Chapter 5
Tissue Engineering Applications
for Peripheral Nerve Repair

Hakan Orbay and Weibo Cai

5.1 Introduction

Peripheral nerves are prone to physical injuries due to their relatively superficial
location in most parts of the body. The physical trauma usually comes in the form
of transportation and construction accidents, natural disaster and war damage, and
other trauma, as well as iatrogenic side effects of surgery. Approximately, 2.8 % of
trauma patients suffer from an accompanying peripheral nerve injury, and the
number of patients with upper extremity paralysis reaches up to 360,000 per
annum in the USA. Therefore, peripheral nerve repair and regeneration have
always been a popular and challenging topic of clinical research [1].

The first attempts to repair peripheral nerves by Galen date back to second
century [2]. Sporadic descriptions of nerve coaptation sutures were reported later
by Paul von Aegina in the seventh century and Rahzes and Avicenna in the ninth
century [3]. The treatment techniques have evolved to a great extent over the
following centuries; however, even with the most advanced techniques, peripheral
nerve injuries often result in residual sensory and functional losses [3-5].

5.2 Classification of Peripheral Nerve Injuries

Peripheral nerve injuries are classified according to the Sunderland’s scale [6]
which includes five degrees with an increasing severity of the injury: First-degree
injury (also called neuropraxia) defines the injuries that cause a block in the action
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potential conduction, but axonal continuity is preserved. Complete healing is
expected. Second-degree injury is associated with a loss in axonal continuity
without damage to the surrounding glial and connective structures. Complete
healing is expected since the regenerating axons can be properly oriented under the
guidance of the original glial tubules in the distal nerve stump. Third-degree
injuries include the endoneurial structures, and thus, although nerve continuity is
maintained, the orientation of the regenerating axons to the proper target can be
poorer than in second-degree lesions. Fourth-degree injuries refer to nerve injuries
which cause the disruption of all nerve fibers and supporting structures except the
epineurium. Regeneration can occur spontaneously; however, complete recovery
is unlikely due to scar formation and improper orientation of regenerated axons.
Finally, in fifth-degree injuries, complete nerve transection occurs. Healing is
impossible unless nerve continuity is reconstructed surgically.

5.3 Conventional Treatment of Peripheral Nerve Injuries

Treatment for the simple cuts is direct cooptation, but severe injuries resulting in a
wide gap require an autologous nerve graft or a nerve conduit to bridge the gap [7].
After the implantation of nerve graft, the axons within the graft are removed by
phagocytes and Schwann cells with initial phagocytosis [4, 8]. In the next step,
Schwann cells, which are responsible for the synthesis of the myelin sheath in the
peripheral nerve tissue, proliferate and develop bands of Biingner. These are
columns of cells lining the endoneurial tubes, eventually helping the regenerating
axons to progress in the direction of denervated targets [5, 9].

Even though the autologous nerve grafting is currently the gold standard
treatment for nerve defects, the drawbacks of the technique are as follows: limited
donor tissue and donor site morbidity that may present as numbness and neuroma
pain in the donor site [3, 4, 8]. Due to the limited regeneration capacity of human
peripheral nerve tissue, the completion of the axonal regeneration is a time-con-
suming process even under ideal conditions, and a long period of rehabilitation is
essential to obtain the maximum functional recovery [4, 5]. Functional recovery
rates typically approach only 80 % for nerve injuries treated by autologous nerve
grafts [1].

5.4 Tissue Engineering of Peripheral Nerves

Discovery of multipotent stem cells and the advancements in biomaterial engi-
neering have enabled engineering of peripheral nerves in the laboratory medium.
Tissue-engineered nerve grafts have attracted a large volume of interest as an
alternative to autologous nerve grafting for the treatment for peripheral nerve
defects considering the above-mentioned drawbacks of the latter technique.
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Similarly, to the other fields of regenerative medicine, peripheral nerve tissue
engineering has raised great expectations within the general public, as well as in
the scientific community, regarding its potential clinical application in the treat-
ment of damaged nerves. However, in spite of the significant scientific advance-
ments, clinical application of tissue-engineered nerve grafts is still very limited. To
optimize the engineering strategy and accelerate the process of clinical translation,
we should bring together the main pillars of tissue engineering which are as
follows: scaffolds; growth factors, genes, and drugs; and support cells [8].

5.4.1 Nerve Scaffolds

5.4.1.1 Structure of Nerve Scaffolds

As mentioned above, the axons in the autologous nerve grafts do not integrate into
the structure of the regenerated nerves, but they are degraded in the early steps of
nerve regeneration, subsequently leaving a hallow lumen through which the
regenerating axons progress distally. Therefore, using hallow nerve scaffolds
instead of nerve grafts for bridging wide nerve gaps may help to decrease the
donor site morbidity related with autologous nerve grafting [4, 8]. Figure 5.1 gives
a summary of the structure of nerve scaffolds and the way that they can be used for
peripheral nerve tissue engineering.

Scaffolds should be non-cytotoxic, non-immunogenic, non-allergenic, and non-
carcinogenic as well as being sufficiently porous to allow the diffusion of nutrients
while inhibiting the invasion of scar tissue [5, 10]. The fabrication technique
(cutting holes on the wall, rolling of meshes, fiber spinning, adding a pore-forming
agent, or injection molding followed by solvent evaporation) affects the perme-
ability by altering the porous structure of neural scaffolds [11, 12]. Permeability of
neural scaffold is also affected by the hydrophilic property of the scaffold material
[1]. For a routine clinical application, the neural scaffold has to be easily fabri-
cated, sterilized, and moreover has to satisfy many biomechanical and biological
requirements such as biocompatibility and biodegradability [1]. On biomechanical
side, a neural scaffold must be flexible to allow bending without kinking; too stiff
scaffolds are easily dislocated, while too flexible scaffolds fail to provide sufficient
mechanical support for axonal regeneration [1]. On biocompatibility side, the
surface properties (including pH and surface charge) are the determining factors in
terms of interactions between the neural scaffolds and nerve cells and the ability of
the scaffold to blend in the implantation site and promote cell-substrate interaction
[1, 10]. For example, the longitudinally oriented surface texture of the neural
scaffold has been shown to help directional outgrowth of axons and uniform
alignment of Schwann cells in vitro, resulting in improved nerve regeneration [1].
Similarly, multichannel neural scaffolds have greater surface areas for cell
attachment and local release of growth factors, thus theoretically can support the
nerve regeneration across a larger nerve gap. The data published thus far support
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Fig. 5.1 The types of neural scaffolds are shown on the left-hand side of the diagram, and the
components of tissue-engineered nerve grafts are shown on the right-hand side. Adapted with
permission from [1]

the hypothesis that multichannel neural scaffolds reduce the dispersion of regen-
erating axons through the scaffold lumen; however, they displayed no significant
benefit over single-lumen scaffolds [1, 13] probably because a complex multilayer
internal structure may at the same time interfere with the permeability and flexi-
bility of the neural scaffold [13].

5.4.1.2 Surface Properties of Nerve Scaffolds

In in vivo, the cells are located in three-dimensional microenvironments where they
are surrounded by other cells and by the extracellular matrix, whose components,
such as collagen, elastin, and laminin, are organized in nanostructures (i.e., fibers,
triple helixes, etc.). This complex tissue network regulates the morphology,
migration, and proliferation of Schwann cells, stimulates the release of nerve
growth factors from Schwann cells, and also provides binding sites and direc-
tionality to the growing axons [14]. It is therefore essential to develop scaffolds that
create synthetic microenvironments, providing 3D support, so as to control and
direct the cellular behavior and to promote specific cell interactions [5].
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Attempts to imitate the natural extracellular matrix by adding macromolecules
(proteoglycans, collagen, elastin, laminin, fibronectin) to the internal environment
of nerve scaffolds experienced a limited success [14—17]. However, nanomaterials
provide a new dimension of interaction with biological systems that takes place on
a subcellular level with a high degree of specificity [5, 18, 19]. For example,
nanodiamond monolayers provide an excellent growth surface on various mate-
rials for functional neuronal networks and bypass the necessity of protein coating
[20]. Furthermore, carbon nanotubes enhance nerve regeneration by rendering the
scaffold more conductive [89].

The source of the scaffold is another aspect that effects the cell-scaffold and
tissue—scaffold interactions. A scaffold may be derived from natural or synthetic
materials [21].

5.4.1.3 Natural Nerve Scaffolds

Natural scaffolds are made from tissues that already exist in human body or from
materials that exist naturally outside human body [5]. Natural biomaterials are
attractive sources for nerve tissue engineering since they constitute cell-friendly
matrices that stimulate adhesion, migration, growth, and proliferation of neuro-
genic cells. These materials also exhibit similar properties to the soft tissues that
they are replacing, and they do not elicit foreign body reaction upon implantation
and therefore have an excellent biocompatibility [1, 22]. The concerns about
natural materials are as follows: the necessity of a careful purification process and
inconsistent homogeneity of products between the lots [22].

e Acellular Allogeneic or Xenogeneic Tissues

Acellular tissues from same or different species can be obtained by various
physical, chemical, and enzymatic decellularization methods [23-25]. These
methods aim to remove the immunogenic components and preserve the extracel-
lular matrix components that are essential for the mechanical integrity of the
tissue. Acellular tissues are especially useful in the repair of non-critical peripheral
nerve gaps with a small length and diameter [1].

Acellular allogeneic and xenogeneic nerve tissues [25-32], tendon [33], and
vein and muscle [34, 35] have been used by different groups in order to repair
peripheral nerve defects. Avancel (AxoGen Inc. Alachua, FL) is a commercially
available acellular allogeneic nerve graft product which is fabricated from a
donated cadaveric nerve through decellularization. Preliminary clinical applica-
tions of this product yielded favorable results [28]. However, the major concern
about the use of acellular nerve scaffolds is the lack of axonal growth-stimulating
bioactive components just like any other synthetic nerve scaffold. Recently, an
increasing amount of effort has been directed toward incorporation of support cells
or growth factors into the acellular allogeneic or xenogeneic-based neural scaffolds
[30-32, 36]. The resultant tissue-engineered nerve grafts allow a better nerve
regeneration than the acellular neural scaffolds alone.
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Fig. 5.2 SEM views of a
collagen nerve scaffold
(Revolnerv® tube) with a
smooth internal and external
texture. Scale bars, 1 mm
(a) and 100 pm (b). Adapted
with permission from [37]
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e Extracellular Matrix Components

Extracellular matrix is a network of proteins and fibers surrounding the cells
that together form a complex 3-D structure crucial for proper biological func-
tioning of the cells. Three main components of extracellular matrix, collagen,
laminin, and fibronectin, have important roles in nerve regeneration.

Collagen has been extensively investigated as a potential scaffold for neural
tissue engineering (Fig. 5.2) [37—41]. The properties of collagen scaffolds can be
varied by using different concentrations of collagen or it can be denatured to
gelatin that has also been used as a scaffold material [42]. The source of the
collagen can be mammals such as rats, bovines, and humans; therefore, there is a
risk of immune response if xenogeneic transplantation is used.
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e Chitin, Chitosan, and Other Natural Polysaccharides

Chitin is a natural polysaccharide that is commonly found in the outer shells of
crustaceans, insect exoskeletons, and fungal cell walls. It is extensively used in
biomedical applications. Chitosan is closely related to chitin and can be obtained
from chitin via deactylation [22]. The molecular structure of chitosan has got a
strong resemblance with the molecular structure of glycosaminoglycan; therefore,
it can interact with the extracellular matrix molecules in a similar way. The
favorable biological properties of chitin and chitosan made them useful materials
for nerve tissue engineering [1, 43—46].

e Silk Fibroin and Other Natural Molecules

Silk fibroin, keratins, and other matrix proteins extracted from human hair,
wool, nail, and feather have been used as natural materials for the production of
nerve scaffolds [47—49].

5.4.1.4 Synthetic Nerve Scaffolds

Synthetic scaffolds can be made from non-degradable materials such as silicone
[50, 51] and poly-2-hydroxyethyl methacrylate-co-methyl methacrylate (PHEMA-
MMA) [52] or from biodegradable polymers such as poly-3-hydroxybutyrate [53,
54], polyglycolic acid (PGA) [55, 56], poly L-lactic acid (PLA) [57, 58], poly-
lactide-co-glycolide (PLGA) (Fig. 5.3) [59-61], and poly-lactide-co-caprolactone
(PLC) [62, 63].

The main advantage of synthetic nerve scaffolds is their tunable chemical and
physical properties. However, their incompatibility with cell adhesion and tissue
integration poses a challenge to nerve tissue engineering. Therefore, synthetic
materials are often chemically modified to render them more biocompatible [1].

o Non-degradable Synthetic Materials

The early neural scaffolds were made of non-degradable synthetic materials
such as silicone, rubber, acrylic polymer, polyethylene, elastomer, etc. Even
though they achieved variable levels of success, their clinical use is currently
limited because of the long-term complications such as chronic nerve compres-
sion, chronic foreign body reaction, and the necessity of a second surgical pro-
cedure to remove the scaffold [64, 65].

® Biodegradable Synthetic Materials

As the concerns rose over the use of non-degradable synthetic materials as
nerve scaffolds, biodegradable synthetic scaffolds, which degrade within a rea-
sonable time span after implantation, were developed. Ideally, the neural scaffolds
should remain intact throughout the axon regeneration and then gradually degrade
with minimal swelling and foreign body reaction [1]. In case of a 10-mm gap of
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Fig. 5.3 PLGA conduits
(a) and structure of the
scaffold under scanning
electron microscopy (SEM)
(b). Scale bar, 100 pm.
Adapted with permission
from [61]
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the rat sciatic nerve, the minimum time period that a biodegradable nerve scaffold
must remain intact for sufficient nerve regeneration is 3 months [5]. Both the
premature and delayed degradation of nerve scaffold might result in increased scar
formation that further delays nerve regeneration [5, 66].

Further chemical modifications can be used to increase the biocompatibility of
degradable scaffolds via adding sites for cell or extracellular matrix adhesion to
allow cells to infiltrate into the scaffold lumen (Fig. 5.4) [19, 67, 68].

5.4.2 Growth Factors

Growth factors act in coordination with extracellular matrix to control the survival,
proliferation, migration, and differentiation of various cell types involved in the
nerve regeneration [69]. Incorporation of growth factors, such as nerve growth
factor, glial cell line-derived neurotrophic factor, and brain-derived neurotrophic
factor (BDNF), into the tissue-engineered nerve grafts has been actively attempted
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Fig. 5.4 SEM image shows
Schwann cells on PCL/
gelatin nanofibrous scaffolds
after 12 days of coculture.
Nanofibers encourage the
attachment of Schwann cells.
Scale bar, 200 pm. Adapted
with permission from [19]

in order to avoid the possible side effects and morbidity associated with cellular
therapy [70-76]. However, growth factor therapy has fallen short of expectations
because of the unpredictable side effects, unknown optimal dosage, and short half-
life of the growth factors [5, 74, 75, 77].

5.4.3 Cell Sources for Peripheral Nerve Tissue Engineering

Due to the in vivo inefficiency of growth factors, some researchers implanted cells
into the lumen of neural scaffolds in an attempt to provide a continuous supply of
growth factors to the nerve defect area [35, 78-81]. Moreover, engineering a
complete peripheral nerve is not possible without the in vitro culture and seeding
of cells onto the nerve scaffolds. The major cell types used were as follows:
Schwann cells, embryonic stem cells (ESCs), neural stem cells (NSCs), mesen-
chymal stem cells (MSCs), and induced pluripotent stem cells (iPSCs) (Table 5.1).

These cell lines could be implanted into the scaffolds via direct injection or
coculturing methods before or after in vitro differentiation [33, 82]. The markers
for successful neural differentiation are as follows: GFAP, p75SNGFR, and S-100
for Schwann cells [83—-86] and nestin and NeuN [84, 87] for neural progenitor
cells.

o Schwann Cells

Schwann cells can be obtained from allogeneic, syngeneic, or autologous
sources. Their function is to create a suitable environment for axonal growth by
expressing cell adhesion molecules, secreting nerve growth factors, and forming
an endoneurial myelin sheath that acts as a guide for the regenerating axons
[3, 34]. This central role of Schwann cells in peripheral nerve regeneration made
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Table 5.1 Cell lines used as support cells for nerve tissue engineering

Cell type Advantages Disadvantages
Schwann cells Non-immunogenic; major role in ~ Harvest and expansion are time
myelination; secretes growth consuming; harvest requires
factors invasive procedures
Olfactory Secrete neurotropic factors; Limited survival in cell cultures;
ensheathing participate in myelination; non- limited donor site
cells immunogenic
Neural stem cells ~ Non-immunogenic; promote axonal High risk of tumor formation in vivo
regeneration
Bone-marrow- Easy expansion, non-immunogenic Harvest requires invasive procedures;
derived stem low stem cell yield
cells
Adipose-derived Easy harvest and expansion; secret Action of mechanism needs to be
mesenchymal growth factors clarified;
stem cells
Skin-derived stem  Easy harvest and expansion; secret Donor site morbidity
cells growth factors; non-
immunogenic

them the most commonly used cell type for experimental nerve tissue engineering
applications. Schwann cell-enriched nerve scaffolds improved both the quality and
rate of axonal regeneration in rat sciatic nerve defect model [88, 89]. However,
among the obstacles in front of their clinical use are; suboptimal attachment of
Schwann cells to the nerve scaffolds and the difficulties in obtaining and in vitro
expansion of autologous Schwann cells [1, 81].

o ESCs

As an alternative to Schwann cells, ESCs can easily be expanded and have a
great potential to proliferate and differentiate into neurons under various protocols
(Fig. 5.5) [87, 90]. However, the ethical concerns on the use of ESCs for clinical
applications limit their use.

e NSCs

Neural stem cells, just like ESCs, are multipotent, highly mobile, and can easily
be isolated and cultured in vitro. These properties make NSCs an attractive
alternative source of support cells for nerve tissue engineering [91-93].

o MSCs

MSCs from various adult tissues (bone marrow, adipose tissue, etc.) became the
subject of interest because of various advantages over the other cell lines. It is
relatively easily to obtain MSCs through minimally invasive procedures such as
the aspiration of the bone marrow or liposuction. MSCs can easily be expanded in
a large scale by in vitro culture [94, 95].
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Fig. 5.5 Phenotype characterization of ESCs differentiated into neural progenitors. Confocal
fluorescence microscopy imaging shows the cell phenotype 3 days after differentiation induction.
Images demonstrate double staining of NeuN (red) (a) and S-100 (green) (b) in neural progenitor
cells differentiated from ESCs. Merged image demonstrates the positivity of some of the cells for
both NeuN and S-100, implying that these neural progenitors can further differentiate into either
neuronal or glia/Schwann cells (¢). A close-up view is seen in pane (d). Scale bars, 40 pm
(a, b) and 20 pm (c, d). Adapted with permission from [87]

Even though they do not possess the wide range of differentiation of ESCs, adult
MSCs are multipotent, secrete growth factors and other soluble mediators, and
moreover can serve as a vehicle for drug delivery and gene therapy [96]. Several
in vitro studies have shown that MSCs can be induced to differentiate into neural
lineages including Schwann cell-like cells (Fig. 5.6) [85, 97-101]; however, MSCs
promote nerve regeneration not only by direct differentiation but also via sponta-
neous fusion with host cells and possibly by secreting growth factors [102, 103].

e (PSCs

The latest and maybe the most significant advancement in stem cell field is the
reprogramming of adult somatic cells (e.g., skin fibroblasts) into pluripotent stem
cells by the introduction of genes Oct3/4, Sox2, c-Myc, and KLF4 [104]. These
cells are named iPSCs, and since they are derived from somatic cells, they bypass
the immune system of the host. Similar to ESCs, iPSCs possess an unlimited
expansion potential, and they can be differentiated into almost every tissue in
human body yet without any of the ethical concerns surrounding ESCs (Fig. 5.7).
However, iPSCs require a significantly more genetic manipulation than any other
stem cell type during the induction process that subsequently leads to some safety
concerns in clinical application [105].
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Fig. 5.6 Human MSCs can be differentiated into Schwann cell-like cells. This picture shows
immunofluorescence staining for S100, PO, p75NGFR, GFAP, L1, O4 in human MSCs (a—f), and
human MSC-derived Schwann cells (g-1). The untreated human MSCs slightly expressed S100
(a) but were negative for other Schwann cell markers before induction (b—f). However, after the
induction, cells became positive for all the other Schwann cell markers and exhibited an increased
immunoreactivity for S100 (g). Macroscopic view of the tissue within the nerve scaffold seeded
with MSC-derived Schwann 3 weeks after transplantation of the scaffold into a rat sciatic nerve
defect (black arrows) (m). Neurofilament-positive nerve fibers (red) observed in the newly
formed tissue in the scaffold, white arrows mark the coaptation sites (n). Scale bar, 100 pm.
Adapted with permission from [101]

GFAP/DAPI S100b/DAPI

Fig. 5.7 In vitro differentiation of iPSC into Schwann cells. Differentiated cells are positive for
GFAP (a) and S100b (b). Scale bar, 100 um. Adapted with permission from [105]
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5.4.4 Toward Clinical Applications

The repair of critical-sized rat sciatic nerve defects by tissue-engineered nerve
grafts has been the experiment model that supplied the major percentage of pre-
clinical data on in vivo application of peripheral nerve tissue engineering. Studies
with different cell lines and scaffolds yielded similar results [34, 36, 80, 81, 84, 86,
106, 107]. Even though it constitutes a strong background for clinical translation,
the differences between the biology’s of small animals and human beings should
always be considered when interpreting the preclinical data.

Wakao et al. used a cynomolgus monkey peripheral nervous system injury model
to examine the safety and efficacy of bone marrow MSCs differentiated into
Schwann cells as a cell source for peripheral nerve tissue engineering [108]. Dif-
ferentiated MSCs were seeded onto a collagen sponge at a concentration of 2 x 10°
cells, and collagen sponge was placed into the lumen of a PLC scaffold to repair a 20-
mm median nerve defect. For the evaluation, in addition to other techniques, they
have performed '®F-fluorodeoxyglucose positron emission tomography (**F-FDG-
PET) scanning for in vivo tracking of the injected cells. No abnormal accumulation
of radioactivity except in regions with expected physiological accumulation was
observed excluding a possible neoplastic transformation of the injected cells.

Hu et al. used rhesus monkey for two different experiments. In the first
experiment, acellular allogeneic nerve segments were seeded either with autolo-
gous bone marrow MSCs or autologous Schwann cells to repair a 40 mm defect in
the ulnar nerve of rhesus monkeys [30]. The concentration of the cells was
2 x 107 cells per graft, and the recovery with the MSC-seeded allografts was
similar to that observed with Schwann cell-seeded allografts and autologous nerve
grafts. This study demonstrated that MSCs could be a solid alternative to Schwann
cells as a cell source for peripheral nerve tissue engineering given the difficulties in
purifying sufficient quantities of Schwann cells for peripheral nerve regeneration.
In the second study, they used chitosan/PLGA-based, autologous marrow MSC-
containing tissue-engineered nerve grafts for bridging a 50 mm long median nerve
defect in rhesus monkeys (Fig. 5.8) [30]. They injected 1 x 10® cells per ml of
suspension. At 12 months after grafting, locomotive activity observation, elec-
trophysiological assessments, and gold retrograde tracing tests were carried out,
and the recovery of nerve function by tissue-engineered nerve was found to be
more efficient than the one by scaffold alone. In addition, the authors performed a
safety evaluation of MSC-based therapies. Blood test and histopathological
examination demonstrated that tissue-engineered nerve graft could be safely used
in the primate body. These two studies were milestone studies toward the clinical
application, considering the striking similarity in the anatomy and function of
forearm nerves between human and monkey hands.

Bone marrow MSCs seeded on a PLGA scaffold was used to repair a dog sciatic
nerve defect in two different studies [107, 109]. Both of these studies demonstrated
that repair of the peripheral nerve defects with tissue-engineered nerve grafts
yielded similar results with autologous nerve graft repair.
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Fig. 5.8 Intra-operative views of the repair of a median nerve defect in a monkey forearm. A 5-cm
median nerve segment was excised following the dissection of the nerve (a). The defect was bridged
by a chitosan/PLGA scaffold injected with an autologous BMSC suspension (b). Macroscopic view
of the regenerated nerve at 12 months after the operation. The white arrows mark the proximal and
distal coaptation sites, respectively (c). Histological examination confirmed the nerve regeneration
at 12 months: Meyer trichrome staining of transverse and longitudinal nerve sections depicts the
myelinated axons within the regenerated nerve (myelin seen in red) (d, e); double immunostaining
with anti-neurofilament 200 (green color) and anti-S100 (red color) of transverse nerve segments
shows neurofilament-200-positive axons encircled by S-100-positive myelin (f). Scale bars,
20 um. Transmission electron micrographs show myelin around the axons as dense black circles
(g). Scale bar, 5 pm. Adapted with permission from [78]

The data obtained from the experiments using bigger animal models are more
clinically relevant. The results of these experiments will definitely help to deter-
mine the guidelines of human applications of tissue-engineered nerve grafts.
Nevertheless, more studies are warranted to find the appropriate cell type and
number of cells for peripheral nerve tissue engineering and possible side effects of
cellular treatment.

Among the preclinical studies, another one that deserves some emphasis is a
recent study that reported in vivo transplantation of differentiated adipose-derived
stem cells on a three-dimensional nerve scaffold composed of fibroblasts. This is
an important study in terms of omitting the peripheral nerve tissue engineering
problems related to scaffolds such as cell adhesion and biocompatibility [83].

5.4.5 Conclusion and Future Prospects

Unpredictable outcomes and morbidity associated with the traditional methods of
treatment of nerve defects encouraged surgeons to consider alternative methods for
peripheral nerve repair. Tissue engineering has recently emerged as a useful tool
for the treatment for a variety of diseases that were previously known to be
untreatable. The combination of bioengineered scaffolds and multipotent/plurip-
otent stem cells hold a great potential toward peripheral nerve tissue engineering.
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However, the clinical translation of peripheral nerve tissue engineering is a deli-
cate process that should proceed toward realistic expectations following a set of
carefully determined guidelines. Further refinement of the available techniques is
required for routine, safe, and efficient clinical application.

Even though the volume of the experimental data is encouraging, the clinical
success of peripheral nerve tissue engineering depends on the controlled regulation
of cell behavior and tissue progression in synthetic nerve scaffolds. To achieve this
goal, 3D imitation of the extracellular matrix structure and a sophisticated cell-
extracellular matrix interaction are crucial. In this regard, incorporation of
nanofibers into the scaffold had greatly enhanced the biocompatibility of scaffolds.
Altogether, addition of cells and growth factors into the lumens of scaffolds and
surface modifications should help the scaffolds to mimic the natural conditions and
improve the outcomes of surgical repair of peripheral nerve defects.
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