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Abstract:

 Central and peripheral neural injuries are traumatic and can lead to loss of motor and sensory function, chronic pain, and permanent disability. Strategies that bridge the site of injury and allow axonal regeneration promise to have a large impact on restoring quality of life for these patients. Engineered materials can be used to guide axonal growth. Specifically, nanofiber structures can mimic the natural extracellular matrix, and aligned nanofibers have been shown to direct neurite outgrowth and support axon regeneration. In addition, cell-seeded scaffolds can assist in the remyelination of the regenerating axons. The electrospinning process allows control over fiber diameter, alignment, porosity, and morphology. Biodegradable polymers have been electrospun and their use in tissue engineering has been demonstrated. This paper discusses aspects of electrospun biodegradable nanofibers for neural regeneration, how fiber alignment affects cell alignment, and how cell-seeded scaffolds can increase the effectiveness of such implants.
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1. Introduction

The nervous system comprises the peripheral nervous system (PNS) and the central nervous system (CNS). The PNS obtains information from the environment and transports signals from and to the CNS, which consists of the brain and the spinal cord [1]. Neural injuries are traumatic. Spinal cord injury (SCI) often leads to loss of motor and sensory function, chronic pain, and permanent disability. The estimated lifetime healthcare costs for an individual injured at age 25 with C1-4 level tetraplegia are more than $4 million [2]. Although there are some pharmacologic, biologic and cell transplantation treatments for acute SCI, some of which are currently in clinical trials, there are not yet any established therapies which repair the damage and provide neurologic recovery [3-8]. After the initial mechanical damage on the spinal cord in SCI, a series of secondary events including the presence of growth inhibitors, adult neuron death, absence of trophic factors, immune system reactions and formation of scars and cystic cavities further complicate the axonal regeneration and functional recovery from SCI [9-16]. However, axonal regeneration can occur and reconnect with the distal stump if guidance is present, resulting in restoration of function for patients [17-20]. Strategies that bridge the site of SCI and allow axonal regeneration will likely have a large impact on restoring quality of life for these patients. Compared to SCI, peripheral nerve injury treatment is more promising due to the greater capacity of peripheral nerve fibers for regeneration. Conventional treatments for peripheral nerve injury include microsuture of the nerve stumps when the nerve gap is small and autografts when the nerve gap is beyond suturing. Only small nerve gaps can be treated with both treatments [1]. Furthermore, donor tissues are required for autografts, which will likely lead to function loss at the donor sites and formation of neuroma [1]. Autografts may also be compromised by the limited source of material for serious injuries and mismatching of donor and recipient tissues [21]. Therefore, extensive effort in the past few decades has been expended to develop alternative treatment methods for nerve injuries. Many groups have proposed using artificial guidance channels, or conduits, which serve as the support scaffolds that mimic extracellular matrix (ECM) to bridge the defective nerve gaps and guide cellular contact for both central and peripheral nerve injuries. However, using empty guidance channels alone hardly produces satisfactory results. Thus, when designing guidance channels made from either hydrogel [18,22,23] or polymer fibers, the following factors require consideration: they should be biodegradable, biocompatible, and permissive for cell growth; include neurostimulatory extracellular matrix (ECM) macromolecules (such as laminin-1 or laminin-1 fragments); include supportive cells, such as Schwann cells and stem cells; and include neurotrophic factors, such as neural growth factor (NGF—See Table 1 for abbreviations of materials in this paper) and brain-derived neurotrophic factor (BDNF) [24-34].

Table 1. Abbreviations of materials.


	Materials
	Abbreviations
	Materials
	Abbreviations





	1,1,1,3,3,3-hexafluoro-2-propanol
	HFIP
	Neural stem/progenitor cell
	NSPC



	Acidic fibroblast growth factor
	a-FGF
	Neurotrophin-3
	NT-3



	Adeno-associated viral
	AAV
	Olfactory ensheathing cell
	OEC



	Adipose-derived stem cell
	ADSC
	Oxidized cellulose
	OC



	Alpha-1 glycoprotein
	α1-GP
	Peripheral nervous system
	PN



	Arg-Gly-Asp
	RGD
	Phosphate buffered saline
	PBS



	Basic fibroblast growth factor
	b-FGF
	Platelet-derived growth factor
	PDGF



	Bone marrow stromal cell
	BMSC
	Poly(D,L-lactide)
	PDLLA



	Bone marrow-derived cell
	BMDC
	Poly(DL-lactide-co-glycolide)
	PLGA



	Brain-derived neurotrophic factor
	BDNF
	Poly(ethylene oxide)
	PEO



	Cellulose acetate
	CA
	Poly(lactide-b-ethylene glycol-b-lactide)
	PLA-b-PEG-b-PLA



	Central nervous system
	CNS
	Poly(L-lactic acid)
	PLA



	Dorsal root ganglia
	DRG
	poly(vinyl alcohol)
	PVA



	Ectomesenchymal stem cell
	EMSC
	Poly(vinyl pyrrolidone)
	PVP



	Embryonic stem cell
	ESC
	Polyacrylonitrile
	PAN



	Embryonic stem cell-derived neuronal progentior cell
	ESNPC
	Poly(ε-caprolactone)
	PCL



	Extracellular matrix
	ECM
	Polyethylene
	PE



	Glial growth factor
	GGF
	Polyglycolide
	PGA



	Glutaraldehyde
	GTA
	Polypyrrole
	PPy



	Gly-(L-His)-(L-Lys)
	GHK
	Polyvinyl chloride
	PVC



	Heparin-binding delivery system
	HBDS
	Poly-β-hydroxybutyrate
	PHB



	Human Schwann cell
	hSC
	Sciatic function index
	SFI



	Mesenchymal stem cell
	MSC
	Skin-derived precursor
	SKP



	Neural growth factor
	NGF
	Skin-derived stem cell
	SDSC



	Neuronal progenitor cell
	NPC
	Spinal cord injury
	SCI



	Neural stem cell
	NSC
	Vascular endothelial growth factor
	VEGF








The electrospinning technique has been widely used to fabricate porous and highly spatially interconnected micro- and nano-scale polymer fibers, both natural and synthetic, with a large high surface to volume ratio, which can then function as scaffolds for neural repair [35,36]. For instance, as a method to fabricate guidance scaffolds or conduits, the electrospinning technique enables the production of biomimetic nano- and microstructures which can then be mechanically and/or chemically optimized to treat nerve injury. Due to the nature of the electrospinning technique, it is also much easier (one single step) to incorporate those essential factors which enhance the regeneration process into the conduits than other methods [35]. Furthermore, it is possible to produce highly aligned electrospun fibers [37], which can provide guidance cues for glial cells (e.g., Schwann cells) growth and subsequent axonal regeneration.

This review summarizes the development of the electrospinning technique and methods to produce aligned nanofibers for neural regeneration applications (Section 2). Although the scaffold for nerve repair should have sufficient mechanical strength to support tissue development and cell growth, a permanent implant may cause nerve compression. A resorbable implant could avoid this problem. Such a structure should degrade over a controlled period of time at a satisfactory rate at the site of implantation. We discuss the use of biodegradable polymers for electrospinning (Section 3). There has been significant recent work in the area of cell transplantation for injury treatment, and this work forms the basis for cell-seeded engineered structures (Section 4). We survey the improved in vitro cell guidance that is achieved using aligned nanofiber scaffolds compared to random nanofiber mats, and examine the efficacy of cell seeding and/or neurotrophic factor incorporation into implantable structures in enhancing in vitro and in vivo regeneration (Section 5).



2. Electrospun Nanofibers

Nanofabrication methods can be employed to fabricate artificial scaffolds which structurally and biologically imitate the natural ECM at the nano-scale level [38,39]. The function of ECM is to maintain and define the structures of tissue and organs, particularly in connective tissue [40]. Sub-micron features of artificial scaffolds are important in increasing cell-scaffold interaction, promoting cell adhesion, and providing topographical cues. In tissue engineering, fibrous scaffolds have gained attention due to features including high surface area-to-volume ratio, alterable porosity, and three-dimensional architecture, all of which favor cellular attachment and growth (for a general review on this subject please see [41-43]). Numerous technologies have been used to produce nano-scale scaffolds, for instance, electron beam lithography [44], colloidal lithography [45], electrospinning [46], chemical etching [47], phase separation [48], and peptide self-assembly [49]. Amongst all these technologies, electrospinning is an exceptionally simple, economical, and widely used method to produce continuous nano-scale polymer fibers in either random or aligned orientation [46,50]. The essential differences between electrospinning and conventional wet/dry fiber spinning reside in the pulling forces and fiber diameters. While conventional spinning processes use mechanical forces to pull and stretch the material to produce fibers ranging from 10 to 500 μm in diameter [51], electrospinning uses electrostatic forces to produce fibers ranging from nanometers to a few microns in diameter. Owing to their nature, tissue engineering scaffolds made from electrospun fibers have been successfully produced and demonstrated to mimic ECM in terms of fiber diameter, high porosity, and interconnected architecture (for more information on this subject please see [52-54]).


2.1. Electrospinning Process

“Electrospinning”, derived from “electrostatic spinning”, regained popularity as a manufacturing technique due largely to emerging interest in nanotechnology around 1994, because it can be easily employed to fabricate fibers from a wide variety of polymers (for detailed reviews on the development of the electrospinning technique please see [55,56]). Huang et al. have reported that nearly 100 different polymers have been electrospun into ultrafine fibers so far from either polymer solution or melt [55]. Srivastava et al. have used microfluidic manifolds to simultaneously spin multiple jets [57] as well as to create core/sheath nanofibers [58].

Figure 1 shows a typical electrospinning setup, which consists of a syringe with a metal needle containing the polymer solution or melt, a metering pump as the feed rate control, a conductive (usually metal) collector, and a high voltage DC power supply. Most setups position the syringe horizontally and use a metering pump to form the polymer droplet. However, the syringe can also be positioned vertically with the collector placed underneath it, and the polymer solution is supplied either through gravity or through a pump [59,60]. Alternatively, the syringe can be mounted at an angle in order to control the flow rate [61]. In the beginning of the process, the metering pump forces the polymer solution or melt to form a pendant polymer droplet held by surface tension at the needle tip. Then an electric field is applied to the system, which induces a repulsion force that opposes the surface tension of the polymer solution or melt [62]. The polymer droplet at the needle tip becomes elongated and deforms into a conical shape, commonly referred to as the Taylor cone [63], as the intensity of the electric field increases. The electric field is then increased to a critical value where the electrostatic force is strong enough to overcome the surface tension. A charged polymer jet is ejected from the apex of the Taylor cone, and directed to the oppositely charged collector [62]. The polymer jet is accelerated and stretched by an unstable whipping process with a high whipping frequency [64] due to both external and internal electrostatic forces originating from the charged ions within the polymer jet [65], resulting in decreased diameter and increased polymer jet length [62]. The whipping process facilitates solvent evaporation. Eventually, the dry polymer fiber is deposited on the grounded collector. If the polymer jet is formed from a melt, it solidifies during the flight. Fibers obtained from a polymer melt usually have a larger diameter than those from polymer solution [66-68], and polymer melts must be electrospun in vacuum [69]. The length of electrospun fibers can be as high as several kilometers, since electrospinning is a continuous process [69]. In the cases when it is difficult or impossible to dissolve or melt a polymer for the electrospinning process, a chemical reaction, such as photo-induced polymerization, can be introduced in order to solidify the polymer [70]. Due to the fact that some polymer systems release harmful solvents during the electrospinning process, it is recommended that the process should be performed in a ventilated chamber to permit the exhaust of the solvents.

Figure 1. Schematic of a typical electrospinning setup.
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2.2. Factors Affecting Nanofiber Morphology and Structure

The morphology and structure of electrospun fibers can be dramatically influenced by a number of variables, including (1) solution properties, such as concentration/viscosity, elasticity, conductivity, volatility of the solvent, and surface tension; (2) processing parameters, such as applied voltage, tip-collector distance, and flow rate; (3) ambient parameters, such as temperature, humidity, and air velocity. The details of the effects of these controllable variables on electrospun fibers have been thoroughly discussed elsewhere [56,71-87].



2.3. Aligned Fibers

Aligned electrospun polymer fibers play a critical role in better providing topographic cues for neurite outgrowth compared to randomly aligned fibers (please see Section 4 for further discussion). Due to the disordered motion of the polymer jet as it travels from the tip to the collector, randomly distributed non-woven polymer fibers are generally produced with no preferential direction through a typical electrospinning process using a stationary target. Although randomly oriented electrospun fibers have been employed in many applications such as filters [46,88-91], the random orientation may be undesirable in other applications requiring fibers with well-aligned and highly ordered structures, such as microelectronics and photonics and tissue engineered scaffolds for neurite outgrowth [37,50,92]. Therefore, extensive efforts have focused on controlling the fiber architecture and orientation to meet the requirements for such applications.


2.3.1. Rotating Mandrels

A number of research teams have used a rotating drum, which replaces the stationary target to collect aligned polymer fibers that are parallel to each other along a common axis [37,93-95]. Edwards et al. investigated the influence of the rotation speed of the collecting drum on the internal and external structures of electrospun polycaprolactone (PCL) fibers [93]. Only partial alignment and little deformation of PCL fibers could be observed when the rotation speed of the drum was slower than the fiber spinning rate (jet velocity). With a higher rotation speed of the drum, mechanical extension of the fibers took place resulting in more alignment. With an even higher rotation speed, the crystals within the fibers became highly oriented due to the deformation of the fibers. However, fracture of fibers and reduction of crystal orientation would occur if the rotation speed passed a threshold [93]. Instead of using a rotating drum with a large width, Theron et al. proposed a much thinner rotating disk with a tapered edge with half angle θ = 26.6°, a wheel-like bobbin, for collecting continuous aligned fibers around its circumference [96]. The fibers deposited on such a disk were aligned, although the separation between the fibers was not fully uniform, probably because the residual electric charges of the fibers that first reached the disk repelled the following ones [96]. However, it will be difficult to scale up production due to the relatively sharp edge of the collector which gives reduced fiber collection. By creating a gap between two stripes of conductive substrates, such as metals and highly doped silicon, which were then used as the collector, Li et al. were able to generate uniaxially aligned nanofibers from polymers (e.g., poly(vinyl pyrrolidone) (PVP), polystyrene, and polyacrylonitrile (PAN)), ceramics (e.g., Al2O3, Fe2O3, NiFe2O4), and composites [50]. The width of the gap and the collection time could be altered in order to control the stacking density of the nanofibers [50]. Afifi et al. combined the rotating drum and a two-strip collector to a modified collector consisting of an insulated rotating rotor with several conductive long fins attached to it at equal distance as grounded target points [97]. Continuous poly(L-lactide) (PLA) fibers were wound on the top of the fins as the rotor rotated. However, below a certain tip-collector distance, PLA fibers were either collected in a small quantity due to the repulsive wind force generated from the fins or formed in a bundle due to the insufficient evaporation of the solvent [97].



2.3.2. Parallel Bars

Due to the uncontrollable chaotic motion of polymer jets, techniques using a rotating drum as the collector generally cannot produce perfectly aligned fibers [98]. Pan et al. then introduced a novel electrospinning technique consisting of two oppositely charged stainless steel needles which were installed tip to tip at a distance of 14 cm [99]. The polymer (poly(vinyl alcohol) (PVA) or PVP) solutions loaded in the syringes were driven to the needles by a dual syringe pump, and when the electric field was applied, polymer jets were ejected and met in the air forming a neutrally charged yarn of curly fibers, which was then manually towed to a high-speed rotating collector (Teflon tube, aluminum shaft, or plastic cylinder) several centimeters below the meeting point to generate continuously elongated and aligned fibers in a large amount [99]. Substituting the conventional collector material with materials with high relative permittivity, εr, can modify the electric field and densify the electrostatic lines of electric flux near the collector [100]. Yan et al. examined a variety of dielectric materials with different εr, including epoxy resin (εr = 4), ferrite (εr = 12), water (εr = 81), methanol (εr = 25), and isoamyl alcohol (εr = 15.3), as parallel collectors, and concluded that materials with high εr generally yielded more unidirectional polymer fibers [100]. A threshold value of εr, which varies according to different processing conditions, needs to be surpassed in order for aligned fibers to form [100]. Yan et al. also used theoretical simulations to understand the key mechanisms that determined the fiber orientation during the electrospinning process, which showed that the magnitude of the horizontal electric field strength was the chief factor that affected polymer fibers on stretching across the gap between the parallel collectors, and forming aligned fibers afterwards [100].



2.3.3. Other Strategies for Fiber Alignment

When a conventional rotating mandrel is used, the polymer jet spreads over the entire length of the mandrel, resulting in relatively poor alignment. Instead of using a conventional conductive collector, Teo et al. proposed a novel electrospinning setup consisting of a non-conductive collector, a high-speed rotating Teflon tube, and a parallel grid of knife-edged aluminum bars below the tube as the counter-electrode [101]. Using this setup they were able to control the deposition of PCL fibers in both the circumferential direction and at an angle to the longitudinal axis of the Teflon tube. Here the polymer jet would spread in a much smaller area (compared to a conventional rotating mandrel) because the parallel aluminum bars concentrated the electric field in the areas of the needle tip and individual strip, resulting in polymer fibers with improved alignment. By tilting the knife-edged aluminum bar through a certain angle, Teo et al. also demonstrated the production of diagonally aligned fibers, as well as a multi-layered patterned tubular laminate composite of fibers in different diagonal directions [101]. Another technique of using auxiliary electrodes to facilitate the formation of aligned fibers was proposed by Lee et al., in which two auxiliary electrodes were introduced: one was a cylindrical electrode attached to the nozzle to stabilize the ejected polymer solution; and the other was a field-controllable electrode producing an alternating current electric field attached to the rotating collector [102]. They were able to obtain aligned PCL fibers with reduced diameter and narrow distribution. In conventional electrospinning process with the rotating collector, the stretching and alignment of polymer fibers is achieved by the high-speed rotating collector; however, in Lee's proposed process, stretching and alignment of polymer fibers was due to the field-controllable electrode. Compared with the conventional method, the whipping area during the flight of the polymer solution after ejection was larger, and the fibers underwent a more extensive stretching and alignment process with the introduction of the auxiliary electrodes. Moreover, the alignment of the polymer fibers was parallel to the controllable electrode field direction in the proposed method, as opposed to the conventional method, in which the alignment of the polymer fibers was vertical to the collector rotating direction [102].

Other strategies also have been developed to improve fiber alignment. Badrossamay et al. employed a high-speed rotating nozzle to fabricate 3D continuous polymer fibers, such as PLA, poly(ethylene oxide) (PEO), poly(acrylic acid), etc. [103]. The technique involved a rotating polymer solution reservoir, connected to a motor, with two side wall orifices, surrounded by a stationary cylindrical collector. The ejection of polymer solution toward the cylindrical wall occurred when the combination of hydrostatic pressure and centrifugal pressure surpassed the flow-resistant capillary forces, and the trajectory of the polymer solution jet was warped, attributable to the rotation of the nozzle. It was hypothesized that greater stretching and thinning of the polymer jet that would result in finer fibers would occur with higher centrifugal force [103].

Figure 2 presents the schematics of the aforementioned electrospinning systems. Figure 3 shows an example of aligned electrospun PLA fibers fabricated using a rotating disk.

Figure 2. Schematics of electrospinning systems to produce aligned fibers (adapted from the cited references).
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Figure 3. SEM image of electrospun poly(L-lactide) (PLA) fibers using a rotating disk. A mixture of DCM/DMF (4/1, wt/wt) was used to dissolve PLA prior to electrospinning. The concentration of PLA solution was 8 wt%. Fibers were electrospun under the conditions of flow rate: 0.8 mL/h, electric field strength: 29 kV and disk rotation speed: 2,500 rpm.
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3. Biodegradable Polymers

A biodegradable conduit could support tissue regeneration, and would not require a second surgical procedure to remove the structure when the regeneration is complete. If the scaffold were not removed, it might compress the tissue or cause chronic irritation. Biodegradable polymers can be derived from natural sources or may be synthesized. Natural biopolymers, derived from naturally existent materials (e.g., chitin and chitosan from crustacean shells; cellulose from wood, etc.), are renewable resources and possess better inherent biodegradability, biocompatibility, biofunctional motifs, and lower immunogenicity than synthetic polymers [104-110]. They have thus been widely used in many biomedical applications. There are two major categories of common natural biopolymers that have been successfully electrospun into ultrafine fibers: polysaccharide and protein [111].


3.1. Polysaccharide Nanofibers

Cellulose is the most abundant, naturally occurring biodegradable polymer on our planet [112]. It is difficult to electrospin cellulose using common organic solvents due to its strong inter- and intra- molecular hydrogen bonds [113]. Kim et al. used a lithium chloride/N,N-dimethylacetamide solvent system to dissolve cellulose, and they obtained amorphous cellulose fibers with diameters ranging from 150 to 500 nm [114]. Another solvent system, N-methylmorpholine oxide and water, was also used to prepare electrospun cellulose solution [115]. Cellulose acetate (CA), a derivative of cellulose, has also been electrospun into ultrafine fibers using acetone or acetone/water as solvent [46,116]. Compared to cellulose, a CA solution is more easily prepared for electrospinning due to its solubility. Ma et al. electrospun CA fibers with enhanced structural and mechanical properties with 1-h heat treatment at 208 °C [116]. Son et al. produced ultrafine oxidized cellulose (OC) fibers from electrospun CA fibers by subsequent deacetylation and oxidation processes [117]. Han et al. applied electrospun OC fibers as metal chelators for absorbing heavy metal ions from polluted groundwater in environmental remediation technology [118]. Additionally, electrospun CA fibers have also been used in cosmetics [119], drug delivery [120], protein detection [121], bactericide [122], and bio-scaffolding [46] applications. Chitin is the second most abundant naturally occurring polysaccharide after celluose, and it can be readily obtained from the shells of arthropods, such as crabs and insects [123]. Noh et al. [124] and Min et al. [125] successfully electrospun chitin in 1,1,1,3,3,3-hexafuoro-2-propanol (HFIP) with the aid of irradiation to improve its otherwise poor solubility. Noh et al. demonstrated the potential use of electrospun chitin fibers in wound dressing or tissue engineering scaffolding due to their distinctive biological features, including wound healing effects, biocompatibility and biodegradability [124]. Chitosan is the N-deacetylated derivative of chitin, and has been prepared in aqueous acidic solvents, such as acetic acid [126], trifluoroacetic acid [127], and formic acid [127], as the as-spun solutions. Geng et al. obtained electrospun chitosan fibers with an average diameter of 130 nm from a 7% chitosan solution in a 90% aqueous acetic acid solution, and investigated the effects of several parameters of both solution and process on the structure and morphology of the fibers [76]. They discovered that acetic acid concentration was the most important factor, and it decreased the surface tension of the solution and simultaneously increased the charge density of the polymer jet. The morphology of beaded fibers evolved into homogeneous fibers with increasing acetic acid concentration [76]. In addition to electrospinning pure chitosan fibers, blends of chitosan and PEO [128], chitosan and PVA [129], chitosan and poly(ethylene terephthalate) [130], chitosan and nylon-6 [131], and chitosan and poly(L-lactic acid-co-epsilon-caprolactone)) [132] have also been successfully fabricated via electrospinning.



3.2. Protein Nanofibers

As fundamental building blocks of life, protein fibers play a large role in scaffolding, motility, elasticity, protection of cells, stabilization, tissues and organisms (for an extensive review please see [133]). Collagen, the most abundant protein in the human body and the key structural element of ECM of many tissues, is resorbable, has high water affinity and low antigenicity, provides structural and mechanical support to tissues, sequesters tissue maintenance and regeneration factors, transmits forces, dissipates energy, and provides biological signals to adjacent cells [134-136]. Collagen types I, II and IV have been successfully electrospun into ultrafine fibers using either HFIP [38,137-139] or phosphate buffered saline (PBS)/ethanol (pH = 7) [140] as solvent. However, HFIP may not be a desirable solvent for fabricating electrospun collagen scaffolds for tissue engineering applications due to its toxicity and corrosiveness as well as the fact that collagen which has been electrospun from HFIP may lose its natural conformation [140,141]. Therefore, the PBS buffer/ethanol solvent system seems to be an alternative for electrospinning collagen with the application in tissue engineering. Fibers of blended collagen and other components, such as PEO [142], PCL [143], chitosan [144], polyurethane [145], and polydioxanone (PDO) [146], have also been prepared by electrospinning. Synthesized by the liver, fibrinogen is an important protein to the coagulation of blood [135]. Wnek et al. electrospun human or bovine fibrinogen fraction I in a minimum essential (Earle's salts)/HFIP solvent into fibers with diameters ranging from 80 to 700 nm [147]. In addition to potential uses in cartilage repair [148], wound healing and drug delivery [149], electrospun fibrinogen fibers can also be used in tissue engineering scaffolds [150].



3.3. Biodegradable Synthetic Polymer Nanofibers

In addition to polysaccharides and proteins, many synthetic polymers also possess relatively good mechanical, biocompatible and biodegradable features. Amongst these, the degradation behavior of a number of polyesters, including polyglycolide (PGA), poly(L-lactide) (PLA), and their copolymer poly(D,L-lactide-co-glycolide) (PLGA) have been extensively studied. You et al. investigated the degradation rates of electrospun PGA, PLA and PLGA nanofibers in PBS solution in incubation at 37 °C [151]. The mechanism of the degradation of aliphatic polyesters is through hydrolysis of the ester backbone [152,153]. The degradation rate of PLGA was slow in the first 25 days, and accelerated afterwards, and the residual weight was below 50% after 45 days, while PGA, however, had a rapid degradation rate in the first 20 days, and the residual weight was about 40% at day 20. Compared with PGA and PLGA, PLA had a much slower degradation rate [151]. Hurrell et al. proposed a 4-stage degradation mechanism for PGA [154]. In stage I, water diffuses throughout the polymer, followed by stage II, in which homogeneous hydrolysis occurs, and at the same time the polymer crystallizes through insertion crystallization. Chain cleavage and water plasticization contribute to this crystallization process. When the molecular weight reaches a critical value, which commences stage III, oligomers begin to diffuse from the surface, where a reaction-erosion front is formed. Subsequently in stage IV, the front may move through the sample and encounter the other front formed from the opposite surface [154]. Zong et al. [155] also described a four-stage process for structure and morphology changes during PLGA degradation. Since the glass transition temperature of the electrospun fibers was 38 °C and the degradation was carried out at 37 °C, they found thermally-induced crystallization in the electrospun fibers after 1 day of incubation [155].

The degradation rate of polymers can also be different between the bulk materials and the electrospun fibers (for detailed reviews please refer to [156]). For some polymers, the degradation rate of larger structures is faster than that of nanofibers due to autocatalysis in larger structures.

The degradation rate of a scaffold will also be modified in the presence of cells as compared to incubation in a buffer solution. Dong et al. [157] found that the degradation rate of PLGA nanofibers was accelerated when cultured with smooth muscle cells due to increased surface erosion. Pan et al. [158] used a co-culture of fibroblasts and macrophages to study cell-mediated degradation. They found upregulation of lysozyme, non-specific esterase, other enzymes, as well as two cell surface receptors. The co-culture showed faster degradation than monoculture or degradation without cells.

A slow biodegradation rate of PLA is observed even in the non-crystalline form, poly(D,L-lactide) (PDLLA), the enantiomeric semicrystalline forms, poly(D-lactide) and PLA [159]. In order to address the issues of long degradation time, hydrophobicity and mechanical stiffness of PLA, Kim et al. fabricated an electrospun scaffold consisting of fine fibers from a blend of PLA, PLGA random copolymer, poly(lactide-b-ethylene glycol-b-lactide) (PLA-b-PEG-b-PLA) triblock copolymer, and a lactide [159]. Through copolymerization, structurally similar yet faster degrading glycolide components, such as PLGA, could be incorporated into the PLA polymer chains resulting in a faster degradation rate of PLA [160]. Lactide rapidly converts into lactic acid in an aqueous environment, thus it was used as a hydrophilic catalyst to accelerate the hydrolytic reaction, though the amount of lactide could not be too high since it would compromise the mechanical strength and acidify the scaffold [159]. The triblock copolymer PLA-b-PEG-b-PLA was physically blended into the system in order to modify the hydrophobicity of PLA as well as slow the diffusion rate of the lactide [159]. The in vitro degradation study showed that the scaffold lost 65% of its original mass in 7 weeks, significantly higher than pure PLA [159]. Kim et al. also measured the contact angle on the nanofiber mats and found that the hydrophobility of the scaffold decreased from 105° (pure PLA scaffold) to 50° [159].

Due to the nature of degradation process of polyesters, there are some challenges that still need to be addressed when using aligned electrospun polyester fibers for tissue engineering applications. Jiang et al. reported that electrospun PLGA membranes shrank to 20% of its original area after incubation at 37 °C in PBS for 2 h [161]. The morphology of the fibers also changed from smooth and straight in the original membrane to coiled and wavy in the shrunken mat [161]. Li et al. also reported a similar shrinking phenomenon in addition to fiber swelling and fusion in electrospun polyester scaffolds during incubation at 37 °C in PBS [162]. Efforts are currently underway to mitigate these undesirable effects.

Another challenge when using PGA or PLGA as the implant material for treating tissue damage/loss is that their degradation products, although metabolically resorbable, can potentially increase the acidity of the local environment which may cause unfavorable foreign-body reactions, such as an inflammatory response, resulting in cellular death [163,164]. Clinically, surgical drainage at the implantation site has been applied to successfully settle such reactions [163]. Alternatively, it has been suggested that the application of basic salts might be able to offset the decreased pH caused by the degradation products [165]. In addition, inhibition of C5a could also offer a therapeutic intervention to impede the inflammatory reaction [164].

Bini et al. [166] fabricated a tubular and porous nerve guidance conduit made of PLGA (10:90) fibers using a microbraiding technique with potential application for peripheral nerve regeneration, and also investigated its degradation behavior. Swelling, a common phenomenon caused by water uptake and observed in many biodegradable nerve conduits, was not detected; maintaining a constant lumen cross section in a conduit may be advantageous for nerve regeneration. Degradation occurred in the form of fiber breakup due to bulk hydrolysis. Figure 4 shows images of the PLGA conduit and its micro-scale features.

Figure 4. (A) Macrographs of poly(DL-lactide-co-glycolide) (PLGA) conduits; (B) SEM image of the PLGA conduit; (C) SEM image shows the average pore size of the conduit; (D) SEM image shows the braiding angle of the conduit. Reprinted from [166] with permission from John Wiley and Sons.
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Compared with other biopolymers, PCL has a longer degradation time [167] and good mechanical properties [168], and has been so far employed for biomedical applications, such as bone regeneration [169,170], drug delivery [171], nerve tissue regeneration [172,173], wound dressing [174], and gene delivery [175]. Pektok et al. were among the first to evaluate the in vivo degradation and healing features of small-diameter vascular grafts consisting of electrospun PCL fibers with a mean diameter of 1.90 μm in the rat systemic arterial circulation [176]. The major mechanism of PCL degradation is the breakup of ester linkages by nonenzymatic random hydrolysis [177]. The main cause for failure of graft using biodegradable polymers was aneurismal dilatation due to the premature loss of mechanical strength of the graft material [178]. Pektok et al. examined the weight loss by assessing the molecular weight changes of the PCL grafts and discovered 20% loss for Mw (weight average molecular weight, [image: there is no content]where Ni is the number of moles of each polymer species and Mi is the molar mess of the species) and 22% loss for Mn (number average molecular weight, Mn=ΣiNiMi/ΣiNi) 24 weeks after implantation, and observed no significant premature structural deformities and thus no aneurismal dilatation [176].



3.4. Permissive Environment for Regeneration: Collagen, Laminin, and Fibronectin

Extensive research has been conducted for over a century to identify an ideal growth medium for axonal regeneration. As mentioned in Section 2, the natural ECM, consisting of various proteins (collagen, laminin, fibronectin) and polysaccharides, significantly affects neural regeneration [179]. Through the interaction with its ECM, cell activity is regulated for morphogenesis, maintenance, and adaptation purposes [180]. Collagen is known to promote cell proliferation, possess good affinity with the living body, generate minimum scar tissue, and cause little inflammatory response or immunological reaction [181,182]. Rosen et al. used a biodegradable and flexible conduit made of glycolide trimethylene carbonate (GTMC) filled with a collagen matrix to bridge a relatively short nerve gap of 5 mm of a rat peroneal nerve, and concluded that the outcome from the artificial conduit was similar to the one from autografts in terms of organization and reaction at the graft site, quantitative physiology, axon diameter and toe spread analysis [179]. However, statistically, the axon count in the autografts was significantly higher than inthe artificial conduit [179]. Clinically, the peripheral nerve injury gap is usually larger than 5 mm; therefore, research on bridging a wider gap would provide more useful information.

Using a tubular braiding machine, Nakamura et al. were able to produce a PGA conduit with a hydrophilic surface through plasma discharge treatment, and subsequently coat the inner wall of the conduit with a layer of amorphous collagen and used this PGA-collagen conduit to bridge a 15-mm peroneal nerve gap in beagle dogs [181]. Figure 5 shows the SEM image of the PGA-collagen nerve conduit filled with collagen sponge and the intraoperative view of the conduit after implantation. The PGA-collagen conduit outperformed autografting in terms of functional recovery 6 months after surgery, and thus it was suggested that this collagen sponge could be a potentially effective alternative for repairing some neural defects [181]. Instead of a collagen sponge, Okamoto et al. used longitudinal collagen filaments with a diameter of 50 nm to fill up a collagen tube to bridge a nerve defect of 30 mm in the peroneal nerve of a Beagle dog model [182]. Functional recovery was observed within 52 weeks after the implantation surgery [182]. Collagen can be crosslinked by a number of crosslinking agents, such as glutaraldehyde (GTA), formaldehyde, and epoxy compounds, and can be functionalized to bind with bioactive peptides to promote cell proliferation [183]. Ahmed et al. crosslinked collagen conduits by two methods: microwave irradiation (MWI) and crosslinking agent GTA, and subsequently bound the conduits with bioactive peptides, Arg-Gly-Asp (RGD), Gly-(L-His)-(L-Lys) (GHK) and biotinylated-GHK. The mechanical tests showed that the crosslinked collagen conduits were more elastic than uncrosslinked ones, which increased the survival rate of the conduits during and after implantation surgery. The results from in vivo studies on bridging a 10-mm sciatic nerve gap in Wistar rats revealed that fibrin matrix filled the crosslinked conduits 10 days after surgery, and a thin cable emerged to connect the proximal nerve stump to the distal end in crosslinked conduits after 1 month compared with the uncrosslinked control group, in which fewer cells (mostly fibroblasts) grew [183].

Figure 5. (a) SEM image of polyglycolide (PGA)-collagen nerve conduit filled with collagen sponge and (b) the intraoperative view of the conduit after implantation. Reprinted from [181] with permission from Elsevier.
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Laminin, an abundant basement membrane-specific macromolecule, is known to promote neurite regeneration and guide neurite outgrowth, and is used as either a standalone substrate or a stimulatory agent for axonal regeneration [184-188]. Yoshii et al. [189] coated nerve guides made of polyester filaments with laminin to repair a 10-mm rat sciatic nerve defect. After 4 weeks, they found that both myelinated and unmyelinated axons were among the polyester filaments in most of the guides tested, while no axon was observed in the control group. The laminin used in this work was derived from a different species, and therefore it was suggested that laminin derived from one species could be used in directing neural regeneration of another species [189]. Laminin can also act as a stimulatory agent. Madison et al. [190] filled a nerve guide made of PDLLA containing laminin and other ECM components to bridge a 4 to 5-mm rat sciatic nerve gap, and the result showed that laminin considerably accelerated axonal regeneration in vivo [190]. Koh et al. [191] also measured the efficacy of laminin-PLA nanofibers on enhancing axonal extensions using a rat sciatic nerve defect model and discovered that laminin-modified PLA nanofibers showed better results than unmodified PLA nanofibers in terms of neurite extension, cell viability, attachment and proliferation [191].

Another important ECM protein, fibronectin, has also been studied and demonstrated to be capable of promoting peripheral nerve regeneration and preventing invasion by fibroblasts [192,193].

In summary, biodegradable polymers can be formed into scaffolds which support and guide the regeneration of axons. Although PLA, PGA, and PLGA have been the most widely used materials, the acidic byproducts of their degradation can lead to undesirable inflammation at the injury site and disorganized axon growth. Thus, the development of new, electrospinnable polymers which may also have tunable degradation rates may be required. These new polymers may also be modified through covalent linkage of peptides or incorporation of growth factors to improve axonal regeneration and remyelination. Burst release of molecules such as growth factors incorporated within the polymers can be avoided by judicious choice of compatible solvent for electrospinning. The growth factors can also be loaded within the core of coaxial fibers for more sustained release.




4. Cell Transplantation and Cell-Seeded Constructs

Investigation of cell transplantation as a treatment for SCI has involved several cell types, including Schwann cells, olfactory ensheathing cells (OECs), neural stem cells (NSCs), neural progenitor cells (NPCs), neural and glial precursors, and bone marrow stromal cells (BMSCs) (for a systematic review of cell transplantation please refer to [194]). These cells have the potential to remyelinate neurons, guide axon growth, and secrete trophic factors which can promote plasticity or have neuroprotective effects. The cells have typically been injected at the injury site through syringes or capillaries, 1 to 2 weeks after injury. Of these cell types, Schwann cells have been the most studied. Although Schwann cells themselves are able to enhance regeneration of axons of dorsal root ganglia (DRG) or propriospinal axons in the vicinity of the injury, they have not been shown to promote significant brainstem spinal axonal regeneration.


The Need for Cell-Seeded Constructs

Schwann cells alone have been unable to guide regenerating axons beyond a graft site to reenter the host spinal cord (“off-ramp”) [195]. Thus, a combination strategy involving both engineered and cellular components may enhance regeneration across peripheral nerve gaps or SCI sites. The engineered nanofiber scaffold will help regenerating nerve fibers to cross the gap through topology which is more growth permissive. This scaffold will also be seeded with cells which support the regenerating nerve fibers. A significant amount of recent work has examined cell transplantation, as well as cell seeding into hydrogels scaffolds or conduits, for treatment. The results from this work will guide the further development of cell-seeded nanofiber scaffolds.



4.1. Schwann Cells

A supportive microenvironment is critical for neurite regrowth. Schwann cells, the principal glia cells of PNS, facilitate both peripheral and central nerve regeneration by providing a permissive environment. Shortly after injury, Schwann cells divide rapidly, move to the injury site, express a completely different set of genes, and stimulate axonal regrowth, the key element in functional restoration of nerves at the early stages [196-202]. In response to axonotmesis injury, in which the axon is injured but the myelin sheath remains intact, Schwann cells form aligned paths, termed bands of Büngner, which guide regenerating axons in peripheral nerves [200]. Neurite outgrowth has been reported to be directed by Schwann cell alignment, possibly through the topography of the monolayer of Schwann cells and the adhesion molecules and ECM components expressed on their surface, when other guidance cues are absent [203]. Schwann cells produce various neurotrophic factors, including NGF, BDNF and ciliary neurotrophic factor, express cell adhesion molecules which increase glia-neuron interactions, and release other molecules which influence regenerating axons [199,200]. In addition, Schwann cells can also synthesize ECM components that facilitate neuron regeneration [204].

Xu et al. studied the efficacy of using a Schwann cell-seeded PAN/polyvinyl chloride (PVC) mini-channel on repairing a hemisected adult rat spinal cord [205]. One month post-surgery, a tissue cable was observed in Schwann-cell seeded channel with significantly more myelinated axons and blood vessels, and larger cross sectional area than the control group without seeded cells. The growth of supraspinal fibers from 19 other brainstem areas was observed in the Schwann-cell seeded mini-channels in addition to that of propriospinal axons and axons of PNS origin. Furthermore, a subpopulation of the regenerated axons was also observed to have penetrated the distal interface and re-entered the grey matter, a phenomenon that did not occur in the control group. Cultured Schwann cells were demonstrated to have survived in the distal host environment and promoted the axonal regrowth [205]. Novikova et al. evaluated the influence of a Schwann cell-seeded poly-β-hydroxybutyrate (PHB) conduit with a unidirectional fiber orientation on axonal regeneration after cervical SCI in rats [206]. The cell-seeded PHB fibrous conduit supported Schwann cell attachment and proliferation and enhanced axonal regeneration. Although the addition of ECM molecules, such as fibronectin, was demonstrated to have improved cell survival in vitro, they were found to be unsuccessful in supporting neuronal survival and promoting axonal growth [206].

Blits et al. [207] fabricated a Schwann cell bridge by inserting a mixture of Schwann cells, fibrinogen, gentamicin and aprotinin into a PAN/polyvinyl chloride (PVC) and investigated its efficacy on repiring SCI. Adeno-associated viral (AAV) vectors encoding for BDNF (AAV-BDNF) and (AAV-neurotrophin-3 (NT-3)) were administered in two experimental groups respectively to evaluate their effect on improving hind-limb function. A significant but modest improvement in function recovery of hind-limb was observed in both AAV-BDNF and AAV-NT-3 treated rats, compared with the control group.

Guénard et al. [208] used Schwann cell seeded permselective guidance channels consisting of a PAN/PVC copolymer tubing to repair an 8-mm rat sciatic nerve gap. The Schwann cells were able to form an aligned cable in the channels and enhance the axonal regeneration process in PNS. The density of Schwann cells in the synthetic guidance channels played a central role in the outcome of regeneration. The myelinated axon counts were significantly larger in channels seeded with Schwann cells with higher density than those with lower density [208]. Keeley et al. [202] compared Schwann cell seeded conduits with collagen-filled conduits for peripheral nerve regeneration using a rat model. They found that the Schwann cells improved peripheral nerve regeneration as assessed using histology, electrophysiology, and walking track analysis [202]. As shown by Williams et al. and others [196-202], Schwann cells may have an impact on peripheral nerve regeneration in the early phases. Bryan et al. [197] investigated this “early impact” by bridging a 20-mm, a fairly long, nerve gap in a rat model by using a poly-L-lysine precoated polyethylene (PE) guide filled with pre-established Schwann cells. Cell-seeded guides had better results in axon counts and nerve conduction velocity. The positive impact of Schwann cells on the repair process might be due to the directing cue that Schwann cells provided [197]. Rodriguez et al. [209] investigated the influence of syngeneic (genetically identical), isogeneic (genetically alike) and autologous Schwann cells, respectively, on peripheral nerve regeneration using a mouse model. The regeneration process aided by autologous Schwann cell-seeded conduit showed the best result and a similarity to one with an autologous nerve graft. Isogeneic Schwann cell-seeded guides gave a lower recovery result, while syngeneic Schwann cells did not appear to enhance the regeneration process [209]. Lohmeyer et al. [210] filled a collagen conduit with polyglactin (a synthetic absorbable polyester commonly used as suturing material) filaments seeded with Schwann cells and isogenic Schwann cells suspended in Matrigel and used it to repair a 20-mm sciatic nerve gap in a rat model. Although the number of myelinated axons, which crossed the gap to reach the distal stump, was significantly greater in the Schwann-cell seeded conduits than those in unseeded ones, the number of regenerated axons was still insufficient to regain the motor function. This might be due to granuloma formation or the foreign body reaction caused by degraded polyglactin filaments, which either physically hindered the regeneration process or adversely affected cell function [210]. Ishikawa et al. examined the effect of chitosan gel sponges containing BMSC derived Schwann cells on peripheral nerve regeneration using a rodent model and concluded that the Schwann-cell seeded chitosan sponge could be a good potential candidate for neural repair [211].



4.2. Neural Stem Cells

Although they have shown great potential for enhancing neural regeneration, Schwann cells unfortunately have some disadvantages when applied in cell therapy. First, it is difficult to have access to nerve donor to harvest sufficient Schwann cells [212,213]. Second, it is time-consuming to culture and expand Schwann cells in vitro, which may therefore delay treatment [214].

NSCs are cells that can differentiate into other types of cells, such as astrocytes, neurons, and oligodendrocytes, and also are able to self-proliferate [215]. Transplanted NSCs were reported to enhance axonal regeneration through a chronically denervated nerve [216]. The mechanism for the NSCs-induced improvement for axonal regeneration might be that NSCs secreted both metalloprotease-2, a matrix which degraded chondroitin sulphate proteoglycans, an inhibitory ECM component, and numerous neurotrophic factors [216].

Teng et al. designed an implantable double-layered polymer scaffold, consisting of a porous layer seeded with NSCs as the inner portion which mimicked the gray matter and a long, axially oriented porous layer as the outer portion which mimicked the white matter, for treating hemisected SCI in adult rats [217]. With regard to the recoveries of motor function and sensory responses, NSC-seeded scaffold and scaffold alone groups outperformed NSCs alone and lesion control groups, with NSC-seeded scaffold showed the best improvements. Six months post injury, scar formation was absent in the groups treated with scaffolds both with and without seeded cells. In contrast, scar tissue and cysts were apparent in cell-alone and lesion control groups. Although the mechanism of the scaffold remained unclear, they hypothesized that the scaffold hindered the formation of scarring and cyst, which might be due to the fact that the outer portion of the scaffold inhibited cellular ingrowth. The primary reason for improved functional recovery in cell seeded group was probably due to tissue preservation. The role of NSCs in functional recovery could possibly be trophic support [217].

The effect of NSCs and Schwann cells on axonal regeneration was studied by Olson et al. [218]. They fabricated a multi-channel PLGA scaffold seeded with either NSCs or Schwann cells and implanted in the transected spinal cord of rats. Both NSC- and Schwann cell-seeded scaffold treated groups showed greater axonal counts than the unseeded control group, with the Schwann cell seeded scaffold treated group having the most axonal counts, although the absolute numbers of axonal counts of all groups were relatively small compared with that of normal spinal cord. They found no significant difference in locomotor function recovery in all groups [218].

Most SCI treatment experiments have been performed on rats, which have significantly different genetic background from humans [219]. Therefore, it is crucial to use animal models that share similar neuroanatomical and neurophysiological structures to humans to corroborate the results which have been obtained in rodent SCI models [219]. Lee et al. used a canine SCI model to examine the effects of human NSCs on treating SCI and found positive results in terms of functional recovery [219]. Pritchard et al. studied the efficacy of using an African green monkey model on testing NSC-seeded polymer scaffold for SCI treatment [220]. Although the results did not provide statistical assessment of the cell-seeded scaffold for treating SCI due to limited sizes of the tested groups, this primate model may be used to overcome the problem of spontaneous recovery from SCI often observed in rodent models [220].


4.2.1. Neural Progenitor Cells

Similar to stem cells, NPCs can differentiate into different cell types, but they are more specific cells than stem cells and differentiate into their target types.

Zahir et al. implanted a neural stem/progenitor cell (NSPC)-seeded laminin-coated chitosan tube at a completely transected spinal cord in a rat model [221]. Five weeks post-surgery, NSPCs were found to have survived and differentiated into astrocytes and oligodendrocytes, and a thick tissue cable was also formed between the severed rostral and caudal stumps in the tube. This demonstration showed a promising employment of chitosan tubes for delivering NSPCs and repairing SCI [221]. The same group subsequently compared the results from treating subacute SCI in a rat model by either injecting adult rat spinal cord-derived NSPCs directly or transplanting NSPC-seeded uncoated chitosan channel to the lesion site [222]. Although the progenitor features of the cells retained, the survival rate was lower than the one that was found in the first study. However, the survival of NSPCs was higher in chitosan channels when compared to direct injection. In contrast to the first study, the injured site was not completely bridged, possibly due to less effective cell attachment and adherence to the uncoated chitosan channel [222].

Johnson et al. [223] evaluated the feasibility of using fibrin scaffolds to treat SCI and found that the implanted scaffolds enhanced the outgrowth of neural fibers and boosted the migration of cells into the wounded site. After injury, inhibitory molecules from astroglial scars formed at the injury site can prohibit axonal regeneration. In this study, the use of a fibrin scaffold impeded the accumulation of astrocytes at the injury site, which could potentially enhance the regeneration process. In order to overcome the poor cell survival and uncontrolled differentiation of embryonic stem cell-derived neuronal progenitor cell (ESNPC) post-transplantation when treating SCI, Johnson et al. [224] embedded ESNPC in fibrin scaffolds containing neurotrophin-3 (NT-3) and platelet-derived growth factor (PDGF), or NT-3, PDGF and heparin-binding delivery system (HBDS). An increase of cell survival and differentiation was observed when transplanting ESNPCs in fibrin scaffolds containing NT-3 and PDGF. As a result, the addition of HBDS increased the number of NeuN+ neurons derived from ESNPCs.

Murakami et al. [215] derived NPCs from fetal rat hippocampus, and embedded these cells in an atelocollagen (a water-soluble collagen) gel and investigated their effect on repairing a 15-mm nerve defect in a rat peripheral nerve injury model, and concluded that NPCs' abilities remained in collagen gel and part of the NPCs might have differentiated into Schwann-like supportive cells, which enhanced axonal regeneration [215].

Embryonic stem cells (ESCs), derived from totipotent cells of the embryo, are pluripotent cells that can differentiate into various cell lineages and proliferate actively [225]. Cui et al. [226] evaluated the efficacy of ES-NPCs on enhancing peripheral nerve regeneration. A 10-mm sciatic nerve segment was removed from the epineurium of a rat model; however, the epineurium was left in the body. ES-NPCs were then injected into the epineurium, which served as a natural conduit. Three months after surgery the diameter of regenerated nerve grew close to normal level, and regenerated axons were myelinated and linked the proximal stump to the distal stump. The amplitude of evoked action potentials was detected to be near normal value in ES-NPCs group, while little recovery was detected in the control group. Transplanted neutrally induced ESCs survived and differentiated into cells that formed myelin [226].

Since NSCs are not readily accessible, stem cells derived from non-neural tissue, such as skin-derived stem cells (SDSCs), have gained attention. Marchesi et al. [227] transplanted SDSCs into both a poly(L-lactide-co-trimethylene carbonate) conduit and a collagen conduit to repair a 16-mm sciatic nerve defect in a rat model. At 90 days, SDSCs-filled conduits were much superior to control conduits with regard to the sciatic function index (SFI) and conduction velocity. Although a complete tissue cable linking proximal and distal stumps was present in both cell-seeded and -unseeded conduits, the tissue was more stable and consistent in SDSCs-filled conduits. The mean number of myelinated axons was much greater in SDSC-filled conduits than the control ones. The reason for the promoting effect of SDSCs may be that they express neurotrophic factors that enhance peripheral neural regeneration [227].



4.2.2. Ectomesenchymal Stem Cells (EMSCs)

EMSCs can differentiate into Schwann cells during embryonic development [213]. Nie et al. [213] investigated the effect of EMSCs on peripheral nerve regeneration by bridging a 10-mm defect in the sciatic nerve of a rat model using a PLGA conduit filled with EMSCs suspended in type I collagen. Four months after surgery, regenerated nerves were observed in all except the control group. The PLGA conduits were almost totally absorbed. The mean SFI was recorded after 3 months of the surgery, and the result showed that autograft was the highest followed by EMSC-seeded PLGA conduit and cell-free PLGA conduit. There was no statistical difference between the autograft group and EMSC-seeded PLGA group with regard to the recovery of nerve function, to both of which the cell-free PLGA group was significantly inferior. The result also revealed that EMSCs survived the transplantation and remained in the transplantation site [213].



4.2.3. Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells, to which marrow stromal cells are often referred, are multipotent cells in adult marrow, which can differentiate into connective tissues such as bone, cartilage, or tendons [228-230]. Hofstetter et al. discovered that MSCs survived better at the injury site when transplanted 1 week after contusive SCI compared to immediate treatment in rats, and subsequently formed a nerve tissue connecting the injury epicenter [231]. Ankeny et al. also made an attempt to repair neural defect by transplanting previously cultured MSCs to a contusive SCI site in rats [232]. The cells survived after at least 2 months, partly filled the cavities without overgrowing them at the injury, and integrated into the host tissue. MSC transplants also provided a supportive scaffold for axonal growth. In addition, the transplants were found to be capable of longitudinally directing the regenerating axons. Furthermore, although MSCs did not improve motor functional recovery, they induced some hindlimb stepping activity, which might be attributable to the release of a diffusible cell-activating substance [232]. In order to assess the effects of BMSC dose, transplantation site and time (during and after SCI) on SCI repair, Pal et al. transplanted human BMSCs into a contusive SCI rat model [233]. They found that the cell transplantation significantly improved the motor and sensory functional recovery and larger dose of cells showed better results. The lumbar puncture method was more suitable for cell transplantation. Results from injection of cells during or after the injury were comparative, suggesting that the injection time might not be critical. BMSCs survived for more than 30 days and found to have migrated to the injury site. However, those cells were not observed to have differentiated into other cells, possibly due to the short residing duration of the cells in the lesion site [233]. In contrast to previous findings, Himes et al. discovered, based on a contusion SCI rat model, that the survival of BMSCs consistently declined during the course of study and failed to detect their robust survival 11 weeks after surgery [234]. Nevertheless, the presence of BMSCs, though for merely a short period of time, sufficed modest functional recovery. They also altered the cell injection protocol by injecting cells into not only the epicenter of the injury but also rostral and caudal to the injury site, which showed significant functional improvement [234].

Hejcl et al. evaluated the effects of the transplantation of a MSC-seeded poly N-(2-hydroxypropyl)-methacrylamide with an attached oligopeptide sequence (HPMA-RGD) hydrogel on improving functional recovery in chronic SCI (5 weeks after injury) in rats [22]. The group that was treated with a cell-seeded hydrogel showed statistically significant improvement in terms of motor and sensory function recovery 6 months after SCI, compared to much less significant improvement in the control groups. Histologically, secondary tissue loss was impeded in the group treated with MSC-seeded hydrogel, and Schwann-cell myelinated axons, blood vessels and astrocytes were also found to be present in the cell-seeded hydrogel [22].

McKenzie et al. [235] have used skin-derived precursors (SKPs) to produce Schwann cells. The SKPs, when treated with neural crest cues, generated Schwann cells which produced myelin proteins in vivo. These cells were then used in a rodent contusion model of SCI, where the SKP-derived Schwann cells were able to myelinate axons, reduced reactive gliosis, and improved functional recovery [236]. SKP-Schwann cells can be isolated from adult human skin, and are thus an accessible source of autologous cells for treating spinal cord injury.

Pereira Lopes et al. [212] filled a biodegradable collagen tube with bone marrow-derived cells (BMDCs), a subset of MSCs, to bridge a 3-mm sciatic nerve gap in a mouse model. BMDCs were observed to express two neural growth factors, BDNF and NGFβ, the former of which was not expressed by the cultured cells. Six weeks after implantation, many regenerating clusters, which were formed on regenerating nerves, consisted of both myelinated and non-myelinated nerve fibers in the BMDCs-filled tube, compared to the cell-free control group in which only smaller and less recognizable regenerating clusters could be seen. Quantitative analysis revealed that the number of myelinated fibers decreased in the control group. With regard to fiber area, myelin area and axon area, results from BMDC-filled tube were superior to those from the control group. In addition, the motor function recovery was also faster in the cell-seeded tube than the control tube [212]. Figure 6 shows the semi-thin cross-sections of regenerated nerve tissues of both cell-seeded (A and B) and control (C and D) groups. Figure 6(A) shows the regenerated nerve tissue, and Figure 6(B) shows both clusters of newly regenerated nerve fibers (arrows) and blood vessels. Figure 6(C) (control) shows a less organized regenerated nerve tissue with no pronounced clusters of newly regenerated nerve fibers, while only large and empty blood vessels (arrows) can be seen in D [212].

Figure 6. Semi-thin cross-sections of regenerated nerve tissues 6 weeks after injury. A and B: bone marrow-derived cell (BMDC)-seeded group; C and D: control group. Scale bar: 40 μm. Reprinted from [212] with permission from Elsevier.
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Di Summa et al. [237] compared the effectiveness of Schwann cells, MSCs and adipose-derived stem cells (ADSCs) on enhancing peripheral neural regeneration by seeding each of them into a fibrin conduit to repair a 10-mm sciatic nerve gap in a rat model. When comparing the resulting axonal regeneration distance, conduits seeded with Schwann cells showed the best result, followed by conduits seeded with MSCs and ADSCs and the empty control group. Statistically, results from conduits filled with ADSCs were similar to those from conduits filled with MSCs concerning axonal regeneration distance and Schwann cell invasion (S100). When it comes to clinical application, ADSCs may be advantageous to MSCs due to their greater abundance and less painful isolation process [237].




4.3. Olfactory Ensheathing Cells

OECs ensheath and direct non-myelinated olfactory axons from the nasal epithelium to the olfactory bulb during development [238,239]. They also facilitate regeneration of olfactory axons. Present in both central and peripheral nervous systems, OECs possess similarities with both Schwann cells and astrocytes [238,239]. OECs have shown promising results when transplanted to treat SCI [240,241], possibly due to the fact that they express NGF and neurotrophic factors [242], and secrete proteins which can indirectly change the activation states of Schwann cell, and thus enhance neurite outgrowth [243]. Li et al. transplanted OECs to the contused spinal cord of a rat model 1 week post injury, and found that OECs survived in the host tissue and migrated to the undamaged cord, albeit in short distance and a small number, in the first 3 weeks after transplantation, but gradually decreased later in both lesion and adjacent sites [244]. A significantly larger intact tissue area and smaller injured tissue area were observed in OECs-treated rat group, indicating that OECs had successfully reduced secondary tissue degeneration. An improved performance of motor and conductive functions was also observed in OECs-treated rat group. However, the transplantation of OECs did not reduce the cavity formation [244]. In a bid to address the questions raised by some researchers [245] regarding the efficacy of OECs in treating SCI, Novikova et al. investigated the influence of culture preparation of OECs on repairing SCI and concluded that the age of OEC in culture and cell purification method could impact their neural repair outcome [246]. Li et al. [238] evaluated OECs in promoting axonal regeneration in peripheral nerve injury by seeding them with ECM gel in both PLGA and silicone using a rat model. Test results from gross observation, relative diameter recovery rates, total fiber number, fiber density and diameter and electrophysiology recovery confirmed that OEC-seeded PLGA conduit outperformed the other groups. This research also revealed the good compatibility between PLGA and OECs. The mechanisms for regeneration-promoting effect of OECs might be: (1) OECs release neurotrophic factors that support axonal recovery and prevent axon and neuron retraction and atrophy; (2) rapid proliferation of OECs across the conduit thwarts the invasion of fibroblasts, which are known to produce scars at the injury site and prevent axons from recovering. Moreover, better electrophysiological results from OEC-seeded PLGA tube than OEC-seeded silicone tube showed that nutrient exchange between the inside and the outside of the conduit also plays a critical role in axonal regeneration [238].



4.4. Neurotrophic Factors

Finally, guidance or conduit treatment accompanied with cellular elements may also require the addition of growth factors to facilitate the process of central and peripheral neural regeneration. Vascular endothelial growth factor (VEGF) has been demonstrated to promote neurite outgrowth, possibly due to its role in repressing cell apoptosis pursuant to SCI [247-249]. Widenfalk et al. treated SCI in a rat contused spinal cord model with VEGF, and the results showed that VEGF facilitated behavior improvement, increased spared tissue and blood vessel density, and decreased the levels of apoptosis [250]. Sundberg et al. also undertook a study on the effect of acute administration of VEGF on SCI repair using a rat model, and they too discovered attenuated cavity formation and increased spared tissue induced by VEGF [30]. In addition, VEGF might facilitate enhancing a permissive environment for axonal regrowth. However, VEGF might also stimulate plasticity, which might result in chronic pains [30]. On the contrary to the promising results reported by others, Benton et al. discovered that VEGF therapy might exacerbate SCI, possibly due to the growth factor-induced microvascular permeability [251]. Neurothrophin-3 (NT-3), a neurotrophic factor, has been found to enhance central nerve regeneration, particularly the corticospinal tracts [252,253]. Fan et al. combined a PLGA conduit with NT-3 to treat a completely transected SCI using a rat model and observed a beneficial effect of this combination therapy in terms of neural regrowth and locomotor functional recovery [26]. Another neurotrophic factor, acidic fibroblast growth factor (a-FGF), a normal component of the spinal cord, has been demonstrated to promote functional recovery in SCI models, possibly due to its role in impeding or decreasing secondary injury and inducing neuroprotective protein factors [254-257]. Basic fibroblast growth factor (b-FGF), a pleiotropic growth factor, has been found to enhance the proliferation of NSCs and NPCs in healthy adult rat spinal cord [258,259]. However, the research on the effect of b-FGF on promoting axonal regeneration and improving functional recovery in SCI has produced mixed results [260,261]. One of the most extensively studied neurotrophic factors, BDNF, has been employed to treat SCI in a number of injury models [262-265]. In order to overcome the difficulty in retaining BDNF once delivered in the solution form at the injury site due to its fast diffusion to immediate environment, Liang et al. fused BDNF with a collagen-binding domain and used it to repair nerve injury in a crushed rat SCI model [266]. The sustained delivery of BDNF was found to be successful in collagen-binding BDNF when compared with BDNF without bound collagen, and functional recovery and neural regeneration were also enhanced in collagen-binding BDNF treated rat group [266].

Bryan et al. [267] isolated Schwann cells from the sciatic nerve segment in a rat model and seeded them onto PLGA guides, with or without glial growth factor (GGF). Four groups of PLGA guides were then used to bridge a 10-mm nerve gap in rats: (1) conduits seeded with Schwann cells and GGF (SC-GGF); (2) conduits seeded with Schwann cells and saline (SC-S); (3) conduits with GGF (GGF); (4) conduits with and saline (S). At 4 weeks, all groups showed vascularized regenerated nerve tissue, consisting of both myelinated and nonmyelinated axons, across the entire gap. At 12 weeks, the GGF group saw the highest numbers of myelinated, unmyelinated, total axons and blood vessels, while the SC-GGF group had the lowest number of total axons. Although the addition of Schwann cells reduced the total axon count and number of myelinated axons compared to the saline group, the myelination index (MI), the ratio of myelin to axon surface area, of the SC-GGF group was superior to the other three groups. Nerve conduction velocity improved from week 4 to week 12 in all four groups, while the highest was also recorded in the SC-GGF group at 12 weeks [267]. Aebischer et al. [268] studied the supporting effect of b-FGF and/or alpha-1 glycoprotein (α1-GP) controllably released from an ethylene-vinyl acetate (EVA) guide on repairing a 15-mm nerve gap in a rat model. An impermeable polymer coat was deposited on the guide prior to implantation, which guided the proteins to release inwardly to the lumen. The mechanism for regeneration-promoting effect of b-FGF might be that it directly reacted with neural element or it indirectly enhanced the proliferation of Schwann cells [268,269]. It was also suggested that the supporting role of α1-GP in regeneration might be due to its involvement in preventing b-FGF from losing its activeness [268]. Cordeiro et al. [270] examined the effect of a-FGF on enhancing peripheral neural regeneration by filling a PE guide with it plus collagen-containing heparin and using the guide to bridge a 5-mm sciatic nerve defect in a rat model. Tubes filled with collagen and collagen plus heparin were used as controls. Four weeks after surgery, regenerated nerve tissue was present in all three groups. However, the number of myelinated axons at midguide level in a-FGF-contained guides was significantly higher than the other two guides. The quantitative retrograde labeling test revealed that the numbers of horseradish peroxidase-labeled primary neurons, sensory neurons and motor neurons in a-FGF filled guides were greater than those in collagen plus heparin guides, which suggested that the effect of a-FGF on promoting neural regeneration was not merely due to the increase in axonal branching [270].

Hontanilla et al. [271] reported an enhancing effect of BDNF administered with an osmotic pump at the proximal stump on peripheral nerve regeneration. However, the improvement of regeneration induced by retrogradely transported BDNF could not be achieved when BDNF was directly introduced into the cell body [272].

In a brief summary, Schwann cells have been demonstrated to be beneficial in both SCI and PNS injury treatment. Different types (syngeneic, isogeneic and autologous) of Schwann cells, cell density and delivery method (on a scaffold or direct transplantation) may influence the outcome. However, the restricted availability of Schwann cells, due to insufficient donor material and to the laborious culture and expansion process, may limit their use in treating nerve injury. NSCs have also been widely studied for their efficacy in improving functional recovery after nerve injury and the results are generally positive. Dosage and delivery method have been shown to affect the results. In addition, OECs, due to the fact that they are able to secrete proteins and express NGF and neurotrophic factors, have been found successful in enhancing neural regeneration. The age of OECs and cell purification methods have been discovered to impact the treatment result for nerve injury. Furthermore, the investigation of neurotrophic factors, such as VEGF, a-FGF and b-FGF, on repairing nerve injury has also been performed and produced mixed results.




5. Electrospun Polymer Fiber Scaffolds for Neural Repair


5.1. Aligned Electrospun Polymer Fiber Scaffolds Guide Cells

Although nerve guides made from other materials, such as hydrogels, via other fabrication technologies, such as phase separation, have shown promising results, those made from electrospun polymer fibers have great potential in advancing the guidance conduit technology for nerve repair. The fibers can incorporate supportive cells and/or neurotrophic factors for neural regeneration in a simple process In addition, as discussed in Section 2.3, highly aligned fibers can be readily produced via the electrospinning process. Aligned fibers can offer a directional and stimulatory cue for neurite outgrowth, even in the absence of other chemical cues. As mentioned in Section 4, Schwann cells and stem cells can enhance the neural regeneration process. Although the differentiation and proliferation of these cells can be influenced by available biochemical signals, the physical pattern of the basement membrane ECM also has a large impact [273]. Scaffolds consisting of electrospun fibers mimic the ECM and have been in recent years used to enhance nerve regeneration both in vitro and in vivo. For example, Koh et al. coupled electrospun PLA fibers with laminin and found the protein-modified fibers promoted axonal outgrowth in vitro [274]. Ahmed et al. also found that an electrospun polyamide fibrous scaffold covalently modified with a peptide, tenascin-C, promoted neuronal attachment and growth in vitro [275]. However, the same group conducted a subsequent in vivo test of using this peptide-modified electrospun polyamide fibrous scaffold to repair an over hemisected SCI in a rat model [36]. Although peptide-modified nanofibers showed a modest result, but better than untreated nanofibers, in axonal regeneration, the authors concluded that the lack of direction on the fiber implant seemed to hinder the axonal outgrowth [36]. Indeed, as described above in Section 4.1, aligned electrospun fibers have been demonstrated to provide guidance cues to cultured cells, such as Schwann cells, which in turn promote neural regeneration. For instance, when DRGs are cultured on aligned Schwann cells, the speed and amount of neurite elongation is increased [276].

Hurtado et al. compared the efficacy of using conduits consisting of aligned and random electrospun PLA microfibers, respectively, in repairing a completely transected spinal cord with a 3-mm defect in a rat model [277]. The spinal cord gap was filled up with cell populations 4 weeks after surgery in both electrospun fiber conduits, however the group treated with aligned fiber conduit obtained regenerating axons with a much longer length coupled with astrocytes. Although the aligned fiber conduit was destitute of neurtie growth promoters and supportive cells, it was demonstrated to possess the ability of enhancing central nerve regeneration [277]. This phenomenon has been observed by numerous independent research groups. Chow et al. studied the growing behavior of DRG neurons and astrocytes on either aligned or random electrospun polydioxanone (PDS) fiber matrix in vitro [278]. Neither DRG neurons nor astrocytes which grew on random fiber matrix showed directional preference, whereas both DRG neurons and astrocytes which were cultured on aligned fiber matrix grew in the direction that mimicked the one of the underlying matrix and extended longer than those cultured on random fiber matrix. In addition, DRG neurons which were cultured on astrocyte-seeded aligned fiber matrix outgrew and outpaced the ones cultured on astrocyte-free matrix [278]. Kim et al. carried out both in vitro and in vivo studies on the impacts of aligned electrospun poly(acrylonitrile-co-methylacrylate) fibers on neuron outgrowth and Schwann cell migration and repairing a 17-mm nerve gap in a rat peripheral nerve injury model [279]. The result from the in vitro study demonstrated that neurite outgrowth and Schwann cell migration were in the same direction as the aligned fibers and extended significantly longer than those cultured on random fibers. The peripheral nerve regeneration was also significantly improved by the aligned fiber construct. Myelinated axons, coupled with migrated Schwann cells and encompassed by laminin deposition, regenerated throughout the construct, connecting the stumps. In addition, the aligned electrospun fiber construct improved both sensory and motor functions [279]. Schnell et al. [280] investigated the effects of aligned electrospun PCL and collagen/PCL (25:75) nanofibers on enhancing glial cell growth in vitro, guiding cell migration and promoting axonal regeneration. Although results from bioassays revealed that both PCL and collagen/PCL nanofibers showed a positive impact on guiding neurite growth and glial cell migration from DRG explants, collagen/PCL nanofibers significantly outperformed PCL nanofibers. Also, individual sensory neuron analysis confirmed that axonal regeneration on collagen/PCL nanofibers outpaced that on PCL nanofibers. However, the length of neurites on collagen/PCL nanofibers was shorter than that on PCL nanofibers, possibly due to the impeding effect exerted by faster moving glia cells on collagen/PCL nanofibers and the promoting effect due to stronger fasciculation of axons on PCL nanofibers. In addition, collagen/PCL nanofibers improved the adherence of Schwann cells and OECs and the proliferation of fibroblasts when compared to PCL nanofibers. The oriented polymer nanofibers indirectly guided the neurite outgrowth through Schwann cells, since there was a tendency that neurites grew on top of Schwann cells while Schwann cells closely contacted the nanofibrous substrate [280].

Improved neural regeneration requires optimization of the electrospinning processing parameters. For example, defective regions on the scaffold should be eliminated. Wang et al. discovered that crossed fibers in the aligned fiber scaffold could be detrimental in axonal outgrowth, and that cell attachment and growth could depend on fiber density [95]. In addition, the diameter of electrospun fibers could also influence cell attachment, proliferation and migration [281]. The electrospinning process can be readily used to produce polymer fibers on the nanometer scale. Scaffolds consisting of nanofibers imitate the ECM more closely, and therefore better promote sub-cellular interactions. Yang et al. examined the response of NSCs when cultured in vitro on a random electrospun PLA nanofibrous scaffold with fiber diameter ranging from 150 to 350 nm [282]. The results showed that the scaffold enhanced cell adhesion and facilitated cell differentiation and neuron outgrowth [282]. The same group went on to compare the effect of aligned electrospun PLA fibers with fiber diameter on either nano- or micro-scale with that of random fibers on NSCs in vitro [283]. They found that the direction of NSC growth was in line with that of aligned fibers, which was independent of fiber diameter. However, the differentiation rate of NSCs was faster on nanofibers than on microfibers, which was independent of fiber alignment [283].

It is also possible to fabricate a multi-layered structure via electrospinning process for improved mechanical strength. Zhu et al. fabricated an electrospun PLA-PLGA fiber scaffold consisting of two layers: aligned fiber inner layer and random fiber outer layer, and incorporated rolipram, a drug that promotes spinal cord tissue regeneration, into the inner layer of the scaffold [284]. A rat hemisected SCI model was used to test the efficacy of the double-layered scaffold for drug delivery. It was observed that rolipram enhanced the axonal regeneration process and improved the locomotor function recovery compared with the control group. Although the functional recovery in the scaffold alone control group was less successful, it was suggested that aligned nanofibers were imperative in functional recovery, without which axons might not be able to reach the target area [284].

In addition to providing directional cues for cells, aligned fibers may also influence the cell maturation process. Chew et al. [285] evaluated the functional changes in human Schwann cells (hSCs) pertaining to the guidance cues brought by aligned electrospun PCL fibers. The hSCs were cultured on two-dimensional PCL films, or on scaffolds consisting of either randomly oriented or aligned electrospun PCL fibers. The morphology of hSCs cultured on a smooth PCL film was much more spread-out than those cultured on electrospun fibers, both randomly oriented and aligned. Compared to scaffolds consisting of randomly oriented electrospun fibers, on which hSCs appeared to adopt a random orientation, aligned fibrous scaffolds rendered hSCs an aligned and uni-directionally elongated orientation along the fiber axes. The real-time PCR analysis revealed a decrease in expression of neurotrophin and neurotrophic receptors from hSCs cultured on electrospun fibrous scaffolds compared to those cultured on film. This phenomenon indicated that the cells cultured on electrospun fibrous scaffolds were induced into a more mature phenotype, which was corroborated by subsequent gene expression analysis. Furthermore, the up-regulation of P0, a major myelin protein gene, was much more significant in hSCs cultured on aligned scaffolds than randomly oriented ones, indicating a more prominent role of aligned fibers in enhancing maturation of Schwann cells than randomly oriented fibers [285].

A combination of cues may further improve the neural regeneration process. Xie et al. [286] investigated the effect of topographic cues and electrical stimulation on axonal regeneration in vitro by using conductive DRG-seeded PCL-polypyrrole (PPy) and PLA-PPy core-sheath nanofibers. Figure 7 shows SEM images of PCL nanofibers and PPy hollow nanotubes (PCL-PPy core-sheath nanofibers were first soaked in DCM to remove PCL in order to obtain PPy hollow nanotubes) and TEM images of PPy hollow nanotubes. In the case of DRG seeding on random PCL-PPy nanofibers, neurites extended outward in all directions, as shown in Figure 8(A). In contrast, in the case of DRG cultured on aligned nanotubes, the aligned nanofibers were able to direct neurite extension parallel to the nanofiber orientation, as shown in Figure 8(C). This result indicated that the presence of PPy coating did not significantly affect the topographic cue exerted by aligned nanofibers on neurite outgrowth. The maximum length of outgrown neurites on aligned scaffolds was much longer than that on random scaffolds, which suggested the aligned fibers also improved the neurite outgrowth rate in addition to directing the extension. A direct current of 250 μA was applied to the scaffolds for 4 h every day to determine the effect of electrical stimulation on DRG extension. On both random and aligned scaffolds, the maximum length of the neurites increased with the presence of electrical stimulation. A more pronounced effect of electrical stimulation on increasing the maximum length of neurites was observed on random scaffolds than aligned scaffolds, which might be due to the limited growth of neurites in a given time. The eccentricity of neurite fields was about the same with or without electrical stimulation as expected.

Figure 7. (A) SEM image of PCL nanofibers; (B) SEM image of PCL hollow nanotubes; (C) and (D) TEM images of PCL hollow nanotubes. Reprinted from [286] with permission from John Wiley and Sons.
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Figure 8. (A) Fluorescence image of DRG neurite field on random PCL-PPy core-sheath nanofibers; (B) SEM Image of aligned PCL-PPy core-sheath nanofibers; (C) Fluorescence image of DRG neurite field on aligned PCL-PPy core-sheath nanofibers. Reprinted from [286] with permission from John Wiley and Sons.
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Finally, Townsend-Nicholson and Jayasinghe [287,288] have used electrospinning to produce microthreads of polydimethylsiloxane medium encapsulating living cells. In future, electrospinning of living cell suspensions may be one way to directly seed microfiber structures with living cells.



5.2. Aligned Schwann Cells Direct Aligned Neurite Outgrowth

In the absence of other guidance cues, a substrate consisting of aligned Schwann cells will direct overlying neurite extension in an aligned manner.

In order to assess the guiding role played by oriented Schwann cells in neurite outgrowth, Thompson et al. [289] developed a system consisting of a micropatterned substrate with laminin/bovine serum albumin stripes to form aligned Schwann cell monolayers. This system eliminated other possible guidance cues, either chemical or topological, which might also contribute to directing neurite growth, and thus ensured that the only directional cue was provided by the oriented Schwann cells [289]. In their subsequent work, Thompson et al. [203] assessed the in vitro ability of such aligned Schwann cell monolayers to enhance neurite outgrowth. The orientation of dissociated rat spinal neurons which were seeded onto the cell monolayers corresponded to that of the aligned Schwann cells. They attributed this to the cellular topographic cues as well as the molecular cues provided by the Schwann cells [289]. Wang et al. also examined the efficacy of using a Schwann cell seeded aligned electrospun chitosan fibrous tube to repair a 10-mm sciatic nerve defect in a rat model [290]. The in vitro study confirmed the alignment of Schwann cells on the aligned electrospun fibers. Therefore, the cell-seeded aligned fibrous mat could exhibit a Schwann cell column. They subsequently carried out an in vivo study by repairing a sciatic nerve defect in a rat model. Sensory and motor functional recovery together with electrophysiological recovery was observed. They also compared the single layer aligned nanofiber tube with a bi-layer tube (aligned nanofiber inner layer and random fiber outer layer) and concluded that the outer layer of the tube was not necessary to provide mechanical strength [290]. Figure 9 shows Schwann cells cultured on both random and oriented electrospun chitosan nanofiber coverslips.

Figure 9. Schwann cell line cultured for 4 days on both random and oriented electrospun chitosan nanofiber coverslips. The row shows Schwann cells cultured on random fibers, while the bottom row shows Schwann cells cultured on oriented fibers. Reprinted from [290] with permission from John Wiley and Sons.
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6. Conclusions

Intense efforts in developing therapies for peripheral nerve and now spinal cord injury have led to several biologic and pharmacologic treatments which are in pre-clinical investigation. Cellular transplantation has also been investigated. A combination strategy, which involves a cell-seeded engineered scaffold which can support and guide axon regeneration and remyelination may be promising. Electrospinning has been widely used to produce nanofibrous scaffolds which mimic the structure of the natural extracellular matrix. Several electrospinning configurations have been developed to produce mats of aligned fibers. The alignment of the fibers is important for achieving directed cell growth. Ultimately, applications using these structures for neural repair may require that the nanofiber scaffolds eventually biodegrade, leaving behind the regenerated tissue. Biodegradable polymers such as PLGA and PCL have already been electrospun into nanofibers, and nerve guidance conduits have been fabricated using these materials. The nanofiber scaffolds can be seeded with cells such as Schwann cells to support and remyelinate the regenerating axons, as well as help them exit the conduit and integrate with the spinal cord.

Prior to translation to clinical trials, any proposed therapy requires evidence of efficacy. These nanofiber structures will need to be tested in animal models to demonstrate their effectiveness. As described in this paper, most of the work to date has involved rodent models. However, evidence of efficacy in large animal models will need to be shown in addition to work in rodent models prior to clinical trials in patients. This will be required especially for therapies involving cell transplantation. Work should also include different injury models, including contusion, compression, and incomplete or full transection. Finally, evidence of behavioral recovery, such as locomotor or other functional recovery, will be required in addition to demonstration of histologic or biochemical recovery.
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