
Received 3 October 2019, revised 30 October 2019, accepted 1 November 2019.
*Caleb Stewart and Chin Fung Kelvin Kan contribute equally to this review article. 
** Correspondence: Wale AR Sulaiman, MD, PhD, FRCS, System Chairman, Neurosurgery
Co-Medical Director, Ochsner Neuroscience Institute, Medical Director, International Medicine (African Region) Ochsner Health 
System, Professor of Clinical Neurosurgery, Tulane University
1514 Jefferson Highway, New Orleans, LA 70121, USA
Tel: 504-842-2000; Fax: 504-842-6531; Email: wsulaiman@ochsner.org

© Bulgarian Society for Cell Biology
ISSN 1314-1929 (online)

Biomedical Reviews 2019; 30: 1-13

DESIGNING AN IDEAL 3D-BIOPRINT CONDUIT FOR AXONAL REPAIR  
AND REGENERATION: A NEUROSURGICAL PERSPECTIVE

Caleb Stewart1*, Chin Fung Kelvin Kan1*, Doan Nguyen2, and Olawale Sulaiman** 
1Faculty of Medicine, The University of Queensland-Ochsner Clinical School, Herston, Australia 
2Laboratory of Translational Neurosurgery Research, Ochsner Clinic Foundation, New Orleans, LA, USA 
3Department of Neurological Surgery, Ochsner Clinic Foundation, New Orleans, LA, USA

Peripheral nerve injuries occur through three mechanisms, specifically, crush, compression or transection. Disruption of com-
munication between the peripheral and central nervous system follows and leads to motor and sensory deficits. Peripheral nerves 
in humans have a limited capacity to self-regenerate following injury, which makes nerve transfer the current gold-standard for 
treatment. Functional nerve regeneration is contingent on several factors ranging from span of injury and the age of the patient. 
Bioprinted nerve guidance conduits are an emerging candidate for treating peripheral nerve injuries. To optimize the performance 
of nerve guidance conduits, a firm understanding of neurobiology and the pathophysiology following injury is necessary. This 
article provides an overview of nerve regeneration and the desirable features when designing a nerve conduit from a neurosurgi-
cal perspective. Biomed Rev 2019; 30:1-13
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INTRODUCTION 

The peripheral nerve injury remains one of the most common 
injuries encountered in the trauma and clinical setting. It is 
estimated that 20 million Americans suffer from peripheral 
nerve injury due to chronic diseases such as multiple sclerosis 
or more commonly, diabetes mellitus, as well as trauma (4). 
Majority of peripheral nerve damage being at the upper limbs 
in the order of frequency: radial, ulna and median. Whereas 
in the lower limb, comes in the order of frequency: sciatic, 
peroneal and tibial/femoral (5). Approximately 150 billion 
USD are spent yearly going towards the care and treatment 
for peripheral nerve damage (3). Besides the financial burden, 
the majority of the population who were affected by peripheral 
nerve cases were ages between 18 to 35 years old (6). Typical 
acute symptoms of peripheral nerve damage include sensory 
or motor loss of limbs, while chronic symptoms include neu-
ropathic pain and psychiatric issues (3). As a consequence, 
peripheral nerve damage can significantly reduce the quality 
of life in many young and/or previously functionally normal 
patients.   

Abbreviations 
ADSC, Adipose-derived stem cells
BDNF, Brain-derived neurotrophic factor 
FFMT, Free functioning muscle transfer 
FGF, Fibroblast growth factor 
GDNF, Glial cell-derived neurotrophic factor 
GFRA-1, GDNF family receptor alpha-1 
GFRA-2, GDNF family receptor alpha-2 
GGF, Glial growth factor 
IL-1ẞ, Interleukin-1 beta
NGF, Nerve growth factor 
NT-3, Neurotrophin-3 
NCAM, Neural cell adhesion molecule 
PMP22, Peripheral myelin protein 22 
RAGs, Regeneration-associated genes 
SC, Schwann cells 

The primary goal of nerve regeneration is to regain baseline 
sensory and/or motor function to the target organ. However, 
such regeneration greatly depends on the nerve gap, neuroma 
and scar tissue formation (3). Given that small nerves grow at 
a rate of 1 mm/day, while large nerve grow at a rate of 5 mm/
day, the accepted time window for peripheral nerve regenera-
tion is 12-18 months with some patient taking as long as 26 
months (3). While this regeneration is happening, atrophy of 
the denervated muscle fibers develops immediately and after 

4 months, 60-80% of the muscle mass has been lost (sarcope-
nia). This leads to decrease in end organ function even after 
nerve regeneration (7). However, this concept is subjected to 
debate. As Sulaiman et al. have demonstrated there are, in fact, 
a reduced number of motoneurons that regenerate their axon 
to the muscle fiber unit, and not the muscle unable to accept 
the innervations (8). Also, that previous studies have failed to 
account for growth of daughter axons from a single nerve fiber, 
and that previous research did not directly estimate the number 
of injured neurons that regenerated into the distal nerve stump, 
those that reinnervate the muscle fiber (8). Despite the need 
to reduce peripheral nerve regeneration time, currently there 
are no treatments to achieve that. Therefore, most research has 
been focusing on reducing this time frame. 

The gold standard currently for peripheral nerve repair is 
direct surgical nerve repair with epineural microsutures (3). 
Other surgical techniques include grouped fascicular repair, 
free functioning muscle transfer (FFMT) and interpositional 
autologous nerve grafts (9). In an autologous nerve graft, the 
idea is that it will undergo Wallerian degeneration which serves 
a mechanical guidance and create a supportive structure for 
ingrowing axons (3). However, surgical nerve repairs have 
proved problematic, given that a nerve must be sacrificed, and 
it is predisposed to complications such as neuroma and fibrosis 
(3). Nerve transfer, where a proximal peripheral healthy nerve 
is sutured onto the damaged nerve has shown clear benefits 
with decreased regeneration time (7). However, finding an 
expandable nerve near the target tissue with large enough fib-
ers may be a challenge to a lot of patients (10). Finally, FFMT 
directly transfer a healthy muscle and its neuromuscular bundle 
to a new location for a new function (9). This procedure is 
complex and very invasive that is only as the last option for 
reconstruction.    

Current translational research focus much on enhancing ax-
onal regeneration (Fig. 1) through growth factor action and 3D 
printed nerve conduit. Growth factors such as neurotrophin-3 
(NT-3), nerve growth factor (NGF), fibroblast growth factor 
(FGF), glial cell-derived neurotrophic factor (GDNF), glial 
growth factor (GGF), ciliary neurotrophic factor and leupep-
tin have all been implicated in peripheral nerve regeneration 
(11). Nerve growth factor is important in nerve survival and 
outgrowth of neurites (12). In fact, NGF seeded conduits have 
better functional outcome then autograft in rabbit facial nerves 
(12). There are FDA approved commercially available nerve 
conduits on the market, but they have been shown not being 
effective in extensive lesions or larger nerves gaps greater 
than 3cm (13). 3D printed nerve conduit allow design and 



3

Biomed Rev 30, 2019

Designing ideal 3D-bioprinting conduit

create custom 3D scaffolds for nerve regeneration. Using 
“bioink” which include both synthetic and neutral material 
such as polyaniline (PANI), allow the grafting of certain cells 
such as Schwann cells (SC) and neurotropic factors into the 
conduit itself to encourage regeneration. Furthermore, scaf-
fold or conduit fabrication incorporates nanostructural and 
microstructural design components for regenerating complex 
tissues with patient-specificity (14).      

(17). Finally, in 1988, Mackinnon and Dellon described a 
new type of peripheral nerve injury named type VI, which 
is a combination of Type II to IV. This type of injury maybe 
the most common in penetrating trauma and fracture, thus 
more reflective of real-life peripheral nerve damage (18). 
Currently, Sunderland’s classification an only be diagnosed 
histologically (19).

Figure 1. Peripheral Nerve Anatomy. Reproduced from (3).
 

NERVE INJURY CLASSIFICATION

In 1942, Seddon made the earliest classification of peripheral 
nerve injury, in which he distinguished three different types 
of nerve injury: Neurapraxia, Axonotmesis, Neurotmesis (15). 
Neuropraxia is the least serious and describes conduction 
blocks which leads to temporary sensory or motor lost. This 
type of injury is most commonly found in athletes. Axonotme-
sis is the next level of damage where the axon is irreversibility 
locally damaged, most commonly due to crush, nerve stretch 
and percussion injury. Finally, neurotmesis means the myelin 
sheath, axon and surrounding stroma are all injured, and no 
regeneration will occur unless there is surgical intervention. 
Such damage is most commonly associated with serious sharp 
or traction injuries (16).

In 1951, Sunderland (Fig. 2) expanded the peripheral nerve 
injury classification to five grades which provide better overall 
prognosis predictions (Table 1). Sunderland’s grade I and II 
can recover completely, while grade III recovers partially, and 
grade IV and V require surgical intervention (3). Compared 
to the Seddon’s classification, grade I corresponds with neu-
ropraxia, II to axonotmesis and III, IV and V to neurotmesis 

Figure 2. Sunderland classification of peripheral nerve inju-
ry. Image courtesy Cleveland Clinic, 2006. Illustrator, David 
Schumick, BS, CMI (1).

PATHOPHYSIOLOGY INJURY AND REGENERATION

Peripheral nerves can be injured in many ways including 
inflammation, demyelination and trauma. In the internal neu-
ronal network, there is constant anterograde and retrograde 
transport and communication. Once these communications 
have been interrupted or that the neuronal lipid layer is dam-
aged, unless rapidly repaired there will be rapid and irreversible 
programmed cell death. Axonal degeneration happens both at 



4

Biomed Rev 30, 2019

Stewart, Kan, Nguyen and Sulaiman

the proximal and distal ends of the zone of trauma (22).   
In the distal end, Wallerian degeneration ensues in the next 

24-48 hour in which the Schwann cell plays a large part (23). 
Once the SC sense that the axonal nerves are no longer con-
nected, it will transition from a mature, myelinating type or 
non-myelinated type (Remak cells) to a proliferative, repair 
SCs (Bungner SCs) (24) with the mRNA downregulation of 
myelin-associated proteins (e.g. P0, myelin-associated glyco-
protein) (11). The SC also reduce secretion of several proteins 
such as peripheral myelin protein 22 (PMP22), while increase 
the production of NGF and BDNF (9). The receptors of neu-
rotrophins (e.g. p75NTR, Trk A, TrkB, GDNF family receptor 
alpha-1 (GFRA-1), GDNF family receptor alpha-2 (GFRA-2) 
and cell adhesion molecules, e.g. neural cell adhesion mol-
ecule (NCAM), are upregulated (25). Collectively, these are 
also called regeneration-associated genes (RAGs). These im-
mature SCs will be influenced by the mitogens released from 
the proximal damaged end and by cellular factors released 
by other cell types (ie. fibroblasts) as well as blood-derived 
factors from breakdown of the blood brain barrier (BBB). The 
SC also release cytokines and recruit macrophages to the site 
of injury and participate in phagocytosis to clear up axonal 
and myelin debris within 3 weeks (11). After clearing the 
myelin debris, the SC will grow on the endoneurial tubes of 
the extracellular matrix creating the bands of Bungner, which 
serves as a guidance for nerve regeneration. It have been 
reported that pericytes, such as SCs, activate during wound 
healing, inflammation and tissue remodeling (26). These ac-
tivated pericytes proliferate and follow the lead of angiogenic 
endothelial cells (26). Indeed, Cattin et al showed that hypoxia 

after peripheral nerve damage caused macrophages to stabilize 
Hypoxia-inducible factors 1 alpha (HIF-1α) and increased 
Vascular endothelial growth factor-A (VEGF-A) level (27). 
This induced vascularization, which becomes essential for 
SC to identify the direction for migration towards the distal 
stump (27). Interestingly, within the CNS SCs also travels 
along blood vessels to demyelinated lesions (28). EphrinB3 
within CNS myelin prevents SCs from adhering to the myelin, 
while enhancing them to bind to blood vessels extracellular 
matrix, especially fibronectin, by upregulating   integrinβ1 
expression (28).

In the proximal end, axon will undergo “dieback” degen-
eration, and daughter axons will begin to sprout and elongate 
from a growth cone (29) through the scars and into the distal 
end stumps. These are called the “regenerating units”. Since 
the proximal end is connected to the cell body, its nucleus 
within the cell body will undergo chromatolysis and move to 
an eccentric position and upregulate RAGs such as actin and 
GAP-43 (30). Based on direction signals from local tissue 
and denervated motor and sensory receptors, the growth cone 
sends out filopodia to sample the microenvironment and axons 
elongate (31). Guidance molecules including semaphorins, 
ephrins, netrins and slits are involved in this process (32). 
Neurotrophins such as NGF promote nerve regeneration by 
countering inhibitory regeneration signals such as the col-
lapsin-1 (33). Scar tissue and other debris impede the growth 
cone from advancing, thus proteases are produced and released 
to clear its path (34). 

Schwann cells and macrophages play a combinatory and 
reciprocal role in axonal regeneration. Schwann cells produce 

Table 1. Comparison of Sunderland and Seddon peripheral nerve injury classifications

Sunderland (20) Seddon (21) Pathology (11) Prognosis (16)

I Neuropraxia Demyelination Excellent 

II axonotmesis Demyelination with 
axonal lost

Good

III neurotmesis II + Involvement of 
endoneurium

Good-fair

IV neurotmesis III + Involvement of 
perineurium

Poor-nil

V neurotmesis IV+ Involvement of 
epineurium

Nil

VI (Mackinnon’s 
modification) 

Mixed Combination of 
Sunderland’s II to IV

Varies
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NGF, and extracellular matrix components such as fibronectin 
and laminin which allow the growth cone to make contact (35), 
while macrophages produce cytokines such as interleukin-1 
beta (IL-1ẞ) to stimulate NGF production by SC (36). This 
creates a positive feedback loop. Once the growth cone is in 
contact with an endoneurial tube, it is most likely reaching 
the end organ or target and complete the regeneration (11).

If the growth cone does not come in contact with a receptor 
or an endoneurial tube or is impeded by the presence of several 
intraneural scarring, it will grow in a disorganized manner and 
produce a painful tissue mass of tangled axons and proliferat-
ing connective tissues known as a neuroma (37). The more 
severe the nerve injury, the more likely growth cones form 
neuromas due to increased scarring. This reduces the axonal 
regeneration efficiency (38). Therefore, nerve damage under 
grade III is considered as good prognosis when there is no 
endoneurial damage.

Besides the issue of scarring, prolonged axon regeneration 
can lead to reduction in nerve regeneration abilities. Sulaiman 
et al. have shown that after 6 months, RAGs are downregulated 
in a rodent model of chronic injury and delayed repair, leading 
to a reduced capability for nerve regeneration (39). However, 
recently, it has been reported that treatment with transform-
ing growth factor-beta (TGF-β) plus forskolin significantly 
increased expression of RAGs in chronic injured nerve and 
improved axonal regeneration (40, 41).

MICROSURGICAL REPAIR OF NERVE INJURIES

Advancements in illumination and magnification have led 
to the emergence of microsurgical techniques comprising 
modern peripheral nerve repair. Contemporary nerve repair 
entails epineural adaptation of the proximal and distal nerve 
ends with minimal microsutures. This technique remains the 
gold standard for severe axonotmesis and neurotmesis injuries. 
Proximal and distal nerve stumps are correctly oriented prior to 
suturing and then sealed with fibrin glue. This method of repair 
is suitable for small nerve gaps below 2 cm in size. A nerve gap 
is the distance between the proximal and distal nerve stumps 
following injury and retraction due to elastic properties (42). 
Some studies have tested sutureless techniques e.g. laser weld-
ing which have yet to reach standard surgical practice (43, 44). 

End-to-end neurorrhaphy (EEN) has limited use since nerve 
regeneration requires tension-free coaptation to minimize 
intraneural scarring from postoperative movement. Repairs 
with tension endangers the vascular supply and increases the 
likelihood of scar formation (45). As a result, tension-free 

repair has become more crucial given the importance of exer-
cise in recovery after nerve injury (46-48). Well-vascularized 
regions represent another stipulation for neurorrhaphic repairs. 
An alternative technique is end-to-side neurorrhaphy (ESN), 
which may be useful in cases where the proximal nerve stump 
is not obtainable (49). In such circumstances, the distal stump 
is coapted to the side of the proximal stump. Collateral sprout-
ing is promoted in this technique and restores motor function. 
However, this technique has multiple drawbacks including the 
requirement of a donor nerve, minimal sensory recovery, and 
lower efficacy compared to EEN (50).

NERVE TRANSFERS

Segmental nerve injuries necessitate nerve transfers and are 
considered the standard for bridging gaps in the peripheral 
nervous system (51). Nerve transfers coaptate a healthy nerve 
donor to a denervated nerve. Autografts for peripheral nerve 
repair are commonly harvested after the injured nerve is ex-
posed from superficial sensory nerves such as sural, saphenous, 
or the medial and lateral antebrachial cutaneous nerves. Three 
categories of autografts include trunk, cable, and vascularized 
nerve grafts (52). Differences in types of grafts produce better 
outcomes based on their components and the particularities of 
the injury. Endoscopic techniques have been introduced for 
nerve harvest. Grafts form a natural conduit that transfers the 
cellular (Schwann cells) and structural guide for regeneration. 
Advantages favoring autologous grafts include native tissue 
that promotes cell adhesion and migration with minimal im-
munogenicity (53). Autografts have been shown to be superior 
to epineural neurorrhaphy under tension (54, 55). However, 
several downsides exist for this treatment. Natural graft pro-
curement results in loss of function and risk of neuroma de-
velopment at the donor site, multiple grafts required for long 
nerve gaps, and size and fascicular incompatibility between the 
injured nerve and graft (56, 57). In contrast, allotransplanta-
tion of cadaveric nerve eliminates the loss of function at the 
donor site as a tradeoff for greater immunogenicity. Allografts 
require systemic immunosuppression and expose the patient 
to infection, decreased healing rate and other systemic effects 
(58). Decellularized and protein-free allografts exist to mini-
mize immune response. In clinical situations where extensive 
peripheral nerve injuries have been sustained allografts are 
utilized when donor material is in short supply. 

DESIGNING THE “IDEAL” NERVE CONDUITS

Current investments in research and development for periph-
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eral nerve regeneration are focused on nerve conduit design. 
Conduits promote axonal sprouting at the proximal end and 
guide regeneration towards the injured distal site via chemo-
tactic cues, stem cell seeding, and structural support. The 
ideal nerve conduit design will incorporate several properties 
including anisotropically arranged growth factors, enhanced 
stem cells, biocompatible and electroconductive materials, 
anatomical specificity, and vascularity.

ROLE OF GROWTH FACTORS

Lately, incorporation of growth factors into the nerve conduit 
lumen has enhanced the efficacy of conduits (59). Numerous 
polypeptides emanating from non-neuronal cells following 
injury promote the growth and guidance for nerve regenera-
tion. The most studied growth factors include NGF and BDNF 
(60), CNTF, insulin-like growth factor-1 (IGF-1), GDNF, 
TGF-ẞ1, FGF-2, GGF, and neuregulins (61-63). Although 
these factors have been identified in the microenvironment 
during nerve injury and repair, further research is required to 
ascertain mechanisms of action. Several problems exist with 
injecting neurotrophins into wound sites including their short 
half-life (instability) and the need for high-doses to elicit 
axonal sprouting (64). Neurotrophic instability means their 
effect is short-lived which diminishes their utility for long gap 
nerve injuries that take months to regenerate (64). High dos-
ages of neurotrophins can exaggerate axonal sprouting leading 
to entrapment and poor recovery outcomes (65). Axons also 
require topographic guidance cues to reach their distal targets 
that injections cannot communicate. This makes combining 
neurotrophic factors with conduit designs more attractive 
because it can mitigate these tendencies by controlling their 
release and longitudinal concentration.

Glial growth factor (GGF) is released following nerve injury 
and reportedly stimulates SC proliferation (66).  It promotes 
signaling exchange between neuronal and glial cells during 
peripheral nerve regeneration. Studies have incorporated GGF 
into conduits for defects spanning 2-4 cm resulting in elevated 
SC numbers, increasing axonal regeneration, and preventing 
muscle degeneration compared to control (67). Fibroblast 
growth factor (FGF) is another factor promoting cell growth 
and regeneration during nerve injury. Studies have incorpo-
rated FGF-2 into conduit biomaterial for treating 1 cm defects 
and reported greater regeneration compared to collagen-based 
matrices (68). 

Schwann cells produce NGF during Wallerian degeneration 
and promote nerve healing and regeneration (69, 70). When 

NGF is applied to poly [LA-co-(Glc-alt-Lys)] (PLGL) scaf-
folds it activates SC adhesion and prolongs their survival in 
vitro. Modifying NGF concentration or SC seeding in micro-
channels can both upregulate the overall NGF concentration 
in conduits (71, 72). Similar to NGF, CNTF is released from 
SC and nerve stump following injury and enhances sensory 
and motor neuron survival (72).

STEM CELL ENGINEERING

Stem cell transplantation has an important therapeutic role in 
stimulating peripheral nerve repair and regeneration. Neural 
stem cells (NSC) have the capacity to divide, proliferate, and 
differentiate into multiple lineages in vitro. Also, they can 
produce neurons, astrocytes, Schwann-like cells, and oli-
godencrocytes (73, 74). Several studies have produced NSCs 
from a variety of cells including human gingiva-derived mes-
enchymal stem cells (74), mesenchymal stem cells (75), and 
induced pluripotent stem cells (76). Differentiation of NSCs 
into Schwann-like cells have been used for peripheral nerve 
repair (77). Similar studies reported that NSCs promote axonal 
regeneration and myelination (78). Additionally, transplanta-
tion gingiva-derived mesenchymal stem cells can be induced 
into pluripotent cells and promote axonal regeneration (79). 

These findings may be attributed to several cellular features 
of NSCs including neurotrophic and neuroprotective factor 
production (BDNF, NGF, FGF, IGF-2, GDNF, etc.) (80-82). 

Further research is required to ascertain if NSCs generate suf-
ficient levels of functional cells for nerve regeneration. A recent 
study has implemented CRISPR technology to selectively edit 
the genome of NSCs to produce both knock-out and knock-in 
cell lines (83). Selectively editing stem cells may upregulate 
genes for enhanced stem cell production of neurotrophic fac-
tors, tubulins for axiogenesis, or anti-inflammatory factors for 
longer periods of time (84). Genetically modified NSCs have 
been shown to accelerate proliferation and differentiation while 
maintaining the release of neurotrophic factors (85). 

Adipose-derived stem cells (ADSC) have been utilized 
greatly in peripheral nerve regeneration. Several advantages 
to comprise of ease of harvesting, abundance in supply, non-
immunogenicity, and efficacy for nerve regeneration (86, 87). 
Similar to NSCs, ADSCs likely regenerate nerves via differ-
entiation towards Schwann cells and subsequent release of 
trophic and neuroprotective factors (88). It is well documented 
that ADSC-populated conduits outperform empty conduits 
in several different nerve injuries (88, 89). The downside 
to using ADSCs is the low risk for teratoma formation after 



7

Biomed Rev 30, 2019

Designing ideal 3D-bioprinting conduit

differentiation into mesenchymal lineage (90). Clinical use 
of these cells would necessitate the investigation of ADSC 
spontaneous differentiation. 

BIOMECHANICAL DESIGN

Much emphasis has been placed on optimal nerve guidance 
conduit (NGC) design for promoting nerve regeneration (Fig. 
3). This section will review the lineage of NGC design evo-
lution. Hollow cylindrical NGCs were developed to bridge 
nerve gaps and confine axonal regeneration in a given direc-
tion. Developers have made adjustments to materials (natural 
or synthetic) through various methods including crosslink-
ing, braiding, electrospinning, injection molding, melt extru-
sion techniques, or combinatorial approaches (91-93). Ma-
terials and fabrication methods produce unique mechanical, 
chemical, and biological properties. An important example 
involves the generation of electroconductive scaffolds for 
nerve regeneration. Conductive NGCs can improve periph-
eral nerve regeneration by increasing the expression of neu-
rotrophic factors and other cellular responses (94). Several 
studies have demonstrated polypyrrole-based conduits (PPY) 
comparable to autografts in rat sciatic nerve repair (95). Hol-
low NGCs have been found to decrease myofibroblast in-
filtration, scar formation, and collateral axon development 
(96). The downside to hollow NGCs is their limited capacity 
for chemotaxis necessary for axonal regeneration towards the 
distal stump. This results in poor functional recovery when 
compared to current clinical standards (97). Performance of 
hollow NGCs worsen as the gap widens generating disorgan-
ized axon growth (98).  

certain components (fibroblasts) and allow more desirable re-
generative elements (100). Matrix loaded NGCs have spawned 
from porous NGCs to regulate the microenvironment of NGC 
channels. Bioprinted conduits can lay down specified concen-
trations of components i.e. polysaccharides, proteins, growth 
factors to provide cues for axonal directionality (101). Matrices 
or hydrogels accelerate axonal regeneration for longer spans of 
nerve injury than hollow NGCs or empty porous NGCs (91). 
Popular hydrogel polymers include hyaluronic acid, fibrin, and 
chitosan for their ability to direct nerve regeneration (91). The 
advent of hydrogels has spurred the emergence of anisotropic 
scaffolds. Anisotropic conduits vary concentrations of hydro-
gel and cellular components along the length of the conduit to 
exaggerate the guiding effects of chemical cues. This design 
feature further enhances axonal alignment and directionality 
towards the intended target.

VASCULARIZATION

Major transitions during the evolutionary development of 
vertebrates required overcoming the selective pressure of oxy-
gen and nutritional supplies. Primitive vasculature developed 
to counteract the metabolic drive and subsequent decline in 
surface area available for oxygen exchange for the interior 
cells of emerging multicellular organisms (102, also see John 
Torday’s review in this volume of Biomedical Reviews). In 
the case of nerve regeneration, studies have reinforced the 
importance of sustained blood flow in nerve regeneration. In 
acute nerve injuries, hyperemic conditions rather than ischemic 
conditions is the prevailing event resulting in focal edema (103, 
104). Other studies have elucidated the critical role of local 
microvessels in nerve regeneration by sustaining axonal sur-
vival through VEGF signaling and guiding axonal outgrowths 
to their target (105). Attempts to reinnervate long-standing 
nerve injuries have reported unreceptive microenvironments 
for axiogenesis likely due to chronic declines in blood flow 
(106). Understanding the developmental processes for vascu-
larization is crucial for producing nerve conduits that promote 
vascular regeneration. 

Vasculogenesis is the developmental formation of vascu-
lar networks from differentiated endothelial precursor cells 
(EPCs) or angioblasts. Similarly, angiogenesis denotes the 
process of capillary growth from preexisting vasculature 
through sprouting or intussusception mechanisms (107). 
Finally, arteriogenesis is a distinct process generating small 
arterioles with low blood flow to larger arteries. Cellular con-
trols driving the sequence of vasculogenesis and adulthood 

Figure 3. Extrusion-based 3D printing for NGC. 
Reproduced from (2).

To improve axonal regeneration, porous NGCs were de-
veloped to support components for nerve regeneration such 
as growth factors, SC, blood vessels, and nutrients (99). The 
pores are large enough for migration of SC to proceed. Degree 
of porosity or microchannel size has been tested to exclude 
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angiogenesis have been identified in the past decade (108). 
Growth factors involved in vessel formation include NGF 
(see 60 and references therein), TGF-ẞ, vascular endothelial 
growth factor (VEGF), placenta growth factor (PIGF), FGF, 
platelet-derived growth factor (PDGF), and angiopoietins 
(107). Comparable to axiogenesis, sprouting vessels require 
growth factors to sustain development and chemotactic factors 
to guide sprouts properly (109, 110).

Developing a conduit that promotes peripheral neurovas-
cular regeneration is a major design obstacle. Limited studies 
are available merging these cellular processes, but studies 
have reported superior regeneration when nearby vascular 
bundles are connected to nerve conduits (111). Although nerve 
regeneration in the conduit group was inferior to the autograft 
group, electrophysiological and histological examinations 
reveals comparable findings between the groups in rat and 
canine models. Incorporating vasculature into conduit design 
sustained nerve regeneration for 3cm-long-gaps. Development 
of neurovascular conduits would provide the foundation for 
regenerating other tissue types (dermis and muscle) in medi-
cal conditions.

ACCELERATION OF AXONAL REGENERATION THROUGH 
CONDUITS – ROLE OF FUNCTIONAL ELECTRICAL 
STIMULATION

A growing trend for nerve regeneration is the implementation 
of electrical stimulation (ES). As previously mentioned, ES 
and electroconductive conduits are effective tools for enhanc-
ing reinnervation following nerve transection. ES was found 
to accelerate the rate of axonal outgrowth in multiple studies 
(94). Furthermore, the majority of ES benefits can be derived 
from stimulation for 1 hour at 20Hz (112). Gene expression is 
altered during ES that upregulates growth factor production, 
tubulin transport, and axonal elongation (113). Experiments 
have also found that ES promotes nerve regeneration despite a 
delay in nerve repair following injury in both rats and humans 
(30, 114). Incorporating the effects of ES into electroconduc-
tive conduit design should extend our capacity for spanning 
longer nerve injury gaps.

CONFLICT OF INTERESTS

There are no conflicts of interests to disclose in the context.

REFERENCES

1.	 Daroff RB, Bradley WG. Bradley’s Neurology in Clinical 
Practice 6th ed. Elsevier/Saunders, 2012

2.	 Johnson BN, Jia X. 3D printed nerve guidance chan-
nels: computer-aided control of geometry, physical cues, 
biological supplements and gradients. Neural Regen 
Res 2016; 11(10): 1568-1569. DOI: 10.4103/1673-
5374.193230

3.	 Grinsell D,Keating CP. Peripheral nerve reconstruc-
tion after injury: a review of clinical and experimental 
therapies. Biomed Res Int 2014; 2014: 698256. DOI: 
10.1155/2014/698256

4.	 Lundborg G. Richard P. Bunge memorial lecture. 
Nerve injury and repair - a challenge to the plastic 
brain. J Peripher Nerv Syst 2003; 8(4): 209-226. DOI: 
10.1111/j.1085-9489.2003.03027.x.

5.	 Taylor CA, Braza D, Rice JB,Dillingham T. The incidence 
of peripheral nerve injury in extremity trauma. Am J 
Phys Med Rehabil 2008; 87(5): 381-385. DOI: 10.1097/
PHM.0b013e31815e6370

6.	 Noble J, Munro CA, Prasad VS,Midha R. Analysis of 
upper and lower extremity peripheral nerve injuries 
in a population of patients with multiple injuries. J 
Trauma 1998; 45(1): 116-122. DOI: 10.1097/00005373-
199807000-00025

7.	 Lee SK,Wolfe SW. Peripheral nerve injury and repair. 
J Am Acad Orthop Surg 2000; 8(4): 243-252. DOI: 
10.5435/JAAOS-20-08-506.

8.	 Winn HR,Youmans JR. Youmans neurological surgery 
5th edition. Saunders, 2004 

9.	 Millesi H. Progress in peripheral nerve reconstruction. 
World J Surg 1990; 14(6): 733-747. DOI: 10.1007/
bf01670520

10.	 Mackinnon SE. Microsurgical repair of peripheral nerves 
and nerve grafts. In: Mackinnon SE, C. H. Thorne SPB, 
R. W. Beasley, S. J. Aston, G. C. Gurtner, S. L. Spear, Ed. 
Grabb & Smith’s Plastic Surgery. Lippincott Williams & 
Wilkins, 2006; 561-589 

11.	 Menorca RM, Fussell TS,Elfar JC. Nerve physiology: 
mechanisms of injury and recovery. Hand Clin 2013; 
29(3): 317-330. DOI: 10.1016/j.hcl.2013.04.002

12.	 Spector JG, Lee P, Derby A,Roufa DG. Comparison of 
rabbit facial nerve regeneration in nerve growth factor-
containing silicone tubes to that in autologous neural 
grafts. Ann Otol Rhinol Laryngol 1995; 104(11): 875-885. 
DOI: 10.1177/000348949510401110

13.	 Kornfeld T, Vogt PM,Radtke C. Nerve grafting for periph-
eral nerve injuries with extended defect sizes. Wien Med 
Wochenschr 2019; 169(9-10): 240-251. DOI: 10.1007/
s10354-018-0675-6



9

Biomed Rev 30, 2019

Designing ideal 3D-bioprinting conduit

14.	 Mandrycky C, Wang Z, Kim K,Kim DH. 3D bioprinting 
for engineering complex tissues. Biotechnol Adv 2016; 
34(4): 422-434. DOI: 10.1016/j.biotechadv.2015.12.011

15.	 Laura Simionescu M. Traumatic mononeuropathies. 
2019; Available from: https://www.uptodate.com/con-
tents/traumatic-mononeuropathies#H3392803

16.	 Chhabra A, Ahlawat S, Belzberg A,Andreseik G. Periph-
eral nerve injury grading simplified on MR neurography: 
As referenced to Seddon and Sunderland classifications. 
Indian J Radiol Imaging 2014; 24(3): 217-224. DOI: 
10.4103/0971-3026.137025

17.	 Caillaud M, Richard L, Vallat JM, Desmouliere A,Billet 
F. Peripheral nerve regeneration and intraneural revas-
cularization. Neural Regen Res 2019; 14(1): 24-33. DOI: 
10.4103/1673-5374.243699

18.	 Alvites R, Rita Caseiro A, Santos Pedrosa S, Vieira 
Branquinho M, Ronchi G, Geuna S, et al. Peripheral 
nerve injury and axonotmesis: State of the art and re-
cent advances. Cogent Medicine 2018; 5(1). DOI: 
10.1080/2331205X.2018.1466404

19.	 Pfister BJ, Gordon T, Loverde JR, Kochar AS, Mackinnon 
SE,Cullen DK. Biomedical engineering strategies for pe-
ripheral nerve repair: surgical applications, state of the art, 
and future challenges. Crit Rev Biomed Eng 2011; 39(2): 
81-124. DOI: 10.1615/CritRevBiomedEng.v39.i2.20

20.	 Sunderland S. A classification of peripheral nerve injuries 
producing loss of function. Brain 1951; 74(4): 491-516. 
DOI: 10.1093/brain/74.4.491

21.	 Seddon HJ. Three types of nerve injury. Brain 1943; 
66(4): 237-288. DOI: 10.1093/brain/66.4.237

22.	 Kanamori A, Catrinescu MM, Belisle JM, Costantino 
S,Levin LA. Retrograde and Wallerian axonal degenera-
tion occur synchronously after retinal ganglion cell ax-
otomy. Am J Pathol 2012; 181(1): 62-73. DOI: 10.1016/j.
ajpath.2012.03.030

23.	 Tezcan AH. Peripheral Nerve Injury and Current Treat-
ment Strategies. In: Tezcan AH, Maurício AC. Peripheral 
Nerve Regeneration - From Surgery to New Therapeutic 
Approaches Including Biomaterials and Cell-Based Ther-
apies Development. InTechOpen, 2017. DOI: 10.5772/
intechopen.68345.

24.	 Kastriti ME,Adameyko I. Specification, plasticity 
and evolutionary origin of peripheral glial cells. Curr 
Opin Neurobiol 2017; 47: 196-202. DOI: 10.1016/j.
conb.2017.11.004

25.	 Frostick SP, Yin Q, Kemp GJ. Schwann cells, neu-

rotrophic factors, and peripheral nerve regeneration. 
Microsurgery 1998; 18(7): 397-405. DOI: 10.1002/
(sici)1098-2752(1998)18:7<397::Aid-micr2>3.0.Co;2-f

26.	 Meirelles L, Caplan A, Nardi N. Pericytes as the Source 
of Mesenchymal Stem Cells. Resident Stem Cells and 
Regenerative Therapy 2013: 233-250. DOI: 10.1016/
B978-0-12-416012-5.00012-8

27.	 Cattin AL, Burden JJ, Van Emmenis L, Mackenzie FE, 
Hoving JJ, Garcia Calavia N, et al. Macrophage-induced 
blood vessels guide Schwann cell-mediated regeneration 
of peripheral nerves. Cell 2015; 162(5): 1127-1139. DOI: 
10.1016/j.cell.2015.07.021

28.	 Garcia-Diaz B, Bachelin C, Coulpier F, Gerschenfeld G, 
Deboux C, Zujovic V, et al. Blood vessels guide Schwann 
cell migration in the adult demyelinated CNS through 
Eph/ephrin signaling. Acta Neuropathol 2019; 138(3): 
457-476. DOI: 10.1007/s00401-019-02011-1

29.	 Silver J. CNS regeneration: only on one condition. 
Curr Biol 2009; 19(11): R444-446. DOI: 10.1016/j.
cub.2009.04.026

30.	 Gordon T, English AW. Strategies to promote peripheral 
nerve regeneration: electrical stimulation and/or exercise. 
Eur J Neurosci 2016; 43(3): 336-350. DOI: 10.1111/
ejn.13005

31.	 Gilbert SF. Developmental Biology 6th ed. Sunderland, 
2000. 

32.	 Bashaw GJ, Klein R. Signaling from axon guidance 
receptors. Cold Spring Harb Perspect Biol 2010; 2(5): 
a001941. DOI: 10.1101/cshperspect.a001941

33.	 Tuttle R, O’Leary DD. Neurotrophins rapidly modulate 
growth cone response to the axon guidance molecule, 
collapsin-1. Mol Cell Neurosci 1998; 11(1-2): 1-8. DOI: 
10.1006/mcne.1998.0671

34.	 Seeds NW, Siconolfi LB, Haffke SP. Neuronal extracel-
lular proteases facilitate cell migration, axonal growth, 
and pathfinding. Cell Tissue Res 1997; 290(2): 367-370. 
DOI: 10.1007/s004410050942

35.	 Elisa V. Cell-Cell and Cell-Matrix Interactions during 
Axons Guidance. In: Elisa V, Abreu GEA. Neurons - 
Dendrites and Axons, InTechOpen, 2018; DOI: 10.5772/
intechopen.73741

36.	 Safieh-Garabedian B, Poole S, Allchorne A, Winter J, 
Woolf CJ. Contribution of interleukin-1 beta to the inflam-
mation-induced increase in nerve growth factor levels and 
inflammatory hyperalgesia. Br J Pharmacol 1995; 115(7): 
1265-1275. DOI: 10.1111/j.1476-5381.1995.tb15035.x



10

Biomed Rev 30, 2019

Stewart, Kan, Nguyen and Sulaiman

37.	 Oliveira KMC, Pindur L, Han Z, Bhavsar MB, Barker JH, 
Leppik L. Time course of traumatic neuroma develop-
ment. PLoS One 2018; 13(7): e0200548. DOI: 10.1371/
journal.pone.0200548

38.	 Lunn ER, Brown MC, Perry VH. The pattern of axonal 
degeneration in the peripheral nervous system varies 
with different types of lesion. Neuroscience 1990; 35(1): 
157-165. DOI: 10.1016/0306-4522(90)90130-v

39.	 Sulaiman W, Gordon T. Neurobiology of peripheral nerve 
injury, regeneration, and functional recovery: from bench 
top research to bedside application. Ochsner J 2013; 
13(1): 100-108. 

40.	 Chaldakov GN, Fiore M, Stankulov IS, Manni L, Hristova 
MG, Antonelli A, et al. Neurotrophin presence in human 
coronary atherosclerosis and metabolic syndrome: a role 
for NGF and BDNF in cardiovascular disease? Prog 
Brain Res 2004; 146: 279-289. DOI: 10.1016/S0079-
6123(03)46018-4

41.	 Sulaiman W, Dreesen TD. Effect of local application 
of transforming growth factor-beta at the nerve repair 
site following chronic axotomy and denervation on the 
expression of regeneration-associated genes. Laboratory 
investigation. J Neurosurg 2014; 121(4): 859-874. DOI: 
10.3171/2014.4.JNS131251

42.	 Millesi H. The nerve gap. Theory and clinical practice. 
Hand Clin 1986; 2(4): 651-663. 

43.	 Barton MJ, Morley JW, Stoodley MA, Lauto A, Mahns DA. 
Nerve repair: toward a sutureless approach. Neurosurg Rev 
2014; 37(4): 585-595. DOI: 10.1007/s10143-014-0559-1

44.	 Menovsky T, Beek JF. Laser, fibrin glue, or suture 
repair of peripheral nerves: a comparative functional, 
histological, and morphometric study in the rat sciatic 
nerve. J Neurosurg 2001; 95(4): 694-699. DOI: 10.3171/
jns.2001.95.4.0694

45.	 Millesi H. Healing of nerves. Clin Plast Surg 1977; 4(3): 
459-473. 

46.	 Gordon T. Electrical Stimulation to Enhance Axon Regen-
eration After Peripheral Nerve Injuries in Animal Models 
and Humans. Neurotherapeutics 2016; 13(2): 295-310. 
DOI: 10.1007/s13311-015-0415-1

47.	 Seta H, Maki D, Kazuno A, Yamato I, Nakajima N, 
Soeda S, et al. Voluntary Exercise Positively Affects the 
Recovery of Long-Nerve Gap Injury Following Tube-
Bridging with Human Skeletal Muscle-Derived Stem Cell 
Transplantation. J Clin Med 2018; 7(4). DOI: 10.3390/
jcm7040067

48.	 Armada-da-Silva PA, Pereira C, Amado S, Veloso AP. 
Role of physical exercise for improving posttraumatic 
nerve regeneration. Int Rev Neurobiol 2013; 109: 125-
149. DOI: 10.1016/B978-0-12-420045-6.00006-7

49.	 Ray WZ, Mackinnon SE. Management of nerve gaps: 
autografts, allografts, nerve transfers, and end-to-side 
neurorrhaphy. Exp Neurol 2010; 223(1): 77-85. DOI: 
10.1016/j.expneurol.2009.03.031

50.	 Liao WC, Chen JR, Wang YJ, Tseng GF. The efficacy of 
end-to-end and end-to-side nerve repair (neurorrhaphy) 
in the rat brachial plexus. J Anat 2009; 215(5): 506-521. 
DOI: 10.1111/j.1469-7580.2009.01135.x

51.	 Mackinnon SE. New directions in peripheral nerve 
surgery. Ann Plast Surg 1989; 22(3): 257-273. DOI: 
10.1097/00000637-198903000-00013

52.	 Faroni A, Mobasseri SA, Kingham PJ, Reid AJ. Peripheral 
nerve regeneration: experimental strategies and future 
perspectives. Adv Drug Deliv Rev 2015; 82-83: 160-167. 
DOI: 10.1016/j.addr.2014.11.010

53.	 Evans GR. Peripheral nerve injury: a review and approach 
to tissue engineered constructs. Anat Rec 2001; 263(4): 
396-404. DOI: 10.1002/ar.1120

54.	 Mackinnon SE. Results of nerve repair and grafting. In: 
Mackinnon SE, Midha Z.  Surgery of Peripheral Nerves. 
Thieme, 1988; 123–124

55.	 Arslantunali D, Dursun T, Yucel D, Hasirci N, Hasirci 
V. Peripheral nerve conduits: technology update. Med 
Devices (Auckl) 2014; 7: 405-424. DOI: 10.2147/MDER.
S59124

56.	 Sabongi RG, Fernandes M, Dos Santos JB. Peripheral 
nerve regeneration with conduits: use of vein tubes. Neu-
ral Regen Res 2015; 10(4): 529-533.DOI: 10.4103/1673-
5374.155428

57.	 Midha R, Nag S, Munro CA, Ang LC. Differential 
response of sensory and motor axons in nerve allo-
grafts after withdrawal of immunosuppressive therapy. 
J Neurosurg 2001; 94(1): 102-110. DOI: 10.3171/
jns.2001.94.1.0102

58.	 Mackinnon SE, Hudson AR, Falk RE, Kline D, Hunter 
D. Peripheral nerve allograft: an immunological assess-
ment of pretreatment methods. Neurosurgery 1984; 14(2): 
167-171. DOI: 10.1227/00006123-198402000-00008

59.	 Gu X, Ding F, Yang Y, Liu J. Construction of tissue en-
gineered nerve grafts and their application in peripheral 
nerve regeneration. Prog Neurobiol 2011; 93(2): 204-230. 
DOI: 10.1016/j.pneurobio.2010.11.002



11

Biomed Rev 30, 2019

Designing ideal 3D-bioprinting conduit

60.	 Yanev S, Aloe L, Fiore M, Chaldakov GN. Neurotrophic 
and metabotrophic potential of nerve growth factor and 
brain-derived neurotrophic factor: Linking cardiometa-
bolic and neuropsychiatric diseases. World J Pharmacol 
2013; 2(4): 92-99. 

           DOI: 10.5497/wjp.v2.i4.92
61.	 Allen SJ, Watson JJ, Shoemark DK, Barua NU,Patel 

NK. GDNF, NGF and BDNF as therapeutic options for 
neurodegeneration. Pharmacol Ther 2013; 138(2): 155-
175. DOI: 10.1016/j.pharmthera.2013.01.004

62.	 Alsina FC, Ledda F, Paratcha G. New insights into the 
control of neurotrophic growth factor receptor signaling: 
implications for nervous system development and repair. 
J Neurochem 2012; 123(5): 652-661. DOI: 10.1111/
jnc.12021

63.	 Allodi I, Udina E, Navarro X. Specificity of peripheral 
nerve regeneration: interactions at the axon level. Prog 
Neurobiol 2012; 98(1): 16-37. DOI: 10.1016/j.pneuro-
bio.2012.05.005

64.	 Daly W, Yao L, Zeugolis D, Windebank A, Pandit A. A 
biomaterials approach to peripheral nerve regeneration: 
bridging the peripheral nerve gap and enhancing func-
tional recovery. J R Soc Interface 2012; 9(67): 202-221. 
DOI: 10.1098/rsif.2011.0438

65.	 Marquardt LM, Sakiyama-Elbert SE. Engineering pe-
ripheral nerve repair. Curr Opin Biotechnol 2013; 24(5): 
887-892. DOI: 10.1016/j.copbio.2013.05.006

66.	 Mohanna PN, Young RC, Wiberg M, Terenghi G. A com-
posite poly-hydroxybutyrate-glial growth factor conduit 
for long nerve gap repairs. J Anat 2003; 203(6): 553-565. 
DOI: 10.1046/j.1469-7580.2003.00243.x

67.	 Navarro X, Vivo M, Valero-Cabre A. Neural plasticity 
after peripheral nerve injury and regeneration. Prog 
Neurobiol 2007; 82(4): 163-201. DOI: 10.1016/j.pneu-
robio.2007.06.005

68.	 Midha R, Munro CA, Dalton PD, Tator CH, Shoichet MS. 
Growth factor enhancement of peripheral nerve regenera-
tion through a novel synthetic hydrogel tube. J Neurosurg 
2003; 99(3): 555-565. DOI: 10.3171/jns.2003.99.3.0555

69.	 Levi-Montalcini R. The nerve growth factor 35 years 
later. Science 1987; 237(4819): 1154-1162. DOI: 10.1126/
science.3306916

70.	 Alsina FC, Ledda F, Paratcha G. New insights into the 
control of neurotrophic growth factor receptor signaling: 
Implications for nervous system development and repair. 
Journal of Neurochemistry 2012; 123(5): 652-661. DOI: 

10.1111/jnc.12021
71.	 Hadlock T, Sundback C, Koka R, Hunter D, Cheney 

M, Vacanti J. A novel, Biodegradable polymer conduit 
delivers neurotrophins and promotes nerve regen-
eration. Laryngoscope 1999; 109(9): 1412-1416. DOI: 
10.1097/00005537-199909000-00010

72.	 Thanos PK, Okajima S, Terzis JK. Ultrastructure and cel-
lular biology of nerve regeneration. J Reconstr Microsurg 
1998; 14(6): 423-436. DOI: 10.1055/s-2007-1000203

73.	 McKay R. Stem cells in the central nervous system. 
Science 1997; 276(5309): 66-71. DOI: 10.1126/sci-
ence.276.5309.66

74.	 Ren Z, Wang Y, Peng J, Zhao Q, Lu S. Role of stem 
cells in the regeneration and repair of peripheral nerves. 
Rev Neurosci 2012; 23(2): 135-143. DOI: 10.1515/
revneuro-2011-0069

75.	 Koshizuka S, Okada S, Okawa A, Koda M, Murasawa 
M, Hashimoto M, et al. Transplanted hematopoietic stem 
cells from bone marrow differentiate into neural lineage 
cells and promote functional recovery after spinal cord 
injury in mice. J Neuropathol Exp Neurol 2004; 63(1): 
64-72. DOI: 10.1093/jnen/63.1.64

76.	 Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, Soldner 
F, et al. Neurons derived from reprogrammed fibroblasts 
functionally integrate into the fetal brain and improve 
symptoms of rats with Parkinson’s disease. Proc Natl 
Acad Sci USA 2008; 105(15): 5856-5861. DOI: 10.1073/
pnas.0801677105

77.	 Tung TH, Mackinnon SE. Nerve transfers: indications, 
techniques, and outcomes. J Hand Surg Am 2010; 35(2): 
332-341. DOI: 10.1016/j.jhsa.2009.12.002

78.	 Blakemore WF. The case for a central nervous system 
(CNS) origin for the Schwann cells that remyelinate CNS 
axons following concurrent loss of oligodendrocytes and 
astrocytes. Neuropathol Appl Neurobiol 2005; 31(1): 
1-10. DOI: 10.1111/j.1365-2990.2005.00637.x

79.	 Zhang Q, Nguyen P, Xu Q, Park W, Lee S, Furuhashi A, 
et al. Neural Progenitor-Like Cells Induced from Human 
Gingiva-Derived Mesenchymal Stem Cells Regulate 
Myelination of Schwann Cells in Rat Sciatic Nerve Re-
generation. Stem Cells Transl Med 2017; 6(2): 458-470. 
DOI: 10.5966/sctm.2016-0177

80.	 Xu L, Zhou S, Feng GY, Zhang LP, Zhao DM, Sun Y, 
et al. Neural stem cells enhance nerve regeneration after 
sciatic nerve injury in rats. Mol Neurobiol 2012; 46(2): 
265-274. 10. DOI: 1007/s12035-012-8292-7



12

Biomed Rev 30, 2019

Stewart, Kan, Nguyen and Sulaiman

81.	 Chen Z-L, Yu W-M, Strickland S. Peripheral Regenera-
tion. Annual Review of Neuroscience 2007; 30(1): 209-
233. DOI: 10.1146/annurev.neuro.30.051606.094337

82.	 Llado J, Haenggeli C, Maragakis NJ, Snyder EY, Roth-
stein JD. Neural stem cells protect against glutamate-
induced excitotoxicity and promote survival of injured 
motor neurons through the secretion of neurotrophic 
factors. Mol Cell Neurosci 2004; 27(3): 322-331. DOI: 
10.1016/j.mcn.2004.07.010

83.	 Bressan RB, Dewari PS, Kalantzaki M, Gangoso E, Matju-
saitis M, Garcia-Diaz C, et al. Efficient CRISPR/Cas9-
assisted gene targeting enables rapid and precise genetic 
manipulation of mammalian neural stem cells. Development 
2017; 144(4): 635-648. DOI: 10.1242/dev.140855

84.	 Pabari A, Yang SY, Mosahebi A, Seifalian AM. Recent 
advances in artificial nerve conduit design: strategies for 
the delivery of luminal fillers. J Control Release 2011; 
156(1): 2-10. DOI: 10.1016/j.jconrel.2011.07.001

85.	 Sarker MD, Naghieh S, McInnes AD, Schreyer DJ, Chen 
X. Regeneration of peripheral nerves by nerve guidance 
conduits: Influence of design, biopolymers, cells, growth 
factors, and physical stimuli. Prog Neurobiol 2018; 171: 
125-150. DOI: 10.1016/j.pneurobio.2018.07.002

86.	 Tonchev A, Aloe L, Bełtowski J, Rancic G, Bojanic V, 
Atanassova P, et al. Adipose-derived stem cells as a 
remedy. Adipobiology 2010; 2: 51. DOI: 10.14748/adipo.
v2.260

87.	 Zhang R, Rosen JM. The role of undifferentiated adipose-
derived stem cells in peripheral nerve repair. Neural 
Regen Res 2018; 13(5): 757-763. DOI: 10.4103/1673-
5374.232457

88.	 Abbas O, Borman H, Uysal Ç, Gonen Z, Aydin L, 
Helvacıoglu F, et al. Adipose-derived stem cells enhance 
axonal regeneration through cross-facial nerve grafting in 
a rat model of facial paralysis. Plastic Reconstr Surg 2016; 
138: 387-396. DOI: 10.1097/PRS.0000000000002351

89.	 Bloanca V, Ceausu AR, Jitariu AA, Barmayoun A, Mos 
R, Crainiceanu Z, et al. Adipose tissue graft improves 
early but not late stages of nerve regeneration. In Vivo 
2017; 31(4): 649-655. DOI: 10.21873/invivo.11107

90.	 Banas A, Teratani T, Yamamoto Y, Tokuhara M, Takeshita 
F, Quinn G, et al. Adipose tissue-derived mesenchymal 
stem cells as a source of human hepatocytes. Hepatology 
2007; 46(1): 219-228. DOI: 10.1002/hep.21704

91.	 Chiono V, Tonda-Turo C. Trends in the design of nerve 
guidance channels in peripheral nerve tissue engineer-

ing. Prog Neurobiol 2015; 131: 87-104. DOI: 10.1016/j.
pneurobio.2015.06.001

92.	 Freier T, Montenegro R, Shan Koh H, Shoichet MS. 
Chitin-based tubes for tissue engineering in the nervous 
system. Biomaterials 2005; 26(22): 4624-4632. DOI: 
10.1016/j.biomaterials.2004.11.040

93.	 Chiono V, Ciardelli G, Vozzi G, Sotgiu MG, Vinci B, 
Domenici C, et al. Poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate)/poly(ϵ-caprolactone) blends for tissue 
engineering applications in the form of hollow fibers. 
J Biomed Mater Res. 2008; 85A(4): 938-953. DOI: 
10.1002/jbm.a.31513

94.	 Al-Majed AA, Brushart TM, Gordon T. Electrical stimu-
lation accelerates and increases expression of BDNF 
and trkB mRNA in regenerating rat femoral motoneu-
rons. Eur J Neurosci 2000; 12(12): 4381-4390. DOI: 
10.1111/j.1460-9568.2000.01341.x.

95.	 Xu H, Holzwarth JM, Yan Y, Xu P, Zheng H, Yin Y, 
et al. Conductive PPY/PDLLA conduit for peripheral 
nerve regeneration. Biomaterials 2014; 35(1): 225-235. 
10.1016/j.biomaterials.2013.10.002

96.	 Belkas JS, Shoichet MS, Midha R. Peripheral nerve re-
generation through guidance tubes. Neurologic Res 2004; 
26(2): 151-160. DOI: 10.1179/016164104225013798

97.	 Ribeiro-Resende VT, Koenig B, Nichterwitz S, Ober-
hoffner S, Schlosshauer B. Strategies for inducing the 
formation of bands of Bungner in peripheral nerve re-
generation. Biomaterials 2009; 30(29): 5251-5259. DOI: 
10.1016/j.biomaterials.2009.07.007

98.	 Brushart TM, Mathur V, Sood R, Koschorke GM. Joseph 
H. Boyes Award. Dispersion of regenerating axons across 
enclosed neural gaps. J Hand Surg Am 1995; 20(4): 557-
564. DOI: 10.1016/s0363-5023(05)80267-9

99.	 Chang CJ, Hsu SH. The effect of high outflow perme-
ability in asymmetric poly(dl-lactic acid-co-glycolic acid) 
conduits for peripheral nerve regeneration. Biomaterials 
2006; 27(7): 1035-1042. DOI: 10.1016/j.biomateri-
als.2005.07.003

100.	Groves ML, McKeon R, Werner E, Nagarsheth M, 
Meador W, English AW. Axon regeneration in periph-
eral nerves is enhanced by proteoglycan degradation. 
Exp Neuro 2005; (2): 278-292. DOI: 10.1016/j.expneu-
rol.2005.04.007.

101.	Cangellaris O, Gillette M. Biomaterials for enhancing 
neuronal repair. Front Mater 2018; 5: 21. DOI: 10.3389/
fmats.2018.00021



13

Biomed Rev 30, 2019

Designing ideal 3D-bioprinting conduit

102.	Torday JS. A central theory of biology. Med Hypotheses 
2015; 85(1): 49-57. DOI: 10.1016/j.mehy.2015.03.019

103.	Zochodne DW, Ho LT. Hyperemia of injured peripheral 
nerve: sensitivity to CGRP antagonism. Brain Res 1992; 
598(1-2): 59-66. DOI: 10.1016/0006-8993(92)90168-9

104.	Zochodne DW, Ho LT. Endoneurial microenvironment 
and acute nerve crush injury in the rat sciatic nerve.
Brain Res 1990; 535(1): 43-48. DOI: 10.1016/0006-
8993(90)91822-x

105.	Bearden SE, Segal SS. Microvessels promote motor nerve 
survival and regeneration through local VEGF release 
following ectopic reattachment. Microcirculation 2004; 
11(8): 633-644. DOI: 10.1080/10739680490517659.

106.	Xu QG, Zochodne DW. Ischemia and failed regenera-
tion in chronic experimental neuromas. Brain Res 2002; 
946(1): 24-30. DOI: 10.1016/s0006-8993(02)02820-2

107.	Risau W. Mechanisms of angiogenesis. Nature 1997; 
386(6626): 671-674. DOI: 10.1038/386671a0

108.	Kubis N, Levy BI. Vasculogenesis and angiogenesis: 
molecular and cellular controls. Part 1: growth fac-
tors. Interv Neuroradiol 2003; 9(3): 227-237. DOI: 
10.1177/159101990300900301

109.	Carmeliet P, Tessier-Lavigne M. Common mechanisms of 
nerve and blood vessel wiring. Nature 2005; 436(7048): 
193-200. DOI: 10.1038/nature03875

110.	Serini G, Maione F, Giraudo E, Bussolino F. Semaphorins 
and tumor angiogenesis. Angiogenesis 2009; 12(2): 187-
193. DOI: 10.1007/s10456-009-9138-4

111.	Kaizawa Y, Kakinoki R, Ikeguchi R, Ohta S, Noguchi 
T, Takeuchi H, et al. A Nerve Conduit Containing a 
Vascular Bundle and Implanted With Bone Marrow 
Stromal Cells and Decellularized Allogenic Nerve 
Matrix. Cell Transplant 2017; 26(2): 215-228. DOI: 
10.3727/096368916X692951

112.	Al-Majed AA, Tam SL,Gordon T. Electrical stimulation 
accelerates and enhances expression of regeneration-
associated genes in regenerating rat femoral motoneu-
rons. Cell Mol Neurobiol 2004; 24(3): 379-402. DOI: 
10.1023/B:CEMN.0000022770.66463.f7.

113.	Gordon T, Udina E, Verge VM, de Chaves EI. Brief 
electrical stimulation accelerates axon regeneration in 
the peripheral nervous system and promotes sensory axon 
regeneration in the central nervous system. Motor Control 
2009; 13(4): 412-441. DOI:10.1123/mcj.13.4.412.

114.	Lin YC, Kao CH, Chen CC, Ke CJ, Yao CH, Chen YS. 
Time-course effect of electrical stimulation on nerve 
regeneration of diabetic rats. PLoS One 2015; 10(2): 
e0116711. DOI: 10.1371/journal.pone.0116711




