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Abstract

Peripheral nerve injury (PNI) represents a serious clinical and public health problem due to its high
incurrence and poor spontaneous recovery. Compared to autograft, which is still the best current
practice for long-gap peripheral nerve defects in clinics, the use of polymer-based biodegradable
nerve guidance conduits (NGCs) has been gaining momentum as an alternative to guide the repair
of severe PNI without the need of secondary surgery and donor nerve tissue. However, simple
hollow cylindrical tubes can barely outperform autograft in terms of the regenerative efficiency
especially in critical sized PNI. With the rapid development of tissue engineering technology and
materials science, various functionalized NGCs have emerged to enhance nerve regeneration over
the past decades. From the aspect of scaffold design considerations, with a specific focus on
biodegradable polymers, this review aims to summarize the recent advances in NGCs by
addressing the onerous demands of biomaterial selections, structural designs, and manufacturing
techniques that contributes to the biocompatibility, degradation rate, mechanical properties, drug
encapsulation and release efficiency, immunomodulation, angiogenesis, and the overall nerve
regeneration potential of NGCs. In addition, several commercially available NGCs along with their
regulation pathways and clinical applications are compared and discussed. Lastly, we discuss the
current challenges and future directions attempting to provide inspiration for the future design of
ideal NGCs that can completely cure long-gap peripheral nerve defects.

1. Introduction

The peripheral nerve system consists of numerous
nerve branches outside of the central nerve system
(CNS; brain and spinal cord (SpC) ) and builds up the
entire body to transmit signals from and to the CNS.
Trauma, tumor, and invasive surgical procedures
can all cause peripheral nerve injury (PNI), where
neuronal loss and axonal degradation ultimately res-
ult in the formation of gaps between two ends
of peripheral nerves and bring burden to patients
such as pain, weakness of sensation, uncontrollable
muscle stretching and movement, and paralysis [1].
Annually there are over 360 000 people suffering from
PNI in the U.S. and millions of cases globally [2].
Peripheral nerve is one of the tissues that are capable

© 2024 IOP Publishing Ltd

of self-repairing after injury unlike CNS or avascu-
lar cartilage [3—5]. The two commonly used classific-
ation systems of PNI are the Seddon classification and
the Sunderland classification. From mild to severe,
PNI is classified into neurapraxia, axonotmesis, and
neurotmesis according to the Seddon classification
[6], or first degree to fifth degree in terms of the
Sunderland classification [7, 8]. Neurapraxia (first
degree) refers to a major conducting blockage with
some degree of myelin injury or ischemia but no
axon loss and it can be excellently recovered in weeks
to months [9, 10]. Axonotmesis (second, third, and
fourth degree) involves the loss of axonal continu-
ity, but the surrounding connective tissues such as the
endoneurium, perineurium, and epineurium remain
fully intact or only partially disrupted [9, 11]. This
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Figure 1. Illustration of peripheral nerve degeneration and regeneration after injury. Peripheral nerves possess self-repairing
ability due to actions of immune cells and SCs. Axons regrow in the defect area with the guide of ‘bands of Bungner’, which was
formed by highly ordered SCs. In the scenario while the ‘bands of Bungner’ failed to form, new axons cannot cross the whole
defect area and functional recovery is unsuccessful. NGCs are therefore required to better guide the regrowth of axons from the
proximal end to the distal end of the never tissue. Created with BioRender.com.

type of PNI has poor self-recovery capacity and sur-
gery is generally required. Neurotmesis (fifth degree)
stands for the most severe PNI where the entire nerve
trunk including both the nerve fibers and the sur-
rounding connective tissues is disrupted, and spon-
taneous recovery is nearly impossible [11].

After severe PNI, the nerve fibers at the distal
end of injured site undergo Wallerian degeneration,
which is a process predominated by actions of mac-
rophages that infiltrate through the leaky blood-
nerve barrier [12, 13]. As illustrated in figure 1, the
degenerated fibers and axon fragments are rapidly
cleared from the broken-down distal myeline sheath.
Meanwhile, Schwann cells (SCs) proliferate, dediffer-
entiate, and align with the external basal lamina to
form a highly oriented structure called the ‘bands of
Bungner’, which guide the axonal sprouts regenerate
parallelly along the tubular structure of nerve fibers
from the proximal end to the distal target end [ 14, 15].
The regenerated axonal sprouts undergo myelination
and eventually recover target functions. However, if
disorganized axonal sprouts are formed or the ori-
ented axonal sprouts cannot cross the whole defect

area, the target functions fail to recover if no further
interventions are applied.

Therefore, in clinics, the length of nerve defect is a
key indicator for selection of treatment strategies. For
short nerve gaps (<5 mm), current practice involves
tension-free suturing of the proximal and distal
stumps in the injury site, so called neurorrhaphy
[16]. The ‘gold standard’ for larger PNI is still auto-
graft, which is associated with a series of drawbacks
such as the need for multiple surgeries, limited donor
availability, dimension/structure/property mismatch
between the donor and defect areas, loss of func-
tion at the donor site, and potential for neuroma [17,
18]. Polymer-based nerve guidance conduits (NGCs)
provide a promising alternative for repairing large
sized nerve gaps by bridging the proximal and distal
ends of nerve defects in a manner that not only guides
the aligned growth of axonal sprouts but also pre-
vents the ingrowth of undesired cells such as fibro-
blasts. Nevertheless, simple hollow cylindrical con-
duit often failed to completely regenerate long-gap
PNI due to lack of systematic physicochemical, bio-
logical, and topological cues [19].
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With the rapid progress of tissue engineering
techniques, advanced NGCs such as those manu-
factured with novel biomaterials, designed in bio-
mimetic complexes, equipped with phototherm-
al/electrical/magnetic stimulating abilities, nano-
functionalized, and bio-functionalized have been
developed to enhance the cure of large peripheral
nerve defects. In this review, we aim to summarize
these recent advancements of NGCs along with their
commercialization and clinical applications from
the aspects of selections of biomaterials, structural
designs, and manufacturing routes.

2. Scaffold requirements

Tissue regeneration is associated with four continu-
ous and overlapping stages including hemostasis,
inflammation, repair, and remodeling [20, 21]. For
peripheral nerve regeneration (PNR) guided by tis-
sue engineering scaffolds, NGCs interact closely with
various types of cells including SCs, fibroblasts,
and immune cells (mainly mast cells and macro-
phages) to regulate all these processes and ultimately
enhance nerve regeneration. Hence, functional NGCs
should satisfy certain minimal requirements such as
good biocompatibility, suitable biodegradability and
mechanical properties, and other functionalities to
provide sufficient regenerative potential and avoid
treatment failure.

2.1. Anatomy of peripheral nervous system
Understanding the anatomical structure of peripheral
nervous system is considered a prerequisite to design
functional NGCs for enhanced nerve regeneration.
Figure 2 illustrates the cross-sectional anatomy of a
peripheral nerve. The entire nerve trunk is separ-
ated into multilayered microstructure by three types
of connective tissues including endoneurium, peri-
neurium, and epineurium, which are all mainly com-
posed of collagen fibers [22]. In a nerve trunk, the
myelinated or unmyelinated Schwann cell-axon unit
is surrounded by the endoneurium layer, where the
electrical isolation of every individual axon by the
endoneurium maximizes the accuracy of signal trans-
missions between CNS and peripheral target tissues
[23]. A number of these endoneurium covered axon
units are then grouped together to form separate
bundles (called fascicles) and are covered by the peri-
neurium, which are condensed into a perineurial
sheath to majorly resist external forces [1]. Individual
fascicles are connected continuously by internal epi-
neurium while the external epineurium stands for the
outmost protective and connective layer that encircles
all fascicles, and internal adipose tissues and blood
vessels [24, 25].
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Figure 2. Illustration of cross-sectional anatomy of a
peripheral nerve trunk. The entire nerve trunk mainly
consists of three different layers of connective tissues and
signal-transmission fascicles, which were formed by
bundles of myelinated or unmyelinated axons. Created with
BioRender.com.

2.2. Scaffold requirements

2.2.1. Biocompatibility

One of the minimal requirements of NGCs is their
good biocompatibility, where obvious toxicity should
be avoided. According to international standard ISO
10993-5, three categories of test can be performed
to evaluate the in vitro toxicity of biomedical devices
including NGCs: extract test, direct contact test, and
indirect contact test. Extractions of NGCs can be
obtained by soaking the NGCs or thin films of the
corresponding biomaterials in extraction solutions
such as PBS, physiological saline solution, or culture
medium [26, 27]. The the ratio of the standard sur-
face area or mass of the samples to the volume of the
extraction solutions can be found in ISO 10993-12
depending upon the shape, thickness, and porosity of
the tested devices. For instance, for irregularly shaped
porous devices, like NGCs, this ratio is 0.1 g ml™!
(for every 0.1 g NGCs, 1 ml of extraction solution
is required to soak the NGCs). It is noted that if the
cell viability of the material extract is lower than 70%
compared to the blank group, which is the group of
liquid extraction solution containing no tested mater-
ial, the material is considered toxic, and the half-
maximal inhibitory concentration (ICsy), the con-
centration of the extractions reflecting inhibition of
cell viability by half, must be established. In addition,
ideal NGCs should support cell attachment, prolifer-
ation, and migration to eventually guide the oriented
growth of axonal sprouts along with the ‘bands of
Bungner’ generated within the NGCs. These are gen-
erally conducted by direct contact test, which requires
seeding cells directly on the NGCs or material equi-
valent of NGCs such as flat porous films or scaffolds
made of the same materials used to engineer NGCs.
Lastly, NGCs should not elicit adverse immunolo-
gical responses such as local allergic reactions [28].
We propose several strategies to mitigate this issue:
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(1) using biocompatible materials that would gen-
erally not cause severe allergic responses; (2) adapt-
ing surface modification techniques to improve the
biocompatibility of NGCs; (3) administering anti-
inflammatory drugs post-implantation to suppress
immune response; (4) engineering NGCs with biode-
gradable materials to prevent host tissues from long-
term exposure of foreign implants.

2.2.2. Biodegradability

The first generation of artificial peripheral NGCs
were made of non-degradable silicone [29].
Unfortunately, peripheral nerve compression syn-
drome is often observed in clinics after applying this
material, resulting from the consistent pressure on
nerves from such a non-resorbable NGC with the
regeneration of nerve tissue [30]. The use of biode-
gradable NGCs is thus preferred to not only avoid
compression syndrome but also eliminate the neces-
sity of secondary surgery for removal of the implant
after recovery. For biodegradable NGCs, the rate of
degradation is one of the essential features determ-
ining treatment effectiveness. Generally, the degrad-
ation profile of NGCs should accommodate the rate
of nerve regeneration: the NGC should be fully or
largely resorbed upon the complete regeneration of
nerve tissue [31, 32]. Moreover, since the absorption
of degradation fluid is often associated with the swell-
ing of surrounding tissues, burst degradation should
be avoided to abolish the potential of local inflamma-
tion caused by degradation-induced tissue swelling
[33]. However, if the degradation rate of NGCs is too
slow in comparison to the nerve regeneration rate, it
may still result in compression syndrome.

The rate of axonal elongation proceeds approxim-
ately 1 mm per day across different vertebrate species,
but the delay before regenerated axons advance and
their critical sizes do differ [34, 35], resulting in differ-
ent axonal regeneration and function recovery time
across species. For example, for a 10 mm sciatic nerve
injuryin rat (critical size = ~ 15 mm), axonal elonga-
tion (axonal phase) starts around the third week after
injury ( after the fluid, matrix, and cellular phases)
and the new axons can across the whole gap in 4 weeks
within a silicone tube [36]. While the complete motor
and sensory functional recovery in hand of humans
(critical size = ~ 40 mm) after brachial plexus injur-
ies could take 9-12 months or as much as 800 d,
with the maximal regeneration rate being ~1 mm
per day [37, 38]. In addition, motor nerves gener-
ally exhibited poor recovery than sensory nerves and
motor recovery takes longer than sensory recovery
[37]. For example, studies have shown that patients
with cubital tunnel syndrome (a disease with both
sensory and motor nerve malfunctions on the elbow)
who received surgical intervention within 10 months
after showing symptoms had both good sensory and
motor functional recovery, while recovery of motor
function was incomplete in those who operated 10
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or more months after the onset of symptoms [39].
The presence of scar tissue also hampers and delays
the regeneration of nerves [40]. Overall, the ideal
degradation rate of NGCs would need to be custom-
ized depending upon its application in a certain scen-
ario. And thus, those with tunable biodegradation
rate would be of advantage for a wider application of
PNR.

2.2.3. Mechanical properties

Overall, NGCs should possess certain strength and
stiffness to withstand pressures from surrounding
tissues and also have flexibility to maintain con-
tinuity during daily activities, which may cause col-
lapse or kinking of NGCs. The contrast of mechan-
ical properties, especially elastic modulus, between
the nerve implant and the surrounding nerve tis-
sues at the defect area should be minimized to
avoid tension, which will ultimately cause failure
of regeneration and catastrophically hamper func-
tional recovery [41]. Mismatched moduli between
biomaterials and host tissue will also cause chronic
inflammation [42]. However, the mechanical prop-
erties of peripheral nerves change with the vari-
ations of species, surrounding microenvironment,
locations, cellular constituents, and age [43]. For
example, the ultimate tensile strengths and Young’s
moduli of acellularized and fresh native rat sciatic
nerve range from 1 MPa—6 MPa and 0.6 MPa—14 MPa,
respectively [44, 45]. The ultimate tensile strength,
Young’s modulus, and strain at break of porcine tibial
nerves are 0.87 & 0.29 MPa, 7.43 &+ 1.69 MPa, and
16% [46]. In contrast, the ultimate tensile strength
and Young’s modulus of human tibial nerve is
3.91 + 0.92 MPa, and 9.5 + 2.84 MPa [47]. Moreover,
the elastic moduli of sciatic nerves in living mice
were found to be significantly higher in young mice
(~391 Pa) compared to that of juvenile (~131 Pa)
and adult mice (~227 Pa) [43]. In another case, the
Young’s moduli of human digital collateral nerves
were found lower in thumb (~39.71 MPa) than
in other fingers (58.15-73.04 MPa) [48]. Therefore,
it is important to develop biomaterials with a
wide-range, fine-tunable mechanical properties for
repairing different peripheral nerves in different
patients.

More importantly, mechanical properties have
been increasingly recognized as major parameters
regulating cellular responses as they alter the crosstalk
between cells and biomaterials [49, 50]. Gu et al [51]
reported that the substrate stiffness (elastic modu-
lus) of polyacrylamide gels is a key parameter influ-
encing cell adhesion, viability, proliferation, migra-
tion, and neurotrophic actions of SCs, where gels
with a moderate modulus (7.45 kPa) showed optimal
performance. Neurite extension of PC12 cells was
found to increase with the increasing of elasti-
city (decreasing of stiffness) of polyethylene glycol
(PEG) hydrogels [52]. Neuronal differentiation was



10P Publishing

J. Neural Eng. 21 (2024) 041001

enhanced of neural stem cells cultured on methac-
rylamide chitosan (MAC) with an elastic modu-
lus less than 1 kPa whereas oligodendryocyte dif-
ferentiation was upregulated of those cultured on
stiffer MAC hydrogels (>7 kPa) [53]. However, unlike
hydrogels, Wang et al [42] synthesized biodegradable
waterborne polyurethane (BWPU) NGCs with dif-
ferent mechanical properties and found that BWPU
with higher elastic modulus (3.890 + 0.052 MPa
in dry state and 0.478 £ 0.030 MPa in hydrated
state) exhibited outstanding in vivo sciatic nerve
regeneration capability compared to the group with
lower modulus (1.384 &+ 0.012 MPa in dry state and
0.224 £ 0.004 MPa in hydrated state). This is probably
because the mechanisms of cellular response against
different levels of mechanical stimulation (e.g. kPa
and MPa) are different.

2.2.4. Bio-functionalities

Ideal NGCs should not only provide physical guid-
ance but also possess bio-functionality to promote
nerve regeneration. A common strategy for improv-
ing the PNR potential of NGCs involves providing
biological cues, such as loading growth factors like
nerve growth factor (NGF) and brain-derived neur-
otropic factor (BDNF) into NGCs [54-56]. However,
the half-life and stability of these biological molecules
are typically low, both during the loading process
and upon release in tissue environment. This char-
acteristic makes it challenging for them to sustain-
ably contribute to the regeneration of nerve tissue
over an extended period. In recent years, epigenetic
regulation of nerve regeneration has become an pop-
ular topic, providing new therapeutic opportunities
to improve neural repair by orchestrating the tran-
scription processes of nerve regeneration-associated
genes (RAG) [57, 58]. This process involves the acet-
ylation and methylation of histone proteins, as well
as the methylation of DNA and microRNAs, which
ultimately influence the transcription of nerve RAG
without modifying the genes themselves [57]. For
example, folic acid has been reported to regulate
axonal regeneration of rodent central nervous sys-
tem through DNA methylation [59]. Our group pre-
viously confirmed that biodegradable citrate-based
NGCs loaded with folic acid could promote PNR
partially by enhancing the global DNA methylation
of SCs [60]. Recent findings indicated that such a
beneficial trait of enhanced axonal regeneration and
accompanying molecular alterations of DNA methyl-
ation triggered by folic acid in FO generation could
be inherited transgenerationally even beyond the F3
generation [61], demonstrating the effectiveness of
epigenetic regulation in regenerating nerve tissues
triggered by biomolecules like folic acid. However,
following nerve injury, there are typically numerous
genes affected. Navigating to those that contribute
the most to nerve regeneration and precisely con-
trolling their transcription process represents one of
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the significant obstacles in applying epigenetic regu-
lation for PNR.

The close interactions between vascular and
neural systems underscore the important role of
angiogenesis in PNR [62]. In fact, NGCs supple-
mented with vascular endothelial growth factors A
(VEGF-A) has demonstrated to induce intraneural
angiogenesis and enhance axonal regeneration [63].
Vascularized NGCs have been shown to stimulate
revascularization and enhance nerve regeneration
by providing a favorable nutritional microenviron-
ment that not only accelerates axonal regeneration
but also minimizes fibroblast infiltration [64, 65].
A recently developed NGC combined with VEGF-A
overexpressing SCs exhibited efficient sciatic nerve
repair and the authors proposed that the underly-
ing molecular mechanism behind the angiogenesis-
triggered nerve regeneration might be related to
elevated activation of the VEGFR2/ERK signalling
pathway [66]. However, sustained administration of
VEGF did not enhance new blood vessel forma-
tion on autograft, nor did it improve nerve func-
tional recovery in the long term (16 weeks) [67].
It is believed that providing a stable blood supply
may play a more important role than the administra-
tion of VEGF alone to facilitate intraneural angiogen-
esis as PNR is a dynamic process that thrives on
nutritive blood supply [65]. Overall, NGCs with
angiogenetic potential is desired for accelerated PNR.
But angiogenesis is a complex process, inappropri-
ate localization and concentration of vasculariza-
tion may on the contrary cause adverse effects to
PNR.

PNI triggers a cascade of inflammatory responses,
playing a crucial role in facilitating tissue regenera-
tion and remodeling. The complexity of this process
is further heightened by subsequent surgical proced-
ure and the implantation of NGCs, involving alter-
ations in local immune cells and immunomodulat-
ory factors [68, 69]. Therefore, leveraging immun-
omodulation mediated by NGCs emerges as another
effective strategy to enhance PNR. In the initial stages
of tissue regeneration, inflammation proves advant-
ageous by rapidly eliminating debris and wastes
produced by PNI. Nevertheless, in later stages, an
overreacting immune response drives scarring and
fibrosis, ultimately leading to failure of nerve regen-
eration and functional recovery [70]. Hence, at this
juncture, immunosuppression becomes important
to better modulate the overall regeneration process.
Mokarram et al [71] reported that local delivery of
either Interferon-gamma (IFN-y) or Interleukin-4
(IL-4) from NGCs could modulate the phenotype of
macrophage within the polymeric scaffolds and thus
promote PNR by polarizing macrophages toward
pro-inflammatory (M1) or anti-inflammatory (M2)
phenotypes, respectively. They found that the initial
polarization of macrophages to M2 phenotype resul-
ted in increased SC infiltration and accelerated axonal
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regeneration in a 15 mm rat sciatic nerve defect
model. In another study, Sun et al [72] synthesized
lithium-magnesium-silicone bioceramics-containing
NGCs and demonstrated that the scaffolds pro-
moted macrophage polarization toward M2 phen-
otype which subsequently facilitated the migration
and differentiation of SCs and ultimately enhanced
PNR and motor functional recovery in a rat sci-
atic nerve defect model. We postulate that biomater-
ials displaying intrinsic immunomodulatory effects,
including chitosan [73], citrate [74], folate [75], and
Flammulina velutipes [76] hold considerable prom-
ise as either standalone biomaterials or loaded bio-
molecules augmenting PNR during the engineering
of NGCs.

2.2.5. Other properties

Porosity is another important material property that
needs to be considered for NGCs. Ideally, the wall
of NGCs should be porous to allow for cell attach-
ment and nutrient and waste transportations. But
the pore size should be limited to isolate the infiltra-
tion of scar-forming cells such as fibroblasts, which
hampers nerve regeneration [40]. It was believed that
if the wall pore size is less than 5 pum, cells and
tissues are unable to proliferate while if it is lar-
ger than 30 pum, entry of tissues becomes excessive
[77]. To verify this, Meek and Den Dunnen [77]
investigated the nerve regeneration ability of por-
ous Neurolac®, an FDA-approved bioresorbable NGC
made of poly(DL-lactic-co-caprolactone) (PLCL).
They specifically selected pore sizes ranging from 10
to 20 um. However, they concluded that these porous
Neurolac® NGCs demonstrated no beneficial effect
compared to previous findings obtained from non-
porous NGCs. A possible reason for this negative out-
come might be that this work did not directly com-
pare the nerve regeneration abilities of porous and
nonporous NGCs, making it somewhat unfair to jux-
tapose their in vivo data with previously published
results. In a comparison study, highly permeable col-
lagen NGCs were found to significantly promote PNR
compared to non-permeable silicone NGCs [78].
Overall, we believe that ideal NGCs should possess
a certain degree of porosity. In addition to poros-
ity, functional NGCs with specific properties have
increasingly emerged as effective strategy to enhance
PNR by providing external neural stimulation, such
as electrical [79, 80], magnetic [81, 82], piezoelectric
[83, 84], photoacoustic [85],and ultrasound [86, 87]
stimulations, or enabling controlled release of drugs
and growth factors with the aid of external magnetic
field [88, 89], ultrasound stimulation [90, 91], and
photothermal effect [92, 93].

Table 1 summarizes the major findings, poly-
mer compositions, microstructures, fabrication tech-
niques, degradation rate and mechanical properties,
bio-functionalities, animal models, defect lengths,
and in vivo observation time of representative studies
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aimed for PNR . We attempt to provide a first-sight
overview to those looking for developing advanced
biodegradable conduits as they pick biomaterials,
design microstructures, and select manufacturing
routes to tune the properties discussed in this section
and ultimately achieve an outstanding overall per-
formance of NGCs for accelerated PNR.

3. Selection of biomaterials

The choice of biomaterials is an important first step
in designing functional NGCs as it largely determ-
ines the above-mentioned material properties. As
discussed in section 2.2.2, biodegradable materials
are preferred over non-degradable materials, in this
section, we focus on the discussion of biodegradable
NGCs made of both natural and synthetic polymers.

3.1. Natural polymers

The main natural polymers used for NGCs include
most of the organic compounds found in extra-
cellular matrixes (ECMs) and their derivatives.
Natural polymers generally have good biocompatib-
ility, non-toxicity of their biodegradation products,
low immunogenicity, and excellent biomimetic
properties [112, 113]. But they often exhibit inferior
mechanical properties, low processability, and less
consistency due to the batch-to-batch variations of
animal sources [114]. The use of some natural poly-
mers such as collagen and hyaluronic acid are also
associated with high cost [5].

3.1.1. ECM and derivatives
ECM is a complex network composed of many
species including proteins, proteoglycans, and
polysaccharides [115]. ECMs derived from cells or
decellularized tissue ECMs contain abundant mor-
phological and biological cues for PNR as they
provide a biomimetic local microenvironment, which
is suitable for the attachment, proliferation, and
migration of SCs and can modulate the differenti-
ation of neural stem cells by binding or regulating
growth factors [95, 116]. For example, Xu et al found
that the phenotype of SCs can be regulated by adjust-
ing the stiffness and protein composition of the ECM
via influencing cell morphology of SCs [117]. ECM
proteins including laminin, fibronectin, and type IV
collagen have also been revealed to promote the adhe-
sion of SCs and influence the biological behaviors of
SCs in the process of remyelination after PNI [118].
Decellularized ECMs from adipose tissue or nerve
tissue have been verified to promote PNR [119, 120].
Notably, decellularized nerve ECM such as Avance®
(Axogen, USA), which is a processed human nerve
allograft, has already been approved by the FDA for
the surgical repair of peripheral nerve gaps (further
discussed in section 6).

However, decellularized tissue ECMs sometimes
exhibit several drawbacks such as immune rejection,
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pathogen transfer, and low mechanical properties.
On the one hand, incomplete removal of cellular
materials from tissue ECMs may retain pathogen or
components causing inflammatory response, which
may ultimately result in failure of repairing [121].
On the other hand, many bioactive factors favor-
ing nerve regeneration could be removed from the
harsh decellularization process, during which it is also
inevitable to damage the structural integrity of the
3D hierarchical microstructures, resulting in inferior
mechanical strength [97, 122, 123]. As alternatives,
cell derived ECMs [95, 96] and hydrogels [97, 124]
derived from decellularized tissue ECMs have drawn
considerable attention lately. Gu et al [95, 96] demon-
strated that the peripheral nerve regenerative out-
comes of chitosan-silk fibroin scaffolds in repairing
a 10 mm rat sciatic nerve gap could be significantly
improved by adding a ECM layer directly derived
from either SCs or bone marrow mesenchymal stem
cells (BMSCs). Additionally, hydrogels derived from
decellularized nerve matrix have been used for PNR
because they not only preserve the high bioactiv-
ity and ECM-mimicking nanofibrous structure, but
also provide high tunability for further modifica-
tions such as growth factors and cell loadings [97,
124]. Gong et al [125] filled ECM-mimicking hydro-
gels into a 3D printed gelatin methacryloyl (GelMAs)
nerve conduit and successfully promoted PNI due to
the morphological and biochemical cues provided by
the ECM-mimicking hydrogels, which supported the
outgrowth of neuron. Hydrogels derived from por-
cine decellularized nerve matrix have been shown to
repair a 15 mm sciatic nerve gap in rat by promot-
ing the activation of M2 macrophages and enhancing
myelination [124].

3.1.2. Proteins

The most commonly used protein materials for PNI
include collagen, gelatin, and silk fibroin. As the main
structural protein in the body, collagen is abund-
ant in many tissues such as bone, cartilage, tendon,
skin, as well as the connective tissues in nerve trunk
including endoneurium, perineurium, and epineur-
ium. As a natural biopolymer extracted from vari-
ous animal tissues such as bovine tendons, rat tails,
porcine skin, and jellyfish, collagen-based materi-
als demonstrated excellent biocompatibility and tun-
able biodegradability [126-128]. Kemp et al [78]
examined the peripheral nerve regenerative potential
of collagen NGCs in comparison to non-permeable
silicone ones and found that the collagen tubes sig-
nificantly enhanced the axonal regeneration, myelin-
ation, and vascularization in both a 5- and al0 mm-
gap in rat sciatic nerves. However, as a biopolymer,
collagen NGCs usually exhibit inferior mechanical
strength and are prone to be absorbed in vivo even
sooner than nerve tissue regenerates, failing to sup-
port and guide PNR over time. On one hand, these
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characteristics make collagen hydrogels or fibers suit-
able to be used as a filler material in NGCs to facilit-
ate the ingrowth of cells and therefore accelerate the
regeneration of axons [129—131]. On the other hand,
one can tune the mechanical property and degradab-
ility of collagen by incorporating inorganic minerals
such as apatite and silicon into collagen as mineral-
ized collagen often offers enhanced mechanical prop-
erties, superior biocompatibility, and decreased bio-
degradation rate [132—134]. Duan et al [99] recently
constructed a biphasic NGC with a mineralized col-
lagen layer serving as the outer tube while pure col-
lagen fibers act as a filler (MC@Col). Compared to
pure collagen conduit, the MC@Col group demon-
strated significantly enhanced mechanical properties,
prolonged degradation, and more importantly, pro-
moted the attachment and alignment of SCs and facil-
itated in vivo PNR in rats. Notably, there are sev-
eral collagen-based commercialized conduits such as
NeuraGen® Nerve Guide by Integra LifeSciences Co.,
NeuroMatrix® Conduit and Neuroflex® Conduit by
Collagen Matrix, INC. etc., which are discussed in
section 6.

As a hydrolyzed and denatured form of colla-
gen, gelatin is popularly used in tissue engineering
because it possesses structural fragments of colla-
gen that is able to activate cell functions and ECM
production [135]. In an early attempt made by Chen
et al [100], solid hollow tubular genipin crosslinked
gelatin NGCs were fabricated with a rough outer
surface and a smooth inner lumen, which main-
tained structural integrity in vivo for 6 weeks and
repaired and partially recovered muscle functions in
a 10 mm rat sciatic nerve gap in rat within as short
as only 4 weeks. However, most of the regenerated
axons were unmyelinated, and the formation of a
dense scar tissue at the outer area of the regenerated
nerve might be a concern as it might act as a bar-
rier preventing the myelination and maturation of
nerves. As a result, gelatin has been recently more fre-
quently combined with many other biomaterials such
as various synthetic polyesters [8, 136—138] and nat-
ural biopolymers like silk fibroin [139, 140], chitosan
[141, 142], alginate [143], etc. aiming to combine
the advantages provided by gelatin and other com-
ponents. In addition, the amine groups and hydroxyl
groups on the surface of gelatin are highly robust,
allowing them to covalently bond with the carboxyl
groups in methacrylate (such as methacryloyl and
methacrylic anhydrite). Such a reaction produces a
high-promising photocrosslinkable material, gelatin
methacrylate (GelMA), as the carbon-carbon double
bonds in methacrylate can be further photoiniti-
ated to rapidly cure the polymer through free rad-
ical polymerization. As a result, GeIMA has been fre-
quently used for biomedical applications such as to
create in situ photocrosslinkable hydrogels or serve
as a promising bioink for biofabrication in tissue
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engineering to manufacture NGCs with rather com-
plicated designs [101, 144-147].

Silk fibroin (SF) is mainly produced by silkworms
and spiders. As one can picture the strength of spider
webs seen in daily life, silk fibroin is a natural pro-
tein with outstanding mechanical properties. As a
result, it has been popularly used in load-bearing
scenarios such as bioresorbable bone fixation devices
[148, 149], load-bearing scaffolds for dermal tis-
sue regeneration [150] and bone regeneration [151].
In addition, due to its excellent biocompatibility,
superb flexural strength, and good elasticity, numer-
ous of SF-based NGCs have been developed and
encouraging outcomes have been achieved [54, 152—
154]. For example, Madduri et al [54] manufactured
SF-based NGCs with either randomly oriented or
aligned fibers on the lumen surface, which is fur-
ther loaded with glial cell line-derived neurotrophic
factor (GDNF) and NGE. The loaded factors were
sustainedly released from the SF NGCs over 4 weeks
in vitro, regulating PNR over a relatively long dura-
tion. Moreover, compared to the non-aligned group,
the alignment of the SF fibers has been shown to
promote the outgrowth velocity and augment the
length of axons regenerated along the fiber orient-
ation of both dorsal root ganglions (DRG) sensory
neurons and SpC motor neurons. In a more recent
attempt, enzymatically crosslinked SF-based NGCs
have been used as a platform to compare and optimize
the loading methods (crosslinking or adsorption) of
GDNF and NGF to the NGCs, attempting to achieve
a more controllable release of such factors for favored
PNR [152]. It has been shown that the group bear-
ing GDNF loaded by adsorption method exhibited
the best overall performance in terms of the bioactiv-
ity and release profile of the neurotrophic factors and
the in vivo nerve regeneration capability in a 10 mm
rat sciatic nerve gap [152]. Similar to other proteins,
it is also a common strategy to combine SF with other
materials to tune the overall performance of SF-based
NGCs. For example, it has been discovered that by
introduction of hyaluronic acid into SF, the composite
conduits exhibited superior hydrophilicity, flexibility
and stability and ultimately increased cytocompatib-
ility and well supported the proliferation and migra-
tion of embryonic stem cells [155].

3.1.3. Polysaccharides
Polysaccharides are carbohydrate-based polymers
composed of sugar molecules in its molecular
structure [156, 157]. Polysaccharides used for the
synthesis of NGCs mainly include cellulose and deriv-
atives, alginate, chitosan/chitin and derivatives, and
hyaluronic acid. In this section, we focus on the dis-
cussions of cellulose and chitosan/chitin as they are
the two most abundant natural polymers on earth
and have been widely used in tissue engineering.

As the most abundant natural polymer, bacterial-
and plant-derived cellulose has drawn considerable
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attention due to its low cost, excellent biocompat-
ibility, high water retention, and unique mechan-
ical properties. A recent computational analysis indic-
ated that the fibril-fibril sliding in aligned cellu-
lose networks offers the materials excellent plasti-
city, while the non-covalently bonded bundled cellu-
lose network provides the material stress-dependent
elasticity, stiffening and plasticity beyond the yield-
ing point [158]. However, cellulose is not considered
biodegradable in human due to lack of appropri-
ate enzymes to break the [3-1,4-glucose linkages in
the molecule [159, 160]. But its derivatives such
as methylcellulose and carboxymethyl cellulose are
excellent biodegradable polymers that has been pop-
ularly applied in drug delivery and tissue engineering
[161-163]. Moreover, cellulose is frequently com-
bined with another biodegradable natural polymer,
soy protein isolate (SPI) to engineer NGCs for PNR
as the latter possesses great film/sponge-forming
performance [102, 164-166]. It has been reported
that both of the cellulose/SPI film-based conduit
(CSFC) and sponge-based conduit (CSSC) demon-
strated sufficient capability to repair a 10 mm rat
sciatic nerve gap [102]. Compared to CSFC, CSSC
showed a higher repairing efficiency as the latter had
a much higher porosity and permeability, which is
favorable for cell attachment and nutrient/wastage
transportations [102].

Chitin is the second most abundant natural poly-
mer which is only behind the plant-derived cellulose
on earth. It is highly concentrated in the shells of
crabs, shrimps, and other crustaceans [167]. Chitin
is considered the precursor of chitosan as the lat-
ter is derived from the former through a process
termed deacetylation, when the amount of acetyl
function groups in the repeating units of chitin is
reduced [168]. Therefore, chitin and chitosan share
many desirable biological properties including (1)
broad-spectrum activity against bacteria, yeast, and
fungi; (2) antitumor and immunomodulatory effects;
(3) enhance blood coagulation and promote wound
healing [169]. However, chitin is barely soluble in
many solvents, making it difficult to manipulate. In
contrast, chitosan is fully soluble in mild acidic envir-
onments and thus can be easily manufactured into
various biomaterials such as dental implants [170],
skin regeneration scaffolds [171], wound dressing
hydrogels [172], and of course NGCs [103, 104, 173].
It has been evidenced that chitosan NGCs loaded
with BMSCs-derived SCs obtained approachable out-
comes compared to autografts and could bridge a
critical-sized 12 mm rat sciatic nerve gap [103].
Recently, encouraging in vivo results which are overall
comparable to those achieved by autografts have been
reported using a precursor SCs-derived ECM modi-
fied chitosan-SF based composite scaffold [174]. Four
weeks after the implantation, such a scaffold exhib-
ited apparent elongation of axons and significant
improvement in behavioral tests, which are similar to
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those of autografts when bridging an 8 mm gap in the
upper brachial plexus (a proximal nerve defect) in rat.
In addition, carboxymethyl chitosan (CMC), which is
a water-soluble chitosan derivative, has been shown
promising in promoting PNR. For example, conduct-
ive polyaniline modified CMC hydrogel conduit were
loaded with 7,8-dihydroxcyflavone (DHF), a nature
molecule mimics the function of BDNF, to promote
PNR [104].

3.2. Synthetic polymers

Compared to natural polymers, synthetic polymers
possess outstanding advantages such as good batch-
to-batch consistency, well-tunable and controllable
mechanical properties and biodegradation rate, ease
of processing, manufacturing, and biofunctionaliz-
ation. But they usually have lower biocompatibil-
ity. The fast degradation of some synthetic poly-
mers also raises concerns about their cytotoxicity and
immunogenicity.

3.2.1. Polyesters

Aliphatic polyesters (i.e. polyesters without benzene
ring within their structure in contrast to aromatic
polymers) are the most widely used biodegradable
synthetic polymers as the ester bond in such a struc-
ture is susceptible to hydrolysis in vivo. Some of
the examples include thermoplastic polylactic acid
(PLA), polyglycolic acid (PGA), poly(e-caprolactone)
(PCL), and their copolymers poly(lactic-co-glycolic
acid) (PLGA) and poly(lactide-e-caprolactone)
(PLCL), and thermosetting poly(glycerol sebacate)
PGS and poly(diol citrate).

PLA/PGA/PLGA standard for some of the most
well-known polyesters for biomedical applications.
They are synthesized through a polycondensation
reaction (lactic acid, glycolic acid, or both) or a
ring opening polymerization (lactide, glycolide, or
both). Due to the existence of chiral carbon in lactic
acid, three forms of PLA exist: PLLA, PDLA, and
PDLLA, among which PLLA exhibits higher crys-
tallinity and chemical stability, making it more res-
istant to hydrolysis and thus a slower biodegrada-
tion rate but a higher mechanical property [175]. By
adding D-isomers into the polymerization reaction of
PLLA, the resulted polymer, known as PDLLA, can-
not pack as tightly as PLLA and therefore resulting in
a lower mechanical strength but a higher degradation
rate [176]. Therefore, PLA-based polymers have been
widely used in nerve regeneration as they provide
highly tunable mechanical properties and degrada-
tion rate to satisfy the materials requirements as pre-
viously discussed in section 2. For example, a NGC
made of PLA non-woven fabric was used to success-
fully repair a 7 mm buccal branch facial nerve defect
in rat within 13 weeks [177]. PGA has a similar struc-
ture to PLA, but the latter contains a methyl group
on its repeating unit, making it more hydrophobic
and more resistant to mechanical deformation than
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PGA. However, when PGA on its own degrades, it
goes through a ‘bulk degradation’ and loses a large
deal of its mechanical strength, making it less fre-
quently used as a neat scaffolding component [178].
Instead, PLGA copolymers have been widely used
thanks to their tunable properties as a higher ratio
of lactic acid compartment in PLGA leads to higher
mechanical strength but longer degradation time.
PLGA (50:50) NGCs loaded with dental pulp cells
successfully bridged a 7 mm gap in the bilateral buc-
cal branches of rat facia nerve and the tubes were
resorbed in vivo in 2 months [105]. In general, PLGA
has a degradation rate ranging from a few weeks
up to 24 months (PLLA) depending on the ratio of
lactide and glycolide, and molecular weight of the
copolymer [179, 180]. One of the adverse effects of
a PLGA/PLA/PGA scaffold is the inflammation reac-
tion caused by its degradation products, which are
lactic acid or/and glycolic acid that make the sur-
rounding area more acidic. In a study using PLGA
scaffolding to promote growth of SCs, it was found
that after 4 weeks, the pH of the liquid solution from
the degradation process had a pH as low as 3.41 [181].

PCL/PLCL represents another species of import-
ant thermoplastic polyester. The 5 methylene groups
on the repeating unit of PCL make this polymer
degrade slower (23 years) compared to PLGA-based
biomaterials [182, 183]. Therefore, PCL is more suit-
able for applications where longer regenerative pro-
cess is required. One of the reasons that makes PCL
a good polymer is the ease at which it can be com-
bined with other materials to tune its properties. For
example, it can be combined with magnesium phos-
phate to increase its degradation rate [184], blen-
ded with bioactive glass [185] or bioceramics [186]
to increase its mechanical properties, copolymerized
with lactic acid to form PLCL [187], or simply blen-
ded with PLA to form PCL/PLA composites [188].
It was reported that the addition of PLA improved
the mechanical properties of PCL and led to a better
printability of PCL/PLA composites [188]. Recently
developed PLCL-based NGCs have shown encour-
aging results when repairing 8-12 mm rat sciatic
nerve gaps [138, 189, 190]. Moreover, PCL is one
of the ideal materials for preparing nanofibers using
electrospinning technique [191], which is one of the
key techniques used to manufacture NGCs that will
be discussed in section 5. For example, Zhu et al [55]
managed to regenerate nerve tissues across a 15 mm
rat sciatic nerve defect using an NGC with highly
aligned electrospun PCL nanofibers coated with a
concentration gradient of NGFE.

Differing from the above-mentioned linear poly-
esters, PGS and poly(diol citrate) are biodegradable
thermosetting polyesters as they are derived from
monomers with multifunctionality (glycerol or cit-
rate) [192, 193]. As thermosetting polyesters, the
mechanical properties and degradation rate can be
easily tuned by adjusting the thermal crosslinking
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conditions and the monomer ratio of acid and alco-
hol. Moreover, the unreacted side functional groups
in these branched polymers allow for many con-
venient modifications such as fluorophore amino
acid doping for in vitro and in vivo imaging [27,
194], urethane doping for augmented elasticity [108,
109], peptide or protein coating for enhanced cell
attachment [195]. Importantly, PGS and poly(diol
citrate) on their own are excellent elastomers with
good tensile strength and large elongation ratio
thanks to the strong intermolecular force provided
by the hydrogen bonding of hydroxyl groups and
thermal crosslinking, making them extremely suit-
able to be used in soft tissue regeneration includ-
ing nerve. An early comparative study verified that
the in vitro nerve regenerative effects of PGS NGC
were similar to or superior to that of PLGA one,
and demonstrated a promoted in vivo response with
less inflammation, fibrosis, and surrounding tissue
swelling [107]. This is probably because the degrad-
ation of PGS demonstrates little water uptake and
the resulted degradation products are less acidic com-
pared to PLGA, as the former degrades following a
process called surface erosion (with much less bulky
degradation in comparison to PLGA) and presents
a linear loss in mass with minimal loss in mech-
anical strength [196]. We found similar degrada-
tion properties in poly(diol citrate)-based materi-
als such as poly(octamethylene citrate) (POC) and
urethane-doped crosslinked POC polyesters (CUPE)
[108, 197]. Folic acid-loaded CUPE NGCs have been
shown to guide the directional migration of SCs
and repaired a 10 mm rat sciatic nerve gap pos-
sibly due to the epigenetic regulation of folic acid-
triggered DNA methylation [60]. Our group has long
been working on citrate-based biomaterials for tis-
sue regeneration, drug delivery, and bioimaging over
the last two decades. Citric acid is an intermedi-
ate in the Krebs cycle that participates in meta-
bolism processes. It also possesses excellent anti-
oxidant, antibacterial and intrinsic immunomodu-
latory effect [198, 199]. We believe that POC- or
CUPE-based elastomers could be promising bioma-
terials in combination with other biochemical cues
or physical stimulations to manufacture NGCs for
enhanced PNR.

3.2.2. Polyethers

Polyethers are generally not biodegradable in vivo as
the ether bond is relatively stable even at extreme pH
values. However, polyether-based materials such as
PEG and polypropylene glycol are frequently applied
in biomedical engineering mainly due to their high
hydrophilicity and high-water retention provided by
the ether bond as it forms hydrogen bonding to water.
PEG-based hydrogels have been proven to be prom-
ising in regulating nerve regeneration [200-202]. The
elastic moduli or stiffnesses of hydrogels are generally
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in the range of kPa, which are key parameters regu-
lating cellular responses of SCs and neurons as dis-
cussed in section 2.2.3. PEG-based hydrogels have a
stiffness that is very easy to customize with just a small
tweak of PEG concentration. For example, Gunn et al
[52] fabricated PEG-based hydrogels with an elastic
modulus ranging from tens of kPa to hundreds of kPa
by only adjusting the PEG-diacrylate concentration
from 50 to 200 mg ml~! when preparing the hydro-
gels. And such an increase of modulus demonstrated
a decrease of neurite extension of PC12 cells [52].
Besides hydrogels, it is a common strategy to incor-
porate PEG into other polymers to increase the hydro-
philicity and biocompatibility of the material. In a
study conducted by Serra et al [203], 5% w/w of PEG
incorporation into PLA not only improved the pro-
cessability for 3D printing of the PLA/PEG polyblend,
but also increased the surface roughness, wettability
and degradation time of the polymer. In addition,
PEG derivatives such as PEG diacrylate (PEGDA) is
an excellent bioink when mixed with GelMA for 3D
printing of advanced and customized NGCs [101,
110, 147].

3.2.3. Polyurethanes (PU)
PU are not biodegradable. But the urethane bond
is a good source of hydrogen bonding to surround-
ing molecules, increasing the mechanical strength
by building strong intermolecular forces. The mech-
anical properties of PU can be easily modified by
adjusting the ratio of polyol to isocyanate. Higher
ratios of polyol lead to a softer PU polymer, and vice
versa, because polyol governs the softer sections of
PU as it generally contains a longer carbon chain
lengths while isocyanate on the other had has shorter
sections with greater crystallinity [204]. Moreover,
the hard segment aggregation in PU can act as
‘pseudo-cross-links’ to make the materials behave as
an excellent elastomer [205]. Ester-based polyureth-
anes combine the good biodegradability of polyes-
ters with the good mechanical properties generated
by polyurethanes and have been widely used in tis-
sue engineering especially for soft regeneration where
elasticity is required. As a result, many polyester-
polyurethane-based materials have been developed
for nerve regeneration [42, 60, 109, 206, 207].
Opverall, selection of biomaterials is a complicated
process as there are many specifications that need to
be considered. Great efforts have been made to make
composite NGCs aiming to combine the advant-
ages provided by the various components and many
examples such as the combination of GelMA and
PEGDA, cellulose and SPI, PLGA and collagen have
already been provided above. In a recent study, PCL-
PEG-PU-based NGCs have been developed attempt-
ing to build a biodegradable waterborne polymer
as PCL is a aliphatic polyester with good biode-
gradability, PEG is a hydrophilic component with
good biocompatibility, and polyurethane offers great
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mechanical strength and elasticity [42]. But it was
found that by slightly changing the ratio of PEG
in the composite polymer, NGCs demonstrated dis-
tinct properties and nerve regeneration ability. As a
result, the strategy of combining different polymers
also brings up new challenges as the overall perform-
ance of the composite material such as mechanical
properties, processability, biodegradation rate, cellu-
lar responses, and in vivo nerve regenerative potential,
is largely dependent on the ratios of each compon-
ent. How to balance the requirement for each prop-
erty and find the optimized compositional combina-
tion is a painstaking work.

4. Structural designs

4.1. Single channel

NGCs with a single channel non-porous tubular
structure represent the most straightforward and
simplest design (figure 3(A)). The design of the tubu-
lar structure acts as an interface between the nerve
and surrounding tissue, blocking scar cells while
allowing the entry of essentials (e.g. oxygen and nutri-
ents). By taking advantages of the good elasticity and
biocompatibility of polydimethylsiloxane (PDMS),
the first generation of conduits for PNR is a cyl-
indrical silicone tube which simply provided a phys-
ical guidance and mechanical support when bridging
a 6 mm rat sciatic nerve gap [29, 36]. As people real-
ized the importance of scaffolding permeability in tis-
sue regeneration for nutrient/wastage transportation,
porous hollow tubes were developed (figure 3(B))
and better regenerative ability has been achieved [102,
208]. NGCs made of electrospun fibers are good
examples of porous design as the fibrous polymer net-
work offers a highly porous structure that mimics
the architecture of ECMs [209, 210]. Moreover, the
fiber orientation during electrospinning can be con-
veniently manipulated to align the longitudinal dir-
ection of NGCs, aiming to provide a topographical
cue for alignment of SCs and thus guide the axonal
growth. For example, Frost et al [211] made a double-
layered NGC with aligned electrospun fibers along the
inside lumen to guide the axonal regeneration while
randomly oriented fibers at the outside to provide a
stronger mechanical support.

Aligning with the design of aligned electrospun
fibers, NGCs with aligned inner surface patterns have
been developed. As shown in figure 3(C), a con-
ductive conduit with a micropatterned surface of
20 pm width grooves have been recently fabricated
and such a patterned surface has been approved to
promote the elongation of SCs [212]. In combination
with an external electrical stimulation, this patterned
NGC exhibited a much greater effectiveness promot-
ing neural growth and bridging rat sciatic nerve gap
[212]. Similarly, Hu et al [215] directly modified
Morpho butterfly wing, which exhibits parallel nano-
ridge structure with numerous micrometer-sized
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grooves, with reduced graphene oxide (rGO) and
BDNF encapsulated GeIMA hydrogel. Such a topo-
graphical cue in combination with the biochemical
cues and electric stimulation overall exhibited great
performance in repairing 10 mm rat sciatic nerve
defect.

In native nerve trunk, axons grow in fascicles. As
a result, researchers tried to design NGCs containing
filler materials, either hydrogel or oriented fibers to
mimic the nerve fascicle structure and provide a more
cell-friendly microenvironment compared to hollow
NGCs. Figure 3(D) shows a typical photo and SEM
image of such a design [213]. The out conduit made
of crosslinked collagen not only provided an optim-
ized mechanical support, but also allowed high wall
permeability to mitigate the risk of neuroma forma-
tion. While the inner hyaluronic acid-based luminal
filler with aligned pores offered a neuro-conductive
environment for better nerve regeneration, making
the biphasic NGC capable of promoting the regrowth
of axons across a 10 mm sciatic nerve gap in rat [213].

Multilayered hollow NGCs (figure 3(E)) are
another type of structural design that aligns with the
strategy of using two or more biomaterials in one
system aiming to combine the advantages provided
by each component. But the development of mul-
tilayered NGCs does not require to make copoly-
mers or polyblends or do any other chemical reactions
such as chemical grafting. Instead, it is a conveni-
ent approach to build NGCs with good overall per-
formance. For example, figure 3(E-a) illustrates the
schematical design of a porous multilayered NGC: the
inner-most and the outer-most layers are consisted of
a polydopamine (PDA) and arginylglycylaspartic acid
(RGD) mixed layer to facilitate cell adhesion, while
the inside two layers are constituted by a mix of PCL
and single-layered or multilayered graphene to grant
electrical conductivity, biodegradability, and mech-
anical strength [214]. Such a design promoted axonal
growth and remyelination after PNI when repairing
a 10 mm rat sciatic nerve gap. Figure 3(E-b and E-
¢) display the typical digital photo and SEM images
of multilayered NGCs, where a triple-layered conduit
using PCL and gelatin was fabricated by firstly 3D
printing of an inner PCL layer, followed by a dip-
coating of gelatin hydrogels, and lastly electrospin-
ning of an outer PCL nanofibrous layer [8].

4.2. Multichannel

Underlying the design of multichannel NGCs is that
they seem to better resemble the structure of the mul-
tiple basal lamina tubes (fascicles) in native nerve
trunks as illustrated in figure 2. As a result, they may
limit the unwanted axons dispersion compared to
that when regenerating across single hollow tubes,
which results in inappropriate target reinnervation
[216]. Indeed, NGCs with multiple microchannels
(figure 3(F)) have been shown to favor PNR in many
studies [97, 101, 106, 109, 217]. Rao et al [97] found
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A: Solid hollow NGC|

B: Porous hollow NGC

C: Hollow NGC with patterns

F: Multichannel NGCs

Figure 3. Different scaffold designs of NGCs. (A) and (B), single channel solid and porous hollow NGCs. Reproduced from [102].
© IOP Publishing Ltd All rights reserved. (C), single channel hollow NGCs with inner pattern (grooves). [212] John Wiley &
Sons. © 2023 Wiley-VCH GmbH (D), single channel porous NGC with luminal filler. [213] John Wiley & Sons. © 2017

D: NGC with luminal fille

Luminal |
filler

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) multilayered porous single channel hollow NGCs. Reproduced from
[214]. CC BY 4.0. Reprinted from [8], Copyright (2020), with permission from Elsevier. (F): multichannel NGCs with several
(F-a). [109] John Wiley & Sons. © 2013 Wiley Periodicals, Inc. or hundreds of (F-b) Reproduced from [106]. CC BY 4.0
microchannels. (G): 3D printed customized NGCs with (a) single channel, (b) multichannel, (c) bifurcated, and (d), (e), human
life-size NGC mimicking the human facial nerve system. Reprinted from [101], Copyright (2018), with permission from Elsevier.

that ECM-based scaffolds with longitudinally aligned
microchannels at desirable channel size (20-50 pm)
further enhanced axonal growth, SC migration and
fasciculation, and PNR. A recent report by Park and
coauthors [106] demonstrated that NGCs with hun-
dreds of microchannels showed promoted stem cell
recruitment capability and therefore achieved better
functional recovery in comparison to single channel
NGCs as evaluated with a 10 mm rat sciatic nerve
defect model (figure 3(F-b)).

Studies have also been conducted to investigate
the influence of channel number on the property and
axonal regeneration potential of NGCs [109, 216].
Tran et al [109] managed to fabricate multichannel
NGCs with various channel numbers (from 1 to 5
channels) made of biodegradable CUPE elastomers.
Interestingly, it was found that the channel numbers
showed no significant influence on the mechanical
properties of the CUPE NGCs. Collagen NGCs with
1, 2, 4, and 7 sub-millimeter diameter channels were

fabricated and the authors found that 4-channel col-
lagen NGC is a favorable structure for PNR [216].

4.3. Customized

Many of the nerve tissues such as facial trigem-
inal nerve are bifurcated, making researchers develop
NGCs with bifurcated or customized structure to bet-
ter mimic the nature. The rapid advancement of 3D
printing technique makes bifurcated and customized
NGCs possible as this technology can conveniently
engineer NGCs with complex structure at the aid of
computer programs. Johnson et al [218] fabricated
a customized conduit containing bifurcating sensory
and motor never pathway directly from 3D scanned
patient anatomies. This customized conduit achieved
successful regeneration of complex nerve injuries
across a bifurcated 10 mm rat sciatic nerve and
enhanced functional return of the regenerated nerve
tissue [218]. As depicted in figure 3(G), customized
NGCs with (a) single channel, (b) multichannel, (c)
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bifurcated, and (d), (e), human life-size NGC mim-
icking the human facial nerve system have been rap-
idly and conveniently engineered using a single 3D
printing system with the same material combination
[101]. Therefore, engineering NGCs with custom-
ized shapes, sizes, and microstructural characteristics
might be a good future direction. But how to broaden
the selection of biomaterials suitable for this tech-
nique is a challenging process.

5. Fabrication techniques

5.1. Solvent casting and Dip-coating

Solvent casting and dip-coating represent two of
the simplest and economic ways to fabricate hol-
low NGCs as these methods do not require any
expensive instrument except a simple mold system
(a mandrel to control the inner diameter while an
outer mold to control the wall thickness of NGCs)
figures 4(A) and (B) depicts the schematic illustra-
tions of solvent casting [219] and dip-coating [220]
methods, respectively. The mold materials are usu-
ally some of the inexpensive and slippery materials
such as silicone and polytetrafluoroethylene (PTFE)
to facilitate demolding. When small particles such as
water-soluble salts and sugar particles are mixed with
water insoluble polymer solutions, a porous hollow
tube then can be easily made by dip-coating of the
mixture, followed by particular leaching.

5.2. Lyophilization

The principle of lyophilization is sublimation, which
is a process that solid-state solvents directly removed
from materials in gas-state under vacuum, leaving
behind a porous 3D scaffold. And the pore size and
distribution within the scaffold are simply a replic-
ate of those of solid-state solvents. Therefore, one
can tune the pore size, porosity, and pore orienta-
tion distributed within the scaffolds by controlling
the nucleation and crystal growth process of solvents.
For example, by applying a unidirectional freezing
(figure 4(C)), a chitosan-based NGC with aligned
microchannel porosity is obtained, which showed
promising functional recovery in combination with
other biochemical cues when repairing a 15 mm
critical-size rat sciatic nerve defect [219].

5.3. Electrospinning

Electrospinning is a versatile technique able to pro-
duce nanofibers from polymer solutions or melts. The
arrangement of electrospun fibers is highly tunable
and can be made to simulate the hierarchical archi-
tectures of ECMs [222], or aligned with any pre-
defined orientations [223]. Since many studies have
revealed the importance of aligned topographical cue
to guide the migration of SCs and thus guide the
axonal outgrowth and ultimately help the bridging of
nerve gaps [55, 106, 189, 223], electrospinning stand-
ards for one of the most widely used technique to
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fabricate NGCs with aligned fibrous inner morpho-
logies. However, aligned electrospun fibers alone usu-
ally exhibit inferior mechanical strength. It is a com-
mon strategy to add an outer layer with randomly
oriented fibers to provide a better mechanical sup-
port. Figure 4(D) illustrates a workflow using electro-
spinning technology to make a double-layered poly-
meric mat with a random and an aligned fibrous
layer. Interestingly, a self-forming multichannel NGC
can be constructed spontaneously after implanta-
tion thanks to the use of a shape memory polymer,
poly(lactide-co-trimethylene carbonate).

5.4. 3D printing

3D printing, or additive manufacturing, is the most
versatile technology to fabricate NGCs especially
those with complex microstructure and customized
size and shape. Scaffolds produced by 3D print-
ing also have significantly higher reproductivity as
all the process are precisely controlled by computer
programs [224]. For example, four distinct designs
(figure 3(G)) were manufactured with a single 3D
printing platform using a single bioink (GelMA and
PEGDA) [101]. The printing platform is depicted in
figure 4(E) a digital micromirror device chip which is
composed of about four million micromirrors is affil-
iated to a continuous 3D printer to facilitate the pro-
duction of customized 3D scaffolds with the aid of
either computer-aided design models, or computed
tomography scans, or magnetic resonance imaging
scans [101]. That means this technology is able to rap-
idly replicate customized conduits as soon as the 3D
anatomical scanning from the patient is available. A
drawback of this technique is it rules out many bio-
materials with good properties as not all available bio-
materials are of good printability.

5.5. Biomimetic

Biomimetic approaches are particularly useful when
obtaining cell derived ECM layers. Figure 4(F) shows
an example of building an ECM layer atop silk-
chitosan composite materials [174]. Briefly, skin-
derived precursor SCs were either co-cultured with
bundles of silk fibers or injected into chitosan con-
duits to obtain sufficient ECM secretion, followed by
decellularization to get ECM modified fiber bundles
or conduits. Then the ECM coated bundles of silk
fibers were cut into desired size and inserted into the
ECM coated conduits to obtain the final composite
scaffolds which are ready for subsequent evaluations.
As discussed in section 3.1.3, such a scaffold achieved
outstanding overall in vivo performance that is com-
parable to autografts.

5.6. Wrapping/rolling

Wrapping/rolling is a simple but effective way to
fabricate NGCs with various structures. Generally,
a thin sheet or mat needs to be premade, which is
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then wrapped/rolled on its own or against a man-
drel. For example, single channel SF nerve conduits
with either randomly oriented or aligned SF fibers
along the longitudinal direction of the conduit were
made by rolling SF sheets on a Teflon-coated steel
mandrel [54]. In another study, PLCL thin film with
many micrometer-sized grooves was made by bathing
the polymer solution into methanal to precipitate
PLCL atop a patterned PDMS mold from chloro-
form. Then the patterned PLCL sheet was rolled
against a stainless steel microneedle with a small
amount of residual solvent acted as adhesive, forming
a homogenous conduit with hundreds of microchan-
nels (figure 4(G)) [106]. A drawback of this method
is that the materials used must have certain strength
and flexibility to allow for repeatedly rolling and if no
appropriate action such as suturing or crosslinking is
taken, the wrapped conduit may unwrap on its own
after implantation.

6. Commercialized products

It is always one of the ultimate goals for research-
ers to translate developed technologies from bench to
bedside. The global PNI market size was estimated at
1.54 billion in 2023 and is expected to grow at a com-
pound annual growth rate of 7.7% by 2030 [225]. In
this section, we attempt to summarize the clearance
pathways and classify current commercially available
NGCs aimed to repair peripheral nerve gaps in terms
of their microstructures and selection of biomateri-
als. So that to probably provide some guide to those
looking to develop new commercialized NGCs.
Table 2 summarizes the materials composition,
structural characteristics, storage recommendation,

acceptable gap length, along with their regulation
pathways of FDA-approved products for peripheral
nerve repair. Overall, commercialized NGCs are
made of natural biopolymers, synthetic polymers, or
a combination of the two. Almost all products need
to be stored in a dry environment. NGCs made of
type I collagen, polyglycolic acid, and porcine small
intestine submucosa need to be stored at room tem-
perature; those made of PLCL need to be stored at
an environment lower than room temperature; and
as the only commercial NGC made of decellularized
human nerve allografts, Avance® needs to be stored
in freezer. In addition, most commercial NGCs are
indicated for use where gap closure can be achieved
by flexion of the extremity; several NGCs are indic-
ated where there is no substantial loss of nerve tis-
sue; the remaining NGCs are intended indicated for
use within their acceptable gap lengths. For example,
Neurolac® accepts peripheral nerve discontinuity up
to 20 mm [226], and Avance® accepts peripheral
nerve discontinuity up to 70 mm [227]. Below we
classify the commercial products in terms of their
microstructures.

6.1. Single channel hollow tubular structure

Hollow tubular NGCs provide a protective envir-
onment for the repairing of peripheral nerves after
injury. It stands for the most fundamental structure,
and thus most commercialized products follow this
structural design. Common materials used in pro-
ducing the hollow tubular NGCs are type I collagen,
PLCL, PGA, chitosan, and porcine small intestine
submucosa. Several examples of FDA-approved com-
mercial hollow tubular NGCs are NeuraGen® Nerve
Guide, NeuroMatrix® Conduit, Neuroflex® Conduit,
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Neurolac® Nerve Guide, Neurolac® TW Nerve
Guide, Neurotube® Nerve Conduit, Reaxon® Direct,
AxoGuard nerve connector®, and SaluBridge™ Nerve
Cuff.

6.2. Single channel tubular structure with fillers

As discussed in section 4.1, filler materials are inser-
ted into the hollow portion of hollow tubular NGCs
to guide SCs and aid in axonal regeneration. For
example, NeuraGen® 3D Neural Guidance Matrix
has a hollow section filled with glycosaminoglycan
[3], and Nerbridge® Nerve Regeneration Guidance
Conduit has a hollow section filled with collagen [10].
The materials used in the outer layers of the filled
tubular NGCs are essentially the same as those used in
hollow tubular NGCs, which means that the storage
conditions of the filled tubular structures are similar
to those of hollow tubular NGCs.

6.3. Wrapped structures

Wrapped NGCs are available for a more conveni-
ent surgery process as they can be applied in clinic
without the process of inserting the defects end into
a conduit. Instead, a longitudinal slit is added to the
conduit so that it can be opened and placed easily
over the injured nerve. Since the wrapped NGCs are
a sheet-like structure, additional sutures are required
to secure the longitudinal seams when installing the
wrapped NGCs. Aside from the longitudinal slit, the
materials and structures of several wrapped NGCs
are identical to their hollow tubular version, which
results in similar storage conditions. Some wrapped
NGCs also add a coating layer to their surface. For
example, Axoguard HA+ Nerve Protector® adds a
short-term resorbable hyaluronate-alginate gel coat-
ing to enhance nerve glide and reduce soft tissue
attachment [229]. Several other example of com-
mercially approved wrapped NGCs are Neurawrap®
Nerve Protector, NeuroMend® Wrap, AxoGuard
nerve Protector®, NeuroShield™, and SaluTunnel™
Nerve Protector.

6.4. Biomimetic structure

Biomimetic NGCs are quite different compared to the
first three structures. The grafted NGCs are decel-
lularized human nerve tissue derived and cleansed
ECM. It is an allograph with high biomimetic struc-
ture and therefore showed one of the most power-
ful abilities to repair up to 70 mm peripheral
nerve gap, serving as a good alternative of auto-
grafts. However, as a decellularized tissue ECM, it
has a relatively short shelf life (six months when
stored between —20 °C to —40 °C. Additionally, the
Avance® nerve graft received non-510 clearance from
the FDA in 2015 (under the FDA 21 CFP Part 1271
regulations).
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7. Current challenges, future perspectives,
and conclusions

Although great efforts have been attempted by many
researchers and encouraging results have been repor-
ted in many studies, it is still a big challenge nowadays
to design artificial NGCs that can outperform or
perform comparably to autografts especially when
repairing long peripheral nerve gaps. For example,
many of the studies discussed here used an 8-10 mm
rat sciatic nerve defect as animal model with only
a few demonstrated acceptable performances when
bridging a 12-15 mm gaps. In addition, most of
the current animal studies are done on rats or rab-
bits, which are not suitable models particularly when
aiming at repairing human critical peripheral nerve
defects (5—30 cm) due to its small size (<3 ¢m) and
species-specific neurobiological regenerative profile
[35]. It is necessary to conduct more in vivo studies
with longer gaps in large animals before the developed
NGCs can be transferred from bench to bedside.

Given the complex structure of the peripheral
nervous system, designing and creating NGCs with
ideal structures that closely resemble the anatomy
of native nerve tissues remains challenging. For
example, while NGCs with surface grooves have
shown favorable results in guiding the migration and
proliferation of SCs, the optimal depths and widths
of these grooves are still debated. Additionally, the
swelling of NGCs made from different biomateri-
als, each with varying swelling ratios, along with
the infiltration of cells and tissues post-implantation,
will undoubtedly alter the groove dimensions, further
complicating their design. This issue also arises when
selecting the channel diameter of multichannel scaf-
folds. Therefore, when designing multichannel NGCs
or NGCs with surface patterns, we suggest selecting
biomaterials with a low swelling ratio or accounting
for swelling when calculating the size of surface pat-
terns or inner channel diameters.

The selection of biomaterials remains another
challenge. For instance, ECM-based materials
demonstrated close resemblance of native nerve tis-
sues. However, one of the current major limitations
of ECM involves the use of Matrigel, an ill-defined
mixture of ECM proteins and GFs derived from
Engelbreth-Holm-Swarm mouse tumor, which may
cause concerns of pathologies transfer [230]. The
recently developed endometrial extracellular matrix-
based hydrogels provide an alternative to overcome
this issue [230]. Such obtained hydrogels suppor-
ted the growth of mouse and human endometrial
organoids that are comparable to Matrigel. We feel
that this could be a future direction to develop ECM-
based hydrogels for PNR which is to directly derive
ECM from a native healthy nerve tissue without the
use of Matrigel to decrease the chance of pathologies
transfer.
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In addition, many current NGCs lack sufficient
bio-functionalities to achieve nerve regeneration
potential comparable to that of autografts. Increasing
evidence has highlighted the promising potential of
extracellular vesicles (EVs) including microvesicles
and exosomes that secreted by various types of cells
in promoting tissue regeneration [231, 232]. These
EVs carry intracellular cargo such as lipids, proteins,
and genetic nucleic acids, which facilitate intercel-
lular communication and thus play important roles
in regenerative medicine by orchestrating the cell
recruitment, differentiation, and immunomodula-
tion processes [233]. Compared to cell-based ther-
apies, EVs not only hold similar therapeutic functions
to those of their parent cells, but also possess lower
immunogenicity likely due to their less abundant
transmembrane proteins [232, 234]. Particularly, EVs
derived from SCs or mesenchymal stem cells (MSCs)
have been demonstrated to improve nerve functional
recovery by increasing the formation of blood vessels
and axonal sprouts [235, 236]. Nevertheless, a major
hurdle in EVs-based therapies for PNR is the limited
production and off-target release of these vesicles. We
believe this could be possibly tackled by applying EVs-
based therapies in combination with advanced NGCs,
or in other words by applying NGCs with capabil-
ity to deliver EVs locally and sustainedly in a con-
trolled manner. A recent study indicated that F127-
polycitrate-polyethyleneimine (FE) hydrogel could be
used as an excellent carrier to deliver EVs to the nerve
lesion site for up to 56 d, owing to the good electro-
static interaction between FE hydrogel and EVs [237].
In another attempt, local production and controlled
release of EVs were realized by encapsulating SCs into
a superparamagnetic hydrogel, which could manip-
ulate the location and concentration of EVs secreted
from SCs by adjusting the external rotation magnetic
field [238]. The optimized design ultimately resul-
ted in accelerated nerve regeneration and functional
recovery in rats by simultaneously promoting axon
growth, angiogenesis, and inflammatory regulation.
It has been demonstrated that some other physical
signals like mechanical [239, 240], electrical [241],
and acoustic [242] stimulations could boost the secre-
tion of EVs. In addition, environmental factors like
hypoxia [243] and acidity [244], or the incorporation
of chemical molecules like iron [245], could also pro-
mote the secretion of EVs. Designing NGCs with cap-
ability to controlled release of EVs by manipulating
external stimulation or regulating the local microen-
vironment could be a promising future direction for
leveraging EVs-based therapy to enhance PNR.

Opverall, the expectation of implanting NGCs for
long gap PNR has transcended the mere provision of
mechanical support for guiding axonal regrowth. It
now necessitates the ability to regenerate or even to
innervate nerve tissues involving regenerative medi-
cine, which aims to restore tissue and organ function
without the use of permanent implants by applying
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various biodegradable proregenerative biomaterials
[246]. The biofunctionalization of NGCs emerges
as an effective strategy to enhance the regenerative
potential of biomaterials. This involves incorporat-
ing biological cues to regulate the overall PNR pro-
cess, which is a multifaceted procedure encompassing
the proliferation and migration of SCs, the recruit-
ment of macrophages, axon growth and myelina-
tion, vascular regeneration, and inflammation con-
trol. As discussed previously, selecting biomaterials
with intrinsic biofunctions such as epigenetic reg-
ulation, angiogenetic response, and immunomodu-
latory effect might be an effective step to fulfill the
bio-functionality of advanced NGCs. The selection
of biomaterials poses another challenge as a single
component is typically insufficient to satisfy all the
material requirements discussed in section 2. From
this aspect of view, materials with multiple functions
should be given higher priority. For instance, folic
acid has been recognized as an effective molecule to
play epigenetic regulation for enhanced nerve regen-
eration through DNA methylation [59-61]. It has also
been demonstrated to influence the immunomodu-
latory process by suppressing inflammation, which
is a potential mechanism to promote PNR [247-
249]. Similarly, citric acid as an intermediate in the
Krebs circle has been revealed to fuel the metabol-
ism of MSCs and facilitate bone regeneration through
‘metabonegenic’ regulation [27, 246, 250]. Citric acid
also possesses excellent antioxidant, antibacterial, and
immunomodulatory effects [198, 199]. It is noted
that both folic acid and citric acid are able to increase
the local acidity, which is beneficial to the secretion
of EVs from cells that may eventually facilitate PNR.
An alternative way in regarding to selections of bio-
material might be combining multiple components
to develop composite materials. However, this brings
up new complications. For example, even one of the
most commonly applied copolymers, PLGA, increas-
ing of the degradation rate is always associated with
a sacrifice of mechanical strength. Balancing each
material property and identifying the optimal com-
bination that confers excellent overall PNR ability is
ameticulous process. This task is further complicated
by the fact that different patients may exhibit distinct
reactions to the same materials system. Designing
customized materials with the aid of artificial intelli-
gence (Al) could possibly tackle this issue [251-253].

Although current commercially available NGCs
have demonstrated some encouraging outcomes,
many were approved via the 510 K pathway, which
requires devices to be as safe and effective as, or
substantially equivalent (SE) to, a previously marked
device. This makes it challenging to significantly
improve the nerve regeneration potential of the newly
marketed devices, as incorporating additional bio-
functionalities is difficult to receive FDA clearance.
Besides, no commercial products currently offer cus-
tomized NGCs tailored to the specific location, shape,
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and size of the defect in patients. As discussed above,
future devices may address this issue with advance-
ments in Al. Additionally, the potential to repair
nerve defects longer than 30 mm remains poor
[254]. We believe that the further addition of bio-
functionalities is essential to revolutionize commer-
cial NGCs in hope of repairing long peripheral nerve
gaps in clinics. However, this will be a long process,
as adding more complexity to the design of commer-
cial NGCs requires substantial evidence to justify the
safety and efficacy of the device for FDA approval.

In conclusion, by presenting the anatomy of peri-
pheral nerve tissue and understanding the nerve
regeneration mechanisms, we discussed several
material requirements of NGCs for PNR. With a
focus on the discussion of various types of biode-
gradable polymers, including both natural and syn-

thetic ones, we then compared some of the commonly
used structural designs and fabrication techniques of
NGCs. Lastly, we did a survey and comparison of

commercially available NGCs for nerve repair.
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