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ABSTRACT: The peripheral nervous system plays a vital part in coordinating bodily functions and sensations that can be severely affected by trauma and neurodegenerative diseases. "Nerve guidance conduits are extensively examined as a treatment modal quality for repairing peripheral nerve damages and its injuries, alongside nerve autografts and allografts. The global demand for Nerve Guidance Conduits is increasing day by day and the recent advancements in 3D printing techniques have emerged as promising tools in the field of neural engineering. 3D printing enables the fabrication of complex and customized constructs, offering potential applications in tissue engineering, particularly for functional Nerve Guiding Conduits. This review paper aims to introduce several fabrication methods or technologies, like solvent casting methods, phase separation methods, freeze drying techniques, etc. which incorporate cells, bioactive molecules, and drugs. Developing nerve conduits and printing methods requires a comprehensive understanding of neural architecture, neural cells, different types of injuries, suitable materials, and various factors necessary to enhance the mechanical properties of conduits.
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1. Introduction
The peripheral nerve system joins the brain as well as the spinal cord to the body via 43 pairs of nerves like motor and sensory. [1]. The system is a finely detailed body system that communicates and coordinates across body in response with numerous environmental variables.

It is broadly divided into two broad sections: the Central Nervous system and the Peripheral Nervous system [2]. Integrating and processing information given by nerves is the responsibility of the Central Nervous system, which includes the spinal cord and brain [2]. The sensory messages are carried to the Central Nervous System by the Peripheral System, which acts as a pathway and sends important information received from the system to the glands and muscles. Neurons are an essential part of the system consisting of afferent, efferent, and interneurons, which all function differently. Together, both these systems control motor outputs, sensory inputs, and their integration from the nervous system of a human [3].

[bookmark: _Hlk193025076]Damage to the nervous system can be impactful, which results in ischemia, chemical, or mechanical events, and it has also been proven to have the potential for nerve transection, as well as disrupted communication between cells and blood-nerve barrier disruptions. All this can occur both in the Central Nervous System and the Peripheral Nervous system, but their responses towards neurons are different [4]. The axonal sprouting, followed by the clearing of myelin and axonal debris by Schwann cells and macrophages, occurs at the near end of a critical nerve in the peripheral nervous system. The regeneration of the axonal process stops when a newly formed axon reaches within the stump of the panicky distal nerve, where functional renovation with their targets occurs [2]. Depending on the severity of an extension, nerve injuries of the periphery are sectioned into several types and their treatment also varies accordingly with size. Currently, the preferred clinical approach for treating neural tube injuries involves performing precise surgical suturing using a tension-free technique [5]. However, if the length of the neural tube injury exceeds 5 mm [3], suture repair cannot be performed. In this case, nerve transplantation which is autologous works well, although it necessitates a need for two procedures at the cost of healthy or strong nerves and can also result in the formation of neuroma.  Both these techniques have some limitations and therefore there are reasons why people go for another solution through which neural tissue engineering provides substitution for acting like a bridge between the nerve stumps.[4]. This principle of engineering usually signifies scaffold which shows transitional 3-D strong support for attachment of cells, and migration and also acts as a pathway for biologics transportation [6]. Furthermore, this engineering structure can help with the reconstruction of long-distance nerves which can significantly come to lengths of 4 cm or larger, giving high durability [7].

3D printing technologies have become magnificently well in this field. This type of printing can print materials, cells and several other parts which can uplift growth and cell differentiation on scaffolds by cell arrangement prevention and its control to desired tissue repair effect. Hence, this printing technology is been remarkable in peripheral neural scaffold construction [8].

2. Requirement for Ideal Peripheral Neural Scaffolds
A favorable structure for neural tissue engineering can start a structure and composition of the matrix of extra cells (ECM) to enhance processes such as cell seeding, adhesion, proliferation, differentiation, and tissue formation [9].  The Micro grooves have a significant role in nerve function’s directional growth. The neural tissue scaffold’s structure is needed to rejuvenate the local nerve's mechanical properties. There is a noticeable fact noticed in the literature that the normal sciatic nerves and acellular nerves’ surplus-acquired tensile strength for rats are around 2.72MPa and 1.3MPa [10]. As a result, the nerve scaffolds must follow the requirement if they are implanted in rats for animal research. Similarly, before implanting a scaffold in a patient, it must be examined for its capability to resist stretching, shearing stresses and mechanical compression.
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Fig 1. Structure of Peripheral Nerve

To upgrade the process of reconstruction and functional recovery of damaged nerves, neural scaffolds should possess high biocompatibility and minimal cytotoxicity and inflammatory response within the body. These scaffolds ideally offer favorable sites for cell anchoring, facilitating cell adhesion, growth, proliferation, and normal expression [11]. It depends on the material selection; moreover, transmitting electrical signals is one of the major functions of the nervous system, which makes an exemplary nerve scaffold with properties that multiply the migration of nerve cells.

3. Nerve Guidance Conduits (NGCs)
Nerve Guidance Conduits are structures which are in tabular form and are fabricated through natural and synthetic biopolymers. These structures are systematically created to have the biochemical and mechanical signals essential for promoting nerve regeneration. Nerve Guidance Conduits offer a potential solution to the challenges associated with nerve grafting, as they can overcome its limitations [12].
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Figure 2. Nerve Guidance Conduits for Various Signals

Nerve Guidance Conduits are commonly known as artificial nerve grafts and conduits. An ideal conduit must meet specific criteria, which include having a biomimetic structure that mimics natural tissues, incorporating structural elements that facilitate the longitudinal alignment of regenerating axons, possessing adequate mechanical functionalities to maintain support, being sufficiently permeable for enabling trophic support, also demonstrating conductivity, flexibility, and exhibiting biodegradability [13].


4. Materials
The material choice is very critical in this type of engineering, particularly for scaffolds. Natural and synthetic polymers are commonly required. Polymers like collagen and chitosan are naturally obtained, which provide a bionic medium with the limitation of having weak mechanical properties, whereas Synthetic polymers, such as PCL and    PLGA, offer very good properties but usually have a low cell-friendly nature. Combining natural and synthetic polymers in Nerve Guidance Conduits can provide both biomimetic support and structural integrity. Studies have shown successful axonal regeneration using collagen and cellulose/ (soy protein isolate) SPI-based scaffolds [5]. However, due to fabrication challenges, synthetic polymers like PCL are primarily used for NGC construction due to their FDA approval and desirable properties. As a result, nerve scaffolds should meet the requirement if they are to be implanted in rats for research of animals. Similarly, before implanting a scaffold in a patient, it must first be examined for its ability to resist stretching, mechanical compression, and shearing stresses. Bozkuet al.[6] They used a freeze-drying technique to create a 3D porcine collagen platform with very high orientation, successfully showing in vitro-directed axonal regeneration. Another study signifies these conduits produced from cellulose and soy protein isolate (SPI), which are evaluated and verified in rats with 10-millimeter sciatic nerve injuries. The glucose or, we can say, cellulose mixture was effective in combining and healing the gap. Wang used PLLA-aligned based alignment as an electrospuned scaffold for DRG and Schwann cell in vitro research. PHB (poly-3-hydroxybutyrate) was also been investigated as a potential NGC manufacturing biomaterial. While it degrades faster than PCL, its crystallinity renders the degradable pieces toxic and can cause inflammation in the body [7].

PLGA is a blend or a mixture of PLLA and PGA. The PLLA/PGA ratio can be made adjustable to manage PLGA deterioration. The faster the deterioration, the higher will be the PGA content. Nerve Guidance Conduits had been manufactured using PLGA.  
For example, when we used the injection molding approach, a copolymer called PLGA was used with an 85:15 ratio and has been extensively used to build nerve guide conduits for various channels.

As a nerve conduit material, PLGA along with poly (D, L-lactic-co-glycolic acid) is extensively considered. The by-products of PLGA degradation are lactic and glycolic acids, which are not toxic, although their extremely acidic nature can hinder digestion when present at required numbers. Young et. In his literature, [21] successfully tested PHB Nerve Guidance Conduits in a rabbit model with a 4cm nerve gap. PHB Nerve Guidance Conduits also aided in peripheral nerve regeneration for 63 days, after which follows surgery. To take the benefit of diverse polymers, both natural and synthetic, multiple synthetic polymers are mixed and considered for the production of tissue engineering structures. The collagen/PCL platform exhibited better results compared to pure PCL scaffolds in both in vitro studies, which use stem cells and in vivo studies involving adult rats with an 8 mm sciatic nerve gap. A combination of collagen and hyaluronan hydrogel was utilized alongside aligned polyL-lactide-caprolactone (PLCL) in the composite. Furthermore, in vivo studies conducted on a rat model of sciatic injury demonstrate increased sensual function when compared with nerve autografts [22]. Silk fibroin electrospuned scaffolds with polyethene oxide (PEO) were created and were suggested as a biological conduit for regenerating peripheral nerves [22,23]. A study has shown that [24], a mixture of silk fibres and polymer has been accomplished into conduits by the process of weaving.  Its implantation into the back of rabbits with mild inflammatory reactions was seen and visible, whereas informative neural differentiation studies have not been performed yet.

Various other synthetic polymers have been mixed with other polymers for this fabrication purpose. A mix of PCL polymer and PLGA polymer [24], a mixture of PCL polymer and polyurea polymer [25], PLLA and PLGA [26], and PLGA and Polyurethane [26,27] were also been consumed before for the fabrication of various conduits. A more diversified blend was also reported with three- a component polymer blend like poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/P (L-D, L) LA/PLGA [28]. These studies have provided evidence for the viability of utilizing polymer blends that combine the distinctive properties of each constituent polymer for the creation of nerve guidance conduits. These conduits are intended for biopolymer, recyclable, actinic, and also to have suitable mechanical properties that can enhance or promote regeneration of peripheral nerve.

Table 1. Materials for Nerve Guidance Conduits and their Properties
	Reference
	Printing Resolution (µm)

	Printed Structure pattern
	Mechanical Properties of Material
	Material Application
	Materials

	8	250 µmeter
	platform with varying gap widths of struts.
	N. A
	Improves hDPSCs neural differentiation 
	PLA

	9,10
	50 µm
	Guidance conduits with pores
	Elastic modulus of 68.46
	It facilitates positive axonal
regeneration
	PCL

	11
	1µm
	Guidance conduits
	-
	Capability to sustain the growth of a cell
	PLA/PCL polymer

	12	-50µm
	Conduits with porous grids
	The Young modulus  is 85+/- 3.9` 204+/-6.7Mpa
	Influence nerve excitation and
Conduction
	PCL/PAA

	3
	-
	Structure with guidance channels present in it
	Young Modulus: 2~62 Mpa
	Support the growth of iPSC-derived
neutrons
	PLGA/PLLA

	13
	200µm
	Grid scaffold of  f  i  b  r  e  s
	Stiffness of Compression 26.3~35.4
	-
	PEDOT

	14	200µm
	Honeycomb
Structure
	Young modulus
1.4
	-
	PPy



Additionally, conductivity is also desirable along with the biocompatible and biodegradable nature of the Nerve Guidance Conduits for regeneration of neural tissues. Now, polymers like polypyrene (PPy), polyaniline (PANI), poly(3,4-ethylene dioxythiophene) (PEDOT), and other conductive polymers have been mixed with different polymers to furnish the platform conductive [1], and the technique used predominantly is electrospinning for such kind of conductive scaffolds. These conclude blends of PPy/PEO [28,35], PANI/gelatin [36], PANI/PCL, PANI/PCL/gelatin [36,37], Electros punned PANI/PCL/gelatin [36-38] structures broadcasted with various stem cells motivates cell addition and generation of neurite considered for stimulated for electricity. In a similar vein, when a PPy/Chitosan scaffold was created using the freeze-drying technique and endorsed in a 15-millimeter-long sciatic nerve injury of a rat, electrical stimulation to the scaffold resulted in notable improvements in the regeneration of axonal and remyelination of the regenerated axon [15]. The biodegradability of a tissue engineering scaffold is a fundamental requirement. Consequently, non-biodegradable scaffolds, even if conductive, hold less significance and potential for clinical translation and various innovative methods are used for the fabrication of Nerve Guidance Conduits like solvent casting, freeze drying, etc.

5. Fabrication methods
The biodegradability of a tissue engineering scaffold is a fundamental requirement. Consequently, non-biodegradable scaffolds, even if conductive, hold less significance and potential for clinical translation.

5.1 Solvent casting
Among the available methods, solvent casting stands out as the most economical and straightforward approach for creating porous 3D scaffolds. The process begins by dissolving a polymer in a solvent, followed by the addition of particles which form pores or porogens. The resulting blend is then moulded according to the desired final geometry [39]. As the solvent evaporates, a porous scaffold is formed. Subsequently, an appropriate solvent is used to leach out the porogens, resulting in a highly porous structure. However, there are several disadvantages, like the usage of highly dangerous solvents, interconnection of pores, irregularly shaped pores, and porosity percentage is also low (<50%). To enhance its functioning, solvent leaching is combined with it [16].
[image: ]

Fig 3. Solvent Casting

The polymer mixture is mixed with a salt particle, which varies in size. As the solvent evaporates or disappears in the atmosphere, a polymer matrix is formed containing salt particles intruded within it. When mixed in water, the salt slowly dissolves and leaches away, which forms a highly porous scaffold structure [12]. This technology can also produce pores with diameters of 500 micrometres.

5.2 Gas Foaming 
[image: ]The polymer solution is squeezed from its state to a solid state in this improved process. If necessary, porogen and salt particles are mixed firmly into the polymer cast or model, which have been applied or pressurized at a very high amount of pressure with agents of foaming of gas such as carbon dioxide, nitrogen, water, or Fluro form so that it reaches to its saturation point [17].  This results in which, the process of nucleation occurs, and then bubbles of gas which vary in size ratios (100 to 500 micrometres) developed in a polymer matrix.

Fig 4. Gas Foaming Method
A notable benefit of this technology or process is its avoidance of toxic solvents, which operate without the use of organic solvents. However, one drawback of the process is the limited interconnectivity between the pores, leading to reduced fluid flow. Additionally, the external surface of the scaffold lacks porosity [41].

5.3 Phase Separation
It is a method which is considered for the purpose of fabrication for porous polymeric structures. To create a scaffold, the desired polymer is dissolved in a blend of two immiscible solvents [42]. When the mixture has been heated, it forms a saturated solution, which consists of two different phases: a phase which is polymer-rich and a phase with poor polymer. The solution is then rapidly chilled (quenched), which causes the liquid-liquid components to separate. Evaporation, extraction, or sublimation can be used significantly for the removal of a polymer-poor phase while the polymer-rich phase hardens or precipitates, which results in the initiation of a highly porous structure. This approach has several advantages, which include excellent interconnectivity between pores and a high porosity level of more than 90%. However, it is important to note that this technique is fixed for certain polymers like poly (L- lactide) (PLLA) and PLLA-PCL blend polymer [42,43].

5.4 Freeze drying Method
It is employed in the creation of a polymeric porous platform. It consists of two phases [44]. During a freezing phase, the solution subsequently freezes to a specified temperature, which causes each component to freeze.  The solvent which forms ice crystals leads to the formation of polymeric molecules to aggregation within the interposed spaces or gaps. In another phase, which is also the phase where solvent is removed, a low pressure, less than the equilibrium pressure of vapor of the frozen solvent, had been applied. Consequently, the solvent then undergoes sublimation, which leaves behind a dry porous linked polymer platform. This process offers the advantage of achieving porosities exceeding 90%. However, one differentiable drawback is the pores which are made by freeze-drying principles are subsequently irregular in shape as compared to those found in solvent-casted and gas-foamed structures [45].
[image: ]
Fig 5. Freeze drying

5.5 Electrospinning
The electrospinning process is widely recognized as the most popular technique for fabricating nanofibrous scaffolds [32]. This method involves applying a huge electrical potential between the nozzle tip and substrate, resulting in the continual drawing of fibres made up of polymers from the nozzle. Electro-spun structures find extensive application in tissue engineering applications as it believes that their nanofibrous architecture promotes better cell spreading and also binding than microporous or microfibrous surface architectures [46]. The versatility of electrospinning is evident as it can be utilised with various materials. However, there are drawbacks to consider [47]. The fibres produced by electrospinning are random and lack orderliness. Additionally, electros punned scaffolds are considered in a non-woven form, limiting their applicability to a relatively narrow range of applications.
[image: ]
Fig 6. Electrospinning




5.6 Additive Manufacturing Method
[image: ]It is generally known as 3D printing, which encompasses multiple processes that construct a part by adding layered material based on a 3D model [48]. Several AM processes exist, which include Stereolithography (SLA) techniques, Selective Laser Sintering (SLS) techniques, Fused Deposition Modelling (FDM) techniques, Three-Dimensional (3D) printing techniques, and 3D plotting methods. Among the methods seen, fused deposition modelling (FDM), stereolithography (SLA), and selective laser sintering (SLS) are the most used methods for fabricating tissue engineering scaffolds [31]. While these AM techniques offer the advantage of producing complex biomimetic scaffolds with great geometric freedom, there are limitations that currently restrict their widespread use in tissue engineering scaffold fabrication [49].

Fig 7. Additive manufacturing technique

5.7. Fabrication of Nerve Guide Conduits 
Nerve Conduits are been made by using various traditional scaffold fabrication methods like freeze drying, but dimensional constraints are observed and other requirements are also not fulfilled like the need for the topographical sign for the alignment of axonal tissues. For example, injection moulding, although not commonly employed for fabricating tissue engineering structures, is widely considered for manufacturing multi-channelled Nerve Guidance Conduits. Accordingly, various modifications are done for the electrospinning process to achieve fibers which are aligned and can act or serve as topographical signs within Conduits, facilitating directed alignment of the neuron. It provides a brief overview of these fabrication methods which are employed for the production of Nerve Conduits.

5.7.1 Micro-patterning
It is used to create Nerve Guidance Conduits having grooved designs for the purpose of axonal alignment. In this technique, a micro-patterned inner lumen is fabricated using micro-patterned silicon and quartz dies created through reactive ion etching. Firstly, the micro patterned silicon dye is spin coated with a sacrificial layer of PVA  solution [50]. Once the PVA layer has dried, a layer of Poly (D, L-lactic acid) (PDLLA) is spun onto the die. When placed in water, the PVA layer dissolves, releasing the micro-patterned PDLLA film [51]. This film is then inserted inside a conduit by rolling, forming the micro-patterned inner lumen. The critical step and bottleneck in this process is the fabrication of silicon and quartz dies using reactive ion etching [52]. A micro-patterned glass mould is prepared using the photolithographic techniques, which acts as the master mould. A poly (dimethyl siloxane) (PDMS) sub-master mould is created from the glass master mould after the master mould [53]. The pattern is subsequently transferred to PLA (polylactic acid) using the PDMS sub-master mould. The chief limitation of the technique is the fabrication of master moulds and the multi-step process involved in it [54,55].

5.7.2 Injection Molding
The fabrication of Nerve Guidance Conduits having intraluminal channels is achieved through the injection moulding technique. Moore et. al. utilized rapid solvent evaporation with injection moulding to create a multi-channel NGC made of PLGA [55]. The mould consisted of cylindrical Teflon moulds having Delrin spacers with a series of uniformly spaced stainless-steel wires. The result of these wires led to the achievement of a final nerve conduit with seven cylindrical channels [34]. A viscous PLGA solution was injected into the mould with the help of a syringe having a 16-gauge hypodermic needle. The filled moulds were then vacuum-dried for 24 hours, which helped to remove the solvent [56]. The conduit was subsequently extracted from the mould and subjected to disinfection for further cell culture studies.

Zeng et. al. employed an injection moulding system which was hybrid in nature and combined low-pressure injection moulding with phase separation induced due to thermal change to fabricate multi-channel Nerve Guidance Conduits [22]. This system offered the advantage of high conduit porosity (>90%) through the incorporation of the phase separation process. However, this approach does have limitations, including a multiple-step procedure and the potential for cytotoxicity arising from residual mould particles or lubricant [57].


5.7.3 One-directional freezing
According to Bozkurt et. al., a special fabrication technique termed unidirectional freezing is employed to make Nerve Guidance Conduits with longitudinally aligned intraluminal channels. In this method, an established temperature gradient is used to cool and freeze the polymer solution. The temperature gradient is created by two heat sinks that are set up above and below the sample. A phenomenon known as "constitutional supercooling" is achieved by lowering the heat sinks at the start of the freezing process, disrupting the planar ice front that forms as a result of ice crystal formation during freezing. On setting the required freezing parameters, the unstable ice front can be changed into a finger-shaped structure without side branches (dendritic ice crystal morphology). The collagen is molded by this finger-shaped ice crystal structure. The conventional freeze drying process is done after the unidirectional freezing to create polymeric Nerve Guidance Conduits with numerous channels. Bozkurt provides more detailed descriptions of the process. It is important to note that this process is highly complex, labour-intensive, time-consuming, and has low reproducibility [15].

5.7.4  Electrospinning Technique:  
It is considered to be a predominant and extensively utilized technique for fabricating Conduits. To meet the specific requirements of Nerve Guidance Conduits, various modifications have been made to the standard electrospinning setup [58]. One crucial modification involves the production of aligned nanofibers, which promote directed axonal regeneration. Parallel to their orientation, the electrospuned fibres are placed between the two rods. The regulated alignment of the fibres during the electrospinning process is made possible by this design. Guidance conduits were created by Yu et. al. [60] using a 1.2-millimetre diameter die steel mandrel spinning between 500 and 600 rpm.

In the work conducted by Panahi-Joo et. al. [61], for a horizontal electrospinning configuration, a special handmade dual pole collector was introduced. Two cylindrical electrodes that were uniaxially aligned and had a horizontal position made up the dual pole collector. Two Vertical dielectric pillars were attached to a foam stage to support the electrodes. The arrangement made it possible to construct the fibre conduits linking the two poles. One popular design using this setup is the bi-layered electro-spun NGC, where the inside layer is composed of aligned fibres and the outside layer consists of random fibres [62]. In addition to providing topographical cues or signs for the extension of neurons, the aligned fibres can also provide great mechanical support in the outer random layer of fibres. Kim developed an innovative electrospinning setup capable of fabricating both aligned and random fibres in the same electrospuned singular step. The collector utilized a moving axis made of conductive material [33]. Cellophane tapes were attached both vertically and horizontally to the copper wires, which were joined to the mandrel in a horizontal method. Aligned fibres were created where the copper wires were located on the mandrel. On the other hand, fibres with random orientations were created in multiple parts of the mandrel. A single electrospun sample could be precisely designed with a variety of patterns of aligned and random fibrous areas by altering the location of the copper wires on the mandrel [63]. This approach provided a convenient method for generating complex electrospun mats with both aligned and random fibre orientations [64].

5.7.5 3D printing with electrohydrodynamic jet (EHD-jet)
Among the various methods discussed earlier for NGC fabrication, electrospinning is the most commonly used due to its quality in achieving the desired nanofibrous platform with a huge surface-to-volume ratio, facilitating cell attachment and growth, as well as its versatility with different materials [65]. However, a major drawback of electrospinning is the random and disordered nature of the fibres it produces, which is not ideal for providing topographical cues for directional alignment. Even though electrospinning settings are adjusted for the creation of aligned fibres, there are certain additional constraints which relate to precise control of pore size, porosity, scaffold linkage, continuity, reproducibility, configurability, and expandability.

As an alternative to electrospinning, EHD-jet 3D printing has been proposed to overcome these limitations. The ability to regulate scaffold characteristics, such as the diameter of the fibre, size of pore, porosity, and alignment of fibre by adjusting the parameters, is the main benefit of EHD-jet 3D printing. Different pore diameters and porosities of EHD-jet 3D-printed Nerve Guidance Conduits have been effectively produced and tested. According to a study, Nerve Guidance Conduits which has a pore size of 125 meters, a porosity of at least 60%, mechanical characteristics similar to native peripheral nerves, and an ideal degrading rate that reflects nerve regeneration after injury are the best for excellent NGC structure. These results have been supported by research using artificially inseminated cell cultures.

Conductivity is another important property in Nerve Guidance Conduits, and EHD-jet 3D printing has been utilized to maintain conductive and biodegradable Nerve Guidance Conduits. Studies involving EHD-jet 3D printed PCL/Poly (acrylic acid) [67], PCL/reduced graphene oxide [68], and PCL/PPy Nerve Guidance Conduits [69] have shown positive effects of structural conductivity on neural differentiation. We can say, for instance, that immune cytochemistry and gene expression analysis have demonstrated increased expression of NF-H protein, a neurofilament-heavy subunit, in cells developed on PCL/PPy scaffolds.

Overall, EHD-jet 3D printing shows promise as a replacement for electrospinning, offering improved control over scaffold properties and the potential to incorporate conductivity, leading to enhanced neural differentiation in Nerve Guidance Conduits.

5.7.6 Digital Light Processing (DLP) Method
The recent developments, this 3d printing method has been extensively utilized for the quick and continuous fabrication of Nerve Guidance Conduits. DLP (Digital Light Processing) is classified as a Vat polymerization technique nearly the same as SLA techniques (Stereolithography), where a source of light is employed for the photopolymer polymerization [70]. The primary benefit of this method is that any point within a layer can be easily cured simultaneously, resulting in a much faster process compared to SLA. Zhu et al. [71] utilized DLP-based 3D printing to create various nerve guidance conduits designs, including the human facial Nerve Guidance Conduits with branches. Additionally, Tao et al. [70] utilised Gel MA (gelatin methacryloyl) hydrogels with a MPEG-PCL (poly (ethylene glycol)-poly(3-caprolactone)) loaded with drug nanoparticle dispersion [70,72] and applied the same technique to create functionally nanoparticle-enhanced nerve guidance conduits.



6. Conclusion
The review paper depicts a concise overall view of nerve regeneration in tissue engineering and emphasizes the importance of ideal requirements for NGCs (nerve guidance conduits) in facilitating nerve regeneration. We discuss the material, designs, and fabrication processes which are used in NGC production, including electrospinning, micropatterning, solvent casting, freeze-drying, and additive manufacturing, such as 3D printing. We highlighted representative research cases and introduced the concept of multiplicative NGC production, which seeks to get beyond the drawbacks of current techniques. However, while significant progress has been made, current NGCs still face challenges in fully regenerating nerves and achieving clinical application. Further research is therefore necessary to develop an ideal NGC that can enable complete nerve regeneration. The emergence of bioprinting has revolutionized tissue engineering by allowing the inclusion of viable cells into a bioink, which is then printed as a cell-laden construct. This approach differs from traditional scaffold fabrication methods, where cells are seeded onto the scaffold after its fabrication. Bioprinting offers numerous opportunities for the fabrication of cell-laden nerve guidance conduits, where incorporated cells are stemming cells or stem cell-derived neurons. This technique enables precise placement and distribution of cells within the NGC structure, which might increase the construct's functionality and capacity for regeneration. Bioprinting of cell-laden NGCs follows huge promise for advancing the field of nerve regeneration and providing new avenues for therapeutic interventions.

Declaration of Interest: The author and co-authors of this review study assert that they have no known financial or interpersonal conflicts that could have an impact on the research data given in the paper.
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