similar release profile to various porous scaffolds, electrospun fibers, 

and nanoparticles loaded with similar small molecules. Cao et al. prepared core-shell PVA/silk 

fibroin nanoparticles via electrospraying to release doxorubicin (anticancer drug) at up to 90% 

cumulative release by 72 h (105). One of the most similar materials encountered was the core-

shell silk/PVA nanofibers which released amoxicillin (antibacterial agent) at 60% cumulative 

release by 12.5 days (106). Degradation of these fibers were significantly greater than PVA 

fibers with nearly 75% degradation by 10 days (106). Rather than cross-linking, surface 

modification via O2 plasma was used to modify material to decrease solubility (106). Another 

similar material with even more sustained release was the dexamethasone (anti-inflammatory 

agent) releasing copolymer network of poly(ethylene oxide terephthalate) and poly(butylene 

terephthalate) (107). Release of drug shows sustained release over a period of 30 days, with burst 

release noted over the first 24 h and then sustained release approaching 60% cumulative release 

(107). These examples all use drugs which have very similar structures to quercetin, often an 

inclusion of various hydroxyl groups and aromatic and heterocyclic rings. These molecules also 

have relatively low molecular weights (all around or below 500 g/mol), especially in relation to 

the molecular weights of polymers they are incorporated within.  

 When compared to polymer materials specific to quercetin loading and release, there 

exists a variety of potential applications. Quercetin can be incorporated into food packaging 

films for suitable long-term inhibition of lipid oxidation in food (108). A slower sustained 

release was noted for quercetin in this instance when compared to the lipid-like molecule 

tocopherol which is also loaded into the polymer films for food packaging applications (108). 

Increasingly hydrophilic polymers indicated faster release of quercetin (108). A similar study 
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utilized various polymer formulations and cross-linking reactions to create both slow- and fast-

releasing quercetin tablets for oral administration (109). The release rates in both studies 

indicated a PVA-based polymer should release quercetin more rapidly than observed in this 

study. This indicated the quercetin may have been chemically incorporated within the PVA 

polymer system for slower release or the sustained release was due to the significant chemical 

modification of PVA through the hybrid glyoxal cross-linking procedure. Comparisons to 

nanoparticle polymer systems releasing quercetin appear to have some of the most similar 

release characteristics. When comparing to poly-D,L-lactide nanoparticles loaded with quercetin 

via sonification and emulsification to reach a release of quercetin around 80-90% by 5 days 

(110). A burst release toward 60% was noted in the first few hours (110). Another instance of 

quercetin loading into polylactic acid shows burst release to 30% cumulative quercetin release 

and then a plateau event following this burst (111). These instances of quercetin release from 

similar polymer systems indicate our release characteristic does not include the large burst 

release observed in other quercetin release profiles. The release of quercetin from our PVA fibers 

indicated modification via glyoxal cross-linking likely played a significant role in controlled 

release of quercetin from the fibers.   

The ideal release profile will depend on the intended use – for a material releasing an 

anticancer agent, a burst release to bombard cancerous cells may be preferred over a slower, 

sustained release pattern. On the other hand, a material developed for protecting a regenerating 

nerve from oxidative damage which could interfere with healthy tissue growth, a slower 

sustained release is likely beneficial to continue to protect the fragile tissue environment as the 

axons regrow. The absolute amount of drug released is also an important consideration, since 

many drugs have a range of concentrations where they are effective, yet above or below this 
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‘sweet spot’ can lead to toxicity or ineffective concentrations. Quercetin, although 

neuroprotective for certain concentrations, exhibits a neurotoxic effect when concentrations 

exceed the neuroprotective threshold (74). This is also true for the dexamethasone example 

provided earlier – healthy cell populations show significant increase in proliferation up to 1% 

dexamethasone loading, with a significant decrease in healthy cell viability at 2% 

dexamethasone loading . Proceeding to in vitro testing for analysis of efficacy will aid the 

ongoing design process and determine if the release profile indicates efficacy for the intended 

use.  

4.2.3 Swelling  

 An intriguing quality of hydrophilic, polymeric biomaterials is that the materials can 

experience significant swelling due to water absorption. The hydrophilic nature of PVA allows 

for dissolution in water to form the viscous polymer paste used for contact drawing. Although 

the hydrophilicity is decreased to some extent through glyoxal cross-linking, the material is still 

capable of absorbing water and swelling when placed into an aqueous environment. Since the 

bulk scaffolds used in the quercetin release studies may have the ability to hold water not only 

within the fibers but in the porous spaces created in the fibrous scaffold, a wet weight-dry weight 

analysis may not be suitable for this material. Swelling can still be assessed for individual fibers 

by observing the change in fiber diameters as a function of time in an aqueous system. 

Understanding the swelling behaviour of any hydrophilic biomaterial is important since  swelling 

is an indicator of hydrophilicity. The degree of hydrophilicity and how materials like these fibers 

will swell may influence cellular interactions, porosity, and drug-elution characteristics.  

          For the swelling of quercetin-free and quercetin-loaded PVA fibers, fibers were incubated 

in aCSF (37°C) once again to mimic a nerve tissue environment. After three days fiber swelling 
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appeared to plateau and reach a maximum swelling of 184.5 ± 3.3% and 199.4 ± 3.3% for fibers 

loaded without (-Qu) and with (+Qu) respectively after seven days. Quercetin itself has a large 

number of free hydroxyl groups yet the molecule alone is relatively insoluble. Quercetin loading 

may have increased the hydrophilic character of the fibers through increased hydrogen bonding 

acceptors or through fabrication artifacts. Without details about the mechanism at play via 

quercetin loading into PVA fibers it is difficult to determine how the increased hydrophilic 

character is achieved. This increased hydrophilic character may be part of the explanation for the 

morphological differences observed for the fiber loaded with and without quercetin.  

4.3 Material Application  

 The next progression in the iterative design process of a biomaterial is testing the material 

in an in vitro context prior to exploration in an in vivo model. Any undesirable effects at this 

stage will also require further inspection or modifications to existing fabrication and 

development to fit the criteria for intended use. If the material appears to invoke a cytotoxic 

response, it may be required to deactivate potentially harmful or reactive species during material 

fabrication. In the case of the novel PVA fibers, a different approach for cross-linking, small-

molecule loading, or biomaterial selection may be required if biological assays indicate 

deleterious responses in vivo or in vitro. 

4.3.1 Efficacy in vitro as neuroprotective biomaterial 

 The first biological assay required for most biomaterial developments includes some type 

of cell-based assay for general cytotoxicity testing. For this work, the model cell line was chosen 

as PC12Adh cells to determine potential cytotoxicity and material. If the material causes an 

undesired response (e.g., induces cell death in otherwise healthy cell culture), potential solutions 

will need to be devised to solve this issue. Residual aldehydes were the main concern based on 
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the proposed fabrication of PVA fibers, which can be easily removed and inactivated through 

washing with glycine, since the free aldehydes will reaction with the free amines to form a Schiff 

base. Cell viability was greater than 70% for all treatment groups in preliminary cell viability 

screening, indicating promising deactivation of any free aldehydes from the PVA fibers. Since 

viability was normalized to a condition in the absence of PDMS, the reduced cell viability in 

most cases was likely the result of the PDMS present in the well plates. If normalized to the 

condition with PDMS plugs and no fibers, all cell viability results for cultures containing fibers 

would be greater than 90% - extremely promising results for the first experiments with cells 

grown alongside the PVA fibers.  

 The next assay planned for the PVA fibers is a more complex assay, which includes the 

use of 6-OHDA to potentially induce apoptosis. Quercetin is a known neuroprotectant which can 

prevent cell damage through sequestration of reactive oxygen species produced by 6-OHDA 

(73,74,112). This assay will be used to screen the neuroprotective efficacy of PVA fibers loaded 

with various amounts of quercetin.  

4.3.2 Translation to use in NGC for in vivo explorations 

One of the major issues with regenerating nerves is misguided growth. The nerve 

guidance conduit has been proposed as a solution to combat misguided growth (26,31,113). 

These conduits have emerged as a potential alternative to the traditional nerve repair strategies 

and have been successful in both management and functional recovery of peripheral nerve 

injuries. Nerve conduits are a tissue-engineering based approach to traditional surgical 

interventions, where a biomaterial-based wrap is sutured on the proximal and distal ends of the 

damaged nerves. The biomaterial conduit functions to guide the proximal shoots toward the 

Büngner bands (Figure 30). 
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Figure 30 A nerve guidance conduit guides the growing shoots of the proximal end of a 

nerve injury toward the Büngner bands of the distal stump (28).   

The fabrication of NGCs and the potential design strategies can also play a large role in the 

clinical outcomes. Many of the potential design strategies involve variations in the interior 

structure of the nerve guidance conduit. Some of the most popular approaches have been 

hydrogel loading and nanofiber loading in the hopes of these material providing guidance cues 

for regenerating axons. Other strategies that are more conceptual or in the early stages of 

research include magnetically aligned fibril loaded, micro-grooved luminal deign, intraluminal 

guidance, luminal surface functionalization, unidirectional freeze drying, shell-core filament 

loaded, microfilament loaded, and rolled up pattern loaded (16). 

 In addition to various design and fabrication modifications, the NGCs can be loaded with 

small molecules, various neurotrophic factors, and even different extracellular matrix proteins. 

These ECM components provide natural cellular attachment cues to guide regenerating shoots of 
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the proximal end of a nerve lesion. These cells express specific integrins (α1β1, α2β1, α6β1, α6β4, 

α5β1, αVβ3) that bind to ECM proteins to promote myelination through their interaction 

(114,115). A variety of ECM components have been shown to play a major role in nerve 

guidance and attachment, including fibronectin, laminin, collagen, and vitronectin (113,114,116). 

Furthermore, some of these ECM proteins have exhibited synergistic effects, specifically 

fibronectin and laminin (115). Various synergies have also been observed for the interaction of 

various neurotrophic factors with ECM proteins.  

 With all of this in mind, imagine a multifunctional nerve guidance conduit that has been 

purposed to combat some of the main issues surrounding nerve tissue regeneration. The nerve 

conduit itself creates a localized environment for promoting healing and proper guidance of 

regenerating axons. The inner space of the nerve guidance conduit has been fashioned to further 

enhance nerve guidance using specific binding cues and ECM matrix proteins either using 

repurposed ECM or ECM-loaded biomaterial. In addition to this, the nerve guide incorporated 

with the novel contact drawn, glyoxal cross-linked PVA fibers which serve as a neuroprotectant 

within the nerve guide, on the surface of the nerve guide or both. The slowly quercetin loaded 

PVA fibers help to prevent apoptotic cell death and limit the foreign body response to prevent 

inhibiting of regeneration through minimizing scar tissue formation. There are many variables to 

explore and test when it comes to nerve guidance conduits, and finding the ideal design, 

fabrication, and biomaterial will be a challenge. The NGC can also be enhanced with gene and 

cell transplant therapies, physical therapy, electrical stimulation, and other types of adjuvant 

treatments. It is likely that the ideal solution will be a combination of a variety of these 

techniques and treatments, with the contact drawn PVA fibers with potential neuroprotective 

efficacy as one of the constituents.  
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5. Conclusions 

5.1 Significance and Future Directions 

 With respect to this work, the main avenue for further exploration involves continuing 

and completing cell-based experiments to screen fiber formulations for neuroprotective efficacy. 

As mentioned previously, the translation to in vivo studies following promising results from cell-

based assays would also be a logical progression for this work. One of the biggest things to 

remember with the development of a biomaterial like this is the iterative design process that 

continues throughout the project. This feedback continues to modify design inputs even after 

clinical trials and successful implementation within the context of a nerve guidance conduit.  

This material has promise for use as a neuroprotectant through the addition of quercetin; 

however, the work has provided a template through the development of the PVA system and 

glyoxal cross-linking. Within the scope of intended use, the proposed PVA fibers could represent 

one part of a multifunctional nerve guide. The quercetin incorporation allows for protection from 

adverse events and promoting healing following a nerve injury. These PVA fibers can be 

modified with other adjuvants and small molecules, or even incorporated with various ECM 

proteins to allow cells to directly adhere with proper topological guidance cues and help guide 

regenerating axons. This is analogous to using dextran to template collagen fibrils for guiding 

cell growth. Since the major issues surrounding failed reinnervation for nerve injuries are 

misguided growth, the multifunctional nerve guide should look to promote guidance of 

regenerating axons at the tissue, cellular, and macromolecular levels. Aligned fibers could be 

made (with PVA or another similar polymer) to provide guidance channels within the nerve 

guidance conduit to guide regenerating axons toward the distal stump (tissue level guidance). 
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The loading or surface modification of these fibers would promote guidance and cellular 

adhesion through proper topographical guidance cues (cell level guidance). Finally, other small 

molecules or growth factors could be loaded into a PVA polymer fiber or directly into aligned 

fibers to promote guidance cues and proper signaling pathways at a macromolecular level. The 

PVA polymer system may be a possible template for the pursuit of other pieces of the composite, 

multifunctional NGC.   

In addition to the intended use proposed for this project, it should be noted an antioxidant 

eluting biomaterial fiber can have a variety of potential applications, especially within the field 

of regenerative medicine. The fine-tuning of cross-linking allows the material to be specifically 

fabricated for other tissue engineering approaches or more generic applications. In addition to 

acting as a template for various modifications to increase efficacy in a nervous tissue engineering 

approach, these PVA fibers could easily translated for other tissues of interest, wound dressing 

materials, bioresorbable sutures. With the proper groundwork and iterative design process the 

fundamental characterization of the PVA polymer system with respect to contact drawing allows 

for bulk fiber fabrication for a multitude of potential uses.  

5.2 Future Perspectives in Nerve Tissue Engineering  

Although there are many facets and dimensions associated with neural regeneration, a 

main theme for future studies appears throughout much of the literature – the nerve guidance 

conduit. It is likely that this will be the focus of neural tissue engineering and will eventually be 

implemented in place of the nerve autograft, due to ease of availability and simplicity of 

implementation. Advances in other scientific fields including (but not limited to) biomaterials 

science, cell and molecular biology, polymer science, biochemistry, chemical biology, 

pathophysiology, and molecular neuroanatomy will provide insight for tissue engineering 
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approaches of peripheral nerves. The breadth and depth of knowledge required for biomaterials 

scientists and those working in regenerative medicine is incredible – to fully comprehend a 

biomaterial approach to tissue engineering, one must be a chemist, biologist, engineer, healthcare 

professional, biochemist, and cell biologist. Thus, collaboration among fields and specialties and 

those with experiences in these fields present great candidates for working toward a real solution 

for nerve tissue engineering. 

Peripheral nerves present a much easier target than the central nervous system, and it is 

likely that a clinically relevant technique will be in place for peripheral nerves before any major 

breakthroughs can be made in central nervous system tissue engineering. As for the central 

nervous system, spinal cord injuries represent an extremely challenging yet rewarding task. The 

benefits of a breakthrough in central nervous system tissue engineering include partial or 

complete functional recovery for those suffering from para- and tetraplegia. There are many 

challenges associated with CNS tissue engineering, primarily the delayed cellular responses 

surrounding Wallerian degeneration and the rate of clearing for myelin and other cellular debris. 

The role of Schwann cells in nerve regeneration is slowly beginning to be unraveled, and their 

absence in the CNS is well noted – oligodendrocytes cannot compete with their PNS 

counterparts. As a result, gene therapies and cell transplants may be required for proper CNS 

treatment, due to a lackluster intrinsic regenerative capability. Furthermore, the proper tissue 

engineering approach may include gene therapy and other interventions to increase the rate of 

Wallerian degeneration and myelin clearance in the CNS, thus preparing the lesion for further 

surgical intervention . With improvements in surgical techniques, the clinical outcome of a spinal 

cord injury has been improved to some degree of paralysis. Until WWII, this type of injury was 

almost always fatal (117). Through the advancement of modern tissue engineering approaches, 
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the clinical outcome for these individuals may be continuously improved to the point of complete 

functional recovery. 
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Appendix A – Developing Vapour Chamber Protocol  

For developing the vapour assisted method, the protocol for the Frampton lab needed to 

be developed as a an adaptation from models in the literature (118). The main requirement for 

the vapour bath was a sealed chamber which could hold the cross-linking agent. Aa the chamber 

was heated, the vapours should remain within the chamber, allowing cross-linking to proceed. 

The first prototype for this development was the use of sample vials. A small section of weight 

boat was fashioned to the top of the sample vial to hold the fibers above the liquid and allow 

vapours to react with the sample (Supplementary Figure 1).  

                                 

Supplementary Figure 1. Original prototype for glyoxal chambers for vapour-assisted cross-

linking.  

One of the main issues with this prototype was the imaging issues associated with 

parafilm during rehydration experiments. In Supplementary Figure 2, the issues with discerning 

synthetic polymer fiber from cellulose present in the parafilm became a significant issue.  

Glyoxal  

PVA fibers on 
parafilm 
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Supplementary Figure 2. Images of fibers on parafilm (left) and parafilm only (right). 

To alleviate the issues associated with parafilm imaging, the next prototype developed 

involved the use of larger mason jars and pedestals that could hold weight boats or glass slides 

above the glyoxal (Supplementary Figure 3). 

 

Supplementary Figure 3. Second prototype for glyoxal chambers for vapour-assisted cross-

linking.  
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 The main issue associated with these chambers was the large tops which during the hours 

under heat accumulated a large amount of condensation and these droplets were then splashed 

onto the fibers before they were sufficiently cross-linked and dissolved the fibers, creating a 

cross-linked film of PVA in the bottom of the weight boat or on the glass slide. This led to the 

final prototype for the vapour chambers, which included the addition of protecting glass slide 

“houses” (Supplementary Figure 4). Now with the final addition, the fibers could be effectively 

cross-linked with glyoxal and retain their fibrous morphology after this processing step.  

 

Supplementary Figure 4. Final prototype for glyoxal chambers for vapour-assisted cross-

linking.  

 With this final addition, the incorporation of multiple levels for insertion of weigh boats 

and/or glass slides was possible, allowing for more fibers to be cross-linked in a single chamber. 
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Appendix B – IR Spectrum for Quercetin  
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