

[image: image1]
Biomaterials for Neural Tissue Engineering












	
	REVIEW
published: 26 April 2021
doi: 10.3389/fnano.2021.643507






[image: image2]

Biomaterials for Neural Tissue Engineering

Laura Rodríguez Doblado1, Cristina Martínez-Ramos1,2* and Manuel Monleón Pradas1,3


1Center for Biomaterials and Tissue Engineering, Universitat Politècnica de València, Valencia, Spain

2Department of Medicine, Universitat Jaume I, Castellón de la Plana, Spain

3Networking Research Center on Bioengineering, Biomaterials and Nanomedicine, Valencia, Spain

Edited by:
Sandeep Kumar, Guru Jambheshwar University of Science and Technology, India

Reviewed by:
Chetna Dhand, Advanced Materials and Processes Research Institute (CSIR), India
 Ruixiang Li, Shanghai University of Traditional Chinese Medicine, China

*Correspondence: Cristina Martínez-Ramos, cris_mr_1980@hotmail.com

Specialty section: This article was submitted to Biomedical Nanotechnology, a section of the journal Frontiers in Nanotechnology

Received: 18 December 2020
 Accepted: 03 March 2021
 Published: 26 April 2021

Citation: Doblado LR, Martínez-Ramos C and Pradas MM (2021) Biomaterials for Neural Tissue Engineering. Front. Nanotechnol. 3:643507. doi: 10.3389/fnano.2021.643507



The therapy of neural nerve injuries that involve the disruption of axonal pathways or axonal tracts has taken a new dimension with the development of tissue engineering techniques. When peripheral nerve injury (PNI), spinal cord injury (SCI), traumatic brain injury (TBI), or neurodegenerative disease occur, the intricate architecture undergoes alterations leading to growth inhibition and loss of guidance through large distance. To improve the limitations of purely cell-based therapies, the neural tissue engineering philosophy has emerged. Efforts are being made to produce an ideal scaffold based on synthetic and natural polymers that match the exact biological and mechanical properties of the tissue. Furthermore, through combining several components (biomaterials, cells, molecules), axonal regrowth is facilitated to obtain a functional recovery of the neural nerve diseases. The main objective of this review is to investigate the recent approaches and applications of neural tissue engineering approaches.
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INTRODUCTION

Injuries to the nervous system that involve the disruption of axonal bundles have a major impact on the population, on medical and healthcare, and social and economic field. Autonomous regeneration of damaged or degenerated axonal tracts is infrequent since a large number of factors are involved limiting this recovery.

Axon regeneration in the central nervous system (CNS) is severely restricted after traumatic brain injury (TBI), stroke, spinal cord injury (SCI), and related conditions that involve axonal disruption. In contrast, peripheral nervous system (PNS) axons can regenerate in some cases allowing functional recovery when the damage involves a relatively short distance (Manoli et al., 2009; Aijie et al., 2018). After damage, CNS axons have an intrinsically limited capability to regenerate and they are surrounded by a local inhibitory environment (Curcio and Bradke, 2018). Moreover, the loss of neuronal populations and synaptic connections is most irreversible due to the limited outgrowth capacity of mature neurons (y Cajal, 1930). The perineuronal network, including reactive and migrating cells to the injured area, and the chemical composition of the ECM at the formed scar, constitute part of the inhibitory factors (Busch and Silver, 2007). In axonal pathways, the axons of neurons form parallel bundles (nerves in the PNS, tracts in the CNS).

Nowadays, conventional medicine does not have effective and successful treatments for these injuries, and the treatment of symptoms is often the best solution. In order to reverse it and achieve the functional reconnection of neurons, tissue engineering currently opts for the use of biocompatible three-dimensional biomaterials, cells, and bioactive molecules in order to restore the integrity of damaged tissue, respecting the original anatomy as much as possible, while recovering its functionality. Biomaterials, both natural and synthetic, have shown consistently positive neural tissue engineering results, including neurite outgrowth, differentiation of human neural stem cells, and nerve gap bridging (Gonzalez-Perez et al., 2017; Yang et al., 2017; Zhou et al., 2017; Xue et al., 2018).

Specifically, one of the proposed neural tissue engineering strategies has been nerve guidance conduits, not only for peripheral nerve injuries but also for tracts of the CNS. A nerve conduit should provide a suitable environment for neuron survival and axonal extension, guide axonal projections, and mimic the biomechanics with adequate mechanical properties (Vijayavenkataraman, 2020). The use of biocompatible scaffolds represents a benefit when used as a vehicle with minimal tissue invasiveness in comparison with intraparenchymal transplantation approaches, conferring protection of the transplanted cells against the hostile environment generated at the injury site (Thompson et al., 2018). Different fabrication techniques are available to produce biomaterials that guide axonal outgrowth such as aligned scaffolds (Wu et al., 2018), fibers or filaments (McMurtrey, 2014), and tubular structures (Cullen et al., 2012; Kim et al., 2018; Sarker et al., 2018).



CELL BIOLOGY OF THE NERVOUS SYSTEM

The nervous system is a complex assemblage of cells in charge of directing, supervising, and controlling all the functions and activities of our internal organs and body.

The nervous system is subdivided anatomically into the CNS and the PNS and functionally into the somatic nervous system and the autonomic nervous system (visceral). The CNS is formed of the brain and spinal cord. The PNS comprises the nerves emerging from the brain (named cranial nerves) and from the spinal cord (named spinal nerves).

The nervous systems integrate a lot of function like sensation and body movements, which can be divided into sensory or motor signals. The sensory signals are transmitted through the sensory or ascending pathway to processing centers in the spinal cord and brain, resulting in an appropriate response for motor activity. This response is carried through the nervous system to the muscles and glands along motor or descending pathways (Mai and Paxinos, 2012).

The primary type of cell in the nervous system is the neuron, which is the excitable cell type in charge of sending and receiving signals through action potentials. The neuron comprises four structurally defined regions: a cell body or soma (1) that extend a single nerve process named axon (2), which ends at presynaptic terminals (3) containing boutons, and a variable number of branching processes named dendrites (4) (Figure 1A). Neurons can be structurally classified in multipolar (one axon and multiple highly branched dendrites), bipolar (one axon and one dendrite), and pseudounipolar neurons (two axons: peripheral and central) (Noback et al., 1968) (Figure 1B) and functionally classified in sensory or afferent neurons (carry information toward the CNS), interneurons (relay messages within the CNS), and motor or efferent neurons (carry information away from the CNS to muscles and glands).
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FIGURE 1. The neuron: the primary cell in the nervous system. (A) Structural parts of a neuron. (B) Different structural classes of neurons.


The other cell type in nervous tissue is the smaller and more prevalent neuroglia (glia), the supportive cells that surround the somas, axons, and dendrites of neurons in both the CNS and PNS (Mai and Paxinos, 2012).

The PNS glia consist of Schwann cells (SC) that surround neuron axon and perineuronal satellite cells surrounding the neuron cell body (Figure 2A) (Stierli et al., 2019). SC wrap themselves around a short segment of an axon many times as a sort of insulating blanket, creating a shiny white protective layer around the axon named myelin sheath and forming the myelinating axons. The unmyelinated axons are also encased in SC. Satellite cells are flat cells that enclose and support the cell bodies of neurons in the PNS. Both SC and satellite cells envelop and separate unmyelinated axons from each other and are located in the interneuronal space between neurons (Butt and Verkhratsky, 2018).
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FIGURE 2. Nervous system cell organization. (A) Cells and organization in the peripheral nervous system. (B) Cells and organization in the central nervous system.


The CNS glia includes astrocytes (astroglia), oligodendrocytes (oligodendroglia), microglia, and ependymal cells (Figure 2B). The astrocytes have several processes and are in charge of anchoring capillaries and neurons cells bodies and dendrites in place, make contact with ependymal cells of the ventricular system, regulating the extracellular environment of the brain, aiding in the formation of the blood-brain barrier, and repairing damaged brain tissue (Jäkel and Dimou, 2017). The oligodendrocytes are the equivalents of SC of the PNS fabricating and maintaining CNS myelin, with the difference that a single oligodendrocyte can extend its processes wrapping around multiple axons (Kastriti and Adameyko, 2017). Microglial are cells with functions related to both immune response and maintaining homeostasis. The ependymal cells are cuboidal glial cells that line the central canal of the spinal cord and the ventricles of the brain, and they are involved in the production and circulation of cerebrospinal fluid (Butt and Verkhratsky, 2018).

In brief, there are many roles in which the glia is involved. Glial cells give the CNS structural support and protection for neuron networks and guide the developing migrating neurons from their sites of origin to their correct destination and the outgrowth of their axons. They also produce trophic and growth factors to the nervous system regeneration and plasticity and myelin sheaths to insulate the axon and increase the velocity of action potential propagation (oligodendrocytes in CNS and SC in PNS) (Jäkel and Dimou, 2017; Kastriti and Adameyko, 2017; Avraham et al., 2020; Bolívar et al., 2020). Microglia remove debris produced following injury or neuronal death and monitors the CNS, and astrocytes act as bridges that transport nutrients from the capillaries to the neurons and also proliferate to develop astrocytic scars to repair nervous tissue following an injury (reactive gliosis) (Mai and Paxinos, 2012; Butt and Verkhratsky, 2018).



BUNDLES OF AXONS IN THE NERVOUS SYSTEM: PERIPHERAL NERVES AND CENTRAL NERVOUS SYSTEM TRACTS

Bundles of axons receive such specific names as nerve (in the PNS) and tract or fasciculus, among others (in the CNS).

Nerves contain only the axon part of the neuron. The cell bodies of sensory neurons are located in adjacent structures to the spinal cord [dorsal root ganglion (DRG)] or in cranial ganglia, while the cell bodies of motor neurons are within the CNS (spinal cord or brainstem) (Noback et al., 1968). Each nerve of the PNS consists of three essential tissue elements: axons, SC (and myelin sheaths), and connective tissue (endoneurium, perineurium, and epineurium) (Figure 3A). In the PNS, there are also ganglia, formed by cell bodies and satellite cells associated with the peripheral nerves. A peripheral nerve consists of numerous nerve fibers formed by axons and associated SC. Each axon–SC unit is surrounded by a basal lamina sheath composed by collagen, laminin, and fibronectin, and the endoneurium wraps all this structure. Groups of insulated nerve fibers are bound together into fascicles by the perineurium. In turn, groups of fascicles and blood vessels, which serve to nourish cells, are bound together by the epineurium. The myelin sheath, which surrounds an axon inside a nerve fiber, is a structure composed of many continuous spiral laminated layers of the plasma membrane and allows transmission of faster and more efficient electrochemical impulses. Nearly all nerve fibers over 3 μm in diameter are myelinated, and those under <3 μm are unmyelinated. Only one SC encapsulates a myelinated nerve fiber, but a group of unmyelinated fibers might share the same SC (Figure 3B) (Grinsell and Keating, 2014).
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FIGURE 3. Bundles of axons in the nervous system. (A) Peripheral nerve anatomy. (B) Myelinated (left) and unmyelinated (right) nerve fibers in the peripheral nervous system. (C) Spinal cord tracts divided in sensory or ascending tracts (blue) and motor or descending tract (red) to illustrate the complexity of the tract organization in the spinal cord. (D) Dopaminergic pathways as an example of the large number of pathways inside the brain. Dopaminergic pathways are the bundles of neuron projections in the brain that synthesize and release the neurotransmitter dopamine. Alterations in these pathways may be involved in multiple diseases and disorders such as Parkinson's disease, addiction, or attention deficit hyperactivity disorder.


Bundle axons of the CNS are located in the white matter. Within the white matter of the spinal cord, the sensory fibers of the pathways form groups called ascending tracts or fasciculi, carrying information up to the brain. Fibers of the motor pathways form groups referred to as descending tracts, carrying information from the brain to the peripheral effectors (muscles and glands). So, the spinal cord consists of a large number of ascending and descending tracts, each located in particular parts of the dorsal, lateral, or ventral column of the white matter (Figure 3C) (Mai and Paxinos, 2012). In the brain, there are many axonal pathways. One example is the axonal pathways between the substantia nigra pars compacta (SNpc) and the striatum, which is altered in Parkinson's disease. SNpc neurons send long-projecting axons to the striatum, and in Parkinson's disease, there is a selective loss of the dopaminergic neurons, so this neurodegeneration deprives the striatum of crucial dopaminergic inputs and causes ineffective feedback of motor pathway (Davie, 2008) (Figure 3D).

In summary, axonal bundles represent an aligned and unidirectional architecture that makes axonal nervous tissue development possible. When peripheral nerve injury (PNI), SCI, TBI, or neurodegenerative disease occur, the intricate architecture undergoes alterations leading to growth inhibition and loss of guidance (Moon et al., 2000).



REGENERATION IN THE PERIPHERAL AND CENTRAL NERVOUS SYSTEM

Precisely because of all the marked differences between CNS and PNS discussed above, the mechanisms involved after a damage occurs and their potential for regeneration are very different (Kastriti and Adameyko, 2017). Moreover, the evolution and outcome of the regenerative situation may depend on very different factors.

Traumatic injuries, interruption of blood supply, or neurodegenerative diseases can damage axons, cell bodies, or somas in the nervous system and produce a disconnection of axonal bundles (Griffin et al., 2013; Hill et al., 2016; Anjum et al., 2020).

In injuries of the PNS, functional restoration following significant nerve lesions in length (>10 mm) is generally poor due to insufficient axonal reinnervation of distal targets (Lundborg et al., 1982; Pfister et al., 1987). The situation is less desperate when only the reconnection of the distal and proximal ends of the injured axonal bundle in relatively short distances is needed (Manoli et al., 2009; Aijie et al., 2018). In this situation, the distal part of the axon, which is disconnected from the cell body, undergoes Wallerian degeneration, resulting in fragmentation and disintegration of the axon in the first 18–48 h. SC surrounding the axon survive and produce proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-1-alpha (IL-1α), playing a critical role in macrophage recruitment to the injury site (Shamash et al., 2002). After 1–2 weeks, reasonably fast as compared with the CNS, macrophages and SC remove axonal and myelin debris. Besides, macrophages secrete cytokines such as interleukin-1 (IL-1) and platelet-derived growth factor (PDGF) that stimulate SC to divide, de-differentiate, and proliferate distal to the injury. These stimulated SC are induced to secrete growth factors such as nerve growth factor (NGF) or insulin-like growth factor-1 (IGF-1), in order to improve neuron survival after axotomy and stimulate axons regeneration. It is in this moment when the Band Büngner is formed (Jessen and Mirsky, 2016). The Band Büngner consists in SC and their basal lamina conforming a cylinder that serves as a pathway to guide axon and their growth cones, from proximal end to distal end, across the gap. In optimal conditions, the growth cones can extend at a rate of 1–3 mm/day (Griffin et al., 2013).

Moreover, SC and regenerating axons express cell surface adhesion molecules like neural cell adhesion molecule (N-CAM) and N-cadherin, which promote regeneration (Wanner and Wood, 2002). Also, SC secrete neurotrophic factors that promote axonal elongation, the survival of injured neurons, and vascularization of the distal nerve. These factors include brain-derived neurotrophic factor (BDNF), NGF, neurotrophin-3 (NT-3), glial cell line-derived neurotrophic factor (GDNF), and vascular endothelial growth factor (VEGF) (Zhang et al., 2000; Gupta et al., 2005; Jessen and Mirsky, 2016). Finally, SC myelinate the regrowing axon forming new myelin sheaths (Dubový et al., 2014). Meanwhile, at the site of axonal damage, a motile growth cone-like structure is developed. Changes in gene expression and protein production occur within the cell body, and new proteins are transported to the growing axon tip, such as tubulin alpha 1 and the growth-associated protein GAP43 (GAP43), which is upregulating in both sensory and motor neurons, until axons reconnect with their targets (Figure 4A).


[image: Figure 4]
FIGURE 4. Regeneration mechanisms after injuries. (A) Regenerative situation in PNS. Proliferating SC and macrophages work together to remove myelin debris, release neurotrophins, and lead axons toward their synaptic targets, resulting in restored neuronal function. (B) Regenerative situation in CNS. The few neurons that survive axotomy attempt regeneration and subsequently meet an impenetrable glial scar composed myelin and cellular debris, as well as astrocytes, oligodendrocytes, and microglia.


The damage and regeneration produced in axonal tracts of the CNS are more complicated than in the PNS. David and Aguayo (Richardson et al., 1980; David and Aguayo, 1981) confirmed that CNS mature neurons could regenerate in the presence of permissive peripheral nerve grafts, suggesting that the peripheral nerve glial environment was permissive to central axonal regrowth. After these findings, the proregenerative environment in PNS and inhibitor factors in CNS for the axonal growth were identified. The inhibitor factors in the CNS include the limited intrinsic ability of CNS axons to regenerate (y Cajal, 1930; Goldberg et al., 2002), the long-distance required for regrowth, a local inhibitory environment (Curcio and Bradke, 2018), migrating cells to the injured area forming a glial scar, and the chemical composition of the extracellular matrix (ECM) at the formed scar (Busch and Silver, 2007; Paixão and Klein, 2010). After a CNS axon is injured, Wallerian degeneration in the damage tract occurs. However, the degenerating myelin and axonal debris after the apoptosis of oligodendrocytes persist much longer due to the insufficient recruitment of macrophages. These molecules that inhibit neurite growth are contained in myelin, for example, Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp). Nogo-A is a potent inhibitor of neurite growth and blocks axonal regeneration in the CNS. Moreover, a few hours after injury, microglia are the first glial cells to react. Astrocytes become reactive and collaborate in forming the glial scar, with inhibitory molecules, like proteoglycans, remaining for several weeks to months and complicating the axonal regeneration (Fitch and Silver, 2008) (Figure 4B).

Therefore, due to the limitations of the body to regenerate axonal bundles discussed above, it is necessary to develop a biomimetic approach that can establish a bridge across the lesion while providing optimal morphological, chemical, and biological signals for the restoration of nervous tissue.



NEURAL TISSUE ENGINEERING: THERAPIES FOR TISSUE ENGINEERING

With the development of the most precise cell analysis tools and the discovery that the cells of an adult organism maintained a certain capacity to generate new tissue, even in the CNS, a new approach emerged to try to technically deal with any damage or pathology: the tissue engineering. According to Langer and Vacanti (1993), tissue engineering consists of applying the fundamentals of biology and engineering to develop functional substitutes for damaged tissue, with three general components: scaffolds for cell transplantation and support, cells that can create a functional matrix, and bioactive factors that support and regulate the activity of cells (Figure 5). A functional substitute refers to an ideal solution that fully restores affected function, integrates as well as possible with the host's surrounding tissue, and lasts for the rest of the affected person's life.


[image: Figure 5]
FIGURE 5. The tissue-engineering triad. Scaffolds, cells, and bioactive factors are used in isolation or in combination to recapitulate the desired tissue.


Tissue engineering therapies has obtained relevant advances in the reconstruction of useful and healthy tissue in practically all tissues and organs of the human body (Ramiya et al., 2000; L'Heureux et al., 2007; Gómez-Barrena et al., 2015) during the last 20 or 30 years. However, recovering lost connections in the nervous system has traditionally been a very complex challenge and in which researchers have had to be especially cautious and methodical.

Diseases and injuries of the human nervous system are devastating to the individual and have substantial societal implications and costs due to they are highly prevalent, affecting more than one billion people around the world (WHO, 2007).

As mentioned above, after an injury in the PNS, the situation for the regeneration is more straightforward than in the CNS. When the gap resulting from the injury is very small, nerve endings can rejoin with sutures (Triolo and Srivastava, 2019), but when this is not possible because of the high tension in the nerve endings the gold-standard traditional technique is the autograph, employing a nerve segment taken from a less important site from the same individual (Moore, 2014). Autograft offers encouraging results, and it is not easy to find a device that gives an equally satisfactory result (Schmidt and Leach, 2003), being currently used as the standard reference or positive control of other experimental solutions (Daly et al., 2013; Niu et al., 2014). However, autografts have limitations like the low availability of donor nerve (Ijkema-Paassen et al., 2004), the dimension mismatches (Nichols et al., 2004), host immune response, and the comorbidity associated with additional surgery (Deumens et al., 2010). Another traditional option is to use donor cadaveric nerve allografts or xenografts (from an animal), but, as with allograft, have limitations like requirement of immunosuppression or decellularization to prevent immune rejection (Platt et al., 1990; Evans et al., 1994; Ray and Mackinnon, 2010).

Others trials have been performed with other more abundant but similar tissues such as tendon collagen (Alberti et al., 2014), muscle fiber epimysium (Yang et al., 2013), or even CNS ECM (Crapo et al., 2012), to avoid healthy sectioning nerves. However, although the results are promising, the trend is to reach therapies that do not require the use of host tissues.

Besides, the regeneration in the CNS is minimal, and there is no clinical treatment with a proven improvement of the CNS repair. In SCI, TBI, and degenerative disease, initial damages result in fast acute primary injury events. Current treatments, instead of trying to recover damaged tissue, try to prevent the secondary injury with high doses of steroids in SCI (Lyons et al., 1990), and maintaining adequate oxygen supply, blood flow, and pressure in TBI. For more severe brain injuries, surgery is required to remove hematomas and repair contusions (Pettikiriarachchi et al., 2010).

Due to the limited ability of the body to regenerate axonal bundles, it is necessary to develop a biomimetic strategy that can provide a bridge across the lesion while giving optimal morphological, chemical, and biological signals for the recovery of nervous tissue. So, tissue engineering in the nervous system have provided new alternative therapeutic avenues. Neural tissue engineering defends the use of external biomaterial supports, with cells and bioactive molecules (Langer and Vacanti, 1993) to overcome the inhibitory environment and achieve a successful repair of the nervous system. The first idea to overcome the drawbacks of the previous techniques was to develop materials with dimensions, morphology and characteristics determined as an implantable devices or biomaterials. The objective is to obtain biocompatible structures that are integrated into the surrounding tissue and that can be invaded or replaced by native cells and recover lost functionality.


Natural Biomaterials

The first biomaterials used, and that continues to be used today, had a natural origin and an identical or very similar nature to the tissue to be restored. The motivation of the use of natural biomaterials is that it would generate less rejection by the host cells as they are substances that they can recognize. In general, natural polymers promote excellent cell adhesion and growth. Not only matrices based on generic mixtures of ECM substances have been used (Bellamkonda et al., 1995) but also scaffolds of purified ECM molecules like collagen (Bozkurt et al., 2007) or other proteins (Shadforth et al., 2012), hyaluronic acid (Austin et al., 2012), and some polysaccharides (Mammadov et al., 2012). Scaffolds are defined as three-dimensional porous stable biomaterials designed to have some or all of these characteristics: promote cell-biomaterial interactions, cell adhesion and ECM deposition, allow the exchange of oxygen, nutrients, and factors, be biodegradable, and non-cytotoxic. However, although biomaterials of natural origin can be manufactured in a multitude formats such as in situ gellable solutions, scaffolds, fibers or tubular conduits, the truth is that their mechanical properties are poor and many times they biodegrade too quickly to allow adequate support (Tarun et al., 2011).


Collagen

The most common, type I, a fibrillary type of collagen, the main component of connective tissues which provide structure and support (Sherman et al., 2015). Collagen-based nerve guide conduits have been used to repair small nerve injuries (5 mm gap) (Archibald et al., 1995). However, they have also given good results in the regeneration of larger distances, as in 15 mm gap in rat sciatic nerve (Gonzalez-Perez et al., 2017) or in combination with NGF, partially reconstructing a 35-mm gap in dog sciatic nerve model (Yao et al., 2018b). Collagen is also used in combination with other polymers and proteins (Kiyotani et al., 1996; Cao et al., 2011) and is the only biopolymer approved for the clinical use in neural tissue engineering (Kehoe et al., 2012).



Gelatin

Gelatin is a denatured protein obtained by hydrolysis of animal collagen. Gelatin electrospun, in combination with other polymers, is usual. For example, gelatin/PCL's combination supports the neurite outgrowth and SC proliferation in vitro (Gupta et al., 2009; Alvarez-Perez et al., 2010) and in vivo (Kriebel et al., 2017). Also, gelatin nanoparticles have been developed for neural tissue engineering (Naseri-Nosar et al., 2017).



Hyaluronic Acid

Hyaluronic acid (HA) is an unbranched glycosaminoglycan. HA is present naturally in all vertebrates and is a significant constituent of the ECM in many parts of the human body. This material has gained significant interest in the area of neural tissue engineering, supporting neurite outgrowth. HA hydrogels enhance the survival rates and proliferation of neural precursors, been very promising for therapeutic approaches in the PNS (Suri and Schmidt, 2010; Thomas et al., 2017) and the CNS (Horn et al., 2007; Liang et al., 2013). HA can be used in combination with other natural polymers to promote regeneration, like collagen (Zhang et al., 2008) and chitosan (Li et al., 2018), and also with synthetic polymers (Wang et al., 2011).



Alginate

Alginate is a naturally derived, linear polysaccharide obtained from brown algae and bacteria. Alginate gels promote peripheral nerve regeneration across a 50-mm-long gap in cat sciatic nerve (Suzuki et al., 1999) and a 10-mm nerve gap in rats, increasing the regenerating axons' diameter (Hashimoto et al., 2002). Alginate can be used in combination with other polymers to develop scaffolds, showing great potential for peripheral nerve regeneration (Ansari et al., 2017; Wang et al., 2017b) and SCI treatment (Liu et al., 2017; Sitoci-Ficici et al., 2018).



Chitosan

Chitosan is a linear polysaccharide derived by the chemical deacetylation of chitin, structural polysaccharide naturally found in crustaceans and shellfish. Chitosan hydrogels promote cell adhesion, cell interaction, cell survival, and neurite outgrowth (Valmikinathan et al., 2012; Wang et al., 2017c). Chitosan scaffolds with NGF show regeneration in PNS (Li et al., 2017a,b) and CNS (Li et al., 2006).

Advantages and disadvantages of natural biomaterials are described in Table 1.


Table 1. Advantages and disadvantages of natural biomaterials.
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Synthetic Biomaterials

Another common approach is the use of biomaterials of synthetic origin. For example, poly-ε-caprolactone (PCL) (Nisbet et al., 2009; Gelain et al., 2011), poly-L-lactic acid (PLLA) (Hurtado et al., 2011; Binan et al., 2014), poly-D,L-lactic-co-glycolic acid (PLGA) (Olson et al., 2009; Kim et al., 2018), among others (Sinis et al., 2005; Srinivasan et al., 2015). These materials seemed to make up for the shortcomings of natural biomaterials since they can be manufactured with a multitude of techniques and architectures adapted to the type of tissue to be regenerated (Tamunonengiofori Banigo et al., 2019). Furthermore, by choosing the proper polymer or its composition, it is possible to obtain greater control over biodegradability (Lu et al., 2000). A wide variety of formats can be obtained, such as aligned scaffolds (Ngo et al., 2003; Wu et al., 2018), fibers or filaments (Kim et al., 2008; Hurtado et al., 2011), and tubular structures (Dai et al., 2013; Ni et al., 2013; Sarker et al., 2018). However, they also have certain limitations, such as reduced bioactivity that increases the risk of rejection after implantation. Therefore, the choice of the origin of the biomaterials to be used is especially important, being widespread systems composed of combination of various types of biomaterials (McMurtrey, 2014).


Polycaprolactone

Polycaprolactone (PCL) fibers have most commonly been generated by the method of electrospinning (Nectow et al., 2012). PCL can be combined with natural polymers or coated with cells to improve its biocompatibility, cell adhesion properties, and promote regeneration of nerve fibers (Aurand et al., 2012) or assist the directional growth of regenerating axons in peripheral nerves (Flynn et al., 2003).



Poly-L-Lactic Acid

Poly-L-lactic acid (PLLA) has been employed in the development of single or multilayer guidance conduits (Lu et al., 2009), nanofibrous conduit scaffolds with single or multiple microchannels (Sun et al., 2012; Zhao et al., 2013), or like fibers allocated in the lumen of tubular conduits (Ngo et al., 2003; Li et al., 2015) providing a support for cell adhesion, migration and elongation in a guided way.



Poly-D,L-Lactic-co-Glycolic Acid

Poly-D,L-lactic-co-glycolic acid (PLGA) is a copolymer of polylactic acid (PLA) and polyglycolic acid (PGA). PLGA has been successful in drug delivery microparticles and conduits for nerve regeneration (Xue et al., 2012). PLGA seems to be extremely useful in transporting therapeutic agents across the BBB (Malinovskaya et al., 2017; Mir et al., 2017).



Conductive Polymers

Conductive polymers are those with electrons present in their backbone, which enables them to conduct electricity. Nerve cells respond to electrical stimulation. Some common conductive polymers used are polypyrrole (PPY) and carbon nanotubes. PPy is an organic polymer formed by the polymerization of pyrrole monomer. PPy has been used in combination with other biodegradable non-natural polymers such as PCL, PLA, and PLGA to increased neurite growth (Lee et al., 2009). Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical structure. CNTs in combinations with other polymers exhibit increased neurite growth and elongation in all directions (Malarkey et al., 2009).

Advantages and disadvantages of synthetic biomaterials are described in Table 2.


Table 2. Advantages and disadvantages of synthetic biomaterials.
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Neurotrophic Factors and Cells for Neural Tissue Engineering

The role of neurotrophic factors in neural tissue regeneration has been widely studied (Terenghi, 1999; Blesch et al., 2002). Neurotrophic factors can be incorporated into the biomaterial to modulate cells' behavior and improve their survival and outgrowth. One family of neurotrophic factors, the neurotrophins, has been heavily investigated. The neurotrophins include NGF, BDNF, and NT-3. Other neurotrophic important factors are GDNF and acidic and basic fibroblast growth factor (aFGF, bFGF). They offer an improved regenerations results both in PNS (Bloch et al., 2001; Zurn et al., 2002) and SCI (Of et al., 1996; Oudega and Hagg, 1999; Ramer et al., 2000).

Apart from the aforementioned, and as part of the search for therapies with regenerative potential, cell transplantation appeared. In the first place, the transplantation of mature cells from the patient, obtained through biopsies was tested (Huang et al., 2008). However, the number of cells obtained by biopsies was not always sufficient, and the cell proliferation rate was relatively low. Adult stem cell transplantation, which offered great potential thanks to its multipotentiality, was also tested (Koch et al., 2009; Rooney et al., 2009). Nevertheless, their availability is limited and their survival rate is low after transplantation. In 2006, Takahashi and Yamanaka (2006) artificially converted differentiated cells into a pluripotent state in vitro, naming them induced pluripotent stem cells (iPSCs). This discovery represented a promising alternative approach for regenerative medicine thanks to the possibility of a cell autotransplantation that can be better long term integrated by being compatible with the host's immune system. However, there is a reluctance to use these cells due to the lack of regulation and the tumorigenic and immunogenic properties of iPSCs (Ohm et al., 2010).

Unfortunately, to date, cell transplantation alone in the nervous system is not an option for tissue recovery, due to the associated problems. Therefore, tissue engineering advocates combining a cell source with the use of the biomaterials. Biomaterials would provide, on the one hand, a three-dimensional environment which could accommodate the cells, and on the other hand, they could be devices for controlled release of bioactive molecules in a localized way in the desired tissue (Ren et al., 2014; Wang et al., 2017a). The cells would play a vital role by producing growth factors and ECM molecules, promoting tissue recovery. The cells used specifically in neural tissue regeneration include SC, bone marrow-derived mesenchymal stem cells, and other stem cell sources like embryonic stem cells, nerve stem cells, mesenchymal stem cells, and induced pluripotent stem cells (Bhangra et al., 2016).




TISSUE ENGINEERING APPROACHES IN THE NERVOUS SYSTEM

Despite its complexity and the limitations that have already been described to achieve regeneration of the nervous system, various hopeful strategies have been developed for the regeneration of this tissue, such as directly injected gels (Austin et al., 2012), porous three-dimensional scaffolds similar to a sponge (Zhang et al., 2011), meshes with regular pore geometry (Suri et al., 2011), elongated and oriented microfilaments (Hurtado et al., 2011), and other configurations that are useful for other tissues. However, the best approximations are the so-called nerve guidance conduits (NGCs) due to their tubular structure that serves as a physical guide to direct axons sprouting, contain the growth factors secreted by the injured tissue, and reduce the infiltration of scar tissue (Raza et al., 2020). These guided nerve conduits have been widely used not only in nerve regeneration with promising results (Heuser and Maier, 2005) but also to regenerate spinal cord (Gelain et al., 2011) or even brain (Nisbet et al., 2009; Elias and Spector, 2012; Harris et al., 2016).


Tissue Engineering Approaches in the Peripheral Nervous System: Nerve Guidance Conduits

NGC is understood to be any device with a stable and elongated structure whose purpose is to support the growth of axons that have lost the ability to establish synaptic connections due to injury or degeneration. Initially, simple hollow silicone conduits were used for PNI regeneration (Lundborg et al., 1982; Francel et al., 1997). However, these were quickly replaced and optimized because they were not degradable, and they formed an excessive fibrous capsule due to problems with compression of the nerves. With the silicone conduit approach, the different phases of regeneration into a hollow NGC were described in a 10-mm nerve gap from the rat sciatic nerve, corresponding to the sequenced phases of Wallerian degeneration and resulting in regeneration mechanism. First, the fluid phase, where the conduit is filled with plasma exudate containing neurotrophic factors and ECM molecules (around 12 h after the injury). Second, the matrix phase, where fibrin cables are formed along the gap (around 1 week after injury). Third, the cellular phase, where SC invade the gap, migrate, and proliferate, aligned along the fibrin cable, forming the Bands of Büngner. Fourth, the axonal phase, where the first axons are visible migrating to their distal targets (around 2 weeks after injury). Fifth, the myelin phase, where SC produce myelin and wrapped around each axon (around 4 weeks after injury) (Lundborg et al., 1982). Hence, several FDA approved devices are consisting of hollow NGCs that can be classified in these categories: non-resorbable devices, natural resorbable devices, and synthetic resorbable devices (Kehoe et al., 2012). However, in longer gaps, the formation of the fibrin cable is compromised. SC, cannot align through the injury site, reducing the formation of the Bands of Büngner, necessary structures for the guidance of re-growing axons (Hoffman-Kim et al., 2010). Moreover, it is known that hollow NGC can derive in inadequate reinnervation. So, to control the axon growth, many strategies focus on filling the lumen with a diversity of configurations to provide a supporting structure, either mechanical or biological, that promotes cells growth, guidance, and correct targeting (Meyer et al., 2016; López-Cebral et al., 2017).

In conclusion, FDA-approved devices are recommended only for small gaps (up to 3 cm) and their biological performance is inferior compared with autografts, the need for new biomaterials and for the development of alternative conduits for peripheral nerve regeneration, and also CNS regeneration, remains imperative.

Different studies have clarified the parameters that would be a significant advantage in achieving glial cell survival and axon extension along the different NGCs. Therefore, there are many design variables that an ideal NGC should consider and incorporate (Figure 6).


[image: Figure 6]
FIGURE 6. Properties of the ideal nerve guidance conduit.



Biodegradability and Porosity

The biomaterial employed must be biodegradable and biocompatible and produce no inflammatory response (Anderson et al., 2008), and prevent fibrous tissue ingrowth into the injury site. For example, HA inhibits the glial scar formation after brain damage (Lin et al., 2009). The biodegradable conduits are preferred over non-degradable conduits in clinical trials. For example, a collagen conduit was implanted in a 12-mm nerve gap of patients with an improved nerve functions (Taras et al., 2011). The biomaterial must be porous to allow an exchange of oxygen, nutrients, and factors between the lumen of the NGC and the interstitial fluid (Kokai et al., 2009; Her et al., 2013; Oh et al., 2013).



Intraluminal Channels

The NGC could incorporate intraluminal channels. Neural cells tend to grow and develop best on spherical or cylindrical structures, presumably by analogy with similar structures such as nerves, spinal cord, or brain tracts. PLLA nerve conduits with channels of 200 μm diameters showed positive physicochemical characteristics and promising neuron oriented differentiation (Liu et al., 2018).



Oriented Nerve Guidance

The NGC should present a guidance cue for the extending growth cone to reduce misdirection. The use of films or fibers as lumen filler has been proposed as an excellent way to obtain a structure as similar as possible to nervous tissue (Heuser and Maier, 2005; Clements et al., 2009) so that the filler serves as a guide structure and intermediate support. For example, nerve conduits with PLGA fibers in the lumen was useful for guiding the growing axons (Quigley et al., 2013). Moreover, surface topography has been shown to influence cellular behavior, including cell morphology, guidance, proliferation, and differentiation (Reimer et al., 2016).



Release of Bioactive Factors

The NGC could release bioactive factors incorporated into the biomaterial, to modulate the behavior of cells and improve their survival and growth. The biomaterial could also be functionalized with microparticles of a different material loaded with the bioactive molecule of interest, for example, salicylic acid in order to reduce inflammation and scar tissue formation because of SA in PNI (Lee et al., 2016). Neurotrophic factors such as NGF are of particular interest in promoting the peripheral nerve regeneration (Kuihua et al., 2014).



Incorporation of Support Cells

The NGC could incorporate supporting cells. Almost all the studies published in this field show a perceptible improvement in the result obtained with the NGC in vivo when they contain precultured neuroglia in the lumen in comparison with the empty NGC. The benefits of cell therapies for tissue engineering have already been discussed previously, but thanks to the fact that the cells are confined in the scaffolds, the cells multiply their effect by not dying or migrating to other areas, which was one of the main drawbacks of cells transplantation technique. For example, SC are of great interest for neural tissue engineering and help in PNI after introduced in a NGC (Dai et al., 2013; Meyer et al., 2016; Cerqueira et al., 2018). SC can be isolated from nerve tissue, cultured and expanded in vitro, and incorporated in the NGC (Allmeling et al., 2008) promoting the regeneration. It should be noted that although SC are neuroglia originating in the PNS (Sinis et al., 2005), there are precedents for the reconnection of tracts in the CNS (David and Aguayo, 1981; Olson et al., 2009; Yao et al., 2018a).



Electrical Conductivity

The NGC could present conductive biomaterials. Studies on conductive polymers and electrical stimulation appear as a relatively novel approach to increase neurite extension and axonal regeneration (Alrashdan et al., 2010). Electroconductive conduits supported sciatic nerve regeneration in rats after 8 weeks postsurgery (George et al., 2009).

A multitude of strategies has been developed for the regeneration of PNI taking all these factors into account (Sarker et al., 2018). A vast diversity of NGCs formats has been employed, including porous cylindrical structures of collagen (Bozkurt et al., 2012), structures based on PLGA and PCL microfilaments (Kim et al., 2018; Quan et al., 2019), tubular conduits with one or more channels (Oh et al., 2018), HA with fibers inside the lumen (Vilariño-Feltrer et al., 2016), and conduits with PLGA aligned conductive fibers (Jing et al., 2018), always with results superior compared with the one achieved by a hollow silicone tube.




Tissue Engineering Approaches in the Central Nervous System: Spinal Cord Injury, Traumatic Brain Injury, and Neurodegenerative Disease

As mentioned above, axonal bundles represent a unidirectional and aligned architecture allowing systematic axonal development within the nerve tissue. However, when an injury or disease in the PNS or CNS occurs, this complex architecture suffers disruption leading to the inhibition of growth and loss of guidance, whose recovery is especially tricky in the CNS (Tian et al., 2015).

Commonly, human SCI occurs after a contusion injury that compresses the spinal cord. However, many of SCI consists of complete transection of the spinal cord, with a complete disruption of the entire spinal cord. Moreover, there are other circumstances like large lesions or chronic situations where an injury has occurred some time previously, where it may be necessary to use some form of an oriented bridging substrate that bypasses the injury site and restores continuity across a traumatized area (Sakiyama-Elbert et al., 2012).

The spinal cord consists of a considerable amount of ascending and descending tracts, each located in particular parts of the dorsal, lateral, or ventral column. When SCI occurs, ideally, this spatial organization should be maintained by implanted structures, allowing that regenerating axons can find their proper targets in the gray matter behind the injury site. For this reason, biomaterials with channels or guides that are oriented parallel to the spinal cord tracts, like NGCs, among others, seem to constitute the optimal configuration. Under this premise, many strategies have been developed for SCI such as HA conduits with PLLA fibers in the lumen (Martínez-Ramos et al., 2019), scaffolds with highly aligned conduits made of fibrin (Scott et al., 2011), conduits made of aligned PLLA nanofiber (Hurtado et al., 2011), multichannel (Gros et al., 2010) or individual cannel agarose scaffold (Stokols and Tuszynski, 2006), PLGA multiple channel bridges (Tuinstra et al., 2012), among others (Tsai et al., 2006; Horn et al., 2007; Wong et al., 2008).

Another group of disorders of the CNS affect the brain, such as TBI or neurodegenerative diseases such as Parkinson's disease. In the same way that occurs with SCI or PNI, they all have in common the loss of long-distance axonal connections.

The brain is a tremendously complex organ, and a multitude of tissue engineering approaches have been carried out to address the brain injuries. Hydrogels have been attractive for application to the brain due to their consistency similar to soft brain tissues and high permeability that allows the exchange of oxygen and nutrients (Li et al., 2012; Gwon et al., 2017). Even micro- and nanoparticles also offer advantages in brain tissue engineering. As systems are small and can be customized according to the polymer or molecules used, they are capable of crossing the blood-brain barrier, being carriers of molecules or drugs of interest (Dhar et al., 2011; Rassu et al., 2015).

However, taking into account the idea of regenerative bridges to facilitate long-distance axonal regeneration, several recent studies of great interest have been developed. For example, microcolumns containing tubular agarose hydrogels with collagenous matrix inside have been produced, making use of the confining capacity of astroglia cells to create a neural guide pathway (Winter et al., 2016; Katiyar et al., 2018). A more complex system of microtissue engineered neural networks, containing mature primary cortical neurons and long axonal tracts in the lumen of hydrogel microcolumns, have also been developed to mimic gray and white matter (Harris et al., 2016), proposed as a possible treatment for Parkinson's disease (Struzyna et al., 2018).

Conclusively, from a neurological perspective, the challenge will be to design scaffolds that sustain multiple functions, a structure that can modulate a variety of cellular and signaling functions, and that can effectively support and guide the regenerative growth of axonal bundles or axonal descending and ascending tracts from diverse sources.




CONCLUSION

Due to its complex anatomical architecture, the repair of the nervous system, among other causes, is one of the great challenges of modern medicine. Significant advances have been made in cell-based therapies, nanotechnologies, and novel biomaterials, as well as a better understanding of the nervous system's knowledge. Results to date have shown that cell-based therapies are not sufficient for the repair of neural tissue after damage. However, tissue engineering sheds light on this problem. Tissue engineering advocates the combination of biomaterials together with cells and bioactive molecules to mimic the environment to regenerate while supporting the repair of new tissue. More multidisciplinary approaches will be needed in the future to apply these therapeutic strategies in clinics.
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