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PERIPHERAL  NERVE  INJURY

Nerve Tissue Engineering in Peripheral Nerve Injury

Ahmad Yanuar Safri1,2),  Jeanne Adiwinata Pawitan3,4,5) 

ABSTRACT
Objective: This article aims to explain the mechanism of recovery of peripheral nerve injury, current management and prog-

ress in nerve tissue engineering, which are promising to overcome the problems of peripheral nerve injury.
Materials and Methods: we searched various sources, i.e. Pubmed, Scopus, and Google scholar to collect relevant publica-

tions of peripheral nerve injury and its management, including nerve tissue engineering. 
Results: The development of tissue engineering has made it possible to regenerate nerve tissue by a combination of cell ther-

apy, appropriate design of scaffolds and the use of supporting elements. 
Discussion: Under current management, severe peripheral nerve injury especially injury to the proximal and large diameter 

nerves still has a poor prognosis. Poor prognosis is mainly due to a mismatch in nerve autograft in both structure and diameter 
to the host nerve. The advantage of tissue engineering techniques in the management of peripheral nerve injuries is that the 
engineered nerve tissue can be designed according to the structure and diameter of the damaged nerve.

Conclusion: Nerve tissue engineering might overcome the problems in peripheral nerve regeneration by a combination of 
stem cell therapy, and appropriate design of scaffolds to provide nerve conduits. 
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INTRODUCTION

Management of peripheral nerve injuries still have challenges, espe-
cially injuries to the large diameter and proximal nerves. Surgeries of 
proximal nerve injuries such as brachial plexus injury have limitations 
and often results in insufficient restoration of function and structure due 
to their complex structure and networking. In the United States the rate 
of disability due to brachial plexus injury is around 50% despite maxi-
mal medical efforts1). Brachial plexus injuries are more common at a 
young age due to motorcycle accidents. The disabilities they cause will 
reduce patient productivity and become an economic burden on the fam-
ily and community. The problems in current treatment of large diameter 
and long gap nerve injury create a critical need for nerve regeneration 
methods in peripheral nerves injuries, which can be provided by recent 
bioengineering approaches. Therefore, in this review we discussed the 
mechanism of recovery of peripheral nerve injury, surgical manage-
ments and the development of bioengineering approaches to improve 

regeneration and rehabilitation of peripheral nerve tissues.

MATERIALS  AND  METHODS

We searched various sources, i.e. Pubmed, Scopus, and Google 
scholar to collect relevant publications of peripheral nerve injury and its 
management, including nerve tissue engineering. All articles that con-
tained information in the mechanism of recovery of peripheral nerve 
injury, surgical managements and the development of bioengineering 
approaches to improve regeneration and rehabilitation of peripheral 
nerve tissues were included. Data were presented descriptively in the 
form of text and figures.
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RESULTS  AND  DISCUSSION

Mechanism of recovery in peripheral nerve injuries
A nerve system consists of cell bodies, which are found in ganglions 

or spinal cords, and axons (nerve fibers) that some of them form periph-
eral nerves, where some fibers are enveloped by myelin sheaths, which 
are produced by Schwan cells. A peripheral nerve is enveloped by con-
nective tissues, which is called epineurium, and consists of fascicles, 
which is wraped by perineuriums, and each nerve fibers inside a fascicle 
are surrounded by a loose connective tissue, which is called endoneuri-
um (Figure 1). A peripheral nerve has a vascular supply (vasa nervorum) 
that are found in the connective tissue wrappings, the endoneurium, 
perineurium, and epinerium. The degree of peripheral nerve damage can 
be divided based on the amount of involved tissues. In the mildest 
degree, the damage only occurs in myelin sheath, which is called neuro-
praxia, and has the best prognosis. At a further stage axon damages 
occur and are called axonotmesis. Prognosis is determined by the sur-
vival of connective tissues (epineurium, perineurium and endoneurium) 
in the injury; the more connective tissues remain, the better is the prog-
nosis. The most severe degree of peripheral nerve injury is neurotmesis, 
where axon and all connective tissues are disconnected, and it has the 
worst prognosis and will be the focus of this review2).

Peripheral nerve axons require communication and cytoplasmic 
transportation with cell bodies for survival. In peripheral nerve injury, 
axons that are located distal to the lesion will degenerate, which is 
called Wallerian degeneration, and the proximal axons will grow to try 
to reach the previous innervated effectors/receptors. Schwan cells have 
an important role in this process. In peripheral nerve injury an immune 
reaction will occur by activating Schwann cells and macrophages to 
clear axons and myelin in the distal nerve stump. Schwann cells also 
play a great role in the process of the axonal regeneration. Schwann 
cells will grow and migrate to receptors/effectors, which were previous-
ly innervated, and form "Bands of Bungers" that act as scaffolds to 
guide the growing proximal axons (Figure 2)3). Schwann cells also 
secrete cytokines and neurotrophic factors, which assist the process of 
regenerating axons, such as nerve growth factors, cell adhesion mole-
cules, and extracellular matrix components4).

Surgical treatment in peripheral nerve injuries
The surgical gold standard in peripheral nerve injuries is direct 

nerve repair with epineural micro sutures (end to end repair), and this 
action can only be done on a short nerve gap as in sharp object trauma. 
If there is a long gap between the nerves ends with excessive tension 
when an end to end repair is done, an autologous graft is required. Axon 
from the grafted nerve will degenerate but the connective tissues will 
become an ideal scaffold for host axons to regenerate because they pro-
vide guidance for the regenerating axons to reach the distal injured 
nerve; in addition, they provide Schwann cell basal lamina, nerve 
growth factors and adhesion molecules. Grafts are obtained from 
expandable sensory fibers that have less function, such as sural nerves, 
and medial antebrachii sensory nerves. Donor nerves are grafted 
reversed in orientation. This method is used in order to maximize regen-
erating axons and prevent the loss of axons in the down side branches of 
the donor nerves3).

There are several types of graft, i.e. single, cable, trunk, interfascic-

ular or vascularized graft5). A single graft is used when the diameter of 
injured nerve is the same as the graft. In a larger diameter of injured 
nerve, a cable graft is used, which consists of multiple lengths of small-
er diameter donor nerves to approximate the diameter of the injured 
nerve. In a proximal nerve injury such as brachial plexus injury, a trunk 
graft from a large nerve is used and often has a poor succession rate. 
Fibrosis of the large diameter nerve donor can occur before the axons 
from the injured nerve can grow across the graft. This fibrosis occurs 
because of the lack of vascularization of the donor nerve. In the interfas-
cicular nerve graft, the fascicles will be carefully separated and connect-
ed one by one as carefully as possible between the injured and donor 
nerve, which result in direct pathways for axons to regenerate within the 
fascicles6). In the vascularized nerve graft, artery and veins are also 
grafted into the host tissue. Maintaining a vascular supply in the donor 
nerve will prevent initial period ischemia and ensures continuous nutri-
tion. This method will prevent intraneural fibrosis and enhance the 
chance of axon regeneration. Therefore, it has been demonstrated suc-
cessfully in medium-sized nerve trunk grafts, which normally will 
undergo necrosis after grafted7).

Another method in proximal nerves injury treatment is the use of 
allografts from cadaver. This method has advantages that a major motor 
nerve trunk can be used as a graft and does not sacrificing any function-
al deficit to the host. However, donor Schwann cells in the graft will 
incite immune responds via T-cell responds that prevent axon regenera-
tion in the donor nerve graft. Therefore, the use of immunosuppressants 
is needed for two years until the donor grafts has been populated by host 
Schwann cell8). There are donor nerve grafts with cells that have been 
removed by various processes such as radiation, the use of detergents, 
and enzyme degradation, which leave the matrix that serves a natural 
scaffold. A decellularized donor nerve graft does not require immuno-
suppressant drugs in its application, but this method can only be used to 
replace a sensory nerve fiber loss and cannot replace an autograft in 
motor nerve fiber injury9).

Nerve tissue engineering to improve regeneration and reha-
bilitation of peripheral nerve tissue 

Nerve tissue engineering in vitro/ex vivo needs the presence of 
cells, scaffolds, and supporting elements. However, in vivo, one of them 
is enough as the other components might be provided by the host. 
Tissue engineering in nerve tissue regeneration can be divided into the 
cell therapy, the use of scaffolds, stem cell conditioned medium as a 
supporting element, or combination of all of them. These methods pro-
vide opportunity to overcome severe degree of nerve injury in the proxi-
mal and large diameter nerve. The use of stem cells and their condi-
tioned medium, which contains various beneficial factors, including 
exosomes, might provide an opportunity to regenerate severe grade 
nerve injury like in neurotmesis, because stem cells can differentiate 
into Schwan cell like cells, and might send paracrine factors that are 
beneficial to promote axonal regeneration10,11). Scaffolds can be devel-
oped and designed to mimic the structure of the injured nerve, whether 
it has a large diameter or a complex structure, which cannot be provided 
by an autologous nerve graft. The development of tissue engineering to 
overcome peripheral nerve injury problems have been studied from in 
vitro to animal studies. 

Figure 1. Peripheral nerve

Figure 2. Natural recovery of peripheral nerve injury without gap
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Development of scaffolds for peripheral nerve injury

The development of tissue engineering and regenerative medicine 
has promoted the use of manufactured scaffolds that is formed as nerve 
conduits to replace autografts and allografts in the treatment of nerve 
injuries with large defects such as in proximal nerve injuries. The nerve 
guidance conduits (NGC) have several advantages, i.e. they can be 
obtained more easily, less scarred tissue occurred, the immune reaction 
of the host is minimal, and does not require sacrifice of the function of 
the host. Scaffolds are used to create microenvironment conditions that 
support the regeneration of axons, direct them to the distal nerve stump 
and ultimately degrade so that they do not require removal of implants 
from the tissue12). Based on the used biomaterials nerve conduits can be 
categorized into synthetic, natural, or composite. In general, synthetic 
biomaterials are easier to modify, have better mechanical properties, but 
have worse bioactivity compared to natural materials. One of the syn-
thetic biomaterials that has been FDA approved is Polylactic acid (PLA) 
and polylactic-co-glycolic acid (PLGA). This Biomaterial (PLGA) has a 
low inflammatory response and the biodegradation can be easily modi-
fied by adjusting the ratio of its monomer component ratio. PLGA also 
has a unique ability for Schwann cell adherence and regulation of cell 
growth. The use of 3D bio-printing makes the scaffolds to be formed 
and adapted to the natural anatomy and physiology of the individualized 
injured nerves. The use of 3D-bio printing that does not use heat allows 
the combination of biomaterials with various types of cells and neural 
growth factors, thus increasing the ability of axonal regeneration in 
large nerve defects13,14). In the combination of stem cells and synthetic 
scaffolds, a factor that should be considered is the fact that PLA and 
PLGA can acidify the microenvironment during degradation, which 
poses a detrimental impact on cellular activities. However, the use of 
vanillin that is incorporated into PLGA film reduces reactive oxygen 
species formation in cell culture, which might reduce inflammatory 
response in vivo15). 

In addition, the FDA has approved the use of type I collagen as a 
biomaterial for nerve conduits with short (less than 3 cm) defects. In the 
longer gap between the nerves, a study used combination of fibrin and 
silk as nerve conduits. Dinis et al succeeded in making a multichannel 
electro-spun silk nerve conduit that resembled the structure of natural 
extra-cellular matrix of the tubular structure of an epineural tube16). 
These scaffolds have tensile strength equivalent to the schiatic nerve in 
their tests. In a study comparing the use of synthetic, natural and auto-
graft bio-materials on critical length of nerve injuries (> 3 cm in 
humans), autografts showed superiority with axon regeneration rates 
50% higher than other scaffolds17).

Cell therapy in peripheral nerve injury 

Mesenchymal stem cells (MSC) have been widely studied in animal 
models for peripheral nerve injuries. The results showed that MSCs in 
combination with nerve conduits had better immunohistochemical, neu-
rophysiologic and functional outcome compared to non-cell nerve con-
duits in lesion gaps between 3-15 mm, but in lesion gaps of 15 mm, 
autografts showed better outcome18). 

MSCs are multi potential stromal cells that can be harvested from 
bone marrow and other non-bone marrow sources like adipose tissue, 
skin, hair follicle, dental pulp and fetal tissue. MSC has a mesodermal 
origin, but has widely accepted that MSC can differentiate in to non-me-
sodermal origin tissue like neurons and astrocytes. In comparison to 
other sources of stem cells, adipose derived stem cells have many 
advantages such as easier collection, superior number of stem cells, bet-
ter proliferation capacity, and more or less the same differentiation 
potential compared to bone marrow derived cells, thus they are more 
prefered in autologous use18).

MSCs have self-renewal potentials, which promote neural tissue 
repair. MSC will migrate to injury area and secrete enriched secretomes/
metabolites, which contain anti-oxidant, anti-apoptosis, and immuno-
modulatory biomolecules, or differentiate into Schwan cell-like pheno-
type, which both protect neurons from extra damage and accelerate 
recovery phase in peripheral nerve injury10,11). The mechanism of action 
of MSC in the treatment of nerve injury is not exactly known, but a 
study showed that MSC decreased the inflammatory response in the 
area of injury therefore decreased the process of Wallerian degeneration. 
Further, MSC also could regenerate myelin sheath and promote neo-vas-
cularization, showed anti-fibrotic effects and helped with neural fibril 
reconstruction. In general, the main function of MSC was through pro 
regenerative agents for axon growth and preparing supportive microen-

vironment for Schwann cells to carry out their functions10).
There are various methods of delivering stem cells in cell therapy of 

peripheral nerve injury. In the case of using autografts or allografts, 
stem cells can be injected intra neural, but this method can be traumatic 
and unpredictable in cell distribution. Another method is to suspend 
stem cells in a fibrin matrix and injected in the surroundings of the 
nerve, but the results of this method was not significantly different if 
compared to intra neural injection19,20). In the use of scaffold in the form 
of nerve conduits, cells can be injected in the lumen of the nerve con-
duits or can be seeded onto the conduit matrix (scaffold). Natural con-
duits such as those derived from a vein or artery are rich in extra cellu-
lar matrix that is important for cell adhesion at the periphery of the con-
structs21). Commercial natural conduits that are composed of extra cellu-
lar matrix, such as collagen and fibrin are also available22,23). Moreover, 
the use of synthetic conduits that are biodegradable and microenviront-
ment friendly15), in combination with cells might be beneficial. 
However, due to the importance of basal lamina and other extra cellular 
matrix framework for axonal guidance, conduits with internal structure 
are more preferable than hollow or single lumen tubes. The arrangement 
of the internal structures can be organized as of multiple fibers in syn-
thetic nerve conduits compared to the less orderly structure of natural 
conduits such as of collagen sponge24). 

In animal models, there are evidences that systemic administration 
of stem cells following peripheral nerve injury can be efficacious to sus-
tain regenerative support through regular systemic dosing of stem 
cells25,26). In addition. stem cells might show efficacy when administered 
at neuromuscular junction or when distributed within denervated mus-
cles27).

CONCLUSION

Large-diameter and proximal peripheral nerve injury still pose a 
problem in their management. Current surgical approaches using auto-
graft, allograft, and decellularized allografts still provide better results 
than the use of synthetic and natural bio-material nerve conduits. 
However, the development of tissue engineering to overcome this prob-
lem by using combination of stem cells and nerve conduits/scaffolds 
might show promising results. 
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