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Abstract:

 The use of biomaterials processed by the electrospinning technique has gained considerable interest for neural tissue engineering applications. The tissue engineering strategy is to facilitate the regrowth of nerves by combining an appropriate cell type with the electrospun scaffold. Electrospinning can generate fibrous meshes having fiber diameter dimensions at the nanoscale and these fibers can be nonwoven or oriented to facilitate neurite extension via contact guidance. This article reviews studies evaluating the effect of the scaffold's architectural features such as fiber diameter and orientation on neural cell function and neurite extension. Electrospun meshes made of natural polymers, proteins and compositions having electrical activity in order to enhance neural cell function are also discussed.
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1. Introduction

Central and peripheral nervous system injuries may benefit from the use of neural tissue engineering strategies that use scaffolds to facilitate the regrowth of nerves. In neurodegenerative diseases, such as alzheimer's and parkinson's diseases, the common pathological onset is the accumulation of insoluble filamentous aggregates which underlie early axonal dysfunction and pathology, leading to potentially irreversible neuron degeneration [1-3]. Current therapeutic strategies focus on stabilizing symptoms and slowing the progression of the disease. Researchers are also focusing on pharmacological or cellular based treatments [4], wherein scaffolds could be utilized to direct neuronal growth and differentiation. Brain damage caused by traumatic brain injury (TBI) results in immediate and delayed cell death leading to cavity formation and glial scarring [5]. Providing neuroprotection to reduce inflammation and prevent secondary cell death is of interest as well as replacing damaged neurons, providing appropriate factors, and promoting neurite regeneration and growth to restore original neural structure [6]. Neural tissue engineering strategies are actively being sought for the latter. Similarly for spinal cord injury (SCI), the initial neurological damage provokes a series of cellular and biochemical responses leading to further secondary damage. This secondary injury further prohibits nerve regeneration and causes more cell death. The initial cell death creates a cavity at the injury site and glial scar around the lesion [7]. Therapeutic strategies for spinal cord repair are to regrow the damaged axon, promote neurite or axonal growth across the lesion site, and to direct neurite or axonal elongation and reinnervation of the axon to the appropriate target [7]. The most severe peripheral nervous system (PNS) injury is complete transection of the nerve fiber. After the injury, protease activity increases at the site of injury initiating a series of degradation events at the distal ends of the injury. New axonal formation is usually initiated from the unmyelinated region of the nodes of Ranvier. In humans, the axon regeneration rate has been reported to be approximately 2 to 5 mm per day [8]. For large nerve defects, the recovery rate is delayed. Autologous nerve grafts are commonly used in these cases [9,10], but the disadvantage is the loss of function at the donor site. Neural tissue engineering strategies may be a promising approach to bridge these defects.

In a tissue engineering approach, an engineered scaffold loaded with a specific cell type may promote functional restoration. Surface and bulk properties of a well-designed scaffold, similar to the environmental cues in the extracellular matrix, can provide appropriate signals for cell growth, differentiation and subsequent tissue formation. Surface physicochemical properties, such as topography, surface charge and protein adsorption/immobilization/release, have been shown to influence cell behavior. The electrospun nano-fibrous scaffolds have gained considerable interest because the architecture is similar to the naturally occurring protein fibrils in the extracellular environment [11,12]. Each individual nano-scale fiber has a high surface to volume and aspect ratio allowing for more surface area contact of the scaffold with the cell. The physical and biological properties of the scaffold are dependent on the material used for electrospinning and its properties such as surface wettability, mechanical properties and degradation. The properties of the scaffolds can be manipulated by copolymerization or polymer blending of various biodegradable, non-biodegradable, synthetic and/or natural materials.

The following sections provide an overview of the electrospinning apparatus and studies using electrospun fibers for neural tissue engineering applications. Investigations examining the effects of architectural characteristics of the fibers such as fiber diameter and alignment are discussed. Electrospun scaffolds that also incorporate proteins as well as electrical activity to enhance neural cell function are also reviewed.



2. Overview of the Electrospinning Process

A general procedure can be described for fabricating nonwoven, electrospun fibrous scaffolds [13]. The electrospinning process consists of a high voltage power source, syringe pump, syringe, needle, and a grounded collection device (Figure 1(A)). A polymer solution is loaded into the syringe having an attached needle. A high voltage is applied to the polymer solution as it is ejected at a desired flow rate (controlled by the syringe pump). When a high voltage is injected into the polymer solution, an electrostatic force overcomes the surface tension of the polymer solution at the tip of the needle and a Taylor cone is formed, which is further elongated into a fluid jet. The charged fluid jet is collected on a grounded device due to the electrical potential difference between the polymer solution at the tip of the syringe and the grounded collecting device. The whipping motion of the polymer jet that takes place between the needle and the plate allows for the solvent to evaporate, which results in the collection of a polymer fiber mesh on the collection plate. The resulting mesh consists of nonwoven, random fibers that can vary in diameter from the nano to micron-scale depending upon the processing parameters used.

Figure 1. Schematic of the electrospinning process. (A) a typical electrospinning set-up [14] and (B) collection methods for creating aligned fibrous scaffolds using rotating drum and rotating disk [14].



[image: Polymers 03 00413f1 1024]





Aligned fibrous meshes (Figure 2) can be achieved by varying the collection method. The most common methods are collecting on a high speed rotating drum or disk [15] (Figure 1(B)). This allows for the fiber to collect along the direction of rotation. Small diameter tubes can also be fabricated by this method and have been used in vascular repair studies [16]. A high rotation speed produces increased fiber alignment as compared to lower rotation speed, but may cause fiber discontinuity [15,17].

Figure 2. Scanning electron micrographs of aligned fibrous meshes having diameters at the (A) submicron and (B) micron scales (3,500× magnification).
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3. Effect of Fiber Orientation and Size

A promising tissue engineering strategy for neural repair is to create aligned fibrous scaffolds to provide guidance for cell migration and directional axonal regeneration across the glial scar and lesion site in both central nervous system (CNS) and PNS injuries. Yang et al. first published electrospun aligned poly L-lactic acid (PLLA) scaffolds for neural application in 2005 [18]. Research interest has gradually increased in developing an electrospun based conduit for neural repair. The majority of these studies have focused on evaluating neural proliferation, differentiation, and neurite extension of various cell types on aligned fibrous scaffolds fabricated with different materials and fiber sizes.

Various synthetic and natural polymers have been investigated for fabricating scaffolds for neural applications. The polyesters, PLLA, poly glycolic acid (PGA), and poly ε-caprolactone (PCL), are the most commonly used synthetic, biodegradable, and biocompatible polymers for neural repair. Studies have evaluated these compositions as electrospun mats having aligned and/or random fiber arrangements. Mouse embryonic stem cell differentiation into neurons, astrocytes, and oligodendrocytes was enhanced when cultured on aligned and random PCL fibers [19]. In other studies, aligned PLLA nanofibrous scaffold also supported the growth and extension of dorsal root ganglion (DRGs) [20,21] and primary motor neurons [20]. Primary motor neurons developed neurites earlier on PLLA nanofibers when compared to PLLA films [22]. However, no differences in neurite number and length were detected between aligned and random PLLA fibers [22]. For human Schwann cells on PCL scaffolds, aligned fibers promoted cytoskeleton and nuclei alignment along the fiber. Random and aligned electrospun PCL scaffolds induced up-regulation of myelin-associated glycoprotein (MAG), an early myelination marker and down-regulation of NCAM-1 (immature Schwann cell marker) [23]. However, the increase in expression of P0, a myelin-specific gene, was only observed on the aligned PCL scaffolds suggesting promotion of Schwann cell maturation is more favored on aligned fibrous scaffolds as opposed to random mats [23]. A spiral construct incorporated with electrospun random and aligned PCL fibrous meshes improved rat Schwann cell attachment as compared to other porous PCL scaffolds without fibers in both static and dynamic culture conditions [24]. Cells showed maximum alignment and largest neurite outgrowth on aligned fibrous PLGA meshes in the presence of fluid shear stresses of 0.50 Pa and 0.25 Pa, respectively [25]. This finding suggested a combination of fiber alignment with low fluid shear stress is a promising method for neurite outgrowth stimulation. In general, studies conclude that the fibrous meshes facilitate the differentiation and that the aligned structure enhances directional neurite extension.

Fiber diameter can also influence cell adhesion, proliferation, migration, and differentiation. Yang et al. demonstrated electrospun nano-sized fibers (300 nm) of PLLA enhanced neural differentiation of neonatal mouse cerebellum C17.2 stem cells as compared to micron-sized (1.25 μm) fibers [26]. The cells elongated and oriented neurites along the direction of the aligned fibers. In addition, cells on nano-aligned fibers had the longest neurite extension as compared to micron-aligned fibrous matrices and all random mats. Rat hippocampal-derived neural stem cells were shown to differentiate into more oligodendrocytes and neurons on laminin-coated electrospun polyethersulfone fibrous scaffolds having 283 nm and 749 nm fiber diameters, respectively, as compared to tissue culture polystyrene [27]. Nano-sized fibers promoted higher proliferation and cell spreading and less cell aggregation in comparison to micron-sized fibers. Both stem cell studies indicate that contact guidance cues provided by the nanofiber plays an important role in regulating differentiation and proliferation. For neuronal cell phenotypes, fiber diameter appeared to play a lesser role. PC12 neurite extension on aligned PCL fibers with diameters of 3.7 ± 0.5 μm and 5 ± 0.9 μm were significantly longer than on non-aligned fibers with a diameter of 4.4 ± 0.5 μm and neurites extended parallel to the aligned fibers for all fiber diameters studied [28]. No differences in neurite extension were detected between the aligned fiber meshes having different fiber diameters. The authors of this study also developed a novel electrospinning technique to fabricate a nerve conduit with an outer layer of random and an inner layer of aligned PCL fibers with the goal of the inner layer providing structural guidance cues for nerve growth. Axon formation and length of rat embryonic hippocampal neurons has been shown to be independent of fiber diameter for poly-D-lysine coated PLGA mats [29]. However, neurite polarization was slightly greater on submicron fibers and aligned fibers suggesting the degree of fiber alignment to be the key factor in axon formation and elongation [29].

Three-dimensional configurations of aligned fibers have also been developed for CNS and PNS repair. Double layers of varying degrees of PLLA fiber alignment influenced DRG neurite extension where neurites were able to penetrate through the layers [30]. As shown in Figure 3, multilayered scaffolds with aligned fibers having different orientations in each layer were formed. DRG neurites extended along the long-axis of the laminin-coated fibers in the top layer and interestingly, would make a sharp turn to follow the long-axis of fibers in the underlying layer (Figure 4). The authors concluded that the electrospinning process could provide a more versatile scaffold for forming neural networks. In order to design a scaffold for spinal cord injury using a minimally invasive surgical technique, electrospun PCL/PLLA or collagen scaffolds embedded in a hyaluronan-methylcellulose (HAMC) hydrogel resulted in a injectable, fast gelling hydrogel [31]. Rat neural stem/progenitor cells (NSPCs) on a hydrogel containing collagen fibers had poor proliferation and differentiation [31]. Yet, NSPCs on hydrogels containing PCL/PLLA fibers had better viability and had differentiated into more oligodendrocytes [31], indicating the composition of the fibers plays a major role. A bilayered chitosan tube with an outer layer of chitosan film and an inner layer of aligned chitosan fibers promoted nerve regeneration in a rat sciatic nerve model [32]. Aligned electrospun PCL and ethyl-ethylene phosphate (PCLEEP) containing human glial cell-derived neurotrophic factor (GDNF) showed maximal electrophysiological recovery in rat sciatic nerve as compared with longitudinally or circumferentially oriented aligned PCLEEP [33]. Half-cylindrical PLLA and PLGA scaffolds with inner aligned and outer random layers were implanted into male athymic rat with T9 to T11 lateral hemisection.

Figure 3. Scanning electron micrographs of double-layered scaffolds with (A) low and (B) mediate fiber densities, where the fibers were uniaxially aligned in each layer and rotated by about 80° to 90°. The Fourier Fast Transfer (FFT) patterns in the inset of (A) and (B) indicate that the fibers were crossed with an angle of about 80° and 90°, respectively [30].
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Figure 4. Fluorescence micrographs showing the typical morphologies of DRG cultured on double layered meshes composed of uniaxially aligned fibers with (A, B) low and (C, D) mediate densities. (B, D) The underlying substrate was polystyrene and coated with PEG and the fibers were then coated with laminin [30].
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The scaffolds were immobilized with or without rolipram. Rolipram is an anti-inflammatory drug that increases neuroprotection after SCI. The scaffolds with rolipram had the least glial scarring and an improved hindlimb locomotion as compared to untreated or scaffold alone [34]. Polysulfone nerve conduit (Koch Membrane Systems) filled with either (1) saline, (2) aligned, or (3) random poly(acrylonitrile-co-methylacrylate) (PAN-MA) fibrous mats were used as a rat tibial nerve bridge (Figure 5) [35]. The aligned construct improved functional outcome significantly in a 17 mm nerve defect as compared to the random construct suggesting the important role of topography in neural regeneration. Aligned and random electrospun PCL scaffolds were implanted into the caudate putamen of the adult rat brain [36]. The fiber alignment influenced the neurite infiltration and had a minimal inflammatory response. Therefore, studies using three-dimensional constructs containing aligned fibers are showing promise for various neural applications.

Figure 5. Representative photograph of the polysulfone nerve conduit (Koch Membrane Systems). (A) Either aligned or random fiber films were stacked within a nerve conduit. Abbreviation: f = fiber film and s = polysulfone nerve conduit. Scale bar = 2 mm. (B) Schematic of polymeric construct fabrication procedure. (C) shows explanted aligned construct. Abbreviation: T = tibial nerve and CP = common peroneal nerve [35].
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4. Protein Incorporation for Improving Cell Function

Many synthetic polymers have surface properties that may result in poor cell adhesion and proliferation of neural cell types. The scaffolds are often treated by chemical processes or extracellular matrix (ECM) proteins to improve cell attachment and neurite extension. Nisbet et al. hydrolyzed electrospun PLLA and PLGA creating scaffolds with varying surface tension. Scaffolds with lower surface tension induced cortical neuron-neurite extension and scaffolds having a large inter-fiber distance allowed guidance for neurite extension [37]. Collagen type I was immobilized on electrospun poly-methyl methacrylate (PMMA) and acrylic acid (AA) (PMMAAA) nano-fibrous scaffolds. The amount of carboxyl content of the nanofibers correlated directly with the amount of collagen immobilization [38]. Cell viability and neurite extension of the cortical neurons increased with increasing collagen immobilization as a result of the carboxyl content [38]. Electrospun PCL treated with ethylenediamine (ED) increased the hydrophilicity, thus, affecting cell attachment but did not affect the differentiation of rat brain-derived neural stem cells [39]. When in the presence of 10% fetal bovine serum, the neural stem cells on the PCL scaffolds would primarily differentiate into oligodendrocytes, indicating that these scaffolds could regulate differentiation. Laminin is a cell adhesion molecule that promotes neurite outgrowth through multiple adhesion sites [40]. Incorporating laminin by physical absorption, covalent coupling, or blending with the polymer solution for PLLA nanofibers was examined [41]. PC12 neurite extension was enhanced on blended laminin PLLA fibers, but not statistically significant over other laminin incorporating methods. Hence, all three are efficient functionalization techniques to incorporate ECM molecules or other components to enhance the properties of the scaffolds.

The use of synthetic polymers blended with natural materials in order to enhance cellular attachment and neurite extension has also gained interest. Aligned nanofibrous PCL/gelatin and PCL/collagen scaffolds promoted C17.2 (neonatal mouse cerebellum stem cell line) [42] and U373 (Human gliobalstoma-astrocytoma, epithelial-like cell ine) [43] proliferation and differentiation, respectively. U373 cells and human neural progenitor-astrocyte committed cells (hNPAcs) had similar astrocyte processes alignment and extension on PCL and PCL/collagen aligned nanofibers. The U373 cells demonstrated higher proliferation than the hNPAcs on both scaffolds. hNPAc adhesion and migration, however, was significantly improved on the collagen blend as compared to the PCL alone [43]. Human neuroblastoma cell line (SH-SY5Y)'s processes demonstrated poor adhesion to both PCL and PCL/collagen fibers but had long axonal growth up to 600 µm [43]. Schwann cell migration and process formation was also enhanced on collagen/PCL aligned scaffolds [44]. Incorporating ECM components such as collagen with electrospun PCL scaffolds improved process length of fibroblast and olfactory ensheathing cells [44]. Neurite outgrowth for DRGs, however, was favored on pure PCL scaffolds over collagen/PCL blends. Electrospun matrigel nanofibers improved neurite growth and branching of chick DRGs [45]. The matrigel nanofibers were designed to serve as a temporary layer for Schwann cell localization.

Growth factors incorporated into electrospun scaffolds in order to regulate proliferation and differentiation has also been of interest. However, the studies to date have been limited for neural applications. In order to prevent the degradation of the bioactive agents due to the harsh solvents and high voltages used in the electrospinning process, recent studies have examined immobilizing the growth factors on the surface of the fibers after processing. In a recent study, the number of cortical neural stem cells increased on PCL scaffolds with immobilized brain-derived neural factor (BDNF) as compared to PCL scaffolds combined with soluble BDNF [46]. Cells on the BDNF immobilized scaffolds also differentiated towards neuronal and oligodendrocyte phenotypes [46]. In another study, nerve growth factor (NGF) was immobilized onto amine-functionalized block copolymers [47]. An increase in expression of neuronal markers was detected for mesenchymal stem cells seeded onto NGF conjugated meshes. Alignment of the fibers also increased the expression of neuronal markers. Therefore, bioactive modified electrospun mats may be a promising approach for directing neural differentiation.



5. Electrically-Active Electrospun Mats

The use of electric fields in order to stimulate neurite growth and neuronal function has been explored for several decades. Electrospun fibers that incorporate electrical activity may provide both contact guidance due to the physical morphology of the fiber as well as electrical stimulation to enhance cell function. It has been demonstrated that electrical stimulation through a polypyrrole (PPy) film improved PC12 neurite extension significantly [48]. Electrospun aligned and random PLGA meshes were coated with PPy to provide electric stimulation to promote and guide neurite extension. Electrically stimulated PC12 cells had significantly longer neurites than cells on un-stimulated scaffolds [49]. Similarly, stimulated PC12 cells also had longer neurites on the stimulated aligned vs. random PPy-PLGA scaffolds. However, no differences in neurite elongation and the number of neurite bearing cells were detected for embryonic hippocampal neurons on electrically stimulated versus unstimulated scaffolds. In addition, fiber alignment did not increase axon establishment or elongation for the hippocampal neurons. Electrospun PCL and PLLA nanofibers were coated with PPy by in-situ polymerization to create a core-sheath fiber morphology [50]. Electrically stimulated random and aligned scaffolds enhanced the neurite length of DRGs by 83% and 47%, respectively, relative to unstimulated controls. Another electrically conductive polymer, polyaniline (PANI), has gained recent interest in tissue engineering applications [51-53]. Electrospinning a polymer blend of PANI with PCL/gelatin enhanced nerve stem cell proliferation and neurite outgrowth, when electrically stimulated [54]. Overall, the studies suggest that electrical stimuli in electrospun fibers may enhance neurite extension.

Piezoelectric polymers are also being sought for electrospun mats because they can induce a transient change in surface charge without requiring additional energy sources or electrodes and have been shown to yield a higher level of neuronal differentiation and neurite outgrowth of mouse neuroblastoma cells [55]. The piezoelectric phenomenon is closely related to the change of dipole crystal orientation when a force is applied. The dipole structures in a piezoelectric material are organized and no net charge is produced at rest. When a mechanical force is applied, the shifting or rotation of the dipole crystal results in the change of polarization density, hence, causing the transient change of electric charge. Upon the removal of mechanical force, the dipole crystal returns to its original space. Polyvinylidene fluoride (PVDF) and polyvinylidene fluoride- trifluoroethylene (PVDF-TrFE) are semi-crystalline polymers where the former becomes piezoelectric if it is in an all-trans oriented dipole configuration [56]. Electrospinning PVDF solutions induces the piezoelectric properties [57]. The piezoelectric properties of PVDF-TrFE are not altered by the electrospinning process [58]. DRGs and human NPSCs have been shown to extend neurites along aligned PVDF-TrFE scaffolds (Figure 6). The piezoelectric property may be induced in these fibers in vitro and in vivo via minute deformations of the fibers due to cell attachment and migration, which has been shown in other non-neural cell types on collagen fiber matrices [59]. Piezoelectric activity in these fibers may also be activated in vivo due to bulk deformations from the cerebrospinal fluid circulation or in the PNS, in response to changes in neighboring anatomic structures.

Figure 6. Confocal fluorescent images of: (A) DRGs on electrospun micron- aligned PVDF-TrFE at day 4 in culture. F-actin is stained green. (4×, scale bar = 300 μm) (B) Human NPSCs on electrospun micron- aligned PVDF-TrFE in induction media at day 9. Cells are stained for neural stem/progenitor cell marker (nestin-green), neuron marker (β-III tubulin-red), and counter stained with a nuclear-stain (DAPI-blue) (40×, scale bar = 50 μm).



[image: Polymers 03 00413f6 1024]







6. Conclusions and Future Directions

Electrospun fibrous meshes hold considerable promise for use in tissue engineering strategies for neural tissue repair. Studies have demonstrated that the composition and architecture of the electrospun mats can affect neural cell function, but this effect can vary depending upon the neural cell type used. For clinical application, recent studies have shown promise in configuring electrospun mats into three-dimensional structures to promote tissue formation for full restoration of function. Emphasis, however, on scaffold design given the greater level of complexity in forming functional three-dimensional neural tissues will be needed in the future. The major limitation with conventional electrospinning is the creation of membrane or sheet-like matrices due to the dense packing of fibers which limits cellular infiltration. Alternative methods, such as the use of sacrificial agents during the spinning process [60], the use of a combination of micro and nanoscaled fiber morphologies to increase porosity and pore size [61], and three-dimensional collectors instead of the traditional flat-plate [62], are being explored.

For brain and spinal cord repair, the challenge is not only in promoting neuronal survival, promoting regenerating axons across the injury site and/or restoring connections with the target of innervations, but also to control the inflammatory response which results in further damage. Electrospun scaffolds in the future may have several functions such as delivering neuroprotective drugs as well as bioactive agents/growth factors to promote the formation of neural tissue. In addition, multiple materials, growth factors, and drugs may need to be combined and incorporated into the electrospun mats to obtain the appropriate response. Similarly multiple cell types may need to be combined with the electrospun mats to obtain functional recovery. Nervous system injury remains a complex problem requiring innovative strategies for full functional repair.
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