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Abstract

Nerve guide conduits (NGCs), as alternatives to nerve autografts and allografts, have been widely
explored as an advanced tool for the treatment of peripheral nerve injury. However, the repairing
efficiency of NGCs still needs significant improvements. Functional NGCs that provide a more favor-
able microenvironment for promoting axonal elongation and myelination are of great importance.
In recent years, 3D printing technologies have been widely applied in the fabrication of customized
and complex constructs, exhibiting great potential for tissue engineering applications, especially
for the construction of functional NGCs. In this review, we introduce the 3D printing technologies
for manufacturing functional NGCs, including inkjet printing, extrusion printing, stereolithography-
based printing and indirect printing. Further, we summarize the current methods and strategies for
constructing functional NGCs, such as designing special conduit architectures, using appropriate
materials and co-printing with different biological cues. Finally, the challenges and prospects for

construction of functional NGCs are also presented.
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Background

Peripheral nerve injury (PNI) is one of the most common
neuropathies, mainly caused by trauma, accident and disease
[1,2]. PNI often impairs the motor and sensory abilities of
patients and results in paralysis and disability, which may
significantly reduce the quality of a patient’s life [3]. The
self-repairing ability of peripheral nerves is extremely limited
and treating PNI remains challenges in regenerative medicine
[4]. Currently, autografts are regarded as the gold standard
to repair PNI. However, there are also some disadvantages
of autografts, such as the need for sophisticated surgeries,
neuroma formation, lack of nerve donors and donor-site mor-
bidity [5-7]. Hence, exploring alternative therapy is of vital
significance. Nerve guide conduits (NGCs), as exogenous
alternatives to bridge the injured nerve stumps, can build a
beneficial microenvironment for promoting nerve recovery by
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complex mechanisms [8]. So far, some single-channel NGCs,
such as Neuromaix®, NeuraGen® and Reaxon Plus® [9,10],
have been approved by the Food and Drug Administration
(FDA) for PNI treatment. However, the curative effect of
normal NGCs in the therapy of long-gap PNI is not very
satisfactory and still needs much improvement.

Functional NGCs can provide a favorable microenviron-
ment, which is useful when treating PNI and beneficial to the
functional recovery of the injured nerve [11-13]. To develop
functional NGCs, some physico-chemical cues and biological
cues are introduced to promote axonal elongation and myelin
sheath formation. On the one hand, the customized struc-
tures of NGCs can provide biomimetic physical support to
facilitate nerve regeneration. On the other hand, the material
composition of NGCs and the corresponding physical and
chemical properties may affect cellular behaviors and further
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Figure 1. Schematic diagram of 3D printing technologies for NGCs fabrication and the strategies for construction of functional NGCs. NGCs never guide conduits

influence the efficiency of nerve recovery. For the biological
cues, some biological elements such as cells, neurotrophic
factors and drugs are also integrated with NGCs to enhance
the repair efficiency.

Recently, the newly emerging 3D printing which can con-
struct complex structures rapidly has been applied to fabri-
cate many meaningful products, such as personalized vascular
topologies, cardiac patches and hearts [14-19], exhibiting
great potential applications in tissue engineering. 3D printing
can not only fabricate flexible NGCs with sophisticated struc-
tures, but also combine the scaffolds with cells and growth
factors to mimic the extracellular matrix [20]. Moreover, 3D
printing is a highly flexible processing technique with high
precision [21,22] and thus is superior for the construction of
functional NGCs for PNI repair.

Herein, we introduce the current technologies for 3D
printing NGCs based on different principles and summarize
the current methods and strategies of preparing functional
NGC s, including designing conduit structures and materi-
als, and co-printing with different biological cues (Figure 1).
Finally, the challenges and prospects for the construction of
functional NGCs are discussed.

Review

3D printing technologies for NGCs

Different from the traditional fabrication methods of NGCs,
such as solvent casting, freeze drying and electrospinning
[23,24], 3D printing technology can fabricate NGCs with
personalized characteristics to imitate the natural structure

of nerves. NGCs can be created layer-by-layer by rapid proto-
typing machines, which is assisted by computer-aided design
(CAD) technology by collecting and digitizing the complex
microarchitectural information of native tissue from the
images acquired by computed tomography (CT) or magnetic
resonance imaging (MRI) [25-28]. In general, extrusion,
inkjet and stereolithography printing are the most widely
used 3D printing methods to fabricate NGCs. Moreover,
indirect 3D printing is another way to construct different
structures for NGCs using printed customized molds. The
characteristics of different 3D printing technologies for NGCs
are summarized in Table 1.

Inkjet 3D printing Inkjet printing is also known as drop-
on-demand printing. The bioink drop can be artificially
controlled and delivered to predefined locations by thermal
or piezoelectric forces while printing. The resolution of inkjet
printing can range from 1.0 to 500 pm depending on the
bioink and sizes of nozzles [29,30]. A cylindrical NGC
composed of polylactic acid (PLA) and poly(e-caprolactone)
(PCL) was constructed by a piezoelectric inkjet system with
a resolution of 1.0 pm [31]. Another study has shown that
neuronal and Schwan cells can keep normal cell proliferation
and viability when printed with a 60 pm single-nozzle
piezoelectric inkjet device, indicating that this technique can
be utilized for bioprinting application [32].

Extrusion 3D printing Different from the drop-by-drop of
inkjet printing, extrusion printers fabricate a 3D scaffold
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Table 1. Different kinds of 3D printing technologies for NGCs

Technology Materials Advantages Disadvantages Reference
Inkjet PLA/PCL, collagen 1. High speed 1. Low mechanical strength [29,31,32,50]
2. Low cost 2. Bioprinting limited. Unable to
control the directionality and
size of droplets precisely
Extrusion PLLA, PLGA, GelMA, alginate 1. Low cost 1. Lower resolution than inkjet [35,37-39]
dialdehyde etc. 2. Multiple materials mixed printing 2. Low speed
3. Higher cell viability 3. Nozzle clogging
Stereolithography Photopolymerizable monomer like 1. Higher resolution than extrusion 1. Expensive [41,44,51-54]
GelMA, PEGDA, silk-GMA, glycerol 2. High fabrication speed 2. Photocurable resin limited
sebacate methacrylate and 3. Personalization 3. Possible cytotoxicity of residual
composites photoinitiator and uncured resin
Indirect GelMA, alginate methacrylate etc. 1. Convenience 1. Microstructures limited [46-49,55]

2. Low cost

2. Personalisation

PLA/PCL polylactic acid and poly(e-caprolactone), PLLA poly (L-lactic acid), PLGA poly (lactic-co-glycolic acid), GeIMA gelatin methacrylate, PEGDA
polyethylene glycol diacrylate, silk-GMA silk fibroin-glycidylmethacrylate, NGCs never guide conduits

line-by-line with a movable nozzle driven by pneumatic or
mechanical dispensing systems, with a resolution ranging
from 100 to 500 pm [33,34]. Johnson et al. developed a cus-
tom 3D printing system based on microextrusion and struc-
tured light scanning (SLS) technique, and 3D-printed silicone
bifurcated NGCs, which significantly enhanced the functional
recovery of a 10 mm-defect of a rat sciatic nerve bifurcation
[35]. In another study, uniaxial and multichannel conduc-
tive NGCs were pressure-extruded with a minimal 100 pm
tip. These conduits with excellent physical and mechanical
performances could be sutured with a 2 cm nerve defect
from the dorsal branches of the ulnar nerve in an unfixed
human cadaver by complex surgical process [36]. Besides,
through bioprinting technology, different human umbilical
vein endothelial cells (HUVECs) and Schwann cell-laden scaf-
folds, such as extruded gelatin and sodium alginate composite
scaffolds, have been developed to promote the recovery of
injured peripheral nerves, [37-39].

Stereolithography-based 3D printing Utilizing laser beam
scanning or image projection modeling, stereolithography-
based 3D printing deposits cell-laden bioink in a reservoir
with precise control of deposition. In general, the resolution
is ~2.5-200 pm [33,40]. Nowadays, some optimized
stereolithography 3D printers have been applied to construct
NGGCs, such as a laser-based microstereolithography (mSL)
printer with a resolution of 50 pm and a projection
stereolithography (PSLA) system with a resolution of
15 pm [41,42]. Particularly, digital light processing (DLP)
3D printing is developed by applying digital micromirror
devices (DMDs) as a dynamic pattern generator. In DLP
3D printing an entire layer of material is simultaneously
polymerized upon light exposure, which offers excellent
image stability and fidelity. The theoretical resolution of
a DLP printer can reach 2.5 pm [43]. The Chen group
has fabricated NGCs in different complexity and size by
DLP printing, such as an anatomically appropriately sized
human facial NGC and special NGCs with four linear 4 mm

microchannels [44]. Our group has also fabricated hydrogel
NGCs rapidly by a continuous DLP 3D printing process [45].
In general, due to the special photocuring characteristics of
printed biomaterials, the availability of proper bioinks for
stereolithography-based 3D printing is limited.

Indirect 3D printing Comparing the above three methods,
with indirect 3D printing it is much easier to fabricate a
mold that provides some simple structures for NGCs. We
3D-printed molds with a ‘lock and key’ structure to form
cryopolymerized GelMA NGCs in different shapes [46], such
as multichannel and bifurcating. With the same method,
Tao et al. also constructed a porous conduit with shape-
memory property, and found that the conduits could facil-
itate the functional recovery of the transected model after
neurorrhaphy [47]. Other researchers also utilized sacrificial
molding to construct structures, such as 3D printed sacrificial
frameworks of poloxamer 407 and gelatin [48,49]. Indirect
3D printing is convenient and low-cost for manufacturing.
However, it is difficult to fabricate complex personalized
NGCs with high resolution.

Strategies for 3D printing functional conduits

Structure design Structural cues of NGCs play an important
role in physically supporting and connecting the injured
nerves in peripheral nerve repair. The design of conduit struc-
tures can be divided into biomimic structures and personally
customized structures, to make the reproduction of complex
nerve features possible.

Biomimic structures In general, the biomimic structure of
NGCs can be classified as hollow [56], multi-channel [57-59]
or porous [60]. Hollow conduits with the simplest structure
are the most widely used in peripheral nerve repair, some of
which have been approved in clinic. However, they are not
favorable for directional alignment of axons and exchange of
nutrients and growth factors. It has been demonstrated that
multichannel conduits are superior for axonal regeneration
as they control axonal dispersion and decrease mismatch
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[61], especially 4-channel conduits [44,62]. However, it has
also been reported that internal lumen diameter, materials
and the physical properties of multi-lumen conduits can also
influence axon regeneration [52]. In addition, porous NGCs
could facilitate nutrient exchange which may be beneficial
for nerve repair. NGCs with multi-pore is not easy to be
fabricated by 3D printing. It often need to integrate with other
approaches such as salt leaching and solvent casting.

Furthermore, some topographical cues of biomimic struc-
tures have also been introduced into the structural design
of NGCs. It has been reported that the longitudinal groove
topography of the biomaterial surface could promote the
directional alignment and migration of Schwann cells as well
as the neurite orientation and elongation of pheochromacy-
toma 12 (PC12) cells in vitro [63-67]. Behbehani et al. pro-
vided a potential in vitro model to explore different dimen-
sions of grooved conduits and evaluate the performances of
different cells [68]. Meanwhile, NGCs with different sizes
of grooved structures on the inner surface have also been
applied for nerve repair iz vivo [69]. The smaller ones, such as
nanogrooves [70] and 3 pm stripe micropatterns on the inner
wall of NGCs [71], were demonstrated to effectively facilitate
sciatic nerve regeneration. Most of these grooved conduits
were prepared by electrospinning. For 3D printing fabrica-
tion, NGCs with microgroove structure on the inner wall
were manufactured by laser-based mSL with a size resolution
of 50 pm, which could support the growth, differentiation
and orientation of dorsal root ganglions (DRG) in vitro and
facilitate nerve repair across a 3 mm defect [41]. The results
demonstrated that 3D printed customized grooved conduits
had great potential for functional nerve repair. However, the
3D printing technologies for customized grooved conduits
should be further improved.

Functional NGCs with the
complex anatomical structures, like branched sciatic nerve

Personally customized structures

and trifacial nerve, could improve the recovery efficacy of
injured nerves. In a study, researchers fabricated ‘Y’ shaped
NGCs to match inherent tissue anatomies by microextrusion
printing. Through customizing the geometries of the scaffolds
and boosting function with biomimetic microgrooves and
bioactive gradients, they found that the 3D printed functional
NGCs could accelerate the regeneration of injured nerves by
multiple nerve pathways [35]. The researchers 3D printed
a Y-tube with the interposed nerve autograft, which could
effectively prevent the formation of neuroma, demonstrating
great potential for surgical treatment of traumatic neuromas
[72]. Using advanced DLP 3D printing, Zhu et al. fabricated a
life-size biomimetic multi-branched NGC (5.5 cm in length)
featuring different branches of a complex branched human
facial nerve, showing great potential for the design of person-
ally structured NGCs [44].

Scaffold material characteristics The materials of NGCs are
also critical for nerve repair, and the ideal is that they should
closely mimic the native environment in order to achieve
the best possible induction of nerve regeneration [73]. In

general, the material for 3D printing conduits can be sub-
categorized into natural and synthetic. The natural polymers
for conduits mainly include collagen, chitosan, gelatin, silk
fibroin and hyaluronic acid, while the most commonly used
synthetic ones are PCL [74], PLA [75], polyglycolic acid
(PGA) and poly (lactic-co-glycolic acid) (PLGA) [76]. This
section summarizes recent research into the characteristics of
NGC:s scaffold material, including biocompatibility, mechan-
ical properties and conductivity.

Biocompatibility Biocompatibility is a basic requirement of
NGCs. Namely, when the conduit is implanted iz vivo, it
should provide a matrix to promote cell adhesion, differ-
entiation and growth, but not cause toxic reactions, such
as hemolysis, coagulation or immune response. Generally,
matrix materials usually offer bioactive properties, which
can actively regulate cell behaviors and functions, including
adhesion, proliferation, differentiation and migration. In par-
ticular, the cell-binding domain arginyl-glycyl-aspartic acid
(RGD) peptide motif of gelatin and collagen is of great
importance. Tao et al. fabricated NGCs with GelMA, which
showed good compatibility with HUVECs and Schwann cells,
and further enhanced the effect for nerve repair by incor-
porating drug-loaded nanoparticles [45]. Ning et al. used
RGD chemically modified alginate with hyaluronic acid (HA)
and fibrinogen as hydrogel precursors. Bioprinted Schwann
cells and DRG neurons showed satisfactory cell viability and
morphology [77]. In another study, substrates functional-
ized with I3QGK peptide nanofibers enhanced PC12 cells
attachment, proliferation and differentiation, and showed
potential for nerve regeneration [78]. In fact, the degradation
rate of the biomaterial should closely match the regeneration
rate of nerve to avoid injury caused by the second retrieval
surgery. Most degradable biomaterials can be biodegraded
by hydrolase and the products should be at least not harm-
ful for the organism; such materials include some synthetic
materials and most natural materials, like PCL, PLGA and
collagen. Gong et al. sutured rat sciatic nerves with GelMA
nerve conduits which were functionalized with engelbreth-
holm-swarm (EHS) hydrogel. The conduits slowly degraded
and completely disappeared after 16 weeks, and exhibited
favorable performance to promote the regeneration of injured
sciatic nerve [55]. In a study, Singh ef al. 3D-printed poly
(glycerol sebacate methacrylate) NGCs to repair a 3 mm gap
of Thy-1-YFP-H mice, and this synthetic material could be
slowly degraded by lipase [54].

Mechanical properties Mechanical properties are essential
characteristics for surgical operation with NGCs. Further-
more, the substrate stiffness of NGCs has been proved to
have a significant influence on neuronal cells, including
cell survival, spreading, adhesion, migration, neurotrophic
function and average neurite length [79-82]. A study
showed that rat Schwann cell precursor line (SpL201) cells
presented better performance of adhesion and proliferation
on stiffer substrates (in the range 1-100 MPa), while
PC12 cells preferred softer ones. This might be due to
mechano-transduction mechanisms involving integrins, focal
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adhesions and actin-myosin-associated signal pathways
[79,83,84]. However, for more details, Wu et al. reported that
10 wt% GelMA hydrogels exhibited a Young’s modulus of
34.9 KPa. This modulus was optimal for nerve regeneration
of PC12 cells, including outgrowth characteristics and
morphology [85]. Otherwise, with an elastic modulus of
7.45 kPa, the polyacrylamide gel substrate represented
the most suitable physical support for nerve repair to
regulate the biological neurotrophic behavior and function of
Schwann cells [86]. The differences were caused by different
substrate material compositions, cell types and specific
microenvironment for cell survival. The effects of hydrogel
stiffness gradient fractions on neural cell orientation and
behavior have also been explored in recent research [87,88].

Conductivity In addition, electrical stimulation in particular
has been demonstrated to control directional migration of
neuronal and glial cells, neurite extension and differentiation
of stem cells, providing insights into nerve regeneration.
Recently, some conductive polymers, such as polypyrrole
(PPy) and poly (acrylic acid) (PAA), have been blended with
other degradable polymers (PCL) to fabricate conductive
NGCs by electrohydrodynamic jet 3D printing. These con-
ductive conduits exhibited favorable performance in neu-
ronal cell proliferation and stem cell differentiation [74,89—
91]. In addition, carbon-based conductive materials, such
as black phosphorus [92], carbon nanotubes and graphene
[93,94] can also be doped to matrix material. Pampaloni
et al. demonstrated that single-layer graphene deposited on
electrically insulating substrates can alter neuronal excitabil-
ity by changing membrane-associated functions [94]. And
Park et al. prepared hybrid materials by dispersing reduced
graphene oxide (rGO) in GelMA hydrogel and found that
rGO/GelMA with good conductivity and mechanical prop-
erties could promote the neurite outgrowth of PC12 cells.
Further, the rGO/GelMA-based NGCs could improve nerve
recovery in electrophysiology, gastrocnemius muscle weight
and the sciatic nerve function index [95]. Apart from con-
ductive biomaterials, piezoelectric materials which provide in
situ artificial electrical stimulation, have also been explored
for peripheral nerve regeneration, such as zinc oxide [96] and
polyvinylidene fluoride [97]. However, neurotoxicity should
be highlighted for all of these conductive materials, as how to
minimize toxicity or explore non-toxic conductive materials
is very important [98].

To construct a favorable microenvironment for maximal
PNI recovery, it is necessary to consider all of the matrix
materials’ biocompatibility, biodegradability, conductivity
and mechanical properties for NGCs. At the same time,
the matrix materials must be printable to meet the need of
different 3D printers, including viscosity, gelation methods
and rheological properties. Currently, the characteristics of
most existing materials are still not ideal. Thus, a combination
of two or three kinds of materials which have special
functions that can synergistically functionalize the NGCs
may be an effective strategy.

Functional biological cues Another potential strategy for effi-
cient nerve recovery is to functionalize the customized NGCs
with biological cues including cells, exogenous bioactive fac-
tors and drugs (Table 2). These functional biological cues
could improve neural signals around or through the injured
region in some cases and provide a more permissive environ-
ment for nerve regeneration.

Live cells  Cell-based therapy has great application potential
in PNI repair. Different types of cells that are beneficial to
injured nerve regeneration, including glial cells and stem
cells, have been integrated into NCGs in recent decades
[99]. Schwann cells, a native glial population that can
form myelin sheath and secrete neurotrophic factors, are
neuroprotective and have been widely applied in PNI repair
[100]. In a study, the nanocomposite-based NGCs loaded
with the rat Schwann cell line could considerably improve
axonal myelination and nerve regeneration, as shown by
analysis of regenerated nerves [101]. In another study, native
glial olfactory ensheathing cells (OECs) were seeded in
perfluorotributylamine-loaded collagen—chitosan NGCs. The
results showed this strategy could increase oxygen supply
and promote axon regeneration [102]. Recently, Wu et al.
3D bioprinted a composite scaffold with hybrid bioinks
of gelatin, sodium alginate and Schwann cells. They found
that the 3D scaffold significantly enhanced cell adhesion
and upregulated the level of related neurotrophic factors
compared to 2D culture, which showed promising application
of 3D bioprinted NGCs with cells [37].

In addition, different kinds of stem cells such as mesenchy-
mal stem cells (MSCs), adipose-derived stem cells (ADSCs),
neural stem cells (NSCs) and induced pluripotent stem cells
(iPSCs) have been encapsulated into NGCs for PNI repair
[103]. Zhang et al. combined MSCs with erythropoietin-
loaded chitosan nerve conduits and found this strategy could
accelerate nerve repair and morphological recovery in vivo
[104]. Hu et al. seeded ADSCs on the cryoGelMA con-
duit and the results demonstrated that the gene expression
of major neurotrophic factors such as brain-derived neu-
rotrophic facters (BDNF) was significantly up-regulated in
the cells. Besides, other stem cells, like bone marrow-derived
stem cells (BMSC), skin derived stem cells (SDSC) and amni-
otic fluid mesenchymal stem cells (AFMSC), have also exhib-
ited great potential in repair of PNI [105-108]. Qian et al.
showed that the differentiation of BMSC into Schwann-like
cells was facilitated by PCL NGCs that were functionalized
with Au nanoparticles and polydopamine (PDA) [60].

Growth factors Growth factors as another biological cue
are important for functional nerve repair. Various kinds of
growth factors have been incorporated into NGCs to improve
the recovery efficacy, including nerve growth factors (NGF),
glial cell line-derived neurotrophic factor (GDNF), ciliary
neurotrophic factors (CNTF), BDNE, fibroblast growth fac-
tors (FGF) etc. [109-111]. These factors in conduits can be

released to regulate the function of transplanted cells and
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host cells through different signaling pathways [112]. Specif-
ically, they can improve the survival, proliferation and migra-
tion of transplanted cells, promote the infiltration of host
cells, enhance the neuronal differentiation of stem cells and
improve the neural regenerative capacities of Schwann cells
[99]. This may provide a more beneficial biological microen-
vironment for nerve repair. Cui et al. reported that the colla-
gen NGCs containing CNTF and basic fibroblast growth fac-
tor (bFGF) could promote PNI repair across a 35 mm distance
in minipig models [113]. The concentration gradients or dis-
tribution of the growth factors could affect the repair efficacy.
In a study, NGCs functionalized with concentration gradients
of NGF exhibited superior outcomes of 15 mm-long-gap
nerve regeneration than those of NGCs with uniform NGF
[114]. In addition, long-term sustained-release of the growth
factors from conduits may construct a temporal-beneficial
microenvironment for the recovery of injured nerves. Fadia
et al. fabricated PCL NGCs with GDNF microspheres that
provided sustained release of GDNF in a 5 cm nerve defect
of rhesus macaques for >50 days [115]. Interestingly, in
a recent study, Tao et al. 3D-printed functional NGCs by
incorporating bioinks with live platelets isolated from whole
blood. This kind of conduit could slow down the activa-
tion of the live platelets and sustainedly release of multiple
growth factors, which significantly improved nerve recovery
in vivo [56].
Drugs Currently, several pharmaceuticals have been approved
by the FDA for PNI therapy through local injection or
systemic administration, but effective results have not been
achieved. Alternatively, drug-loaded NGCs can provide
sustained release of a drug locally and reduce systemic
side-effects; they typically stimulate nerve regeneration
and myelination by acting on targets, activating signaling
pathways, and promoting the growth and proliferation of the
cells in volved in the regeneration process [116]. Melatonin
can reduce oxidative stress and inhibit inflammation after
nerve injury thus promoting the recovery of peripheral
nerves [117]. 3D printed melatonin/PCL NGCs exhibited
better biocompatibility than PCL NGCs by accelerating the
proliferation of Schwann cells and upregulating the gene
expression of neural-related proteins in the cells [117,118].
Recently, some small molecules have been reported to be
functional in accelerating nerve regeneration and recovery.
Tao et al. functionalized 3D-printed NGCs with XMU-MP-
1, and found that this small molecule could promote the
functional recovery of injured nerves through inhibiting the
Hippo pathway [45]. Xu et al. 3D-printed NGCs incorpo-
rating RGFP966-loaded nanoparticles, and demonstrated
that RGFP966 could efficiently repair the injured nerve by
activating the PI3K-AKT-ERK signaling pathway to enhance
the remyelination of Schwann cells [119]. It has also been
reported that incorporating drugs within the luminal filler
of the conduits can also promote nerve regeneration after
injury [55,120,121].

3D printing technology is a convenient method that can
be used to fabricate different morphological NGCs that

could influence neural cell proliferation and migration [122].
Additionally, the microstructures of NGCs can also affect
the controlled and sustained release of growth factors and
drugs to offer specific cues to the regenerating tissues [123].
Integrating cells, growth factors and drugs into biomaterials
to prepare functional NGCs may be a potential strategy to
build a more ideal microenvironment for functional recovery
of injured nerves. However, the problems of cell viability,
stability of growth factors and controlled release of additives
that greatly affect the efficiency of nerve regeneration should
be considered.

Conclusions

The ideal functional NGCs require physico-chemical cues
and biological cues to synergistically construct a biomimetic
microenvironment and maintain physiological balance
for nerve repair. The emerging 3D printing technology
with design flexibility, personalized customization and
controllable manufacturing precision is an advanced method
to achieve the functionalization of NGCs. Currently,
remarkable advances have been made in the fabrication
and functionalization of 3D printed NGCs and their
corresponding applications in peripheral nerve repair and
regeneration. However, there are still some challenges for the
future. Firstly, to precisely fabricate customized functional
NGCs, the printing system should be optimized, especially
with regard to precision and speed. Secondly, the bioinks for
NGGCs are limited. The characteristics of printable materials
for conduits, such as biodegradation, biocompatibility and
mechanical properties, need to be further improved. Using a
combination of different biomaterials to fabricate suitable
NGCs could be a choice for multifunctional conduits.
Thirdly, aiming for clinical translation of neural tissue
engineering, fabricating human-scale constructs for long-
gap injuries and big animal models for PNI still remain
a great challenge. What is more, exploring and clarifying
the mechanisms of the repair of injured nerves is of
great significance and could offer direction on how to
design new strategies for NGCs. Generally, the gradual
advancement in biomaterials and 3D printing techniques
provide promise for the fabrication of human-scale cus-
tomized constructs for long-gap PNI with ideal therapeutic
effect.
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