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Abstract

As the field of nerve tissue engineering advances, new biomaterials and structures are required to improve the regeneration of

damaged nerves. Carbon nanostructures have been recognized as potential candidates to develop neural prostheses due to their one-

dimensional nanostructures and similar nanoscale dimensions to neuritis as well as their unique electrical and mechanical properties

when being used as a scaffold. This review addresses the promising application of carbon nanostructures in the repair of injured nerves.

As a new viewpoint, the possibility of utilizing carbon nanostructures to repair a long gap in a severed nerve will be discussed as well.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. nanocomposites; D. carbon; E. biomedical applications
Contents
1. Structure of the nervous system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6075

2. Repair procedures of the damaged nervous system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6076

3. Neural tissue engineering for neuroregeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6077

4. Nanotechnology and neuroregeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6078

5. Characteristics of ideal materials for neural tissue engineering application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6078

6. Carbon nanostructures as neural prostheses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6078

7. Carbon/polymer composite scaffolds for neuroregeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6079

8. Preparation of carbon nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6080

9. Toxicity of carbon nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6080

10. Purification of carbon nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6081

11. Functionalization of carbon nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6081

12. Carbon nanostructures and cell viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6082

13. Conclusions and future outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6083

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6083
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese

g/10.1016/j.ceramint.2012.05.038

ing author. Tel.: þ1 225 772 2973; fax: þ1 225 578 5924.

esses: ftavan1@lsu.edu,

yahoo.com (F. Tavangarian).
1. Structure of the nervous system

The nervous system can be divided into two main parts:
the central nervous system (CNS) (which is composed of
the brain and the spinal cord (SC)) and the peripheral
nervous system (PNS) (including the somatic and
rved.
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autonomic nerves) [1]. The repair processes of these two
systems are different [2–6].

According to the National Spinal Cord Injury Associa-
tion Resource Center report [7], for instance, approxi-
mately 450,000 people live with Spinal Cord Injury (SCI)
in the United States. There are about 8000 new SCIs every
year; the majority of them (82%) involve males between
the ages of 16–30. These injuries result from motor vehicle
accidents (44%), violence (24%), falls (22%), sports (8%),
or other (2%). Therefore, there is a vital need to find a
treatment for nervous system injuries.
2. Repair procedures of the damaged nervous system

Axons serve as important neuronal messengers that
transmit electrical signals away from the neuronal cell
body. The regeneration of the injured axons in PNS
usually takes place through the proliferation of Schwann
cells that wrap around nerve fibers forming myelin sheaths,
the phagocytosis of myelin by macrophages or monocytes,
and the development of Bünger bands by the bundling of
Schwann cells and recovering axons in the distal segment
(Fig. 1) [5,6,8–10]. In the damaged PNS with a gap of less
than 5 mm, the surgical anastomosis of one nerve to
another is performed. While for a larger gap, an auto-
logous nerve graft should be implanted to produce a
junction between the two severed ends [11–17].
Fig. 1. Schematic of the main events of degeneration and regeneration after pe

with target cells. (B) Transection of the fiber results in distal fragmentation

degraded materials. Chromatolysis at the neuron soma and dendritic arbor ret

elongate in association with the proliferated Schwann cells in the distal segme
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normal transmitting phenotype. Taget cells may suffer atrophy and phenotyp
One of the most important approaches of tissue engi-
neering is to provide an alternative to the nerve autografts.
At the present time, a long gap in a severed nerve can be
treated by implanting a donor nerve from a different
location into the injured area. This method has several
downsides, which include the loss of the donor nerve
function, restricted availability of donor nerve, formation
of potentially painful neuromas, size mismatch between the
donor nerve and the injured nerve and a lack of vascular-
ization of the donor nerve [18–23]. Hence, there is a crucial
need for a bridging-scaffold that can be served as a nerve
conduit with similar characteristics to that of donor nerves.
Table 1 gives some Food and Drug Administration (FDA)
approved nerve guidance conduits (NGC) made up of
different materials [24]. In order to complete the healing
process of severed nerves, the scaffold should be biode-
gradable. The degradation rate of the scaffold should
match with the growth rate of the nerve fibers so that
the nerve fibers connections would have fully restored [25].
On the other hand, in the central nervous system, recovery
and regeneration of axons would be more difficult as a
result of the absence of Schwann cells [26]. The regenera-
tion of injured SC is even more difficult due to the
development of a complex inhibitory environment. After
injury, a fluid fills the produced cavity which is surrounded
by a dense glial scar. The presence of astrocytes, glycosa-
minoglycans and other inhibitory molecules prevent
neurons and other cells from infiltrating the injured site
ripheral nerve injury. (A) Normal nerve fiber, maintaining synaptic contact

of axon and myelin sheaths. Macrophages and Schwann cells phagocyte

raction occur. (C) Fine sprouts emerge from the proximal axonal end, and

nt, that line up in bands of Büngner. (D) Axonal reconnection with target

r caliber and with shorter internodes than normal. The neuron returns to a

ic changes during denervation. Reprinted with the permission from [8].



Fig. 2. (A) Schematic diagram showing the common structure of neural scaffolds, and (B) the composition of tissue engineered nerve grafts. Reprinted

with the permission from [55].

Table 1

Some FDA approved nerve guidance conduits. Reprinted with the permission from [24].

Product name Material Degradation

Neurotubes Polyglycolic acid (PGA) 3 months

Neuragen Type I collagen 36–48 months

NeuroflexTM Type I collagen 4–8 months

NeuroMatrixTM Type I collagen 4–8 months

AxoGuardTM Porcine small intestinal 3 months

Nerve connector

Neurolac Poly(DL-lactide-e-caprolactone); PCL 16 months

SaluTunnelTM Polyvinyl Alcohol (PVA) Non-absorbable

Nerve protectorTM
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which in turn lead to the loss of axonal connections [27–34].
Hence, according to the above mentioned reasons, regenera-
tion and recovery of damaged CNS may be much more
difficult than PNS.

3. Neural tissue engineering for neuroregeneration

Using an appropriate environment is necessary to bridge
the gap between the two severed ends in an injured nerve.
To design such an environment, a comprehensive under-
standing of the microenvironment and mechanism of nerve
growth is required. Neural tissue engineering potentially
offers new approaches to accelerate the healing rate of
damaged nerves by providing biomimetic scaffolds sup-
porting new nervous ingrowth to renovate and sustain the
normal functions of the nerves [35–50]. Engineering scaf-
folds should be designed to facilitate the cell distribution
and growth of damaged nerve tissues in three dimensions
[51–54]. The structure of proper neural scaffolds and the
morphology of some nerve guides approved for clinical use
are shown in Figs. 2 and 3, respectively [55–57]. Moreover,
pores interconnectivity is another critical parameter which
should be considered to ensure cell migration, cell signal-
ing, and mass transportation. Regeneration of damaged
nerves with such scaffolds can be compared with those
treated through autografts [58,59].



Table 2

Natural and synthetic nerve grafts.

Materials References

Polyglycolic acid [76]

Polylactic acid [77]

Polyester [78,79]

Polyglactin [80]

Fibronectin [81]

Collagen [82,83]

Laminin [84,85]

Fig. 3. SEM micrographs of three types of nerve guides approved for clinical use: (A) NeuraGenTM made from collagen, (B) Neurolac made from

polylactide/caprolactone, (C) Neurotube made from polyglycolide. Scale bar¼4 mm. Reprinted with the permission from [56,57].
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4. Nanotechnology and neuroregeneration

Advances in nanotechnology may result in better treat-
ment of injured nerves. For instance, synthesis of nanofi-
bers and nanotubes with excellent conductivity and
biocompatibility provides a medium to stimulate neuron
activities. On the other hand, nanomaterials have also been
utilized to encapsulate Schwann cells into nanoscaffolds to
improve nerve regeneration [60–62]. Nanostructure and
surface characteristics of nanoscaffolds enormously
enhance the cell adhesion to the surface and consequently
result in a better cell viability. Carbon nanostructures
provide a large surface area with high surface energy
which can easily increase the interaction of nanoscaffolds
and cells and improve the performance of implant [63–65].
5. Characteristics of ideal materials for neural tissue

engineering application

It is crucially important that a material which is used as
a scaffold be cytocompatible, and has great biomechanical
and electrical properties [66–68]. It must be biodegradable
and exhibit good biocompatibility with extremely low
inflammatory, immunogenic, and cytotoxic responses
[11,69,70]. A material which does not have a good
cytocompatibility, may not contribute to the growth of
damaged nerves but would cause severe inflammation or
infection [71]. Furthermore, higher electrical conductivity
is required for scaffolds used in neural tissue engineering to
mimic the electrical properties of nerves and simulta-
neously stimulate the neuron interaction [72–75]. Table 2
shows some biomaterials which can be used as scaffolds to
treat the injured nerves [76–85]. Although autografts
provide an appropriate microenvironment for neuroregen-
eration, there are some disadvantages as well. In most of
the times, there is a lack of donor nerves when using
autografts. On the other hand, harvesting autograft trig-
gers the loss of healthy nerves and paresthesia or anesthe-
sia at the donor site [86,87]. Allografts are available as
much as needed, but they may cause an inflammatory
reaction and failure of the nerve graft [88–91]. Other
biomaterials such as polymers do not have the proper
mechanical properties. They may form glial scar tissue
around the implant and decrease a complete healing
chance [92–94]. The scaffold should provide sufficient
mechanical strength to prevent the scaffold failure during
the patient’s movements and physically support neural
tissue regeneration [95–97]. Simultaneously, the scaffold
should have proper elasticity to reduce tensions in the
injured spot [98,99]. Moreover, an ideal scaffold should be
porous to permit nerve fibers ingrowth and keep the cells
alive until the completion of treatment period [100,101].

6. Carbon nanostructures as neural prostheses

Recently, carbon nanostructures are proposed as pro-
mising candidates to develop neural scaffolds. There are
different types of carbon nanostructures. The three most
popular ones are single-walled carbon nanotubes
(SWCNT), multi-walled carbon nanotubes (MWCNT),
and carbon nanofibers (CNF). Fig. 4 shows various types
of carbon nanostructures including one type of CNF [102–
106]. It has been reported that neurons and neuronal cell
lines can grow and differentiate on CNT substrates [107–
115]. Carbon nanostructures have excellent mechanical,
electrical, and conduction properties, and have nanostruc-
ture similar to neuritis. Hence, they have been utilized to
improve neural activities and guide severed ends in a nerve
through each other [116–118]. Chemical functionalization
can produce various surface charges on MWCNTs which
in turn control neural growth [112]. The surface charges of
MWCNTs can influence the length of neuritis, branching
and the number of growth cones. Hu et al. [112] showed
that the positively charged MWCNTs in comparison with
negatively charged MWCNTs have a higher number of



Fig. 4. Schematic representation of (a) a graphene sheet, (b) SWCNT, (c) MWCNT, (d) one type of CNF, and (e) TEM images showing a cross section of

a MWCNT (f) and (g) and a CNF. Adapted with permission from [102–106].

Fig. 5. Drawing summarizing the effects of MWCNT Charges on the

neurite outgrowth and branching. Reprinted with the permission from

[112].
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growth cones and neurite branches (Fig. 5). Mazzatenta
et al. [113] developed an integrated SWCNT–neuron
system and showed that electrical stimulation delivered
via SWCNT can induce neuronal signaling. On the other
hand, Lovat et al. [114] showed that the nerves growth on
CNTs is accompanied with a significant increase in net-
work activity and purified CNTs can improve neural signal
transfer and cell adhesion.

Various carbon nanostructures such as CNTs and CNFs
have been synthesized for neural tissue engineering appli-
cations [115,119–121]. Firkowska et al. [119] developed
free standing nanostructured matrixes by the conventional
lithographic technique combined with the layer by layer
assembly procedure. They could control the shape, chemi-
cal and mechanical stability of the self-assembled mono-
layers. Gheith et al. [115] showed that free standing
structures of modified SWCNTs can guide the outgrowth
of neuritis, support cell to cell communications and cell
differentiation. Therefore the unique properties of carbon
nanostructures including biocompatibility, cell viability,
cell growth, cell attachment and differentiation as well as
conductivity and excellent mechanical and electrical prop-
erties make them a promising candidate for neural tissue
engineering applications [122–127].

7. Carbon/polymer composite scaffolds for

neuroregeneration

To design a scaffold for treatment of the nervous system
injuries, many considerations should be taken into
account. The scaffold should decrease the formation of
glial scar and provide suitable sites for cell adhesion and
proliferation and stimulate the nerves ingrowth to heal the
severed ends in a nerve. Furthermore, the scaffold should
bridge the gap and recover the function of axons to
reconnect the severed ends [128–131]. There are many
attempts to prevent the astrocyte functions which result in
the formation of glial scar tissue. It is reported that the
astrocyte adhesion and proliferation were decreased on
CNFs and CNF/polycarbonate urethane composites and
consequently reduced the formation of glial scar tissue
[132,133]. Vertically aligned CNFs coated with thin con-
ductive polymers are developed to improve mechanical and
electrical properties of CNFs and contribute to forming an
intimate neural–electrical interface between cells and
nanofibers [134]. On the other hand, the stiffness of
polymer composites can be increased by adding a small
amount of CNTs [135,136]. For instance, Wang et al. [137]
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reported that dispersing a small fraction of MWCNTs into
chitosan, significantly improve the mechanical strength of
the composite. It has been reported that composites with
just 2% MWCNTs have the Young’s modulus and tensile
strength of about two times more than those without
MWCNTs [35]. Also it is reported that neural cells
aggregate on the CNT islands and extend their neurites
to form interconnected neural networks [105,138].
Edwards et al. [139] produced a potential neural scaffold
formed by electrospinning poly(lactic-co-glycolic acid)
(PLGA) nanofibres onto the knitted MWCNT scaffold
(Fig. 6). The prepared scaffolds supported cell growth and
promotes a uniform cell distribution in vitro utilizing NR6
mouse fibroblast cells for up to 22 day [139]. These findings
show that carbon nanostructures have a high potential to
be served as neural tissue implants and provide the
necessary structural strength for neural tissue scaffolds.
Fig. 7. Schematic design of a thermal CVD system with a tube furnace.

Reprinted with the permission from [146].
8. Preparation of carbon nanostructures

Carbon nanostructures are generally prepared via three
methods: arc-discharge, laser ablation, and chemical vapor
deposition (CVD) [140–145]. CVD is the most widely used
commercial method of producing solid materials especially
carbon nanotubes. A schematic of a typical reactor is
depicted in Fig. 7 [146]. In this process, a metal catalyst
reacts with a hydrocarbon feedstock at high temperatures.
The features of the obtained CNTs through this procedure
depend on the process parameters and the reaction condi-
tions. The presence of metal catalysts in CVD method
leads to residual metal particles (Co, Ni, Mo, Fe), which
remain either inside the CNTs or outside of CNTs [147].
Fig. 6. SEM micrographs of MWCNT/PLGA composite scaffold: (a) low mag

and nano-scale fibers, and (d) PLGA nanofibres on MWCNT yarn. Reprinte
On the other hand, in most of the times a considerable
amount of amorphous carbon can be detected in prepared
CNTs [148]. The presence of metal impurities in the CNTs
postpones the production of reactive oxygen species (ROS)
inside the cells. This in turn may also affect mitochondria
and cause mitochondrial injury [149].

9. Toxicity of carbon nanostructures

The toxicity of CNTs is one the controversial issues of
utilizing them as therapeutic devices. There is a discussion
in the literature regarding the destructive interaction of
CNTs with biological tissues [150]. Many publications
reported the toxicity of CNTs [151–163], while others reported
non-toxic effects in vivo and in vitro [148,164–168]. The
cytotoxicity of SWCNTs using human epidermal keratinocytes
(HaCaT) was studied by Shvedova et al. [132]. They found
that exposure of HaCaT to SWCNTs enhanced oxidative
stress and cellular toxicity which can be determined by the
formation of free radicals, accumulation of peroxidative
nification of scaffold, (b) micro-scale and nano-scale pores, (c) micro-scale

d with the permission from [139].
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products, and a loss of cell viability. The prepared SWCNTs
had a substantial amount of metal impurities which directly
affected the oxidative stress and consequently resulted in a
decrease in cell viability. Pulskamp et al. [169] investigated the
role of metal impurities in CNTs on rat macrophages
(NR8383) and human A549 lung cells, and showed that metal
impurities cause the formation of reactive oxygen species.
Other research also indicated that more purified CNTs
similarly showed cellular toxicity as a result of the apoptosis
and necrosis of the cells [170–173]. Magrez et al. [172] studied
the toxicity of carbon-based nanomaterials (MWCNTs,
CNFs, carbon nanoparticles (CNPs)) on lung tumor cell as
a function of their aspect ratio and surface chemistry. They
found that the toxicity of these materials is dependent on the
size of nanomaterials. Also it has been reported that other
carbon-based nanomaterials such as carbon black (CB), active
carbon, SWCNTs, and carbon graphite appear to be more
toxic to human cells than MWCNTs [106,173]. Incubation of
SWCNTs with alveolar macrophages (AM) at low doses
(0.38 mg/cm2) seems to decrease the phagocytosis of AM
[157]. It can be concluded that CNTs containing amorphous
carbon and residual metal catalysts are toxic and cannot be
used as therapeutic devices.

On the other hand, some studies indicate low to very low
toxicity levels in various cells [174–179]. Some research
reported that SWCNTs are non-toxic biomaterials towards
cells, including human lung epitheliallike cells [180], mur-
ine and human macrophages [166], and rat cardiac muscle
cells [181,182]. Also it is reported that the toxicity of C60 is
relatively low [183]. Yokoyama et al. [184] reported that
hat-stacked carbon nanofibers (H-CNF) did not show a
significant inflammatory response such as necrosis. Ding
et al. [170] studied the human skin fibroblast cell popula-
tions in contact with MWCNTs and nano-onions
(MWCNO). Their finding showed that MWCNOs induce
less stress on the cells than MWCNTs. Also they found
that certain concentrations can influence the cellular
growth and differentiation. Furthermore, they proposed
that the regulation and expression of p38/ERK and EGFR
from fibroblasts may play a substantial role in cancer
therapy, especially derived cancers [170]. On the other
hand, there are some research that reported the ability of
CNTs to improve neural signal transfer and cell growth,
adhesion and proliferation in vitro [114,185–187]. It can be
concluded that toxicity of CNTs is dependent on many
factors, such as their structure (SWCNT vs. MWCNT),
particle size, mobility in the environment, length and
aspect ratio, surface area, degree of aggregation, chemical
reactivity, extent of oxidation, surface topology, surface
functionalization, bond functional group(s), and method
of manufacturing (which can leave catalyst residues and
produce impurities) [188–190]. Furthermore, the concen-
tration of CNTs in contact with biological cells is another
important factor which determines the level of toxicity
[189]. Foldvari et al. [106] reported that the toxicity of
CNTs has a direct relation with the aspect ratio and a
reverse one with the diameter of the nanotube. Generally,
it is reported that biocompatibility of carbon nanostruc-
tures decreased according to the following order:
ND4CB4MWCNT4SWCNT [191].

10. Purification of carbon nanostructures

Prepared CNTs contain lots of impurities including
graphite, amorphous carbon, metal catalyst, and smaller
fullerenes [192]. Hence a purification step should be
applied before utilizing CNTs in therapeutic devices.
Generally, the purification methods can be divided into
three main parts, including chemical oxidation, physical-
based purification, and multi-step purification [193–197].
In Chemical-based purification, besides removing amor-
phous carbon and metal impurities, a substantial amount
of CNTs is lost and the structure of CNTs is destroyed.
Physical-based purification maintains the structure of
CNTs and can separate them according to their length or
conductivity. However, the ability of this method in
removing impurities is not as effective as chemical-based
method. On the other hand, the CNTs should be dispersed
before purification and therefore a pretreatment operation
is required. Multi-step purification is a combination of
several purification methods simultaneously in one purifi-
cation process to achieve high purity CNTs [197–200]. For
instance, one of the most popular multi-step purification
methods is gas phase oxidation followed by acid treatment
[201–209]. It should be noticed that not all the purification
methods are suitable for treatment of carbon nanostruc-
tures to be used as biomedical devices. For example, some
researchers reported that the cytotoxicity of MWCNTs
was enhanced after acid treatment [171,172].
11. Functionalization of carbon nanostructures

Functionalization is one of the useful methods for surface
modifications. The main aim of utilizing this procedure in
the treatment of CNTs is to increase their solubility in
biological media. Functionalization improves CNTs bio-
compatibility and consequently decreases their toxicity in
comparison with pristine CNTs [210–215]. The molecular
structure of some functionalized CNTs is shown in Fig. 8
[216]. Smart et al. [217] reported that chemically functiona-
lized CNTs (f-CNTs) do not exert cytotoxicity. Dumortier
et al. [218] found that f-CNTs are nontoxic and maintain
the performance of primary immune cells. Sayes et al. [219]
showed that the toxicity of SWCNTs decreased with
increasing the degree of sidewall functionalization. They
have also indicated that sidewall functionalized SWCNTs
are significantly less toxic than surfactant stabilized
SWCNTs. It is reported that cationic f-CNTs have much
lower toxicity in vitro. Kam et al. [220] exhibited that f-
SWCNTs are nontoxic at concentration below 0.05 mg/mL.
Gao et al. [221] also found a significant improvement in
toxicity profile of f-CNTs compared with pristine CNTs.
However, it is mentioned that functionalization is not



Fig. 8. Molecular structures of CNTs functinalized covalently with different types of small molecules: 1, Ammonium-functionalized CNT; 2, Acetamido-

functionalized CNT; 3, CNT functionalized with fluorescein isothiocyanate (FITC); 4, CNT bifunctionalized with ammonium groups and FITC; 5, CNT

bifunctionalized with methotrexate (MTX) and FITC; 6, shortened CNT bifunctionalized with amphotericin B (AmB) and FITC; 7, shortened CNT

bifunctionalized with ammonium groups and FITC (through an amide linkage). Reprinted with the permission from [216].
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essential to attain biocompatibility [222]. Pulskamp et al.
[148] indicated that in the absence of metals catalysts and
amorphous carbon residues, CNTs are nontoxic toward
biological cells. On the other hand, it has been reported that
dense amorphous carbon films has minimum toxicity [176].
Therefore, elaborate evaluation is necessary before utilizing
carbon nanostructures in biomedical applications.

12. Carbon nanostructures and cell viability

Due to their one-dimensional nanostructures and excep-
tional electrical and mechanical properties, CNTs could be
used as potential scaffolds and improve cell viability and
cell growth [223–225]. The issue of cell viability of CNTs is
also another controversial aspect of CNTs and further
research is needed to comprehend the real reasons for the
lack of consistency among most results shown in the
literature. Some studies reported that SWCNTs cause a
decrease in cell viability through biological membrane ion
channel blockers [226,227], distribution of fibronectin,
P-cadherin, focal adhesion kinase and actin in cells [173],
increase cell oxidative stress [158], reduce cell attachment
[156], and induce apoptosis [125,182]. On the other hand,
Lobo et al. [222] reported very high cell viability of
MWCNT films, close to 100% after 96 h of incubation.
Zhang et al. [182] indicated that the viability of HeLa cells
cultured on different scaffolds decreased in the following
order: amylose-wrapped SWCNTs4acid-treated MWCNTs
4MWCNTs4acid-treated SWCNTs4SWCNTs. The
results of cell viability are shown in Fig. 9 [182]. Some studies
have indicated that cell morphology, growth and metabolic
activity are related to the diameter and surface charge of
CNTs [228–230]. In addition, CNTs are added to other
biomaterials to obtain efficient composites, and these CNT
composites are proven to be suitable for cell growth [231,232]
and increasing enzyme activity [233].
Various studies were performed in order to improve the

function of carbon nanostructures. One way is to dissolve
or disperse CNTs in water through adding water-soluble
functional groups, such as carboxyl, hydroxyl and amino
groups [234–236], polyethylene glycol and polyvinyl alco-
hol [237–244] and so forth [245–250]. Narain et al. [251]
reported the functionalization of SWCNTs via bioinspired
sugar and phosphocholine polymeric structures through
surface-initiated atom transfer radical polymerization and
obtained the aqueous dispersion of the f-CNTs. Bardi et al.
[110] reported that MWCNTs coated with Pluronic F127
(PF127) surfactant can be injected in the mouse cerebral
cortex without causing degeneration of the neurons
surrounding the site of injection. Both Dutta et al. [252]
and Monteiro-Riviere et al. [253] showed that PF127 has
low toxicity in contact with macrophage or keratinocyte



Fig. 9. Viability of HeLa cells cultured on five types of CNT scaffolds

measured by WST-1 assay after seeding for 24, 48 and 72 h. HeLa cells

cultured on glass slides at the same time intervals were used as controls.

Reprinted with the permission from [182].
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cell lines. Bardi et al. [110] stated that low concentration
(0.01%) of PF127 can induce apoptosis of mouse primary
cortical neurons after 24 h. On the other hand, they
reported that PF127-coated MWCNTs are nontoxic.
Zhang et al. [250] indicated that the phosphoryl choline
(PC) group has a zwitterionic structure and therefore is
hydrophilic. Consequently, it is reasonable to expect that
CNTs coated with this group show hydrophilic properties
and be water-soluble. This side-group offered the water
solubility as well as cell-compatibility [250]. Brown et al.
[254] reported an interesting method to develop CNTs as
therapeutic devices. They utilized Pt as a catalyst and grew
CNTs on such a biocompatible material. Using biocom-
patible materials as a CNT growth catalyst can contribute
to the development of carbon nanostructures for biome-
dical purposes. In addition, carbon supported Pt catalyst
shows less peroxide generation during electro reduction of
oxygen compared with Fe catalyst due to the latter’s
formation of iron oxide or iron hydroxide phases
[255,256]. The main product at a Pt catalyst from the
oxygen reduction reaction is water, thus reduces the concern
for cellular degeneration due to oxidative stress [254].

A complete recovery of nerve functions can be obtained
through proper guiding and conducting axon regeneration
between the two severed ends. This goal can be achieved
through the use of knowingly engineered artificial nerve
guidance channels (NGCs). Artificial NGCs have been
produced using a variety of natural and synthetic materials
[257]. For instance, it is reported that chitosan tubes can be
used as a biocompatible and biodegradable NGC for
peripheral nervous injury. The chitosan gel sponge could
provide a suitable scaffold for cell adhesion, including
Schwann cell and macrophages [258].
13. Conclusions and future outlook

In the topic of nervous system injury, cell viability and
cell growth are extremely important. Design and fabrica-
tion of new biomaterials which affect cell viability and cell
growth can open a new horizon for neuroregeneration.
Carbon nanostructures are well suited as biomaterials and
may play a critical role in nervous system regeneration.
Since most of the preparation procedures of carbon
nanostructures reported to date rely heavily on metal
catalysts, a chemical functionalization is necessary to
mitigate the cytotoxicity risk. A promising new approach
to regenerate the injured nerve is to produce carbon
nanostructured scaffolds to bridge the gap in a severed
nerve. Due to the fact that carbon nanostructures influence
the cell viability and cell growth, they may be used as
biomimetic scaffolds to guide axon regeneration and
improve neural activities. Furthermore, the use of carbon
nanostructures in combination with other biomaterials
such as biodegradable polymers may be essential to
achieve the goals of nerve tissue engineering.
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[16] E. Raibon, Y. Sauvé, D.A. Carter, F. Gaillard, Microglial changes

accompanying the promotion of retinal ganglion cell axonal regen-

eration into peripheral nerve grafts, Journal of Neurocytology 31

(2002) 57–71.

http://www.sci-info-pages.com/factsheets.html


F. Tavangarian, Y. Li / Ceramics International 38 (2012) 6075–60906084
[17] A.P. Lal, T. Joseph, S.M. Chandi, B. Pant, Facial neurorrhaphy with

autologous sural nerve graft using the CO2-laser in a primate model,

Neurosurgery 32 (1993) 1011–1014.

[18] S.M. Willerth, S.E. Sakiyama-Elbert, Approaches to neural tissue

engineering using scaffolds for drug delivery, Advanced Drug

Delivery Reviews 59 (2007) 325–388.

[19] M. Dadsetan, A.M. Knight, L. Lu, A.J. Windebank,

M.J. Yaszemski, Stimulation of neurite outgrowth using positively

charged hydrogels, Biomaterials 30 (2009) 3874–3881.

[20] C.M. Valmikinathan, V.J. Mukhatyar, A. Jain, L. Karumbaiah,

M. Dasari, R.V. Bellamkonda, Photocrosslinkable chitosan based

hydrogels for neural tissue engineering, Soft Matterials 8 (2012)

1964–1976.

[21] S. Serel, B. Kaya, Y. Sara, R. Onur, A.O. Heper, Is it possible to

prefabricate a vascularized peripheral nerve graft?, Annals of Plastic

Surgery 64 (2010) 323–326

[22] F. Stang, G. Keilhoff, H. Fansa, Biocompatibility of different nerve

tubes, Materials 2 (2009) 1480–1507.

[23] I. Kardas, W. Marcol, A. Niekraszewicz, M. Kucharska,
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