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Abstract

Peripheral nerve injuries (PNI) can lead to lifetiloss of function and disfigurement. Different
methods such as conventional allograft procedurdsuaing of biological tubes have problems for dageaca
peripheral nerves reconstruction. Designed scaffolith natural and synthetic materials are now Vyide
used in the reconstruction of damaged tissuesizaliibn of absorbable and non-absorbable syntleetit
natural polymers with unique characteristics camt@ppropriate solution to repair damaged nessiés.
Polymeric nanofibrous scaffolds with properties iimto neural structure can be more effective hie t
reconstruction process. Better cell adhesion argtation, more guiding of axons and structural fesgu
such as porosity provide clearer role of nanofifershe restoration of neural tissues. In thisgrapasic
concepts of peripheral nerve injury, types of figiil and natural guides and the methods to imerthe
performance of tubes like orientation, nanotechgylapplications for nerve reconstruction, fiber and
nanofibers, electrospinning methods and their apfitin in the peripheral nerve reconstruction hiagen
reviewed.

Keywords:. Peripheral nerve injuries, Nerve reconstructionuiis guide, Nanofibers

1. Introduction

Peripheral nerves are the extensive network ofeetivat link the brain and spinal cord to
all other parts of the body. Peripheral nervesfaagile and easily damaged. A nerve injury can
interfere with the communication between the branmd the muscles controlled by the nerve,
affecting a person's ability to move certain musabe feel normal sensations. Several hundred
thousands of such traumatic injuries occur each iyeBurope and the US alone. The peripheral
nerve, when severed is capable of a substantiabaimaf regeneration. The peripheral nerve
contains only the axon part of the neuron and an#dcconsider the peripheral nerve trunk as a
protective structure for axons. The cell bodiesearisory neurons are located in the structures just
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next to the spinal cord (dorsal root ganglia (DR®))in cranial ganglia, while the cell bodies of
the motor neurons are within the CNS (spinal cordbminstem). Regenerating axons are
accurately guided for long distances along natymadicurring Bands of Bungner once the nerve
defect is bridged. The most popular approach impperal nerve tissue engineering involvas
vivo implantation of artificial scaffolds and substratlkeat will guide naturally regenerating axons
to the distal segment. Peripheral nerves are destrenks filled with sensory and motor axons,
and support cells such as Schwann cells and fiastdl Due to limb movements and the resulting
tensile and compressive stresses, the epineuriomdas a protective structure to the axons. The
epineurium is a sheath of loose fibro-collagenassue that binds individual fascicles into one
nerve trunk. Inside these fascicles are the axmyslinated by Schwann cells [1-3]. Peripheral
spinal nerves originate from the dorsal or ventogts of the spinal cord while cranial nerves
originate from the brainstem. Dorsal roots cont@nsory axons, carrying signals into the CNS;
ventral roots carry motor signals from CNS-origingtneurons to muscles and glanés(re ).
Cranial nerves can be purely sensory or motor, ay montain both types of axons [4,5].
Reconstruction of damaged nerves results from reiffiefactors that have been investigated by
different methods. Different methods such as utigjzallograft techniques [6], cell therapy such
as Schwann cell [7], stem cell, fibroblast and clfay cells or drug therapy, the use of biological
tubes, designed scaffolds with synthetic and nhtuederials and oriented channels, absorbable
and non-absorbable synthetic and natural polymetis wnique features, benefiting from new
technology of nanotechnology, can improve perforteafor an appropriate solution to repair
damaged nerve tissues that have been reviewediartltle.

Myelin sheath
Axon

Fig.1. Cross-sectional anatomy of the peripheral nengetlat left shows an unmyelinated fiber

2. Typesof nerve guides

2.1. Autologous nerve guides
PNI most commonly results from blunt trauma or frpemetrating missiles such as bullets
or other objects, but it is also associated wilttiures and fracture-dislocations. Crush injuries
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are, therefore, more common than nerve transactidfieen nerve endings are unable to be
rejoined without tension, a bridging section ofvgewill be used and two end-to-end sutures are
performed. The crushed section of the nerve isremipved and replaced by a nerve taken from
another (less important) site, typically the suraive (from the back of the leg) [8].

The auto graft works relatively well in practicedais the gold standard upon which all
alternative therapies are judged. However a semumdery is required to obtain the bridging
nerve, and there is loss of function at the doiiter sften leading to detrimental changes such as
scarring and the possible formation of painful wewss. Furthermore, donor nerves are often of
small caliber and limited in number. These problainige the search for a tissue engineering
alternative to this treatment [8].

2.2. Biological nerve guides

Weiss used non-nerve tissues as alternatives toesuépair of nerve to successfully
bridge very short nerve gaps [7-11]. Since themdads from many different biological tissues
have been used with varying success. These inthmleise of arteries [10,11], veins [12-14],
muscle [15-18], and other materials which are esitely reviewed by Doolabét al. [19]. Other
nerve tube conduits have been made from modifietbgiical tissues such as laminin [19] and
collagen [20,21fpnd have proved successful in specific situatioftsere are a number of
disadvantages with the use of blood vessel, muaol® other biologic tissues in bridging
peripheral nerve defects including tissue reactearly fibrosis, scar infiltration and lack of
precise control of the conduits’ mechanical praperf19]. These limitations have led to the
emergence of conduits made from novel syntheticeriad$, despite potential problems with
biocompatibility.Figure 2shown guides types used for nerve regeneration.

Fig.2. Tubes or guides types for PNS regeneration
2.3. Synthetic nerve guides

2.3.1. Artificial nerve guides made of nonabsorbable artificial materials
Beginning in the early 1980s, replacement surgesing artificial nerve conduits made of
nonabsorbable materials such as silicoRgL(e 3J, has been in practice for the treatment of
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severed nerves, and there are reports documerditiglgecoveries with the technique. All these
reports however, are of studies demonstrating ®goin morphological continuity of a nerve
with a gap as extremely small as about 10 mm inllslaaoratory animals such as rats, and
recovery in motor function has rarely been achievédd outcome was in no way superior to that
of nerve auto grafting in any of the reported stsdp2-25].

Fig.3. Silicone tube for nerve regeneration

2.3.2. Artificial nerve guides made of absorbable artificial materials

It became recognized from the latter half of th8A<9that degradable-absorbable materials
in the body after attaining nerve regeneration @eferable [26]. With the progress in material
synthesis and bridging techniques, artificial nem@nduits, made of absorbable synthetic
materials, have been developed. Substances syoblyagycolic acid (PGA) and polylactic acid
or polyhydroxybutyrate (PHB) [26] F(gure 9 are under investigation as biodegradable-
absorbable synthetic materials for nerve regeioerd26].The absorbable and nrabsorbable
synthetics such as poly lactic acid (PLA), polyaglyc acid (PGA), and their copolymer poly
lactic-co-glycolic acid (PLGA) have been widely dder nerve regeneration. All three polymers
have been approved by the Food and Drug AdministrafFDA) for employment in various
devices. These polymers are brittle and they do haste permissible regions for chemical
modification; in addition, they degrade by bulkhet than by surface, which is not a smooth and
ideal degradation process. In an attempt to oveectina lack of functionalities, free amines have
been incorporated into their structures from whpmdptides can be tethered to control cell
attachment and behavior [26]. Khorasahial designed PLLA tubes for nerve regeneration and
studied cellular investigations and in- vitro assesnts [27, 29].
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Fig.4. PHB conduit preparationg,. PHB material is manufactured as a sheet that easubto measure of any sizB, PHB
sheet is rolled around a 16 gauge need@leHeat sealing of the rolled condul), Rolled and sterilised conduits ready to be
implanted,E. Implanted PHBconduit at the sciatic nerve gitdmplanted PHB strip at the sciatic nerve site

2.3.3. Artificial nerve guides made of absorbable natural materials

Since the beginning of the 1990s, several repoage hbeen describing that natural
biomaterial collagen is satisfactory as a matdaakegeneration of various tissues/organs and is
also useful for peripheral nerve regeneration. Tlhamparative experiments with artificial nerve
conduits prepared, comprising collagen extract eloersus autologous nerve grafting, were
performed. The results of the study with the cotsduiere comparable with those of nerve auto
grafting, however, and the regenerated nerves feered much inferior to intact nerves. Chitosan
and chitin belong to a family of biopolymers compo®of a (1-4)-linked N-acetyl-D-glucosamine
and D-glucosamine subunitsigure 5shows chitosan guides as absorbable natural raiatdniat
are used for nerve regeneration.

Pranget al. assessed the capacity of alginate gels to prodioteted axonal regrowth in
the injured mammalian CNS. The multivalent ionsduse create the alginate-based gels were
copper ions, whose diffusion into the sodium altgntayers created hexagonally structured
anisotropic capillary gels. After precipitation,ethentire gel was traversed by longitudinally
oriented capillaries. The alginate scaffolds praedoadult nerve peripheral survival and highly
oriented axon regeneration [30]. This is the finstance of using alginates to produce anisotropic
structured capillary gels.

Future studies are needed to investigate the lemy-physical stability of the alginate
scaffolds, because CNS axon regeneration can take months long; however, in addition to
being able to provide long-term support the scdfomust also be degradable. Of all the
biological and synthetic biopolymers investigatgdHvang, only agarose-based gels were able to
be compared with the linear regeneration causedld¢ipate scaffolds. Future studies will also
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need to investigate whether the alginate scaffalidsv for reinnervation of the target vivo after
a spinal cord injury [30].

Collagen is the major component of the extra catlmhatrix and has been widely used in
nerve regeneration and repair. Collagen-type I/#itaffolds have demonstrated good
biocompatibility and are able to promote Schwanhpreliferation. However, collagen conduits,
filled with Schwann cells and used to bridge negaps in rats, have shown surprisingly
unsuccessful nerve regeneration compared to neteegaafts. This is because biocompatibility is
not the only factor necessary for successful neegeneration; other parameters such as inner
diameter, inner micro topography, porosity, waitkimess, and Schwann cell seeding density will
need to be examined in future studies in ordenmtprove the results obtained by these collagen
I/l gels [31].

Polysialic acid (PSA) is a relatively new biocombpkt and bioresorbable material for
artificial nerve conduits. PSA shows stability undell culture conditions and allows for induced
degradation by enzymes. It has also been discovemzhtly that PSA is involved in steering
processes like neuritogenesis, axonal path findang, neuroblast migration. Animals with PSA
genetically knocked out express a lethal phenotypieh has unsuccessful path finding; nerves
connecting the two brain hemispheres were abewmamissing. Thus, PSA is vital for proper
nervous system development [32].

000

Smm

Fig.5. Representative photomicrograph of braided chitdsalfow tubes made from chitsoan yarns through ratustrial
braiding technique

2.3.4. Composite nerve guides

Perhaps, the best materials for designing a sdaffse both synthetic and natural
polymers. Natural polymers such as chitosan, algiaad especially collagen and fibrin due to
their structural similarity with the neural strustuand properties such as cell attachment have
better advantages than synthetic polymers, bualiigy to design and swelling, is the problem of
the widespread use of such materials. However dgsigith small nerve gap have been
responsive. Utilizing synthetic polymers becausethef design control and the use of natural
polymers either spongy or fibrous and oriented psror Hydrogel or coated and other forms can
show better function for neural reconstruction.alegse researchers using polymeric PGA mesh
and collagen sponge inside the tube could recartspreripheral nerve gap about 3 cm [32,33].
This structure has been showrfinure 6[33].
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Fig.6. PGA-collagen composite nerve conduit filled witHlagen sponge . Electron micrograph (_40)The PGlegen
composite conduit is filled with a three dimensicsponge matrix

3. Typesof neural structures

Super structure is a structure or a cellular stéfiar main tissues simulation. The ways of
forming synthetic super structures include the atéydrogels responding to environmental
stimuli such as heat or the form of longitudinabichels ordered or longitudinal fibers and also
tensile axons and nanofibrous structures forms [34]

3.1. Longitudinally oriented guides

Longitudinally oriented channels are macroscopigcstires that can be added to a conduit
in order to give the regenerating axons a wellrasfi guide for growing straight along the
scaffold. In a scaffold with microtubular channethdtecture, regenerating axons are able to
extend through open longitudinal channels as theyldvnormally extend through endoneurial
tubes of peripheral nerves. Additionally, the chaanncrease the surface area available for cell
contact. The channels are usually created by ingegt needle, wire, or second polymer solution
within a polymer scaffold; after stabilizing theagle of the main polymer, the needle, wire, or the
second polymer is removed in order to form the okém Typically, multiple channels are
created; however, the scaffold can consist of gu& large channel, which is simply one hollow
tube [34].Figure 7shows the preparation method of oriented strustuseng chemical processes.
Oriented structures are created by copper catiSosh oriented structures are used for nerve
repair [34].

Layer of electrolyte
solution
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Fig.7. Ultra structure of alginate-based anisotropic ¢apilgels (ACH),a. lllustration of the different phases of anisotropi
capillary gel formation, b.Macroscopic appearant@®©H bodies,c. ACH in cross- andl. longitudinal sections. Scale bars
(b) 1 cm; (c) and (d) 100 mm
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A molding technique was created by Waai@l for forming a nerve guidance conduit with
a multi-channel inner matrix and an outer tube wralin chitosan. In their 2006 study, threaded
acupuncture needles through a hollow chitosan twbeye they were held in place by fixing, on
either end, the patches were created using CADhifogan solution was then injected into the
tube and was solidified, after which the needlesewemoved, creating longitudinally oriented
channels. A representative scaffold was then alefatecharacterization with 21 channels using
acupuncture needles of 400 um in diameter. Upoesinyation under a microscope, the channels
were found to be approximately circular with sligivegularities all channels were aligned with
the inner diameter of the outer tube wall. It wasfemed by micro-CT imaging that the channels
went through the entire length of the scaffold. Bndvater absorption, the inner and outer
diameters of the scaffold became larger, but thencll diameters did not vary significantly,
which was necessary for maintaining the scaffolapghthat guided neurite extension. The inner
structure provided an increase in compressive giinecompared to a hollow tube alone, which
could prevent the collapse of the scaffold ontoaging neurites. The Neuro-2a cells were able to
grow on the inner matrix of the scaffold, and tre oriented along the channels. Although this
method has only been tested on chitosan, it catailmred to other materials. Lyophilizing and
wire-heating process are other methods of credtingjitudinally-oriented channels developed by
Huang et al. A chitosan and acetic acid solutios fazen around nickel-copper (Ni-Cu) wires in
a liquid nitrogen trap; subsequently, the wireseneeated and removed. Ni-Cu wires were chosen
because they had a high resistance level. Temperedutrolled lyophilizers were used to
sublimate the acetic acid. There was no evidencéthefchannels merging or splitting. After
lyophilizing, scaffold dimensions shrank causingumhels to be a bit smaller than the wire used.
The scaffolds were neutralized to a physiologiddl yalue using a base, which had dramatic
effects on the porous structure. Weaker basestkegtorous structure uniform, but stronger base
made it uncontrollable. The technique used herebeaslightly modified to accommodate other
polymers and solvents [35]. Another way to creatggitudinally oriented channels is to create a
conduit from one polymer with embedded longitudinariented fibers from another polymer;
then, selectively dissolve the fibers to form ldadinally-oriented channels. Polycaprolactone
(PCL) fibers were embedded in a Hydroxyethylmetylate (HEMA) scaffold. PCL was chosen
over poly lactic acid (PLA) and poly lactic-co-gblic acid (PLGA), because it was insoluble in
HEMA but soluble in acetone. This was importanteaese HEMA was used for the main conduit
material and acetone was used to selectively disstble polymer fibers. Extruded PCL fibers
were inserted into a glass tube and the HEMA smiutvas injected. The number of channels
created was consistent from batch to batch anddhations in fiber diameter could be reduced
by creating a more controlled PCL fiber extrusigatem. The channels formed were confirmed
to be continuous and homogeneous by examinatigroadsity variations. This process is safe,
reproducible and has controllable dimensions. Binalar study conducted by Yet al. HEMA
was copolymerized with AEMA to create a P(HEMA-ctMBA) gel. Polycaprolactone (PCL)
fibers were embedded in the gel and then selegtivB$solved by acetone with sonication to
create channels. It was found that HEMA in a migtwith 1% AEMA created the strongest gels.
When compared to scaffolds without channels, thitiath of 82-132 channels could provide an
approximately 6-9 fold increase in surface areaiciwimight be advantageous for regeneration
studies that depended on contact-mediated cuesl{86kt al. developed a scaffold consisting of
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a single large longitudinally oriented channel tats created using chitosan tendons from crabs.
The tendons were harvested from crabs (Macrochaieanpferi) and were repeatedly washed
with sodium hydroxide solution to remove proteimgl 40 deacetylate the tendon chitin, which
subsequently became known as tendon chitosan. iAlests steel bar with a triangular-shaped
cross-section (each side 2.1 mm long) was insénteca hollow tendon chitosan tube of circular-
shaped cross-section (diameter:2 mm; length: 15.ravhen comparing the circular-shaped and
triangular-shaped tubes, it was found that thengudar tubes had improved mechanical strength,
held their shape better, and increased the susi@aeavailable. While this is an effective method
for creating a single channel, it does not proxademuch surface area for cellular growth as the
multi-channel scaffolds [37, 38].

3.2. Longitudinally oriented fibers

In addition to longitudinally-oriented channelsndtudinally-oriented fibers can also be
added to a conduit to provide regenerating axornth \guidance for longitudinally-directed
growth. Studies conducted by Newmeanal and Caiet al. showed that adding filaments to a
scaffold promotes inner contact guidance and isa®g@ermeability for better nutrient and waste
exchange such that the scaffold has superior negpair performance over non-permeable
conduits that lack filaments [39,40]. Newmetral. inserted conductive and non-conductive fibers
into a collagen-TERP scaffold (collagen cross-lohkevith a terpolymer of poly (N-
isopropylacrylamide) (PNIPAAmM)). The fibers were dded by tightly wrapping them on a
small glass slide and sandwiching a collagen-TE&RBtisn between it and another glass slide;
spacers between the glass slides set the gel #sskio 800 um. The conductive fibers were
carbon fiber and Kevlar, and the nonconductiverfibgere nylon-6 and tungsten wire. Neurites
were extended in all directions in thick bundlestlom carbon fiber; however with the other three
fibers, neurites were extended in fine web-likefoomations. The neurites showed no directional
growth on the carbon and Kevlar fibers, but thegmgalong the nylon-6 fibers and to some extent
along the tungsten wire. The tungsten wire andmdiber scaffolds had neurites grow into the
gel near the fiber-gel interface in addition towmg along the surface. All fiber gels except
Kevlar showed a significant increase in neuriteeegion compared to non-fiber gels. There was
no difference in the neurite extension betweemttreconductive and the conductive fibers [39].
Caiet al added Poly (L-lactic acid) (PLLA) microfilamerits hollow poly(lactic acid) (PLA) and
silicon tubes. The microfiber guidance charactiessivere inversely related to the fiber diameter
with smaller diameters promoting better longitutlineoriented cell migration and axonal
regeneration. The microfibers also promoted my&bnaduring peripheral nerve repair [40].

3.3. Oriented matrices

In vivo experiments with oriented matrices havéigher growth value than isotropic
matrices of the same materials. Various cells nezega three-dimensional geometrical structure
on the surface of substrates and their growth canglnded and controlled by fabricating
microgrooves on substrate surfaces [41-44]. This eghibit sensitivity to the dimensions of the
microgrooves [45]. Most of the microgrooves haverbébricated on inorganic substrates, such
as micromachined silicon chips [46] which are neyvdesirable for implantation. Micropatterned
regions on glass coverslips with adsorbed lamimivehbeen demonstrated to provide chemical
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guidance for axonal outgrowth [47Fi(ure §. The magnetic alignment of positive or negative
diamagnetic anisotropic molecules such as fibrith @vllagen, respectively, elicits in vitro guided
regeneration and improved in vivo regeneration.oAlhe methods are for scaffold orientation
such as employing magnetic field that has beernudssal in section 4.6.

Fig.8. Schwann cells on a smooth compression-molded PRib&tsate Biomaterials,b. Oriented Schwann cell growth on
micropatterned biodegradable polymer substrates

4. Nanotechnology

4.1. Nanometric stretch of axons

Axons in fact are assessed based on their growgerement with the amount of
mechanical tension in the center part of the cylgad mold. In fact, such a mechanical stretches
are created by bioreactor that have four main pénts expansion chamber designed for axons,
linear motion table, motor and controlléiidure 9. The structure of nerve tissue is located within
the expansion chamber and change of gases thabenafluencing this process is empty that can
isolate the cell body. Axons were evaluated in ¢baditions quite close to the ideal case and
vacuum. The Collagen gel is also used for the drositaxons though is not visible with the
normal eye. Samples were evaluated by scanningr@emicroscope or SEM and or TEM that
showed signs of growing axons [48]so, it was shown that axons could sustain strgtclwth
rates reaching 1 cm/day; however, it remained uwknwhether the ability to transmit active
signals was maintained. It was also shown thatcstrgrowth did not alter sodium channel
activation, inactivation, and recovery or potassighmnnel activation. In addition, neurons
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generated normal action potentials that propagatedss stretch-grown axons. Surprisingly, Na

and K channel density increased due to the stggtmivih, which may represent a natural
response to preserve the fidelity of neuronal digggFigure1() [50].

Fig.9. A schematic of axon stretch-growth, Neurons are plated on two adjoining substratesaaadjiven sufficient time for
axons to bridge the two substrates and integrate meurons on both sideB, The stretching frame displaces one population
of neurons away from the other, thereby elongatieginterconnecting axon§S, Axon stretch-growth is a process that can be
gradually induced to achieve a rate of 1 cm/dagrofvth and to lengths of at least 10 cm

Fig.10. Immunocytochemical analysis of axon stretch-growthandB. Antibodies against tau and MAP2 were utilized to
determine that elongating processes were axoriBhe entire length of stretch-growing axons labglesitive for tau protein,
B. MAP2 was labeled within the cell bodies and waisl abong elongating processes indicating that tipeeeesses are axons,
C-E. Confocal microscopic images of axons elongategldm in length. Antibodies againGt - tubulin (SMI-61),D. 200 kDa
phosphorylated neurofilament (SMI-31), and E. taargly labeled axons along their entire 5 cm ofjih. Scale bar®g. 50-

m, E
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4.2. Nanofibers

Nanofibers are fibers with diameters one or twoeosdof magnitude smaller than
conventional fibers. These fibers have a uniqualgd surface area-to-mass ratio, in the range of
10 nf/g to 1000 riYg (when the diameter is in the order of 500 nimi}s makes them suitable for a
broad range of applications [51]. Some nanofibeestdocompatible and biodegradable and are
used for the replacement of structurally or physatally deficient tissues and organs in humans.
The use of nanofibers in tissue restoration is etqaeto result in an efficient, compact organ and
a rapid recovery process due to the large surfee® affered by nanofibers made from protein
used for wound healing, the epithelialization oplants and the construction of biocompatible
prostheses, cosmetics, face masks, bone substitrt#gial blood vessels, valves and drug
delivery applications [52]. Scaffold materials puodd from nanofibers offer a large surface area
that can support cell growth. Nanofibers made figlk-like proteins could improve the blood
compatibility of implanted prosthetic devices bypmoting in vitro and/or in vivo epithelialization
of the device, thus, diminishing its thrombogemd anmunogenic properties.

Nanofibers are fibers that are less than 1/1000&hdiameter of a human hair. Their
applications are wide-ranging in industries inchglaerospace, filtration, biomedical applications
and biotechnology. Nanotechnology has the potetdiaévolutionize many areas such as surface
microscopy, silicon fabrication, biochemistry, nmié&ar biology, physical chemistry and
computational engineering as well as raising awesgrof nanotechnology in academia, industry
and among the general public. The creation of nad$eand devices at the nanoscale offers unique
benefits:

a) increased catalytic efficiency, as a result of leghface-to-volume ratios;
b) increased material strength and hardness, duever fghysical defects — a corollary to the
assembly of nanoscale structures;
c) multiple benefits related to small physical dimensi
d) faster speeds and improved energy efficiency dimgleer packing densities;
e) placement of devices into small structures inclgdiological materials such as cells;
f) novel physical, electrical, chemical, optical, amégnetic properties that are ideal for
specific and unique applications.
In the pharmaceutical and medical device industmesmomaterials and nanodevices may also
serve many purposes.
1. Nanoparticles and nanospheres enable the controtéshse of therapeutic agents,
antibodies, genes, and vaccines into target cells;
2. Biocompatible materials to be used in prosthetichienplantable devices;
3. Fluorescent probes for monitoring biochemical psses;
4. Sensor technologies for the detection and anabfdiologically relevant targets.
Linear aliphatic polyesters such as polyglycolidelylactide, and their random copolymer poly
glycolide-co-lactide are often used as the basemadg for implant devices, such as suture fibres
and scaffolds for tissue engineering [53-55].Thesaterials meet several controlled-release
criteria, i.e. They are biocompatible and biodegldel and they can provide a high efficiency of
drug loading. Many different techniques have beeavetbped to produce nanostructured
biodegradable materials such as microspheres, faamisfilms. It has been demonstrated that the
molecular structure and morphology of polyglycoligelyactide, and their copolymers can play a
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major role in the degradation and mechanical ptagseof the final products [56-62]. The area of
research where nanotechnology has had an influeneural tissue engineering is in developing
scaffolds which help in regeneration of damagedveserDue to the complex physiology of
regenerating nerve, the scaffolds for regeneratemjuire features that aid in the proliferation,
differentiation, and migration of neuronal and btiells. Thus, three-dimensional scaffolds, which
mimic the complex physiological properties and cloatcues of the ECM, and which enable the
guided cell and axonal migration in-vitro and in, are necessatry.

These scaffolds also need to provide a viablerenmient for cell growth, not elicit any
immune responses, have a high surface area, tav &lp the movement of nutrients, and to
provide strong support, while being able to degratia rate equal to or slower than the rate of
regeneration [63]. Nanoscale control over molecatsembly and topography provides the ability
to introduce some of the above features with spatid temporal control, potentially impacting
nerve guidance strategies significantly. Three ingra characteristics of scaffolds that promote
nerve regeneration include biocompatibility, degiatity, and porosity. In addition, as was
discussed earlier, spatiotemporally controlled gméation of topographical and biochemical cues,
enabled by nanoscale patterning techniques, caifisantly influence regeneration, as described
below.

4.3. Topographical cues for regenerating nerves: natural fibers

Natural fibers can be formed from materials suchaagphiphilic molecules, silk and
collagen. The inherent properties of fiber-basedenmals make them highly biocompatible, and
give them permeability and compliant nature. Intipaftar, permeability allows for the diffusion
of needed nutrients that enhance the adhesion agition of cells. However, these similar
properties make the production of such fibers cempalso, the orientation of fiber for guiding
cell migration is hard to control [63].

4.4. Self-Assembling Peptide Nanofibers

Natural fibers can be formed through the fabricatiof peptide-based amphiphilic
molecules. These molecules exist in solution anen tiself-assemble when introduced to
suspensions of cells [64]. Forces from ionic bogdmydrogen bonding, vanderwaals interactions
and hydrophobic responses drive the formation efpptide self-assembly process and generate
a gel-like solid [64]. The hydrophilic heads of thenphiphilic molecules can be designed to
include specific epitopes. For example, the incoapon of the sequence isoleucine—lysine—
valine-alaninevaline (IKVAV) can help promote neurite growth [69Jlanofibers with built-in
IKVAV are 5-8 nm in diameter and range from hundreds of nanemsieto a couple of
micrometers in length. When compared to laminin polg(D-lysine) substrates, cells cultured on
IKVAV nanofibers are differentiated more quicklydditionally, these nanofibers perform better
than the coatings of IKVAV soluble peptides, beeatise nanofibers provide higher density of
epitopes [64]. Thus, these fibers with the incogtion of specific epitopes into nanofibers are
shown to aid in neuronal differentiation. Peptidepaiphile nanofibers can also be produced
through soft lithography. In this process, a staoipghe fiber orientation is created and then
pressed upon a solution of peptide-amphiphilic mulkes [66]. This arrangement is then
evaporated, sonicated, and dried to produce aligratbfibers. The dimensions of the fibers
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depend on the percent weight of peptide amphiphites the 5 wt% peptide solution, the fibers
produced had a width of 200-300 nm with a heighaledut 55.1 nm while the 1 wt% solution
produced a width of 150 nm and a height of 23.1[66). However, they have only been shown
to be compatible with media and further studiesdnt®e be done with cell cultures to better
determine their effects.

4.5. Sk Fibersto Enhance Nerve Regeneration

Silk fibers represent another class of naturalrfilibat have been used to promote nerve
regeneration. After the removal of harmful matesialvhich causes adverse immunological
responses, the silk was extracted to produce fithetswere 15 nm in diameter. Their effects on
DRGs and Schwann cells showed their biocompatbdihd ability to promote cell growth
[67,68]. Two types of fibers are found includinge tepider silk fiber and silk worms for tissues
reconstruction in tissue engineering, particularlynerve tissue engineering applications. In
addition to adhesion, they are able to support caljration and are biocompatible and
biodegradable; however, their tedious extractiorthoe is a major limitation [69]. Spider silk
fibers increase the cell adhesion and proliferatlmkuszie®t al showed that cells are connected
fast and quick to silk fibers and grow on silk fibe a bipolar net with normal speed. They used
spider silk fibers for nerve regeneration. Foslpsoduction of silk from spider has not ever been
used in tissue engineering. Of course, it was @ that species of niphila spider produce a
silk that has immunological condition less thanstié of silkworm. The silk nest is a suitable
choice from the viewpoint of changeability; of ceey its PH is very effective on the basis of
arriving to physiology state of PH during the chesigAnother advantage of spider silk is its
resistance against fungi attack or bacteria forouarweeks and it must be noted that they would
not also inflate the obtained structure of silk #mel strain rate and its changes in this casethgut
rate of resistance of the silk on the basis ofcamposition and different samples and also a
separate condition and environmental type usetiilibe changed as well.

Attempts have been made for designing differenffeicls and also synthesizing these
kinds of fiber. Moreover, the third silk, silkworia another source of silk. The protein which is
obtained from the bombyx silk worm has a core ffdroin with the cover of sericin. Fibroin is a
protein with many chains with a repetitive seriésydrophobic and crystal in the face of gly-ala-
gly-ala-gly-x which x can be ser or tyr. Sericinshaany roots (acid amine) pillars and is more
hydrophobic. Silk fibers are so long that thay d@n used on the basis of their mechanical
resistance and flexibility and of course the rdttheir permeability is considered in front of wate
and oxygen. Moreover, silk fibroin can be easilggared and sterilized; this silk characteristic is
possible to show a series of unsuitable actionslideastudies were done in the field of this
problem and the result has indicated backgroundbeoeffectiveness of sericin. On the basis of
this observation it can be said that the silk withsericin has many medical applications. So, the
deletion of sericin from around the fibroein is ded before the use of silk. One useful way for its
deletion is called degrumming. In this method, sodution of Cq@ - Na which is boiled for
deleting sericin has been used without damagesbtoiri. Chen young showed that the silk
fibroin and the fibroin fibers derived from the gtibn had a good biological compatibility with
cells without cytotoxicity effects [67-70].
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4.6. Magnetically Aligned Nanofibers for Cell Alignment

Collagen is commonly used since it is a natural moment of the ECM, providing
structural strength through fibrous networks. Ggdla can also be magnetically treated to produce
a gel rod of aligned collagen fibrils. In stronggnatic fields, a high degree of collagen alignment
is produced. This was shown through a comparisocotbgen gel produced in a magnetic field
of 4.7 T and 9.4 THigure 1) [70]. As a result, when seeded with DRGs, thigrahent
facilitated oriented neurite extension. When coratiwith Schwann cells, directed migration
occurred and was further enhanced in the preseht8% fetal bovine serum [70]. These data
suggest that aligned collagen fibers are promisiagdidates as substrates for guided nerve
regeneration.

8T

Fig.11. Selected approaches for oriented scaffolds/matfaregeripheral nerve repair. Magnetically aligretcuctures have
so far been demonstrated with collagen . Scanniegfren micrographs of collagen with and withouT 8ragnetic field
exposure for 2 h. The diameter of collagen fibsilabout 100nmA. Control group,B. Exposed group. Scale bars: 5
mm.Light micrographs of Schwann cells cultured@6rh with and without 8-T magnetic field exposuke Control group.
,B. Exposed group. Scale bars: 100 mm

4.7. Biosynthetic and synthetic fibers

Biosynthetic and synthetic fibers can be createdudfh a variety of processes including
extrusion and electrospinning. While naturally ded polymers including collagen, elastin, and
gelatin would be useful starting materials for feéition of oriented substrates for nerve
regeneration, they present technical challenges fidfabrication perspective. One solution may
be to mix natural materials with synthetic polymelutions. To electrospin a fiber, a difference in
voltage is used to propel polymer fibers to a tafiper that can have functional groups that can
be exploited to aid in cell adhesion [63].

Furthermore, these aligned fibers guide glial atignt and promote directed growth. Like
natural fibers, most biosynthetic materials aredhar fabricate due to their inherent properties,
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while synthetic fibers are the least problematiptoduce and it can be said that electrospinnig is
one of the best and novel methods for producingaobfibrous polymers.

4.8. Electrospinning

Electrospinning is a process by which polymer ndoeo$ (with diameter lower than 100
nm and lengths reaching meters) can be produced asi electrostatically driven jet of polymer
solution. Significant progress has been made is Hrea over the past few years and this
technology has been exploited for a wide range ppfieations. Most of the recent works on
electrospinning has focused either on trying toeusthnd deeper changes to many fundamental
aspects of the process in order to gain controhafhofiber morphology, structure, surface
functionality and strategies for assembling themoor determining appropriate conditions for
electrospinning various polymers and biopolymerke Telectrospun nanofibers can even be
aligned to construct unique functional nanostriegusuch as nanotubes and nanowires [72].
Furthermore, depending on the specific polymerdpesed, a wide range of fabric properties such
as strength, weight and porosity, surface functibnaetc. can be achieved. This novel fiber
spinning technique also provides the capacity te l@mgether a variety of polymers, fibers, and
particles to produce ultra-thin layers. Small indd¢ particles can be added to the polymer
solution and encapsulated in the dry nanofiberduldd® drugs or bacterial agents can be added
and electrospun into non-woven mats. Nanofibervigeoa connection between the nanoscale
world and the macroscale world, since their diansetge in the nanometre range and several
meters in length. Therefore, the emphasis of cumesearch is to exploit such properties and to
focus on determining appropriate conditions for cetespinning various polymers and
biopolymers for eventual applications including: Itifiunctional membranes, biomedical
structural elements (scaffolds used in tissue @®ging, wound dressing, drug delivery, artificial
organs, vascular grafts), protective shields ircsey fabrics, filter media for submicron partisle
in the separation industry, composite reinforcememd structures for nano-electronic
machines:igure 12shows electrospinning apparatus .

Interest in the electrospinning process has inegkas recent years. Most of the literature
on electrospinning has explored the types of potyssdvent systems from which fibers can be
produced. A few studies have also addressed theegsmg/property relationships in electrospun
polymer fibers, either directly or indirectly. Pessing parameters of nanofibers have been
considered to applied voltage, the solution-flowergolymer concentration, molecular weight,
and the distance between the syringe needle tijpaiond collection plate. Solution viscosity has
been found to influence fiber diameter, initiatitigpplet shape, and the jet trajectory. Increasing
solution viscosity has been associated with thelyetion of larger diameter fibers. Baumgarten
has also correlated spinning atmosphere with tlceroence of the jet-splaying phenomena. The
splaying effects have been observed by Renekeal Other processing variables, such as
acceleration voltage, electrospinning current amtadce between the syringe needle tip to
ground collection plate have not been investigaimdlly but have been linked with fiber
morphology and defect structures. The backgroutetaliure for both the electrospray and
electrospinning processes suggests that the steuetod morphology of the final product is
particles or fibers, determined by a synergetie@affof solution parameters and electrostatic
forces. These parameters include viscosity, sutiatgon, concentration and dielectric properties
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of the spinning solution and process parameters asdhe feed rate of the solution to the syringe
needle tip and the acceleration voltage [72,73)c&inatural materials are difficult to spin, they
can be co-spun with synthetic polymers. For ingamacconductive polymer, polyaniline (PANI)
can be combined with gelatin and then electrosi@averal polymer solutions with varying
amounts of PANi were produced and their fibers egingom 924 to 48 nm in size. The solutions
with higher concentrations of PANi produced thinridgrers. Additionally, the proportion of
gelatin in the solution should not be less thand® to the possibility of beads forming on the
fibers. These fibers were then seeded with H9c2Zaatiac myoblasts, and the cells were shown
to proliferate [76].Interestingly, when the width the fiber was greater than 500 nm, cell
alignment was induced. These properties of biocdilmipy and conductivity show promise for
future implementation in nanofiber scaffolds.

Electrospinning setup modification |Resulting fibers

Co-axial, two capillary spinneret (a}
. ]
e
— 44
—> -~ ‘.
|
Rotating drum collector (C)

Fig.12. Modifications of the typical electrospinning setuged to produce meshes with uniqgue morphologies,co-axial,
two capillary spinneret can be used to electrobpitow nanofibers shown ih. A rotating drum collectoc. can be used to
produce aligned fiberd. Adapted a. and reproducedrom Li and Xia. Direct fabrication of compositecaneramic hollow
nanofibers by electrospinning. Nano. Lett. 4, 933)4,d. Reproduced with permission from Chewal Sustained release
of roteins from electrospun biodegradable fibers

The most widespread synthetic polymers in neussluB engineering are poly(a-hydroxy
esters) which include poly glycolic acid (PGA), pdéctic acid (PLA), and a copolymer of the
two poly lactic-co-glycolic acid (PLGA). These skatic polymers are frequently used due to
their advantageous biodegradable properties and ¢ase of electrospinning [74,75].Another
member, polycaprolactone (PCL), is also used whesiower rate of degradation is desired
especially in some drug delivery applications. Thisthod has been used to design neural tubes of
different materials like natural polymers of chaas[78] or synthetic polymers like PLGA [79].
Various factors affect the size of these fibersisTianofibers increase neural cell adhesion.
Figures 13and 14 shows SEM images of the electrospun PLGA/PCL nguwide conduitand
Longitudinal sections of nerve regenerated withiie tmplanted guide channel. Composite
nanofibers [77]were implied for reconstruction whose results shibuieat nanofibers had a
positive effect .
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Fig.13. Experimental model. SEM images of the electrodpuBA/PCL nerve guide conduk. and magnified details of the
tube wallB. microfibers and nanofibers range in diameter frgpproximately 280 nm to 8 im. The non-woven fibrous
microstructure is characterized by small pores (T®) and large pores (20 inf), Micrograph of sham-operated rat sciatic
nerve (experimental group I, Micrograph of prosthesis implanted, filled witHisa solution and sutured to the transected
nerve (experimental group 3)

C

Fig.14. Longitudinal sections of nerve regenerated withimimplanted guide channel. In the conduit, theenerated nerve
bridged the 10-mm gap, reconnecting the two sciadicze stumpsA. 4 months after surgery hematoxylin-eosin staining
shows the presence of regenerated tissue filliagctimduit lumen; decreased lumen diameter is ohblEnat middle length
of the guidance channel. Regenerated tissue pogiiBielschowsky staining. and to anti &-tubulin antibody. shows
nervous projections oriented along the major akih® prosthesis bridging the 10-mm gap betweersévered sciatic nerve
stumps (image sequence collected at 4x magnificatio

5. Conclusion

This article reviewed the various methods of tulesighation and the materials used.
Utilizing biodegradable synthetic and natural padym could be good options for nerve
regeneration. The designing and engineering holtales or filled with different materials
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required methods that achieved factors needed li&dporosity, pores size, and morphology and

strength and etc. Nanotechnology was indicatedetaltidle to improve the performance of the

scaffold due to the size attribute that playedmapartant role for nerve reconstruction. Employing

techniques such as magnetic fields for self assemntdl the orientation of nanofibers or nerve

cells, or using a controlled design could lead thwy electrospinning method, to good results in

nerve reconstruction. Designing tubes composedoaiposite materials, prepared natural and
synthetic polymers with oriented nanofibrous stuues, and finally, favorite features could be a

good option for designing the scaffold for repairitissues, especially the nervous tissues that
could be the best option for reconstruction.

References

[1] Richard AC Hughes., (2002), Peripheral neurbpaRegular review. BMJ.324:466-469.

[2] Burnett Mark G., Ericl. Zager, (2004), Pathoptoyogy of peripheral nerve injury: a brief review,
Neurosurg Focus. 16 (5):1-7.

[3] Yin Q, Kemp GJ, Frostick SP, (1998), Neurotrimshneurones and peripheral nerve regeneration,.
J Hand Surg Br, 23:433-437.

[4] Mehmet T., Stefano G., (2010), Internationalmgpsium on peripheral nerve repair and
regeneration . 2nd club Brunelli meeting. JourdaBi@achial Plexus and Peripheral Nerve Injury.
5:5-9.

[5] Evans GR., (2001), Peripheral nerve injury: @view and approach to tissue engineered
constructs.Anat Rec. 1(4):396-404.

[6] Ghaemmaghami F., Behnamfar F., Saberi H., (R0®8®mediate grafting of transected obturator
nerve during radical hysterectomy. Internationairj@l of surgery (London, England). 7(2):168-
169.

[7] Firouzi M., Moshayedi P., Saberi H., MobashkEi Abolhassani F., Jahanzad |., Mohsin R.,
(2006), Transplantation of Schwann cells to suldaraid space induces repair in contused rat
spinal cord, Neuroscience Letters. (402):66-70.

[8] Bain J.R., (1998), Peripheral nerve allograjtimeview of the literature with relevance to
composite tissue transplantation International Swshpm on Composite Tissue
Allotransplantation Transplantation Proceeding8):@/62-2767.

[9] Godard C.W. de Ruiter MD, Robert J. Spinner MBlichael J. Yaszemski MD., Martijn J.A.,
Malessy MD., (2009), Nerve Tubes for PeripheralwdeRepair Neurosurgery Clinics of North
America. 20(1): 91-105.

[10] Masaaki K., (1990), Enhancement of rat peripheerve regeneration through artery-including
silicone tubing, Experimental Neurology07(1): 69-77.

[11] Weiss P., (1941), Scienti fic apparatus aalgotatory methods. Reunion of stumps of small
nerves by tabulation instead of sutures. Scierge6B-68.

[12] Weiss P., (1944), The technology of nerve negation: a review. J Neurosurg.1:400-450.


http://www.jbppni.com/content/5/1/5
http://www.jbppni.com/content/5/1/5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VJ0-3V7T8HK-3P&_user=10&_coverDate=09%2F30%2F1998&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1272865669&_rerunOrigin=google&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=6762fe5005f198cf94fd17603c06beb8
http://www.sciencedirect.com/science/journal/00411345
http://www.sciencedirect.com/science/journal/10423680
http://www.sciencedirect.com/science/journal/10423680
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%2313149%232009%23999799998%23752059%23FLA%23&_cdi=13149&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=2bc94087643b03770c15c8e40e2df1b2
http://www.sciencedirect.com/science/journal/00144886
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236794%231990%23998929998%23495302%23FLP%23&_cdi=6794&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=0b68368e27ee34b4fc34c63f1aa11792
www.SID.ir

20

Biazar et al.

[13] Walton RL, Brown RE, Matory WE Borah GL, Dol@gh., (1989), Autogenous vein graft repair
of digital nerve defects in the finger:a retrospextlinical study. Plast Reconstr Surg. 84:944-952

[14] Tang JB.,(1995),Vein conduits with interpasitiof nerve tissue for peripheral nerve defects. J
econstruc Microsurg.11: 21-26.

[15] Mier P., Lichtman JW., (1994), Regeneratingseia fibers induce directional sprouting from
nearby nerve terminals: studies in living mice,rdaliof Neuroscience.14:5672-5686.

[16] Norris RW., Glasby MA., Gattuso JM., Bowden RKE1988),Peripheral nerve repair in humans
using muscle autografts. A new technique.J Bonet Biirg (Br).70(B):530-533.

[17] Glasby MA., Gschmeissner SE., Huang CLH., daZa BA., (1986), Degenerated muscle grafts
used for peripheral nerve repair in primates.J Hamdy.11(B):347-351.

[18] Hall S., (1997), Axonal regeneration througieltular muscle grafts. J Anat.190:57-71.

[19] Doolabh VB., Hertl MC., Mackinnon SE., (199@)he role of conduits in nerve repair: a review.
Rev Neurosci.7:47-84.

[20] Archibald SJ., Krarup C., Shefner J., Li SMadison RD., (1991), A collagenbased nerve guide
conduit for peripheral nerve regeneration in rodesstd nonhuman primates. J Comp Neurol.
306:685-696.

[21] Archibald SJ., Shefner J., Krarup C., Madi$®D., (1995), Monkey median nerve repaired by
nerve graft or collagen nerve guide tube.J Neurdse1109-4123.

[22] Williams LR., Longo FM., Powell HC., Lundbor&., Varon S., (1983), Spatial-temporal
progress of peripheral nerve regeneration withgiliaone chamber: parameters for a bioassay. J
Comp Neurol.218:460-47.

[23] Danielsen N., Varon S., (1995), Character@atf neurotrophic activity in the silicone-chamber
model for nerve regeneration. J Reconstr Microdur@31-235.

[24] zhao Q., Dahlin LB., Kanje M., (1993), Repaif the transacted rat sciatic nerve: matrix
formation within silicon tubes. Restorative NeuR®urosci.5:197-204.

[25] Chung-Bii Jenq, Richard E. Coggeshall., (198%rve regeneration through holey silicone tubes
Brain Research, 361(1):233-241.

[26] Sinis N., Kraus A., Tselis N., Haerle M., WardF., (2009), Functional recovery after
implantation of artificial nerve grafts in the msystematic review, Journal of Brachial Plexus and
Peripheral Nerve Injury.4:19-26.

[27] Khorasani MT., Mirzadeh H., Talebi A., Irani,®aliri M., (2009), Tubular Scaffold Design of
Poly(L-lactic acid) for Nerve Tissue Engineeringieparation, Characterization, and In Vitro
Assay. Journal of Applied Polymer Science.112:33295.

[28] Aijun W., Qiang AO., Qing HE., Xiaoming Gondai Gong., Yandao Gong, Nanming Zhao.,
Xiufang Zhang.,(2006), Neural Stem Cell Affinity @hitosan and Feasibility of Chitosan-Based
Porous Conduits as Scaffolds for Nerve Tissue Ewying, TSINGHUA SCIENCE AND
TECHNOLOGY. 11(4):415-420.

[29] Prang P., Miiller R., Eljaouhari A., Heckmannkunz W.,Weber T., Faber C., Vroemen M.,
Bogdahn U.,Weidner N., (2006), The promotion otnted axonal regrowth in the injured spinal
cord by alginate-based anisotropic capillary hydisgBiomaterials.27 (19):3560-3569.

[30] Stang F., Fansa H., Wolf G., Keilhoff G., (B)0 Collagen nerve conduits - Assessment of
biocompatibility and axonal regeneration, BiometiMaterials and Engineering. 15(1-2):3-12.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-484B5DK-390&_user=10&_coverDate=12%2F30%2F1985&_alid=1273937770&_rdoc=17&_fmt=high&_orig=search&_cdi=4841&_sort=r&_st=4&_docanchor=&_ct=43719&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=0abf33afad1c02f77fd18fad62886590
http://www.jbppni.com/content/4/1/19
http://www.jbppni.com/content/4/1/19
www.SID.ir

Int. J. Nano. Dim 1(1): 1-23, Summer 2010 21

[31] Haile Y., Haastert K., Cesnulevicius K., Stmeyer K., Timmer M., Berski S., Drager,
Gerardy-Schahn R.,Grothe C., (2007), Culturing ledl gand neuronal cells on polysialic acid,
Biomaterials. 28 (6):1163-1173.

[32] Kiyotani T., Teramachi M., Takimoto Y., NakarmauT., Shimizu Y., Endo K., (1996), Nerve
regeneration across a 25-mm gap bridged by a palgtit acid-collagen tube: a histological and
electrophysiological evaluation of regenerated eg/Brain Research. 740(1):66-74.

[33] Prang P., Mller R., Eljaouhari A., Heckmann Kunz W., Weber T., Cornelius F., Vroemen
M., Bogdahn U., Weidner N., (2006), The promotidmodented axonal regrowth in the injured
spinal cord by alginate-based anisotropic capillgmrogels, Biomaterials. 27(19):3560-3569.

[34] Huang Y.C, Huang Y.Y., Huang C.C., Liu H.C2005), Manufacture of porous polymer nerve
conduits through a lyophilizing and wire-heatingogess, Journal of Biomedical Materials
Research Part B: Applied Biomaterials. 74 (1):65%-6

[35] Flynn L., Dalton P.D., Shoichet M.S., (2003jjber templating of poly(2-hydroxyethyl
methacrylate) for neural tissue engineering, Bi@mals.24 (23):4265-4272.

[36]Yamaguchi ., Itoh S., Suzuki M., Osaka A., aka J., (2003), The chitosan prepared from crab
tendons: Il. The chitosan/apatite composites aneir tlpplication to nerve regeneration,
Biomaterials. 24(19):3285-3292.

[37] Itoh S., Yamaguchi I., Shinomiya K., Tanaka (R003), Development of the chitosan tube
prepared from crab tendon for nerve regeneraticiene and Technology of Advanced Materials.
4(3):261-268.

[38] Newman KD., McLaughlin CR., Carlsson D., Li, Riu Y., Griffith M., (2006), Bioactive
hydrogel-filament scaffolds for nerve repair andeneeration.Int J Artif Organs. 29(11):1082-1091.

[39] Cai J., Peng X., Nelson K.D., Eberhart R., ®nG.M., (2005), Permeable guidance channels
containing microfilament scaffolds enhance axornwginoand maturation. Journal of Biomedical
Materials Research Part A .75A (2):374-386.

[40] Weiss P., (1945), Experiments of cell and agdentation in vitro: the role of colloidal exudat
in tissue organization. J Exp Z0o0l.63:401-450.

[41] Turner DC., Lawson J., Dollenmeier P., EhriasmR., Chiquet M., (1983), Guidance of
myogenic cell migration by oriented deposits ofr@ctin. Dev Biol.95:497-604.

[42] Clark P., Connolly P., Curtis SG., Dow JAT.jldihson CDW., (1987), Topographical control of
cell behavior. I. Simple step cues. Develop.99:438-

[43] Dow JA., Clark P., Connolly P., Curtis ASG.,iltihson CDW., (1987), Novel methods for
guidance and monitoring of single cell and simpénorks in culture. J Cell Sci.8:55-79.

[44] Clark P., Britland S., Connolly P., (1993),dtth cone guidance and neuron morphology on
micropatterned laminin surfaces. J Cell Sci.105:223

[45] Zhao Q., Drott J., Laurell T., Wallman L., ldstrom K., Bjursten LM., Lundborg G., Montelius
L., Danielsen N., (1997), Rat sciatic nerve regatien through micromachined silicon chip.
Biomaterials.18:75-80.

[46] Tai HC., Buettner HM., (1998), Neurite outgribwand growth cone morphology on
micropatterned surfaces. Biotechnol Prog.14:364-70.

[47] Miller C., Shanks H., Witt A., Rutkowski G., dllapragada S., (2001), Oriented Schwann cell
growth on micropatterned biodegradable polymer tsates , Biomaterials. 22:1263-1269.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-3P6BC0M-9&_user=10&_coverDate=11%2F18%2F1996&_alid=1273975052&_rdoc=8&_fmt=high&_orig=search&_cdi=4841&_sort=r&_st=4&_docanchor=&_ct=3856&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=963b7e2764b1dc5d6bb63745fe538f7a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-3P6BC0M-9&_user=10&_coverDate=11%2F18%2F1996&_alid=1273975052&_rdoc=8&_fmt=high&_orig=search&_cdi=4841&_sort=r&_st=4&_docanchor=&_ct=3856&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=963b7e2764b1dc5d6bb63745fe538f7a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6SYR-3P6BC0M-9&_user=10&_coverDate=11%2F18%2F1996&_alid=1273975052&_rdoc=8&_fmt=high&_orig=search&_cdi=4841&_sort=r&_st=4&_docanchor=&_ct=3856&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=963b7e2764b1dc5d6bb63745fe538f7a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWB-4JCBKXK-2&_user=10&_coverDate=07%2F31%2F2006&_alid=1273982305&_rdoc=3&_fmt=high&_orig=search&_cdi=5558&_sort=r&_st=4&_docanchor=&_ct=483&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a7eab656f64d09388c3bdd42c6abd559
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWB-4JCBKXK-2&_user=10&_coverDate=07%2F31%2F2006&_alid=1273982305&_rdoc=3&_fmt=high&_orig=search&_cdi=5558&_sort=r&_st=4&_docanchor=&_ct=483&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=a7eab656f64d09388c3bdd42c6abd559
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWB-48FCFJW-2&_user=10&_coverDate=08%2F31%2F2003&_alid=1274008114&_rdoc=2&_fmt=high&_orig=search&_cdi=5558&_sort=d&_st=4&_docanchor=&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=3cf55d83bd15e4b61ccfb4aa7f8adf91
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWB-48FCFJW-2&_user=10&_coverDate=08%2F31%2F2003&_alid=1274008114&_rdoc=2&_fmt=high&_orig=search&_cdi=5558&_sort=d&_st=4&_docanchor=&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=3cf55d83bd15e4b61ccfb4aa7f8adf91
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6W6M-4991M5K-3&_user=10&_coverDate=05%2F31%2F2003&_alid=1274008114&_rdoc=4&_fmt=high&_orig=search&_cdi=6602&_sort=d&_st=4&_docanchor=&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=02323b25e24d6ed45ee0cf2067c29288
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6W6M-4991M5K-3&_user=10&_coverDate=05%2F31%2F2003&_alid=1274008114&_rdoc=4&_fmt=high&_orig=search&_cdi=6602&_sort=d&_st=4&_docanchor=&_ct=4&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=02323b25e24d6ed45ee0cf2067c29288
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newman%20KD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McLaughlin%20CR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carlsson%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Griffith%20M%22%5BAuthor%5D
www.SID.ir

22

Biazar et al.

[48] Pfister Bryan J., lwata A., Taylor Andrew ®olf John A., Meaney David F., Smith Douglas
H., (2006), Development of transplantable nervassue constructs comprised of stretch-grown
axons , Journal of Neuroscience Methods. 153:95-103

[49] Pfistera Bryan J., Bonislawskid David P., Smidouglas H., Cohen Akiva S., (2006) , Stretch-
grown axons retain the ability to transmit actilectrical signals, FEBS Letters.580:3525-3531.

[50] Reneker D.H., Chun I., (1996), Nanometre digmnefibres of polymer produced by
electrospinning. Nanotechnology.7:216-223.

[51] Frenot A., Chronakis I.S., (2003), Polymer ofiipers assembled by electrospinning. Curr. Opin.
Colloid Interface Sci.8:64-75.

[52] Langer R.,Vacanti J.P., (1993), Tissue enginge Science.260:920-926.

[53] Zong X., Kim K., Fang D., Ran S., Hsiao B.Shu B., (2002), Structure and process relationship
of electrospun bioabsorbable nanofiber membraragnter.43:4403-4412.

[54] Butler S.M., Tracy M.A., Tilton R.D., (1999Adsorption of serum albumin to thin films of
poly(lactide-co-glycolide). J. Controlled Release35-337.

[55] Dzenis Y., (2004), Spinning continuous fibés nanotechnology.Science.304:1917-1919.

[56] Huang Z.M., Zhang Y.Z., Kotaki M., RamakrishB8a (2003), A review on polymer nanofibers
by electrospinning and their applications in namposites.Compos. Sci. Technol. 63:2223-2253.

[57] Xu C.Y., Inai R., Kotaki M., Ramakrishna S2004),Aligned biodegradable nanofiberous
structure: a potential scaffold for blood vesseajieeering. Biomaterials.25: 877-886.

[58] Theron S.A., Zussman E., Yarin A.L., (2004)xpErimental investigation of the governing
parameters in the electrospinning of polymer sohgi Polymer.45:2017-2030.

[59] Reneker D.H., Yarin A.L., Fong H., Koombhondse (2000), Bending instability of electrically
charged liquid jets of polymer solutions in elespimning. J. Appl. Phys.87:4531-4547.

[60] Baumgarten P.K., (1971), Electrostatic spignaf acrylic microfibers, J. Colloid Interface Sci.
36: 71-79.

[61] Deitzel J.M., Kleinmeyer D., Harris D., Beckail N.C., (2001), The effect of processing
variables on the morphologyof electrospun nanofilzerd textiles. Polymer.42:261-272.

[62] Murugan R., Ramakrishna S., (2007), Desigmtetfies of tissue engineering scaffolds with
controlled fiber orientation. Tissue Eng. 13(8):28B66.

[63] Silva G.A., (2004), Selective differentiatiai neural progenitor cells by high-epitope density
nanofibers. Science. 303(5662):1352-1355.

[64] Silva G.A., (2005), Nanotechnology approacfasthe regeneration and neuroprotection of the
central nervous system. Surg Neurol. 63(4):301-306.

[65] Hung A.M., Stupp S.l., (2007),Simultaneousfsalsembly, orientation, and patterning of
peptide-amphiphile nanofibers by soft lithograpigno Lett. 7(5):1165-1171.

[66] Yang Y., (2007), Biocompatibility evaluatiorf silk fibroin with peripheral nerve tissues and
cells in vitro.Biomaterials. 28(9):1643-1652.

[67] Yang Y., (2007), Development and evaluation silk fibroin-based nerve grafts used for
peripheral nerve regeneration. Biomaterials. 286%26-5535.

[68] Allmeling C., (2006), Use of spider silk fitweas an innovative material in a biocompatible
artificial nerve conduit. J Cell Mol Med. 10(3):-7G7.


www.SID.ir

Int. J. Nano. Dim 1(1): 1-23, Summer 2010 23

[69] Dubey N., Letourneau P.C., Tranquillo R.T999), Guided neurite elongation and Schwann cell
invasion into magnetically aligned collagen in siated peripheral nerve regeneration. Exp
Neurol. 158(2):338-350.

[70] Eguchi Y., Ogiue-lkeda M., Ueno S., (2003),n@ol of orientation of rat Schwann cells using an
8-T static magnetic field Neuroscience Letters.(35130-132.

[71] Lannutti J., Reneker D., Ma T., Tomasko D.rdem D., (2007), Electrospinning for tissue
engineering scaffolds Materials Science and EngingeC.27(3):504-509.

[72] Agarwal S., Wendorff Joachim H., Greiner A2008), Use of electrospinning technique for
biomedical applications ,Polymer.49(26):5603-5621.

[73] Li W.J., (2006), Fabrication and characteii@atof six electrospun poly(alpha-hydroxy ester)-
based fibrous scaffolds for tissue engineeringiagpbns. Acta Biomater. 2(4):377-385.

[74] Li W.J., (2002), Electrospun nanofibrous sture: A novel scaffold for tissue engineering. J
Biomed Mater Res. 60(4):613-621.

[75] Li M., (2006), Electrospinning polyaniline-ctained gelatin nanofibers for tissue engineering
applications. Biomaterials. 27(13):2705-2715.

[76] Panseri S., Cunha C., Lowery J., Del Carro Taraballi F., Amadio S., Vescovi A., Gelain
F.,(2008), Electrospun micro- and nanofiber tubmsfiinctional nervous regeneration in sciatic
nerve transections, BMC Biotechnology.8:39-44.

[77] Wang W., Itoh S., Konno K., Kikkawa T., Ichis®S., Sakai K., Ohkuma T., Watabe KJ., (2009),
Effects of Schwann cell alignment along the oridnédectrospun chitosan nanofibers on nerve
regeneration.Biomed Mater Res A. 91(4):994-1005.

[78] Bini T.B., Gao S., Tan T.C., Wang S., Lim Alai Lim B., Ramakrishna S., (2004), Electrospun
poly(L-lactide-co-glycolide) biodegradable polymeranofibre tubes for peripheral nerve
regeneration , Nanotechnology.15:1459-1464.

[79] Prabhakaran M.P., Venugopal J., Chan CaseyR&makrishna S., (2008), Surface modified
electrospun nanofibrous scaffolds for nerve tissogineering, Nanotechnology. 19(45):455102-
455111.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T0G-49KSXBR-1&_user=10&_coverDate=11%2F13%2F2003&_alid=1274093481&_rdoc=2&_fmt=high&_orig=search&_cdi=4862&_docanchor=&view=c&_ct=69&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9439400146befe316d3b667e38383a6a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T0G-49KSXBR-1&_user=10&_coverDate=11%2F13%2F2003&_alid=1274093481&_rdoc=2&_fmt=high&_orig=search&_cdi=4862&_docanchor=&view=c&_ct=69&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=9439400146befe316d3b667e38383a6a
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXG-4K8S5R0-6&_user=10&_coverDate=04%2F30%2F2007&_alid=1274114688&_rdoc=13&_fmt=high&_orig=search&_cdi=5590&_sort=r&_st=4&_docanchor=&_ct=1047&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=130cadd2c0a69343389b3746a6206aac
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXG-4K8S5R0-6&_user=10&_coverDate=04%2F30%2F2007&_alid=1274114688&_rdoc=13&_fmt=high&_orig=search&_cdi=5590&_sort=r&_st=4&_docanchor=&_ct=1047&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=130cadd2c0a69343389b3746a6206aac
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXW-4THJGND-3&_user=10&_coverDate=12%2F08%2F2008&_alid=1274114688&_rdoc=15&_fmt=high&_orig=search&_cdi=5601&_sort=r&_st=4&_docanchor=&_ct=1047&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=c02120cdfb6346d608b62ac7eaa24568
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TXW-4THJGND-3&_user=10&_coverDate=12%2F08%2F2008&_alid=1274114688&_rdoc=15&_fmt=high&_orig=search&_cdi=5601&_sort=r&_st=4&_docanchor=&_ct=1047&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=c02120cdfb6346d608b62ac7eaa24568
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Itoh%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Konno%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kikkawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ichinose%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sakai%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ohkuma%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watabe%20K%22%5BAuthor%5D
www.SID.ir

