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A B S T R A C T   

Nerve guidance conduits (NGCs) have attracted much attention due to their great necessity and applicability in 
clinical use for the peripheral nerve repair. Great efforts in recent years have been devoted to the development of 
high-performance NGCs using various materials and strategies. The present review provides a comprehensive 
overview of progress in the material innovation, structural design, advanced engineering technologies and multi 
functionalization of state-of-the-art nerve guidance conduits NGCs. Abundant advanced engineering technologies 
including extrusion-based system, laser-based system, and novel textile forming techniques in terms of weaving, 
knitting, braiding, and electrospinning techniques were also analyzed in detail. Findings arising from this review 
indicate that the structural mimetic NGCs combined with natural and synthetic materials using advanced 
manufacturing technologies can make full use of their complementary advantages, acquiring better biome-
chanical properties, chemical stability and biocompatibility. Finally, the existing challenges and future oppor-
tunities of NGCs were put forward aiming for further research and applications of NGCs.   

1. Introduction 

Peripheral nerve injuries are commonly occurred as clinical symp-
toms and constitute 2–5% of all trauma cases [1–3]. Many reasons like 
traffic accidents, fire, and natural disasters can cause varying degrees of 
damage to human’s peripheral nerve which leads to traumatic or non-
traumatic events [4], poor sensation, and paralysis [5–8]. To treat these 
symptoms, autografts and allografts are frequently used in clinical 
[9–12]. However, there are two primary limitations regarding the stated 
treatments respectively, i.e. autografts may cause secondary damage to 
the human body [13,14], while allografts have the risk of leading to 
immune rejection symptoms, unmatching nerve length and thickness, as 
well as the paucity of implantable nerve backup [10,15–19]. Alterna-
tively, much research work in recent years has attempted to develop 

nerve guidance conduits (NGCs), aiming at making up for the above-
mentioned shortcomings of autografts and allografts as well as trying to 
reach the “gold standard” set up by those two major clinical therapies 
[20,21]. 

Several requirements are essential to NGCs such as appropriate 
biocompatibility and degradation rate [22–25], as they allow the NGCs 
to provide the nerve axons with enough time to grow along the NGCs. 
On the other hand, they need to have adequate mechanical properties 
such as tensile strength, ability to resist compression, and ideal elasticity 
to guarantee the physical space over the two ends of the broken nerve 
[26]. More importantly, during the regeneration process, the distal tip 
will expand to form growth cones to explore and detect growth and 
guidance cues within the surrounding microenvironment. The adhesion 
and attachment of growth cone to a solid surface is necessary for axon 
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growth. Therefore, developing NGCs with suitable guidance cues is quite 
strategic in nerve regeneration [23,27–30]. To develop NGCs qualified 
with the requirements stated above, many efforts have been made [31, 
32]. However, it is still challenging to develop a NGC matching the “gold 
standard” satisfactorily [20,33,34]. 

Herein, this paper reviews the recent advances of NGCs regarding 
their structures and formation approaches based on different sorts of 
materials correspondingly. Rapid prototyping (RP) fabrication technol-
ogies and textile technologies as two major techniques used to fabricate 
NGCs were introduced. RP technology includes extrusion-based printing 
system, inkjet printing system, and laser-based printing system, most of 
which belong to the so-called “scaffold-based” bioprinting system. The 
“scaffold-free” bioprinting system which aims at making use of sub-
stances directly derived from cells was illustrated. Textile technologies, 
including woven, knitting, braiding, and electrospinning techniques, 
were also reviewed due to their advantages such as high efficiency and 
flexibility. We additionally analyze the functionalization strategies of 
NGCs including the establishment of an electroactive platform, the 
coating of graphene conductive substrates, and the embedment of 
photocatalytic particles. Based on these, the existing challenges and 
further prospective for NGCs are put forward aiming at implementing 
NGCs in real applications. 

2. Materials choice and structural optimization for NGCs 

2.1. Natural materials and related structural design 

The materials for NGCs mainly involve natural materials, nonde-
gradable synthetic materials, and biodegradable synthetic materials [17, 
35,36]. Natural materials include biological tissues, such as vascular and 
musculoskeletal tissues [37], and biomacromolecules, such as chitosan, 
silk fibroin, collagen, alginate, gelatin, and hyaluronic [38–40]. 
Composed of repeating glucosamine and N-acetyl glucosamine groups 
linked with well-sourced β-1, 4 glycoside bond in nature [41], chitosan 
is popular in biological engineering for its extraordinary properties 
including sufficient biodegradability, biocompatibility, neglectable 
toxicity, and suitable biological absorptivity. It attracts much attention 
in developing bioabsorbable NGCs [42,43]. Chitosan and its composites 
such as chitosan/chitin and chitosan/polyglycolic acid were utilized to 
produce artificial nerve grafts in various forms and specifications, and 
these samples have been demonstrated to have effective repairability by 
transplanting them into the bodies of rats, rabbits, dogs and monkeys 
[44,45]. The results also showed that chitosan is beneficial in guiding 
the orientation of (Schwann cells) SCs and preserving the survival and 
differentiation of neuronal cells [46]. Chitosan can be blended with silk 
fibroin (SF) to produce film conduits pre-seeded with adipose-derived 
stem cells, and there is a significant enhancement of nerve conductiv-
ity and functional recovery of nerve axon [47]. Adam et al. demon-
strated that conduits consisting of chitosan multifilament yarn or 
13-channel microcrystalline chitosan sponge (Fig. 1a) allow the nerve 
to outgrow through the gap with minor autotomy as well as minor in-
flammatory reactions [48]. The scanning electron microscopy images of 
the two types of conduits in Fig. 1b and c present that there are channels 
and gaps between the fibers caused by microcrystalline chitosan sponge, 
which is beneficial to facilitate the adhesion and proliferation of neural 
cells inside this conduit. 

Naturally spun silk from B. mori silkworm has impressive properties 
such as luster strength, wear-resistance, and anti-wrinkle properties, but 
photo-induced denaturation and poor biocompatibility of sericin on the 
surface limits its further applications [49]. One common solution is to 
produce regenerated silk through physical, chemical, and even genetic 
treatments. (Silk fibroin) SF, as the main component of the regenerated 
silk fiber, has a wide range of functional advantages, including sufficient 
mechanical properties, feasible processability in mild condition, 
controllable structural design, appropriate degradability, suitable 
chemical and thermal stability, as well as effectivity in promoting 

neuronal outgrowth. It has been increasingly recognized as a prospec-
tive material for surgical sutures, arterial grafts and heart valves, etc 
[50–52]. SF is also very attractive for the construction of NGCs, which 
was intensively reported in previous studies. For example, a SF conduit 
successfully fabricated with lumens filled with oriented SF filaments was 
adopted to bridge a 10 mm rat sciatic nerve gap [51]. Observations 
showed that apart from the negligible systemic inflammation, there 
were few differences between the SF-based NGC group and the nerve 
autograft group in terms of the studies of sensory and ventral motor 
neurons; nevertheless, the SF-based NGC group was witnessed less 
reversal of muscle atrophy caused by denervation. Another study re-
ported that the SF-based NGCs were fabricated into multi-channeled 
NGCs (Fig. 1d and e) based on the principles that some channels in 
the construct’s luminal space can help reducing axonal dispersion. But 
one disadvantage of this structure is that the cell-material interactions 
are not good enough to enhance axonal pathfinding and SCs migration, 
but this problem can be improved by building microscale and nanoscale 
modifications of the luminal architecture in NGCs (Fig. 1f and g) [54]. 

What’s more, one recently published work reported that enzymati-
cally crosslinked SF (eSF) conduits can be developed into a bioactive 
protein delivery system in aqueous media [52], which means that 
functional neurotrophic factors (NTF), such as nerve growth factors 
(NGF) and glial-cell line derived neurotrophic factor (GDNF), can be 
released from the conduit with a certain profile. Fig. 1j illustrates the 
step-by-step processes of crosslinking and adsorption methods to pro-
duce two types of conduits. The primary difference lies in the way NTF 
adhere to the conduits. For the first method, NTF are crosslinked in the 
SF hydrogel, while in the second one, NTF are absorbed in the eSF wall. 
The morphologies of the two conduits in crosslinked (Fig. 1h) and 
absorbed (Fig. 1i) NTF show that the conduit wall produced in the first 
method was smoother than that in another method. In Fig. l j, the porous 
conduit wall and high surface to volume ratio indicate that the NTF can 
be retained sufficiently via the second approach. Both NTF and GDNF 
were examined as functional biological factors and the results reveal 
that conduits absorbed GDNF with a better release profile and possess 
the ability to acquire more robust proximal nerve protection. This is 
because GDNF cannot only promote neurite elongation, as the NGF does, 
but they can also increase neurite density and improve sensory rein-
nervation [53]. Therefore, as a versatile biomaterial, SF works as an 
important substrate no matter it is applied alone or combined with other 
types of substrates or grow factors. 

Other natural materials like alginate, collagen, and gelatin have also 
been investigated widely. Alginate NGCs have the same structure as the 
connective tissue which can provide a suitable microenvironment for 
stimulating the regeneration of defected distal and proximal segments 
[22]. The key benefit of this material is that it has the potential in 
supporting nerve repair. Besides, the appropriate degradation rate of 
alginate can provide enough space for axonal sprouting. One NGC made 
with chitosan and alginate reported previously was fabricated by freeze 
casting approach (Fig. 2a and b) [54,55]. Fig. 2b1 shows the cross sec-
tion and Fig. 2b2 illustrates the longitudinal section of the chitosa-
n/alginate NGC. It shows that the sizes of the holes on the spongy 
conduit are quite even, the black arrow indicates to the oriented growth 
path of neural cells. Such NGCs show promising characteristics because 
they are able to support not only neuronal attachment but also neurite 
axial growth. NGCs made with highly permeable collagen is capable of 
interacting with surrounding tissue, which is beneficial for enhancing 
the regeneration rate of the defected nerve fiber [55]. For example, Jin 
et al. developed a NGC with oriented hydrogel patterns acting as pref-
erable guiding paths through 3D printing on PLCL electrospun nanofiber 
membrane (Fig. 2c). The work concluded that the NGC containing 
aligned collagen hydrogel is favorable for peripheral nerve regeneration 
[56]. Even though gelatin has a series of bio functional properties such 
as good biocompatibility and biodegradability, cost effectivity and low 
immunogenicity, this type of NGCs may lead to the collapse of conduits 
after implantation [22,57], and this issue needs to be improved in the 
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future. 

2.2. Synthetic materials and related structural optimization 

Silicone gel, as the first-generation synthetic material, was early 

applied in NGCs with low degradability and expansion capacity, how-
ever, it can lead to nerve compression and thus the applications were 
limited in the long run [58]. Its alternatives, other biodegradable syn-
thetic polymers including polylactide (PLA), polyglycolide (PGA), pol-
ycaprolactone (PCL) as well as their copolymers, such as poly (lactic 

Fig. 1. (a) Four groups of multi-channel conduits with different internal structures: Group 7A and 7B refer to PLGA-based conduits containing microcrystalline 
chitosan sponge core with 7 channels, the differences of the two groups lie in the molecular weight and pH value of the chitosan solution; Group 13 represents PLGA 
conduit containing microcrystalline chitosan sponge core with 13 channels; Group F refers to PLGA-based conduit containing chitosan multifilaments. (b) Scanning 
electron micrograph of the sponge core of 13-channel PLGA conduit. (c) Scanning electron micrograph of PLGA conduit containing chitosan multifilaments (scale bar: 
500 μm). (a–c) Reproduced with permission [48]. Copyright 2021, Elsevier. (d) Images of hollow NGC. Reproduced with permission [51]. Copyright 2021, Elsevier. 
(e) Cross-section diagram of multi-channel NGC. (f) Micrograph of nano fibers on the wall. (g) Transverse-section of nerve guide with aligned nanofibers (scale bar 
10 μm). (e, f) Reproduced with permission [54]. Copyright 2021, Elsevier. (h) Scanning electron microscope (SEM) image of NGC produced by the crosslinking 
method. (i) SEM image of NGC produced by adsorption method. (j) Schematic represents two types of methodologies (crosslinking and adsorption) to produce 
NGF-loaded SF NGCs. (h–j) Reproduced with permission [53]. Copyright 2021, John Wiley and Sons. 

Fig. 2. (a) Schematic diagram of freeze casting setup of the chitosan/alginate scaffold. (b) Transverse section and longitudinal section of the scaffold made by freeze 
casting technique. Reproduced with permission [55]. Copyright 2021, The Royal Society (U.K.). (c) Schematic diagram of manufacturing collagen hydrogel NGC by 
3D printing on electrospun nanofiber membrane. Reproduced with permission [56]. Copyright 2021, Royal Society of Chemistry. (d) The first layer of the SF/PLGA 
conduit made with electrospun SF membrane. (e) The second layer of the SF/PLGA conduit, in which the PLGA net around the electrospun nanofibers. (f) The third 
layer of the SF/PLGA conduit made of another electrospun SF membrane. (g) A macroscopic view of the conduit. (h) SEM picture of the PLGA layer. (i) The inner wall 
of the ESP-NGC. (j) Electrospun SF fibers (Scale bars: 1.0 mm in h, 10.0 μm in i and j) [69]. Copyright 2015, Wolters Kluwer Medknow Publications. (k) Picture of 
PLCL/SF NGC. (l) Scanning electron micrograph of the nanofibrous surface of PLCL/SF NGC. (m) Picture of Ppy-coated NGC. (n) Scanning electron micrograph of the 
nanofibrous surface of Ppy-coated NGC. (o) Cross-sectional view of PLCL/SF NGC. (p) Cross-sectional view of Ppy-coated NGC. (scale bars: 5 μm). (k–p) Reproduced 
with permission [71]. Copyright 2021, Elsevier. 
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co-glycolic acid) (PLGA) are much more attractive for the fabrication of 
NGCs. The bioabsorbable corrugated nerve conduit based on PGA is the 
first porous, absorbable nerve conduits produced in laboratory [59]. 
Even though PGA has high tensile modulus and ideal mechanical 
properties, its mechanical strength can decrease dramatically within a 
short time on account of degradation. Its degradation products are 
acidic, which is not favorable within the human body [44,59,60]. 
Ring-opening co-polymerization method can be adopted to synthesize 
PLGA and the obtained PLGA was characterized by infrared spectros-
copy and gel-permeation chromatography [61–64]. Zhou et al. carried 
out biocompatibility test of PLGA conduits in vitro and in vivo, the results 
demonstrated that the extracts from PLGA are non-cytotoxic. Their work 
has also indicated that PLGA has good biocompatibility and the ability to 
promote the regeneration of injured peripheral nerves [61]. 

2.3. Synergistic effects of natural and synthetic materials 

Comparing natural polymers with synthetic polymers, the former 
ones are less toxic and more biocompatible, in which some compositions 
can animate cellular proliferation and migration [65]. However, they 
usually have poor mechanical properties [66]. To solve this issue, re-
searchers have tried to combine natural and synthetic polymers [67,68]. 
Sheikh et al. mixed SF and PCL to form colloidal solution to prepare 
nano fibers by electrospinning technique. The nano fibers produced by 
the mixed solution have better hygroscopicity and mechanical proper-
ties compared with the nano fibers made from pure SF [59]. In order to 
optimize the advantages of both natural and synthetic materials, Wang 
et al. developed a novel NGC made from SF and PLGA through elec-
trospinning and weaving (ESP-NGC) [69,70]. It can be seen that the 
electrospun SF fibers constitute the outer and inner layers, and the PLGA 
fibers form the middle layer (Fig. 2d–f). The conduit has a length of ~1 
cm (Fig. 2g), the corresponding morphology of the woven layer, inner 
wall, and electrospun fibers are shown in Fig. 2 h-j, respectively. The 
microscope images of the electrospun nanofibers demonstrated that this 
technique can fabricate scaffold with nanoscale dimensions and high 
porosity, which is beneficial to provide a good biological environment 
for cell adhesion, growth, proliferation and transport of nutrients. The 
PLGA braiding net in the middle of this conduit can provide sufficient 
mechanical strength and luminal space for axons to grow across. Further 
experimental results in vivo demonstrated that the ESP-NGCs had a mild 
inflammatory reaction and high biocompatibility as well as ideal tensile 
stiffness. 

Another practice using three types of materials is the poly (l-lactic 
acid-co-ε-caprolactone)/silk fibroin (PLCL/SF) NGCs coated by poly-
pyrrole (Ppy). Ppy has been intensively studied due to its biocompati-
bility and conductivity, however, the conductive polymer of Ppy is 
insoluble and brittle, causing great difficulty while developing tissue 
scaffold by traditional technology. Electrospinning is a common method 
to prepare nanofibrous scaffold for tissue engineering, it is able to make 
Ppy coated PLCL/SF scaffold [71]. In the article, PLCL/SF NGCs without 
Ppy coating are the control group. Fig. 2k illustrates the image of the 
conduit with 3.2 cm in length, of which the round cross section and 
outer wall are shown in Fig. 2o and l, respectively. The outer wall with 
thousands of microfibers intimating the extracellular matrix is beneficial 
for high-density cell and tissue cultures. Fig. 2m and n presents the 
conduit coated with Ppy layer from two aspects: macroscopic image and 
surface morphology. Fig. 2p illustrates the microscopic transverse sec-
tion of Ppy coated conduit. It can be seen in Fig. 2p that the 
cross-sectional area is not round enough and there are nanoparticles 
distributed on the Ppy coating in Fig. 2n which impair its surface 
smoothness compared with that in Fig. 2l. The thickness of the PLCL/SF 
layer achieved by the electrospinning technique can be well controlled 
by altering the time of electrospinning. Under immunofluorescence and 
observation with SEM and TEM, it showed that the nerve regeneration 
effect is similar to the autograft group, which is better than the con-
trolling group. This result indicated that Ppy can work as an effective 

functionalized coating material in optimizing the guiding properties of 
NGCs. 

3. Manufacturing and functionalization techniques for NGCs 

3.1. Rapid prototyping fabrication techniques 

Rapid prototyping (RP) technology is a fast fabrication method to 
form 3D constructs. It mainly contains extrusion-based system, inkjet 
printing system, and laser-based system, which have been widely used to 
build NGCs in tissue engineering [72,73]. 

3.1.1. Extrusion-based printing system 
The extrusion-based bioprinting technique combines two processes: 

extrusion and bioprinting. They are controlled by a fluid-dispensing 
system and 3D spatial automatic movement controlling system, 
respectively [74]. Using either pneumatic or mechanical (including 
piston or screw) dispensers (Fig. 3a), the extrusion printing system can 
dispense ink to form the required object. Particularly, 3D bioprinting 
technique is one of the most widely researched techniques to fabricate 
NGCs by taking advantage of the ability to deposit high cell densities, 
and to precisely control the constructs in three dimensions. Moreover, 
the nozzle size and shape design are flexible, which facilitate the 
improvement of the performance of NGCs during construction [74]. The 
coaxial nozzle system is a more advanced 3D bioprinter based on the 
extrusion-based bioprinting technique, making the printing process 
more favorable for NGC fabrication. Yu et al. introduced a coaxial nozzle 
method where two different fluids of polymer flow through the tubes, 
and then they combined to produce uniform filaments [74]. Gao et al. 
improved the printing process by motorizing x, y stages with the coaxial 
nozzle to form hollow filament at a specific location [75]. 

Fig. 3b shows an extrusion-based printer composed of a small nozzle 
and an automatic robotic mechanism responsible for dispensing the 
biomaterial solution and controlling the motion in x, y and z directions 
[76,77]. With high precision and flexibility, the printer is superior for 
the fabrication of performance controllable NGCs. By increasing the 
amounts of nozzles, the bioprinters with multiple nozzles can be used to 
dispense different materials, both of which work as separate print heads 
or with coaxial nozzles [74]. During the printing process, the flowability 
of the biomaterial solution, especially the viscosity, plays an important 
role in deciding the accurate position of the scaffold [78–80]. Low vis-
cosity materials are proven to be more qualified for maintaining cell 
viability during and after printing, but materials with higher viscosity 
can ensure better support and fidelity required during the printing 
process. Therefore, for extrusion-based printing system, it is crucial to 
figure out a critical point of viscosity of the biomaterial solutions [71]. 

3.1.2. Inkjet printing system 
Inkjet printing system is able to deposit tiny droplets of polymer 

solution along the x, y and z axes in a highly controlled manner to 
repeatedly produce patterns on substrates (Fig. 3c) [81,82]. It contains 
two types of working principles: thermal and piezoelectric inkjet bio-
printers (Fig. 3c). The bio-ink should maintain in liquid form so that it 
can immediately solidify to form droplets upon being deposited into the 
3D structure. The deposition volume of this printing method is rather 
small compared with the other two types of the printing system, and 
therefore, it enables to achieve a better printing resolution. However, 
the limited upper viscosity of bio-ink is one concern regarding this 
technique because it requires the materials squeezed from the nozzles to 
be in a form of droplets. This problem leads to other drawbacks such as 
unreliable cell encapsulation and frequent clogging of nozzles. 
Currently, different approaches such as using a neutrally buoyant sus-
pension have been reported to result in a much more uniform distribu-
tion of cells and the elimination of clogging in the cell-laden bio-ink, 
which can make this technique more versatile in practice [83]. 

Inkjet printing machines can be properly adjusted to fit the needs of 
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NGCs construction so as to improve the cell-biomaterial interactions. For 
example, Qian et al. innovatively constructed a new conduit structure to 
fabricate microporous nano diamonds/polycaprolactone (ND/PCL) 
nerve conduit through the methods of multilayered spraying and 
gradient dotting [84]. The schematic of the manufacturing process in 
Fig. 3c shows that the printer contains a multi-injector nozzle, which is 

different from the original inkjet printing machine. Besides, the receiver 
is a needle-contained rotating tubular in order to make the tubular 
structure with multi pores conveniently. This tubular mold is to receive 
ND/PCL suspension sprayed from the vertical multi-injector nozzle, and 
thus, the first layer is formed on the tubular mold. After that, the second 
layer can be sprayed on the first layer with staggered microspores. 

Fig. 3. Schematic of two different 3D bio-printing methods and major functions. (a) Extrusion-based 3D printing set-up. (b) Coaxial nozzle set-up for 3D printing. (a, 
b) Reproduced with permission [74]. Copyright 2021, John Wiley and Sons. (c) Inkjet-printing set-up. (c) Reproduced with permission [82]. Copyright 2021, John 
Wiley and Sons. (d) Schematic introduction on the manufacturing process of the nano diamond/polycaprolactone (ND/PCL) NGC and its in vivo performance. (e) 
Elasticity evaluation of ND/PCL and PCL NGCs. (f) The average elongation at break of ND/PCL and PCL NGCs. (d–f) Reproduced with permission [84]. Copyright 
2019, Springer Nature. (g) Illustration of the layer-by-layer casting method of the graphene NGC. (h–k) SEM images of the nano porous and the multi-layered 3D 
structure of the graphene NGC. (g–k) Reproduced with permission [85]. Copyright 2018, Springer Nature. 
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Unlike conventional overlapped pores, staggered microspores are able 
to prevent fibroblasts to grow inside and do not impede the process of 
nutrient exchange. The outermost layer is constructed similarly by 
spraying suspension onto the two layers below (Fig. 3d). Appropriate 
flexibility and receptivity can be achieved by this concentric three-layer 
structure. The average elastic modulus of the ND/PCL NGCs can reach 
approximately 70 MPa, which is almost two times as strong as that of the 
PCL control group. The elongation at break of the ND/PCL NGCs can 
reach about 49%, and this value is also higher than that of the control 
group. Because of the great biocompatibility and excellent neural 
maintenance, nerve cells seeded on ND-coated sheets performed simi-
larly to those of cells cultured on protein-coated biomaterials in terms of 
cell attachment, neurite outgrowth, excitability as well as functional 
electrical activity. Besides, the images of regenerated sciatic nerve 
morphology on ND/PCL NGCs, PCL NGCs, and autograft confirmed that 
ND/PCL NGCs have the potential to promote nerve repair. The axon 
regrowth and remyelination results within ND/PCL also supported the 
facts depicted above. 

Qian et al. reported a method to improve cell adhesion of NGCs by 
using polydopamine (PDA), arginylglycylaspartic acid (RGD), and gra-
phene via dot spraying 3D bio-printing technology [85]. In this printing 
system, the spray nozzle contains several injectors to accelerate the 
printing speed which is different from the inkjet printing, because the 
latter method requires a more accurate printing result and therefore, it 
has to strictly control the size, viscosity and position of the materials 
squeezed from the nozzle. The fabrication process can be seen in Fig. 3g. 
The outer and inner green layers are made of the mixture of PDA and 
RGD; the graphene/PCL mixed layer is represented by the single purple 
layer; the blue layer is another graphene/PCL mixed layer. The 
morphology of this nano porous and multilayered 3D tubular structure 
in Fig. 3h–k shows that there are tiny bulges on the surface of the 
conduit, providing a suitable cultivation platform for SCs. The diameters 
of micro porous on conduit wall are rather even because they are formed 
by microneedles in Fig. 3g with the same diameter sizes and the 3D 
bioprinter. These porous pores are important for exchanges of nutrients 
and oxygen as well as cell proliferation. The successful axonal regrowth 

Fig. 4. (a) Diagram of laser-based printing system. Reproduced with permission [86]. Copyright 2021, John Wiley and Sons. (b) Schematic of a laser-induced transfer 
printing system. Reproduced with permission [92]. Copyright 2021, John Wiley and Sons. (c) Schematic diagram illustrating the fabrication process of the 
customized NGC by using a rapid continuous 3D printing system. (c1-c2) The real figures of the 3D printed NGCs with one and four channels, respectively. (c, c1 and 
c2) Reproduced with permission [94]. Copyright 2021, Elsevier. (d) Schematic presenting the DLP-based manufacturing process of NGC made of GelMA. (d1) 
Confocal image of live/dead cell staining on the GelMA NGC. (d2) SEM image of the transverse section of the four-channel NGC. (d, d1 and d2) Reproduced with 
permission [95]. Copyright 1969, Elsevier. 
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and remyelination implicate that this structure has potentials in clinical 
use to promote peripheral nerve regeneration. The key innovation of this 
work lies in the nano porous structure fabricated by the novel dot 
spraying printing method, as well as the graphene-based material to 
improve electric conductivity. 

3.1.3. Laser-based printing system 
Laser-based printing technique using laser energy to transfer pre-

pared liquid from biomaterials to substrates is widely applied for the 
fabrication of tissue constructs or high precision patterning of biologics 
(Fig. 4a) [86,87]. Some studies also explored this printing technique to 
develop single and multi-lumen NGCs using stereolithography (SLA) to 
achieve complex NGC structure. This is realized by photopolymerizing 
individual points with each layer [88,89]. Table 1 summarizes the 
properties and characteristics of the three types of 3D printing tech-
niques introduced above. Another 3D bioprinting system based on laser 
is called laser-induced forward transfer (LIFT). This is a 2D/3D bio-
printing technique that has been successfully implemented for biological 
materials, like peptides, DNA and cells, and has been utilized in the 
fabrication of NGCs for nerve tissue regeneration [90,91]. This tech-
nology makes use of a donor slide and two layers: a laser energy 
absorbing layer and a cell-containing bio-ink layer. On the absorbing 
layer, the laser pulse can cause local evaporation and thus propel the 
bio-ink toward the slide of collector (Fig. 4b) [92]. Since LIFT is a 
nozzle-free technique, nozzle clogging and shear-induced cell damage 
can be well avoided. However, this method is challenged by its long 
material preparation time, contaminations of a small amount of metallic 
parts, damages to cells caused by exposure to laser and expensive cost 
[93]. 

Because of limitations of laser-based printing systems, another laser- 
based printing system, digital light processing (DLP), has attracted great 
attention. This system is similar but superior to SLA. The machine 
contains a digital micro-mirror device (DMD) which promotes rapid 
crosslinking in a complete layer instead of a single dot in SLA [94]. One 
study reported the fabrication of four-lumen NGCs by this rapid 
continuous 3D printing method (Fig. 4c): the 405 nm-length LED light 
resource irradiates on the DMD containing specific patterns, can pho-
topolymerize on the polymer solution. The DMD device can be 
controlled by user-defined computer-aided design (CAD) to produce 
customized NGCs models. Fig. 4c1 and 4c2 show two types of physical 
conduits with four channels and one channel fabricated by this method. 
The manufacturing process is able to produce a precise and complex 
nerve guidance scaffold in a short period of time, which was 

significantly more advantageous than the previous SLA printing tech-
nology. What’s more, the printed NGCs are capable of guiding periph-
eral nerve regeneration in a specific direction with good recovery of 
motor and sensory function. 

Inspired by this 3D bioprinting technique, another group of re-
searchers introduced a gelatin methacrylate-based (GelMA) NGCs with 
multiple channels supported by the DLP-based 3D printing system 
(Fig. 4d) [95]. The printing system is similar to the one shown in Fig. 4c. 
The difference is that the materials used in the latter one are pure GelMA 
with optimized printing parameters instead of the combination of 
GelMA and polyethylene glycol diacrylate (PEGDA). Fig. 4d1 shows the 
SEM image of the flat and smooth transverse section of multi-channel 
NGC printed by the DLP system. The image of the NGC presents a 
dense skin of the conduit wall with uniformly interconnected micro-
pores. Such skin is beneficial to support cell adhesion and facilitate 
nutrients exchange, indicating the great potential of the NGCs in 
generating peripheral nerve recovery. In addition to that, the image in 
Fig. 4d2 also demonstrated that the fabricated conduits can not only 
support the proliferation as well as migration of PC12 cells but also 
stimulate the neural crest stem cells to grow into neurons. 

3.2. Scaffold-free bio-printing system 

The above-mentioned bioprinting techniques belong to the “scaffold- 
based” bioprinting system because they make use of biomaterials (such 
as hydrogel) with or without living cells (in this situation, the cells are 
distributed on top of the material as biological guiding cues). Therefore, 
it is easy to figure out that the cell density is rather small because of the 
limitation of other biomaterials [96–98]. While compared to the 
scaffold-based system, the scaffold-free bioprinting system can achieve 
higher cell density because it is realized by biological self-assembly, an 
additive manufacturing strategy, aiming at using materials directly 
derived from tissue such as cell spheroids, extracellular matrix or tissue 
fusion and mini tissues as building blocks [99–102]. This method is 
considered to be promising due to its extraordinary biocompatibility and 
favorable immune responses as a result of improved cell-to-cell in-
teractions and better biomimicry [103–106]. Zhang et al. explored a 
scaffold-free 3D bio-printed technique with human gingiva-derived 
mesenchymal stem cells (GMSCs) [107]. The primary principle of this 
approach is self-assembly/self-organization of multiple cell spheroids 
derived from GMSCs, which are used as building blocks in the fabrica-
tion of NGCs. The formation of this 3D structure was achieved by 
assembling GMSCs spheroids into a 9 × 9 mm square needle-array under 

Table 1 
Comparison of the extrusion-based and laser-based 3D bioprinting techniques.  

Parameters Extrusion-based Inkjet printing Laser-based Refs 

Part 1 Parameters of 3D bioprinting techniques 
Scaffold/non- 

scaffold base 
Scaffold-based and scaffold-free Scaffold-based Scaffold-based  

Printing resolution 
(μm) 

200 200 Cell size [80, 
83] 

Printing 
homogeneity 

uniform Non-uniform Non-uniform [73, 
76] 

Printing cost low Medium High [74, 
76] 

Printing speed Slow (10–50 mm/s) Fast (1–10000 droplets per second) Medium (200–1600 mm/s) [76, 
80] 

Part 2 Parameter of bio-ink 
Cell density High,cell-only bio-ink Low High [76, 

80] 
Material choices for 

bio-ink 
Cell-free, cell-laden, cell-only bio-ink Cell-free, cell-laden bio-ink Cell-laden bio-ink [76, 

80] 
Part 3 Advantages and disadvantages of bioprinting methods 
Advantages High cell density, spatial controllability, 

capable to support scaffold-free printing 
High speed, medium resolution and cost No clogging issue [76, 

80] 
Disadvantages Moderate speed, clogging issue Low upper viscosity of bio-ink, clogging issue, 

low cell concentration, ununiform droplet size 
Difficult to target cell position, high cost, low 
cell viability, un-uniform size of ink droplet  
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the instruction of software-designed configuration (Fig. 5a). Fig. 5b il-
lustrates the differentiation of cells dissociated from both MSC spheroids 
and their adherent counterpart. It demonstrated that GMSC spheroids 
provide cells with a better condition to differentiate into Schwann-like 
cells. The clinical outcome shown in Fig. 5c and d represents that the 
facial palsy score and the compound muscle action potential of the 3D 
printed tubular are higher than the silicon tube control group, indicating 
an enhanced biological function compared with the controlling group in 
the in vivo test. In addition, the scaffold-free bioprinting system has little 
damage to the cells caused by large sheer forces in scaffold-based bio-
printing system and the biological properties, while generative capa-
bilities are significantly improved. However, the most urgent challenge 
is to find an alternative and easily accessible source of stem cells to 
fabricate bioengineered nerve tissues. To solve this problem, studies 
have attempted to utilize numerous adult tissues including the oral and 
craniofacial tissues to confer neural crest stem-like cells properties [108, 
109]. It was demonstrated that human normal dermal fibroblasts can be 
successfully generated into spheroids and developed into bio 3D con-
duits to regenerate peripheral nerve in a rat sciatic nerve model [110]. 

Apart from stem cells used as building blocks, extracellular matrix 
(ECM) also plays a special but nonnegligible role in scaffold-free tissue 
engineering. Therefore, abundant efforts have shifted to develop ECM 
scaffolds by decellularizing the cultured cells or native tissues [111]. 
Derived from the cultured cells or native tissues, ECM scaffolds are 
compatible with human tissues and can trigger ideal immune responses 
with superior biocompatibility. Based on this concept, Zhu et al. chose 
extracellular matrix as the main material for building NGCs [112]. The 
lack of hierarchical porous structure generates the idea of making par-
allel microchannels on ECM scaffold to guide the directional migration 
and spatial organization of cells. Fig. 5e shows the appearances of the 
scaffold and its counterpart made of solid silicon. It is quite apparent 
that the luminal wall of the scaffold is far thicker and rougher than that 
in the control group, indicating a better guiding and supporting effect of 
the experimental group. Fig. 5f illustrates the formation process of the 
scaffold: firstly, design and fabricate sacrificial templates with aligned 
polymeric microfibers; then, implant the templates into rat subcutane-
ous pockets for cellularization and tissue formation; finally, remove the 
template and cellular component. The guiding property of ECM on cells 
was also studied in vitro test comparing to that of the control. The results 
showed that the longitudinally aligned microchannels (~40 μm) offer 
noticeable guidance for Schwann cells. The functional recovery of 
nerves and alleviation of the gastrocnemius muscle atrophy have also 
been observed. This accounts for the synergy effect of parallel micro-
channels and ECM nanofibers. 

3.3. Textile bioengineering technologies for NGCs 

3.3.1. Woven, knitting, and braiding technologies 
In addition to the newly grown-up fabrication technologies, it is not 

negligible to keep an eye on the advanced engineering fabrication 
method: biomedical textile technology, which has been used in the 
manufacturing process of a wide range of physiological conduits such as 
stent/scaffold/graft/prosthesis of intestine [113], tracheobronchial 
[114], esophageal [115], nerve [31], ligament [116], and blood vessel 
[117,118]. It is a promising technology due to its bionic surface 
morphology, flexible forming method, appropriate mechanical proper-
ties and lower production cost [119,120]. The superiorities of biomed-
ical textile technologies for the fabrication of NGCs have attracted much 
attention during the past decades. NGCs based on biomedical textile 
technologies have many outstanding advantages: they are faster and 
easier to carry out than the 3D printing techniques; it is more practical to 
fabricate the conduits with the similar size as well as the shape to 
physiological conduits; the materials are easier to prepare, etc [121]. 

Woven, knitting and braiding technologies are three main methods 
in textile field used to fabricate NGCs [122]. The woven construct is 
achieved by interconnecting the warp and weft yarns according to 

different fabric structures such as plain, satin and twill, etc. Therefore, 
the mechanical strength and the size of pores can be tailored by 
changing the characteristics of yarns, the fabrication structure and the 
arrangement of yarns per inch [123]. In practice, the weaving technol-
ogy is usually used to produce two or three-dimensional, lightweight, 
and flexible structures in tissue engineering such as vascular, chest wall 
and cartilage tissue, etc [124,125]. This is because the woven fabrics 
have more outstanding mechanical properties in the in-plane direction 
than in longitudinal and transverse direction when the fabric rolling up 
to form a tubular structure. But in order to improve the mechanical 
properties in woven conduits, the weaving looms and parameters can be 
designed and adjusted [126]. Knitting fabric is formed by interlacing 
yarns in different types of knitting loops in two-dimensional (2D) and 
three-dimensional (3D) to fabricate complex knitted patterns and this 
technology is able to provide mechanical strength in in-plane and 
across-plane direction [127]. Even though bio-textiles with knitted 
structures are widely applied in biomedical field and this technique is 
relatively mature [128,129], it is rather hard for the knitting machine to 
fabricate the conduits with a diameter between 0.8 mm and 5 mm, 
which limits the application of this technique. What’s more, despite the 
stretchability of knitted construct and exquisitely controlled micro-
structure achieved by computer aided system, it is still difficult to create 
a small diameter tubular construct with adjustable properties in 
different directions [130]. The braiding technique allows winding a 
group of yarn with a certain bias along the length of the conduits so as to 
produce the fabric [131]. According to the thickness of braided fabrics, 
the braiding technology can be sorted into two kinds of techniques: 2D 
and 3D techniques. As for conduits fabricated by 2D braiding technique, 
the thickness of the conduit wall is no larger than three times of the fiber 
diameter, while for conduits fabricated by 3D braiding technique, the 
thickness of that is at least three times of the fiber diameter. Because the 
thickness of the conduit wall is very thin (around 0.1–0.5 mm), it is hard 
to achieve such a small scope through 3D braiding technique. Therefore, 
the 2D braiding technique is more applicable not only because of the 
thickness of the conduit wall it can achieve, but also the appropriate 
elasticity and smooth surface of conduits it can realize. Besides, the 2D 
technique features for its high production efficiency as well as an 
uncomplex mechanism [132]. Based on the braiding technique, a group 
of researchers developed a pipe-in-pipe conduit which is formed by 3–5 
inner pipes and 1 outer pipe wrap around the inner pipes (Fig. 6a) [133]. 
The biomimetic structure inspired by the anatomy of the nerve fiber 
bundle aims to lead the direction of nerve regeneration by providing 
sufficient cell adhesion space. This NGC has been proved to have good 
mechanical properties and a gradient of degradation. 

Apart from the unique pipe-in-pipe conduit, a previous study re-
ported a NGC with sandwich structure composed of three layers: inner 
electrospinning membrane, middle braiding layer, and outer electro-
spinning membrane (Fig. 6b) [13]. The braided fiber net in the middle 
layer acts as a strong scaffold to improve the mechanical properties of 
the conduit. The two electrospinning membranes with 3D porous 
structures resembling extracellular matrix, are beneficial for cells to 
attach, migrate and proliferate [132]. It is worth noting that the fabri-
cation density as well as the fabrication angel are two key factors in 
determining the mechanical properties of the braided net [13]. The 
fabrication parameters of such braiding NGCs have been optimized to 
improve the radial compression capacity as well as axial tensile strength. 
Further in vivo tests of the NGCs with sandwich structure showed that it 
possesses sufficient mechanical properties even though they are not as 
strong as the pipe-in-pipe structural NGCs. 

Zhang et al. reported a Magnesium/Silk-Chitosan/Silk Fibroin (Mg/ 
Silk-CS/SF) NGC which was composed of two layers: one outer sponge 
layer and one inner braiding layer (Fig. 6c) [134]. The innovation of this 
work lies in its novel braiding structure: 8.89 tex degummed silk yarn 
served as braiding yarn, Mg wire (0.1 mm in diameter) served as the 
axial yarn. The existence of Mg wire not only helps to improve the 
mechanical properties (such as axial tensile strength, the resistant to 
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Fig. 5. (a) Schematic of the fabrication procedures for 3D bioprinting scaffold-free NGCs from GMSC spheroids. (b) Seeded onto poly-D-lysine precoated 4-well chamber slides, the GMSC spheroid cells (spheroids) and 
the adherent counterparts (GMSCs) were cultured under Schwann cell differentiation conditions for 14 days. (c) Postoperative facial palsy scores at different time points. (d) The recordings of the vibrissa muscles 
through compound muscle action potential (CMAP). (a–d) Reproduced with permission [107]. Copyright 2018, Springer Nature. (e) Schematic steps of implanting ECM-C scaffolds. (f) Macroscopic appearances and 
microstructures of ECM NGCs, indicating the shape of the scaffolds. (e, f) Reproduced with permission [112]. Copyright 2019, Springer Nature. 
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compression and the inner maximum pressure, etc.), but also provides a 
series of physiological benefits (such as participating the synthesis of 
proteins in central nervous system, activating various enzymes in the 
body and regulating neuromuscular activity). Fig. 6d represents this 
design in a more concise way. It presents the transverse section of the 
sample: the grey cylinders illustrate the Mg wire working as the axial 
yarn while the small white circles around the grey cylinders illustrate 
the braiding yarns. Fig. 6e shows the conduit samples sized of 3 mm and 
2 mm in diameter respectively. Fig. 6f and g illustrate the images of a 
vertical spindle braiding machine. The optimized setting parameters of 
this machine vary according to sample diameters. The braiding silk yarn 
is 8.89 tex in linear density and the Mg wire is 0.1 mm in diameter. 
Fig. 6h–k present the proliferation behavior of SCs on four conduits with 
different diameters and materials. The results indicate that the four 
NGCs have good biocompatibility, and the cells can adhere and prolif-
erate well on the conduit wall. However, compared to the conduits 
without Mg filaments, the distribution of cells on conduits containing 

Mg filaments is more uniform along the conduit, which is dyed in red, 
indicating that the Mg filaments have the ability to guide the adhesion of 
cells during the dissolution process. 

3.3.2. Electrospinning 
Electrospinning is a kind of micro/nano-techniques with the ability 

to endow samples with a large surface area in a small volume [135]. 
Fig. 7a and b display the image and schematic diagram of a typical 
electrospinning machine. It can produce nanofibers to mimic ECM 
environment and promote nerve tissue regeneration by allowing cells to 
proliferate in a 3D microenvironment composed of ECM components 
such as nanostructured collagen, laminin, fibronectin, elastin within 
NGCs [136,137]. The polymer solution in the injector can be squeezed 
out by the syringe pump at a low speed, which can be set according to 
polymer characteristics. The liquid on the tip of the needle can form 
nanofibers under an external electrostatic field between the spinneret 
and the collector (those two devices are placed apart for 10–20 cm in 

Fig. 6. (a) Schematic diagram of NGCs with pipe-in-pipe structure [133]. (b) Schematic of NGCs with sandwich structure [13]. (c) The SEM image of the 
cross-section of the Mg/Silk-CS/SF NGCs. (d) Schematic illustration of Mg/Silk-CS/SF NGCs in cross-sectional direction. (e) Photographs of the Mg/Silk-CS/SF NGCs. 
(c–e) Reproduced with permission [134]. Copyright 2021, Elsevier. (f) Photographs of the vertical spindle braiding machine. (g) Schematic of local structural details 
of the braiding machine. (h–k) Live staining images of SCs after the 3-week cultivation in four nerve conduits (SF/CS-2mm, SF/CS-3mm, Mg-SF/CS-2mm, 
Mg-SF/CS-3mm). Reproduced with permission. 
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Fig. 7. (a) Image of the electrospinning apparatus. (b) Schematic illustration of a simplified electrospinning apparatus and simulated fabrication process of 
nanofibers. (a, b) Reproduced with permission [136]. Copyright 2020, Taylor & Francis. (c) Schematic illustration of preparing electrospinning membrane and NGC 
as well as the conduit implantation. (d) Image of the multilayered NGC. (e) Local microscopic image of the transverse section of NGC. (f) SEM image of the PCL 
nanofiber membrane magnified by 10.0k. (g) SEM image of the composite nanofiber membrane (with Fe3O4-MNPs) magnified by 5.0k. (h) The release profile of MLT 
from both single-layered and multi-layered NGCs during the 21-day assessment. (c–h) Reproduced with permission [144]. Copyright 2021, John Wiley and Sons. (i) 
Picture of the profiled multi-pin electrospinning setup: (1) high voltage power source (2) spinneret drive arrangement (3) profiled multi-pin spinneret (4) stationary 
fat collector. (5) polymer reservoir (6) Direct current (DC) high voltage cable (7) grounding cable (8) pneumatic circuit (9) profiled multi-pin magnified view. (j) 
Microscopic image of multi-pin electrospun nanofibers with nanoparticle distribution. (k) X Elemental mapping of zinc oxide nanoparticle encapsulated with PVA 
electrospun nanofiber. (i–k) Reproduced with permission [151]. Copyright 2020, Springer Nature. 
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distance). The electrostatic field stretches the polymer solution into a 
conical droplet, and then nanofibers are developed continuously [138]. 
Many parameters such as electrospinning solution, the humidity of the 
environment, voltage, polymer feed rate, and needle-target distance are 
vital to the process [139,140]. Electrospinning technology is quite in-
clusive in terms of the choices of polymer materials, synthetic and nat-
ural polymers or copolymers are all feasible in this fabrication technique 
[141]. It has been demonstrated that NGCs need to maintain a balance 
between physical stiffness as well as cellular compatibility [142]. 
Compared to natural materials, most of synthetic materials possess poor 
hydrophilic properties and lack cell-binding sites [142]. Thus, most 
scaffolds contain electrospinning membrane are made of natural poly-
mers or natural-based composites, such as collagen, cellulose, chito-
san/gelatin, SF, natural polymer/PCL, natural polymer/PLA, natural 
polymer/PLGA, natural polymer/Poly(ethylene oxide) (PEO) and nat-
ural polymer/conductive polymers (CPs) [143]. 

Various NGCs have been successfully developed through electro-
spinning combined with multi functions and features. One study re-
ported a novel NGC based on electrospinning techniques with different 
solutions consists of three layers. The outer layer is made from PCL so-
lution, the middle layer contains Fe3O4 magnetic nanoparticles (Fe3O4- 
MNPs) in the previous PCL solution, while the inner layer solution is 
made up of Melatonin (MLT) instead of Fe3O4-MNPs [144]. The reason 
why Fe3O4-MNPs were chosen is that the magnetic nanoparticles have 
been reported to be able to induce the axonal extension under an 
external magnetic field without side effects [145,146]. Fig. 7c is a 
schematic diagram representing the manufacturing process of this 
conduit. It should be noted that the first bottle paralleled to the three 
bottles contains all the three contents; this is because the solution is spun 
in only one layer to act as a control group. Fig. 7d shows the picture of 
NGCs, the pores on the wall have the function of improving the 
permeability of the conduits. Fig. 7e is the microscope image of the 
transverse section of the multilayered NGCs indicating a flat and smooth 
cross-sectional part. Fig. 7f and g illustrate the microscope images of PCL 
nanofiber membrane and composite nanofiber membrane (contains 
Fe3O4-MNPs), respectively. The microbeads on the composite nano-
fibers were proven to facilitate the encapsulation and release of drug and 
bioactive agents. Fig. 7h shows the release profile of melatonin of 
multilayered NGCs compared with the single-layered NGCs. The result 
suggested that MLT is more effectively released, which will timely 
suppress the oxidative stress and inflammatory response. Combined 
with other assessments, the article reached the conclusion that the 
multilayered NGCs show promising evidence for peripheral nerve repair 
due to the anti-oxidative, anti-inflammatory and axonal 
growth-promoting properties of MLT and Fe3O4-MNPs. 

In order to improve the biological functions of the electrospinning 
membrane used in NGCs, this technology has been modified in several 
ways. For example, researchers identified that Mg can support nerve 
regeneration. The presence of Mg slowed the rate of muscle atrophy by 
initially providing an electrically conductive path for transmission of 
nerve impulses across the gap, and thus stimulating the muscle, which 
then, in turn, might slow atrophy [147,148]. To apply this finding into 
the electrospinning technique, researchers have tried to add MgO 
powder at nano-scale into SF solution in a proper proportion, so as to 
enhance the conductivity of nanofibers. Meanwhile, the electrospinning 
instrument has experienced improvements based on the existing limi-
tations. In practice, SF embedded with nanoparticles usually affects 
solution viscosity, surface tension and solvent volatility, which makes it 
difficult to spin nanofibers with the existing needle electrospinning 
systems. What’s more, the bottlenecks such as low production rate, the 
demand of high voltage to form Taylor cone and needle blocking, restrict 
the application of the original needle electrospinning machine [149, 
150]. Therefore, to solve these problems, previous work reported a 
multi-pin high production electrospinning machine (Fig. 7i). The ma-
chine possesses 21 numbers of half-sphere shaped profiled spins on a 
circular disk with a spacing of approximately 15 mm each (Fig. 7i3). In 

order to test the function of this machine, they prepared polyvinyl 
alcohol (PVA) polymer solution with ZnO nanoparticles as electro-
spinning solution. The elemental mapping images in Fig. 7j and k 
demonstrate that the encapsulated nanoparticles can equally disperse 
into the PVA nanofiber mat throughout the fiber production process by 
using this novel apparatus [151]. This improvement provided a method 
to spin nanofibers containing nanoparticles as uniform as possible. For 
NGCs, previous research has also proved that nanoparticles can help to 
increase the mechanical properties of NGCs besides the advantages such 
as exceptional size, surface functionalization and chemical stability 
[152]. Therefore, this multi-pin high production electrospinning ma-
chine has a profound influence on the fabrication of nanofiber mem-
brane and the application in NGCs, which deserves further research for 
the fabrication of high-performance NGCs [153,154]. 

3.4. Electroactive techniques for functionalization of NGCs 

3.4.1. Wireless bioresorbable electronic system 
Recent studies demonstrated that electrical simulation plays an 

important role in fabricating the regeneration of nerve tissues. It is 
revealed that the electrical simulation can improve the generation and 
growth of nerve tissue [155]. In addition to the pharmacological ap-
proaches (like growth factors, immunosuppressants) to accelerate and 
enhance nerve regeneration in rodent models, direct intraoperative 
electrical stimulation of injured nerve tissue was also demonstrated to 
enhance and accelerate functional recovery [156]. It suggested a novel 
nonpharmacological, bioelectric form of therapy that could complement 
the existing surgical approaches. However, there are some limitations, i. 
e. the existing protocols are constrained to intraoperative use and have 
limited therapeutic benefits [157]. Being inspired by this direct intra-
operative electrical stimulation technique, one study reported a plat-
form for wireless and programmable electrical peripheral nerve 
stimulation to break the limitation. It enabled electrical stimulation of 
injured nerves to facilitate nerve regeneration [158]. Fig. 8a highlights 
the design features and key materials of this technology. The device 
contains a wireless receiver acting as a radio frequency power harvester 
includes an inductor (1), a radio frequency diode (2), a Mg/SiO2/Mg 
capacitor (3), and a PLGA substrate (4). If this system is folded in half, a 
device containing a double coil inductor can be formed accordingly. 
Fig. 8b presents the electrode and cuff interface for nerve stimulation. It 
contains metal electrodes (5) inserted in PLGA substrate. The cuff was 
created by rolling this system into a cylinder as shown in Fig. 8b (6). 
Fig. 8c is a vertical view of the complete system and Fig. 8d shows the 
operation process of this wireless platform. 

To evaluate the nerve repair effects in animal models, the reported 
bioresorbable nerve stimulators were implanted in a dorsolateral 
gluteal-muscle-splitting incision exposing the sciatic nerve. During the 
recovery stage, the improvement in muscle activation showed that 
electrical stimulation may increase the rate of axonal regeneration and 
muscle reinnervation. It also showed that repeated 1-h daily applica-
tions of electrical stimulation in the early stages of recovery bring ad-
vantages to improve the rate and degree of nerve regeneration as well as 
the recovery of muscle function compared to the existing standard of 
care. These findings have laid an engineering foundation for the devel-
opment of bioresorbable electronic implants, which serve as a novel 
platform with the function of bioelectronic interventions. Moreover, this 
system has been widely used for various tissues and organ systems. 

3.4.2. 3D tubular conductive substrate coatings 
Recently, conductive carbon nanomaterials such as carbon nano-

tubes, graphene, and nano diamonds have been explored for biomedical 
applications due to their remarkable advantages such as mechanical 
properties and electrical conductivity [159–164]. Most studies put an 
emphasis on graphene oxide (GO) and reduced graphene oxide (rGO) 
because of their intriguing not only conductivity but also biocompati-
bility [165,166]. The studies also demonstrated that graphene enables 
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Fig. 8. (a) Schematic illustration of the electroactive wireless platform design. (b) Illustration of the rolled-up system acting as a cuff with electrodes interfacing with 
the nerve. (c) Image of the ultimately formed device. (d) Schematic illustration of the operation procedure, containing the nerve interface. (a–d) Reproduced with 
permission [158]. Copyright 2021, Springer Nature. (e) Schematic of 3D polymeric grid-patterned scaffolds fabricated by visible-light photocatalyst to decorate NGCs 
for promoting peripheral neural regeneration. (f) Scheme illustration of the construction process. Digital photos of various NGCs were taken under UV lamp irra-
diation and the SEM images on the right show one head of the conduits. (g) 3D reconstruction on the luminal surface of the conduit. Cells were stained with class III 
β-tubulin (TUJ1) (red) and Hoechst (blue). (e–g) Reproduced with permission [159]. Copyright 2021, Elsevier. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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various cells (including neural stem cells, pluripotent stem cells and 
mesenchymal stem cells) to better adhere, grow, proliferate and differ-
entiate on the surface of conductive carbon nanomaterials [167–169]. 
For example, Zhang et al. proposed a new 3D anisotropic photocatalytic 
nerve guidance conduits achieved by using methods of melt electro 
writing (MEW) (Fig. 8e) and surface functionalization [159]. This study 
aimed to build PCL grid patterned scaffold (Fig. 8f) decorated with 
graphtic carbon nitride (g-C3N4) and graphemes oxide (GO) nanosheets. 
Fig. 8e illustrates three primary steps of fabricating 3D polymeric 
grid-patterned scaffolds. In the first step, the PCL microarchitectures 
with anisotropic, mechanically stable grid patterns were fabricated via 
MEW method; then, by sequentially decorating the architectures with 
graphene oxide nanosheets and g-C3N4 nanoparticles, a photocatalytic 
scaffold was achieved. Thirdly, the photocatalytic NGC was assembled 
based on the microarchitectures. Fig. 8f presents each step clearly from 
rolling up and immobilization to demolding. The digital photos and SEM 
images are shown in the two right columns. MEW enables nerves to grow 
better along the axis at an optimized parameter, which can be adjusted 
freely. The visible-light photocatalysis can improve the neurite growth 
of nerve cells by the function of the GO and g-C3N4. PC12 cells grown on 
the nerve conduit were found to distribute their neurites along the 
polymeric backbone (Fig. 8g). Actually, this method is an alternative to 
the direct electrical stimulation strategy introduced in the previous 
example because the conduits here are functionalized by optoelectronic 
conversion triggered by photocatalytic systems, such as reduced gra-
phene oxide (rGO)/Titanium dioxide. What’s more, researchers fabri-
cated conductive NGCs by polymerizing GO and gelatin-methacrylate 
(GelMA), and then chemically reduced them to form final r(GO/GelMA) 
(Fig. 9a) [170]. This type of conduits displayed low Young’s modulus, 
good electrical conductivity, flexibility, durability, permeability, and 
low impedances at a wide frequency range. In vitro and in vivo studies 
revealed that r(GO/GelMA) can support PC12 neural cell growth and 
differentiation, as well as facilitate neural regrowth, myelination, and 
functional regeneration of nerve tissues and muscle tissues. Fig. 9b 
represents the macroscopic image of the NGCs made of GelMA, 
GO/GelMA, r(GO/GelMA). Fig. 9c-e1 illustrate the SEM images of the 
corresponding NGCs, respectively. Another study also introduced a 
strategic design of NGCs made of electrospun Antheraea pernyi SF 
(ApF)/(Poly(L-lactic acid-co-caprolactone)) (PLCL) and the rGO coating 
layer [171]. The step-by-step manufacturing process is shown in Fig. 9f, 
and the local microscopic images of the novel NGC are illustrated in 
Fig. 9f1-f3 respectively. After being implanted in vivo, the TEM image in 
Fig. 9g illustrates that there were no significant differences in the 
number of myelinated nerve fibers regenerated in the AP/RGO NGC 
group and the autograft group. The HE staining image shows negligible 
inflammation and AP/RGO NGC regenerate a great deal of nerve fibers. 
The S-100 and NF-200 result confirmed that the regenerated nerve re-
covery absolutely exist in AP/RGO NGC. 

Because the dimension and shape of the micropattern have a great 
impact on neurogenesis, it is quite applicable to combine the physical 
cues and electric-conductive materials to achieve a win-win effect 
[172–175]. Researchers speculated that 3D micropatterns containing 
graphene can favorably modulate the mobility and differentiation of 
neural cells under electrical stimulation (ES) and subsequently facili-
tating the development of a 3D neuronal-like network. Fig. 9h–j show 
one of the 3D tubular structures consisting of axially oriented PLCL 
microfibers [176]. The 3D tubes of PLCL fibers were processed to be 
conductive substrates by the layer-by-layer GO coating and ascorbic acid 
enabled rGO reduction. PC12 cells and mouse hippocampal neurons 
were cultured on the obtained conductive substrates for 14 days under 
electrical stimulation, the outgrowth of neurites was observed to follow 
the rGO-encapsulated tubes (Fig. 9k-m) despite some branching and 
random growth of neurites. It was concluded that coating GO/rGO onto 
the surface of 3D PLCL microfiber templates was an effective strategy to 
obtain conductive scaffolds with both structural complexity and high 
electrical conductivity, which can enable the axon to form a hierarchical 

neuronal-like network with the guidance from conductive substrates. 
What makes this functionalization idea special is that this innovation has 
strategically combined two types of physical cues (namely micro-
patterns and electrical stimulation) to achieve a more effective regen-
eration, which deserves further exploration. Table 2 summarizes six 
design strategies discussed above and the in vivo experiment results for 
NGCs. It showed that both biological (e. g. using stem cells and human 
fibroblasts) and physical (e. g. using nano diamond and electrical 
stimulation) modification can achieve reasonable regeneration effects 
(e. g. excellent mechanical characteristics, improved sensory and CAMP 
recovery, larger number of axons, etc.). 

4. Challenge and prospects 

It is still challengeable to apply the NGCs in real applications for 
large nerve injury defects, even though the research of them has expe-
rienced a long period of time. Autografts and allografts are still the most 
widely applied in clinical treatment as different-design NGCs need to get 
through strict medical experiments before being successfully manufac-
tured into applicable products. Because of the scarcity of autografts and 
allografts, NGCs are vitally important to repair massive nerve injuries. 
Optimal NGCs must be equipped with sufficient softness as well as 
flexibility, which should be regarded as a specific assessment standard 
during the evaluation process of the experiment. The in vivo tests of most 
reported NGCs are far from optimal to completely reach the “gold 
standard” set by autograft therapy. Therefore, much more efforts are still 
needed to do further research and set a series of standard to regulate the 
relevant parameters of NGCs. Because of the anatomical structure of the 
nerve transverse section, it is of great importance to make sure that the 
conduits can shape the movement of SCs and neuronal cells, so as to 
reduce the escape of axons. In this consideration, several strategies 
regarding structure, material, and functionalization for the conduits 
need to be investigated to improve the efficiency of nerve repair. 

The fabrication techniques such as extrusion-based, inkjet-based, 
and laser-based 3D bioprinting technologies are also of vital significance 
for the development of NGCs. One challengeable issue for the extrusion- 
based and inkjet-based techniques is the lack of suitable bio-inks for 
regenerating larger 3D constructs. It is quite demanding to develop 
unique bio-inks, enabling to strike a balance between biological 
competence (such as cellular survival) and mechanical properties. The 
digital light processing technology for laser-based printing of NGCs has 
opened up an opportunity for printing complex 3D conduits in a more 
rapid and accurate manner. It has superior speed and scalability than the 
other laser-based bio-printers such as stereolithography. Besides, textile 
forming technologies have gained increasing attention because of their 
versatility such as controlled microarchitecture, high permeability to 
nutrients, outstanding mechanical properties, and directionality to cells. 
Inserting living cells into fibers can improve the biological properties of 
this type of conduits. However, it is challengeable to produce cell-laden 
fibers for enhanced nerve repair. Even though the fibers are mechani-
cally strong and can be fabricated into complex structure, encapsulating 
cells inside the fibers is rather difficult because of the harsh 
manufacturing process, which should be further explored. 

It should be noted that there is a wide range of applications in 
electrical stimulation, which is considered as a crucial scheme of func-
tionalization because the passive electrical stimulators were promised to 
be an optimal treatment for nerve regeneration. To achieve this, the 
electric field and several conductive materials can be applied to NGCs. 
Among the conductive materials, the carbon-based materials seem to be 
feasible as they are equipped with conductive functionalities and they 
can tailor the cell-material interactions due to the high surface area to 
volume ratio. Notably, even though previous studies have attached great 
attention to the results that the electrical stimulation can have impacts 
on nerve regeneration, there are limited articles reporting the optimized 
intensity of electric current under specific situations and the mechanism 
behind this phenomenon. These limitations open up opportunities for 
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the development of the abovementioned conductive conduits to be more 
accurate. Nanoparticles, like ZnO, and MgO as well as magnetic Fe3O4 
nanoparticles were proven useful in contributing to the repair of 
damaged nerve tissue because of their exceptional sizes, surface func-
tionalization, along with their electrical, magnetic, and bioactive 
properties. These substances can be further applied in the constructs but 
there are still some technical challenges such as the way to evenly 
distribute nanoparticles in substrates, and the appropriate dosage and 
concentration of particles required for improved repair effects. In 
addition to the specific modification, biological cells such as human 
gingiva-derived mesenchymal stem cells, human fibroblasts, and 
extracellular matrix acting as “building blocks” indeed outperform the 
cell-free and neurotrophic factor-free counterparts, providing great op-
portunities and ideas for the development of NGCs in the future. How-
ever, this approach can lead to challenges such as the way to maintain 
suitable cultivating conditions for stem cell activity to fulfill the 
requirement of printing technology which allows no damage on the 
embedded cells during the printing process in view of the fragility of 
these biomolecules. 

5. Conclusions 

In summary, the recent progress of NGCs from material choices, 
structural design, and manufacturing techniques to functionalization 
approaches was reviewed. It shows that the implantable devices made 
from combinative materials and technologies possess better properties 
in terms of mechanical properties and biological functions compared to 
those made from sole material and technology. An increasing focus on 
functional materials such as a series of carbon-based materials and nano 

particles utilized as modification factors was put forward to increase 
biodegradation stability, biocompatibility, mechanical properties and 
biological stability of NGCs. RP technologies (e.g. extrusion-based 
printing, inkjet printing, and laser-based printing) and textile technol-
ogies (e.g. woven, knitting, braiding, and electrospinning) have been 
demonstrated as the prospective fabrication approaches of NGCs. 
Appropriate functionalization such as topological patterning and elec-
trical stimulation can yield significant improvement of NGCs. Topolog-
ical patterning usually provides directional guidance for neurite 
outgrowth, while the mechanism for this function needs to be identified 
further. NGCs made from rGO to achieve electrical stimulation can 
regulate cell adhesion as well as mobility under electric field. However, 
the degradation rate of rGO NGCs still remains unfavorable and the 
mechanism behind the function of electrical stimulation is still unclear 
in this field. Furthermore, electric field strength and scaffold conduc-
tivity are two crucial factors in regulating neural behavior, which de-
serves further research to facilitate the development of functional 
conduits for nerve repair. 
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Fig. 9. (a) Schematic diagram briefly described the fabrication of the conductive r(GO/GelMA) hydrogel conduit with an annulus mold. (b) An image showed side 
views of GelMA, GO/GelMA, and r(GO/GelMA) conduits with an inner diameter of 1.2 mm and wall thickness of 0.5 mm (scale bar: 10 mm). SEM images showed 
cross sections of the produced (c, c1) GelMA, (d, d1) GO/GelMA (e, e1) r(GO/GelMA) conduits. (a-e1) Reproduced with permission [170]. Copyright 2021, John Wiley 
and Sons. (f) Schematic diagram explaining the way to fabricate the conductive AP/RGONGC. (f1-f3) SEM images of the conductive AP/RGO NGC from different 
dimensions. (g) In vivo implantation and microscopic assessment image abstract of NGCs. (f–g) Reproduced with permission [171]. Copyright 2021, Elsevier. (h–j) 
Schematic illustration of 3D tube with axially oriented PLCL microfibers under GO and r-GO coating; macroscopic view of the tubular from lateral and transverse 
aspects. (k–m) PC12 cell neurite outgrowths on rGO-encapsulated 3D tubular under confocal microscopy. (h–m) Reproduced with permission [176]. Copyright 2021, 
John Wiley and Sons. 

Table 2 
Research progress of conduit development for nerve regeneration.  

Conduit/device materials 
(main) 

Structures Fabrication method In 
vitro/ 
vivo 

Study 
period 

Findings Refs 

Nano diamond/ 
polycaprolactone (ND/ 
PCL) 

Multilayered, 
microporous nerve 
bridges 

Multilayered spraying manufacturing 
process 

In vitro 
& in 
vivo 

4 m Excellent mechanical characteristics; 
Improved locomotor and sensory recovery; 
Improved bioelectrical activity; 
Enhanced skeletal muscle regeneration 
(compared with auto graft) 

[84] 

Human gingiva-derived 
mesenchymal stem cells 
(GMSCs) 

Scaffold-free neural 
constructs 

3D bio-printer system and allow to 
mature in a bioreactor 

In vivo 12 w Similar compound muscle action potential 
(CMAP) recovery to the autograft 
transplantation group; Similarly organized 
nerve fascicles to those transplanted 
autografts 

[107] 

Human fibroblasts Scaffold-free neural 
constructs 

3D bio-printer system and allow to 
mature in a bioreactor 

In vivo 8 w The expression of SCs was promoted by bio 
3D conduits; Lower muscle atrophy in bio 
3D conduits; Higher mean CMAP in bio 3D 
conduits (compared with silicon conduit) 

[110] 

Metal strip (Mg or Mo) 
PLGA Silicon 
nanomembrane Silicon 
dioxide 

A wireless platform 
made by a collection of 
circuit elements and 
substrates 

– In vivo 10 w Therapeutic electrical stimulation increased 
the rate of recovery, reduced the time of 
nerve reinnervation; 
Higher EMG amplitude in the presence of 
electrical stimulation 

[158] 

Extracellular matrix (ECM) ECM with parallel micro 
channels (ECM-C) 

Design and fabricate sacrificial 
templates; Implant templates in vivo for 
cellularization and tissue formation; 
Remove template and cellular 
component 

In vitro 
& in 
vivo 

16 w CAMP ratios of ECM-C-regenerated neo- 
nerves were less than autograft but higher 
than silicone rods; 
Muscle fiber size of ECM-C-regenerated neo- 
nerves was smaller than autograft but both 
were higher than the silicone rods 

[112]  
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