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Abstract

Carbon nanotubes (CNT) are remarkable materials with a simple and inert molecular structure
that gives rise to a range of potentially valuable physical and electronic properties, including
high aspect ratio, high mechanical strength and excellent electrical conductivity. This review
summarizes recent research on the application of CNT-based materials to study and control
cells of the nervous system. It includes the use of CNT as cell culture substrates, to create
patterned surfaces and to study cell-matrix interactions. It also summarizes recent
investigations of CNT toxicity, particularly as related to neural cells. The application of
CNT-based materials to directing the differentiation of progenitor and stem cells toward neural
lineages is also discussed. The emphasis is on how CNT surface chemistry and
nanotopography can be altered, and how such changes can affect neural cell function. This
knowledge can be applied to creating improved neural interfaces and devices, as well as
providing new approaches to neural tissue engineering and regeneration.

(Some figures in this article are in colour only in the electronic version)

Introduction

Over the last two decades, carbon nanotubes (CNT) have
been at the forefront of advances in a diverse range
of disciplines, from materials science [1] to electrical
engineering [2] and biomedicine [3]. CNT have a
highly ordered and stable molecular structure, giving them
remarkable properties, including very high tensile strengths,
aspect ratios and electrical conductivity [4]. Figure 1
shows the general geometry and lattice structure of both
single-walled carbon nanotubes (SWNT) and multi-walled
carbon nanotubes (MWNT). Initially, the use of CNT in
biological systems was limited by poor solubility and the
presence of toxic metallic impurities introduced by the
fabrication process. More recently, advances in synthesis,
purification and functionalization have improved the purity and
biocompatibility of CNT materials [5-8], and they currently
are being actively investigated as components of advanced
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biosensors, implant coatings and composite biomaterials
[9-11].

The field of neural engineering has been energized by the
design and fabrication of nanomaterials and nanodevices that
can be used to study neural function. CNT offer important
physical, chemical and electronic advantages that make them
well suited for this purpose. The nanoscale roughness and
porosity created by CNT materials offer a unique neuronal
interface that can be beneficial for recording fine neural
signals in dynamic systems [12—14]. The surface of CNT can
be functionalized with different polymers or other bioactive
molecules to improve biocompatibility and bioactivity.
Figure 2 shows a schematic of how the CNT surface
can be covalently functionalized, noncovalently wrapped or
decorated with bioactive molecules. Such changes or additions
to the carbon lattice can vary the reactivity of the CNT in
specific ways [15, 16]. Depending on the conformation
of the carbon lattice, CNT can also exhibit a range of
electrical states, from metallic to semiconducting. Finally, the
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Figure 1. CNT can be considered as sheets of graphene rolled along a single side into a hollow tubular structure. Single-walled nanotubes
(SWNT) have diameters close to 1 nm with a length that can be 10'? times longer. Multi-walled nanotubes (MWNT) consist of a number of
concentric carbon tubes and vary correspondingly in diameter. The electronic structure of a CNT is highly dependent on how the hexagonal
carbon lattice is oriented between zigzag (metallic and semiconducting) and armchair (metallic) configurations.
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Figure 2. Functionalization of the CNT surface can be used to improve dispersion, change surface charge and deliver specific molecules.
Covalent modification involves chemically modifying the lattice by attaching specific chemical groups at defect sites. Non-covalent
wrapping methods rely on hydrophobic interactions and high shear mixing to coat CNT in appropriately chosen polymers and surfactants.
Ligand attachment is a covalent or non-covalent modification of the nanotube surface to present specific biologically active moieties,

including drugs or oligopeptides.

high aspect ratio of CNT can promote anisotropic electrical
propagation and is potentially important for aligning cells or
inducing migration [17-19]. These properties give CNT high
potential for studying and controlling biological phenomena
in neuroscience.

The use of CNT in medicine has raised interest in their
potential toxicity. The effect of CNT on living systems
has become a highly active area of research over the last
decade [20, 21]; however, there is still no broad consensus
on what features of nanoparticles make them more or less
biocompatible. It should be noted that nanoparticles are being
developed for many cell- and tissue-contacting applications,
and therefore biocompatibility is necessarily an important
issue. Some of these materials, including CNT, are rapidly
approaching targeted clinical use [22, 23] and it is highly likely
that CNT will find medical uses. However it has become clear
that it is impossible to broadly classify CNT as ‘nontoxic’ or
‘toxic’, since their effects on cells are highly dependent on
the application. In this respect they are very similar to most
other molecules and materials that are used in medicine: their
efficacy and side effects depend greatly on the dose, mode
of administration and type of exposure. In spite of these
concerns, it is likely that CNT will find utility as experimental
tools in neuroscience and in addition will form the basis of
new technologies in neuromedicine.

This review examines how CNT have advanced the fields
of neurobiology and neural engineering. Particular emphasis
is placed on how neural cells interact with CNT, including
an examination of cytotoxicity and CNT affects on stem cell
differentiation. The first section of this paper focuses on

how two-dimensional (2D) substrates incorporating CNT have
been used for neural cell culture, and how these surfaces
compare with many of the common natural and synthetic
polymers used as substrates. The second section reviews
current work on CNT toxicity, with specific emphasis on
neural cell culture systems. Finally, the third section of this
paper examines the application of CNT-based materials to
directing the differentiation of neural progenitor, mesenchymal
and embryonic stem cells.

Carbon nanotubes as neural growth substrates

Neurons and neural glial cells are often studied in the
laboratory using conventional cell culture techniques that have
been modified to suit neural cells. However, neurons generally
do not attach well to conventional tissue culture substrates,
such as polystyrene, and for this reason the culture surface
is often modified with charged groups or biomolecules. One
strategy is to coat surfaces with natural extracellular matrix
proteins found in the nervous system. Such specialized
matrix proteins are known to support neural cell survival and
proliferation through specific cell-matrix interactions [24].
One of the most widely used natural proteins for neural cell
culture is laminin, a multifunctional glycoprotein present in a
variety of tissues, including nerve and brain. Laminin has been
used to pattern substrates and electrodes to improve neural
attachment and extension [25]; however, it can be difficult
and expensive to isolate and subsequently reconstitute natural
proteins for use in cell culture.

A variety of synthetic polymer alternatives have also
been used for neural cell culture. These materials can
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Figure 3. CNT can be deposited onto surfaces in a number of different ways. Patterning of Ni and Fe catalyst particles allows CNT to be
grown directly on a substrate in specified patterns. Spray coating produces uniformly absorbed CNT networks with controllable roughness
and thickness. Composite films are fabricated by doping polymeric and natural protein matrices with CNT, which can be spin coated onto
surfaces or absorbed layer by layer. CNT solutions can also be created by covalently modifying nanotubes and/or coating them with

surfactants to improve dispersion stability.

be tailored to promote cell adhesion and growth and, in
contrast to naturally derived proteins, can be manufactured
in relatively large quantities with high consistency [26].
Polyethyleneimine (PEI) and poly-L-ornithine (PLO) are
commonly used polymers that promote neural cell attachment.
Both polyethylenedioxythiophene (PEDOT) and polypyrrole
(PPy) have also been used as neural growth substrates, and are
of particular interest for coatings on neural interface devices
due to their high electrical conductivity [27-30]. However,
many synthetic and conductive polymers are fabricated using
complex or toxic polymerization schemes that are not well
suited to cell contacting applications, and these materials are
still limited in their effectiveness when compared to natural
factors [31].

CNT-based materials have the potential to provide the
benefits of both natural and synthetic polymers as substrates
for neural cell culture, as well as possessing additional
advantages. Compared to other conductive polymers, CNT
have a much higher electron mobility potential [32], and
therefore theoretically much higher conductivities [33]. In
addition, CNT have chemically inert surfaces that can be
specifically modified to promote desired cell responses.
Recent advances in manufacturing and processing have made
large quantities of high-quality CNT available at decreasing
cost. There has been an increasing interest in creating
composite materials that combine the advantages of native
proteins or synthetic polymers with the remarkable properties
of CNT, both in 2D [34, 35] and 3D [36, 37] applications.
The following section examines how CNT can be used as
culture substrates in order to promote neural cell attachment,
spreading and function.

CNT culture substrates

As illustrated in figure 3, surfaces can be modified with CNT
in a number of ways, including direct CNT growth, spray
coating and film deposition [38—40]. The use of culture
surfaces modified with CNT was one of the first examinations
of nanotube—cell interactions, and it has been shown that CNT
surfaces are able to support the attachment and growth of
numerous cell types, including fibroblasts [41], osteoblasts
[42] and cardiac cells [43]. The growth of neural cell types on
CNT substrates is a rapidly expanding area of research. The
effects of nanoscale materials [44] and conductive substrates
[45, 46] have been shown to be beneficial to neural cell

attachment and growth. Surface topography also plays a
major role in determining cellular response, and CNT can
be produced in a variety of length scales that can be used
to create variations in substrate roughness [47]. The unique
physical and electrical properties of CNT materials make them
very promising as neural culture surfaces.

Pristine (i.e. purified but unprocessed) CNT have been
shown to support the growth of many different cell types.
Garcia et al (2007) cultured fibroblasts, Schwann cells and
dorsal root ganglia (DRG) on top of pristine MWNT sheets
[48]. Fibroblasts were found to attach and proliferate in long-
term culture on the MWNT sheets. DRG were also cultured
successfully on MWNT sheets with abundant ganglion cell
migration. Cultured neurons displayed normal axonal growth,
morphology and growth cones. Zhou et al (2007) grew
pyrrolized carbon films in pristine form on silicon wafers
to act as substrates for the growth of different neural cell
lines including mice neuroblastoma, carcinoma (P-19) and
rat pheochromocytoma (PC-12) cells [49]. In these studies,
carbon surfaces promoted longer and more abundant neurites
per cell than control samples.

Unmodified CNT are difficult to use in cell-contacting
applications because of their poor solubility in aqueous
solutions and the existence of potentially toxic metallic
impurities and amorphous carbon residue in such nanotube
preparations.  In order to improve solubility and cell
attachment, modified CNT with a variety of surface charges
have been investigated, in efforts to produce more compatible
and homogenous cell culture substrates [50]. Hu et al (2004)
prepared MWNT that exhibited a range of surface charges
from neutral (pristine nanotubes) to negative (carboxylated
nanotubes) and positive (ethylenediamine coated), as well
as zwitterionic (poly-m-aminobenzene sulfonic acid coated)
[51]. Compared to control substrates, hippocampal neurons
grown on MWNT substrates exhibited a substantially lower
number of neurites, growth cones and neurite branches.
Zwitterionic and positively charged MWNT films showed
small increases in growth cone number and branching,
compared to negative and neutral films. This study showed
the effect that charge can have on neural cell morphology,
though it is apparent that both the nanotube type and the cell
type will affect their interactions. In general, cell lines have
proven more hardy and likely to attach to substrates, compared
to primary neurons.
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The passive conductance of CNT makes them attractive
as substrate coatings for neural culture; however, the effects
of conductivity on neural cell growth are not fully understood.
Malarkey et al (2009) compared cell culture substrates
coated with PEI to surfaces coated with hydrophilic SWNT-
polyethylene glycol (PEG) films [52]. The conductivity of
the SWNT-PEG coatings was varied by changing the film
thickness, while maintaining a consistent surface roughness. It
was shown that thinner, less conductive SWNT films resulted
in longer neurite processes, while thicker, more conductive
films produced larger cell bodies, compared to controls. The
smooth, positively charged PEI substrates resulted in a larger
number of growth cones per cell body. It is clear from
this study that differences in passive conductance, roughness
and surface charge can modulate neuronal cell growth and
morphology.

Modification of the surface of CNT with bioactive
molecules can be used to elicit specific responses from neural
cells. Mattson et al (2000) found that pristine MWNT
substrates allowed hippocampal neuron attachment but did
not support marked neurite outgrowth [53]. However, when
MWNT were coated with 4-hydroxynonenal (4-HNE), large
increases in the number of neurites per cell and overall neurite
length were observed. This study suggested that attachment
to MWNT was a key factor for the neuronal response, as
free 4-HNE did not induce changes in neuron morphology.
Matsumoto et al (2007) functionalized MWNT with nerve
growth factor (NGF) and brain-derived neurotrophic factor
(BDNF) using amine chemistry [54]. DRG neurite outgrowth
on modified MWNT was similar to the effect seen in NGF- and
BDNF-supplemented media, demonstrating that the covalently
attached factors were still bioactive. In a follow-up study, this
group examined the effects of MWNT modified with amino
groups in combination with soluble NGF on DRG and PC-
12 cell growth [55]. Both cell types exhibited increased
neurite outgrowth in media containing MWNT. This study
also showed that mitogen-activated protein kinase (MAPK)
pathways were upregulated in the presence of MWNT, which
may have implications on both neurite outgrowth and cell
survival.

Neural cells can display a complex array of morphologies
that are highly sensitive to their local environment. As shown
schematically in figure 4, CNT-based cell culture substrates
offer the possibility of exposing such cells to a diverse range
of stimuli that can be controlled by taking advantage of the
unique properties of nanotubes. There are a growing number
of studies that demonstrate the importance of such material
properties as nanoscale topography, surface charge and bulk
electrical conductivity on neural cell growth and function. The
use of CNT materials to examine these issues is still relatively
new; however, there is high potential to learn more about the
specific stimuli that can be used to promote desired neural cell
responses.

Patterning of CNT substrates

CNT substrates can be fabricated into a variety of geometries
and patterns. For example, hard and soft lithographic
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Figure 4. CNT substrates can be tailored to exhibit physical,
chemical and electrical properties that in turn affect neural cell
attachment, growth and function.

methods have been used to etch CNT patterns and deposit
CNT solutions [56, 57]. CNT can also be grown directly
from patterned catalysts to create aligned templates [58].
These techniques were initially developed to create electrical
circuits [59], but more recently have been adapted to building
structures for cell culture. In an early study, Correa-
Duarte er al (2004) grew cells on 3D structures formed from
carboxylated MWNT [60]. Aligned substrates of MWNT
were treated with nitric acid to draw upon capillary forces that
created pyramid and well structures. These microstructures
were able to support the growth, spreading and proliferation of
the 1.929 fibroblast cell line. However, this type of substrate
pattern was heterogeneous due to the random nature of its
formation, which limited its utility in creating highly defined
network patterns.

Substrate patterning has been used to control neural
cell adhesion, spreading and growth. It has been shown
that the size of patterned stripes and islands is crucial for
controlling the migration and spreading of both neurons
and glial cells [61]. Zhang er al (2005) examined the
effect of cross-hatch, square and spiral MWNT patterns on
neurite extension, interaction and guidance [62]. Neurons
preferentially adhered to the MWNT patterns, due to the
inherent nanoscale roughness. Neuronal growth cones were
found to make intimate contact with the nanotube surface,
and these strong interactions allowed the neurons to spread
along patterns and form interactions with one another. CNT-
based substrates could also be used to stimulate and record
signals from neural cells. Gabay et al (2005) grew pristine
MWNT islands on quartz substrates to probe the growth and
electrical activity of rat neural cells [63]. Rat neurons and
glial cells grew preferentially on MWNT islands and formed
interconnected networks. The neurons were found to be
electrophysiologically active with normal resting membrane
potentials, demonstrating that the MWNT did not alter the
neuronal membrane.
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Neural cell interactions can be further examined by
isolating individual cells on patterned microenvironments and
studying how they sense their environment and form networks.
This type of study has been done using patterned laminin
surfaces to examine signaling interactions of small neuron
networks [64]. In addition, polydimethylsiloxane (PDMS)
templates have been used to examine neuronal cell alignment
along channels and protein patterns [65]. Sorkin et al (2009)
created direct-growth MWNT patterns on silicon substrates to
examine how neurons grow and branch across a heterogeneous
culture surface [66]. Neuronal processes tended to wrap and
entangle with the rough MWNT islands, whereas smooth
surfaces produced straight processes.

The controlled formation of cellular networks has a
wide range of applications including the development of
high throughput assays [67], biosensors [68] and synthetic
neural networks [69]. Understanding how such structures
and systems form from neural cells is a major challenge, and
studies using patterned CNT can provide insight into how the
formation of neural networks might be controlled.

Cell-CNT interactions

Recreating normal neural cell function depends not only
on achieving cell attachment and growth, but also on
maintaining appropriate resting membrane potentials and cell
signaling.  Natural extracellular matrix proteins such as
laminin, fibronectin and collagen support neural cell growth,
but do not conduct electrical signals, which is a requirement for
creating many types of neural devices and probes. Synthetic
conductive polymers such as PEDOT and polyaniline (PANI)
can be used to create electrically active substrates, but are less
conducive to cell attachment than natural proteins. CNT have
the potential to provide a substrate that supports cell growth,
while also electrically integrating the cells to their substrate.
It has been shown that cell-seeded 3D protein materials doped
with CNT can conduct electricity [70], and in addition that
cellular action can be used to create a directionally conductive
matrix [71]. These approaches offer the possibility of creating
designer materials that form passively conductive contacts
with the resident cells and that transfer signals anisotropically.

The electrical conductivity of CNT can be harnessed to
both transmit and receive signals [72] in neural applications.
Geith et al (2006) used layer-by-layer deposition to create
a SWNT film between two electrode sites [73]. The film
was used to simultaneously culture and electrically stimulate
NG108 cells, a voltage responsive neuroblastoma cell line.
Normal cell differentiation occurred with no adverse effects
caused by the SWNT substrate. These materials were used to
stimulate the NG108 cells and elicited a current response due
to Na ion influx. This type of system may be used as a tool
for understanding the interactions between neuronal cells and
other types of cells in co-culture.

Lovat er al (2005) studied hippocampal neurons and
astrocytes cultured on MWNT substrates [74]. Cultures
on MWNT were stable and exhibited similar morphology
and electrical activity, relative to controls grown on a glass
substrate. However, as shown in figure 5, neurons on MWNT

Control (A)
Y
CNTs
) <
Q
o
— —
500 ms
5_:'_8 *]* Nas *
,, =
de g 2
2 Ss
e €
c o
o, ¢
- K-
E 0 <o

Control CNTs

Mag= 1.49 kX

EHT=15kV

Figure 5. (A) Lovat et al observed a significantly increased
frequency of spontaneous post-synaptic currents and action potential
firings in neurons grown on MWNT substrates. (B) SEM
micrograph showing that hippocampal neurons attach to MWNT
substrates and exhibit normal dendrite and axonal spreading. Both
panels adapted with permission from [69]. Copyright 2001
American Chemical Society.

substrates exhibited a fourfold increase in the frequency
of spontaneous postsynaptic currents and a twofold higher
frequency response, compared to glass controls. The cause of
these increased response frequencies has not been elucidated,
but they have been observed in similar studies in which neurons
were stimulated through conductive SWNT layers. A model
of the resistive coupling between neurons and SWNT was
developed to characterize how neurons might conduct through
the substrate [75]. CNT substrates were also compared to
non-conductive nanotextured control surfaces [75]. It was
observed that neurons grown on SWNT substrates exhibited
significantly larger after-potential depolarizations, an indirect
effect of dendritic calcium electrogenesis. This phenomenon
describes backward-acting action potentials caused by calcium
channels in distal regions of the dendrites [76], which may
be affected by the presence of SWNT. Taken together, the
studies explored here demonstrate the importance of cell-CNT
electrical interactions and their use in developing CNT-neuron
hybrid systems.
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Biocompatibility of carbon nanotubes

In general, the interactions between cells and CNT are not
well understood. Despite their simple structure and inert
chemistry, CNT can be toxic to cells and tissues. CNT
toxicity has received a great deal of attention in the past
several years, due to increasing attempts to develop CN'T-based
biomedical technologies [77, 78]. Numerous studies have been
performed from a physiological perspective, as well as from
the cellular and biomolecular standpoint. However, few clear
conclusions have emerged from this body of work to date, due
in part to the large degree of inherent variability between the
fabrication methods, purity and functionalization of CNT, as
well as differences concerning how they are applied to cells
and tissues. Therefore, the conclusions that can be drawn from
CNT toxicity studies depend heavily on the biocompatibility
model used, as well as the purity, concentration and type of
CNT being examined.

Early studies on nanotube biocompatibility used animal
models to examine the effects of inhalation or intravenous
administration of CNT. It was found that inhaled CNT
damaged cells near the mucus membrane [79, 80], but when
injected intravenously CNT were able to be cleared through
the kidneys [81, 82]. In addition, the toxicity of CNT in
solution has been assessed at the cellular and molecular levels.
However, these studies have varied in their conclusions, with
some reports that CNT are essentially benign [83—85] and
others that assert CNT have marked toxic effects [86—88].
More recently, the effects of CNT on specific cell types,
including neural cells, have been examined. This information
is critical for developing new nanotube-based biomedical
technologies and for advancing the field of neural engineering.

A variety of strategies have been used to improve the
interactions of neural cells with CNT and thereby moderate
their cytotoxicity. Non-covalent wrapping has been used to
reduce CNT aggregation and improve dispersion. Compared
to covalent functionalization, wrapping techniques have the
advantage that they maintain the integrity of the carbon lattice
and therefore preserve mechanical and electrical properties
[89]. Bardi er al (2009) evaluated the cytotoxic effects of
MWNT wrapped in Pluronic® F127, a polymer surfactant,
on mouse primary cortical neurons and mouse cerebral cortex
[90]. It was shown that F127 alone was toxic to cultures of
neurons, but that the presence of MWNT negated this effect.
Furthermore, F127-wrapped MWNT could be injected into
the cerebral cortex of mice without causing degradation of
the resident neurons, suggesting that the nanotubes had a
protective effect by reducing F127 toxicity.

Belyanskaya et al (2009) also used non-covalently
wrapped CNT to examine biocompatibility of nanotube
aggregates of varying size on neurons and glial cells
[91]. SWNT were coated with the non-ionic surfactant
polyoxyethylene sorbitan monooleate (PS80) in such a way
as to create larger nanotube aggregates, as well as smaller
bundles of nanotubes with improved dispersion. As shown in
figure 6, the larger SWNT aggregates resulted in reduced cell
number over time. In addition, exposure to SWNT decreased
the expression of vimentin, an indication of decreased glial
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Figure 6. Belyanskaya et al examined the impact of SWNT
agglomeration on neuronal toxicity. (A) Larger aggregates
(SWCNT-a, ~100 nm dimension) caused a reduction in cell number
compared to smaller bundles (SWCNT-b, 20 nm). (B) Both
aggregate sizes caused reductions in protein expression. (C) A
confocal micrograph shows that spinal cord neuron spreading was
unaffected by SWNT (red color shows a ubiquitously expressed
protein). All panels adapted with permission from [86]. Copyright
2006 Elsevier.

cell number, but did not affect the expression of the neuronal
marker protein MAPS, an indication of neuronal cell number.
This study examined the similarities and differences between
the responses of both neurons and glial cells to SWNT and
suggested that the degree of cytotoxicity is at least partially
dependent on the agglomeration state of the nanotubes.
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CNT can also be covalently functionalized in order to
permanently modify their structure with specified chemical
groups and polymers. Gaillard er al (2009) functionalized
MWNT through cycloaddition of azomethine ylides and
the addition of specific peptide sequences that promote
cell adhesion, including GRGDSP (from fibronectin) and
IKVAV (from laminin) [92]. Jurkat tumor cell and
splenocyte biocompatibility was analyzed using propidium
iodide nuclear staining and flow cytometry., ~ MWNTs
functionalized with peptides did not affect cell viability
significantly over a range of concentrations from 1 to
100 g ml~!'. Hippocampal neurons cultured in contact with
modified MWNT displayed typical spontaneous post-synaptic
currents, membrane capacitance and resistance. Interestingly,
this study localized MWNT to within the intracellular space,
suggesting that nanotubes can be internalized by cells without
causing toxicity.

Malarkey et al (2008) functionalized SWNT with
polyethylene glycol (PEG) and evaluated their cytotoxicity
using hippocampal neurons [93]. The nanotubes were added
to the culture medium at concentrations ranging from 0.1 to
5.0 g ml~!. Previous work had shown that neurite extensions
were fewer but longer when exposed to SWNT-PEG, and
it was proposed that CNT interfered with depolarization-
dependent plasma membrane/vesicular recycling [94]. A
cationic dye that stains cell membranes was used to monitor
membrane recycling during and after neuron stimulation in
the presence and absence of nanotubes. It was observed
that SWNT-PEG conjugates impaired stimulated endocytosis
through interaction with the cell membrane, though the
mechanism was not specifically investigated.

It is clear that neural cells interact with CNT in a variety
of ways, which can be both beneficial and detrimental to cell
function. While there is a great need for further investigation
of these interactions, the studies performed to date have
provided important insights into some of the key factors that
affect CNT biocompatibility, including purity, concentration
and spatial presentation. The relatively large number of
studies that have examined neural cell function on deposited
or spray-coated CNT substrates tend to indicate that these
materials are not toxic (see e.g. [48, 51, 53, 54, 60, 62, 63]).
However, it is difficult to draw hard conclusions based on these
studies since in most cases they did not extensively examine
cytotoxicity. Most studies that have explicitly examined
issues of cytotoxicity have used CNT dispersed in solution.
The work reviewed above suggests that CNT aggregation
and their interactions with the cell membrane will affect
biocompatibility, and in general it is clear that the spatial
presentation of CNT is an important determinant of cytotoxic
effects. These issues are critical when developing CNT-based
neural devices and more work needs to be done in order to
fully understand cell-CNT interactions.

Carbon nanotubes for progenitor and stem cell
differentiation toward neural lineages

CNT-based materials have been studied for their ability to
promote lineage-specific differentiation of a variety of types

of progenitor and stem cells. Controllable microenvironments
offer the potential to guide the proliferation and differentiation
of stem cells via chemical, electrical and physical signals
[95-97]. CNT have high potential in this respect because
their surface chemistry, conductance and nanotopography can
be varied. It has been shown that a variety of biomaterial
substrates can promote neural differentiation of stem cells
[98, 99], and CNT may have similar effects if presented
appropriately.  Understanding how CNT affect neuronal
cell differentiation is valuable for a number of potential
applications, including improved cell culture substrates, neural
probe coatings and nerve guidance conduits.

Mesenchymal stem cells (MSC) are able to differentiate
into several specific cell lineages, and this differentiation is
affected by the local microenvironment [100]. It has been
shown that MSC can become neural-like cells in response
to contact with biomaterials and growth factors [101, 102],
and that surface chemistry can be modified to promote
desired responses [103, 104]. CNT have been examined
for this purpose by creating substrates for MSC culture and
differentiation. Park et al (2007) used lithography to create
SWNT patterns and showed that MSC preferentially attached
to the patterns, inducing cell spreading, increased elongation
and focal adhesion contacts along the pattern axis [105].
Tay et al (2010) examined how carboxylated SWNT films
influenced the behavior of MSC in the absence of a specific
differentiation medium [106]. MSC spread and proliferated on
SWNT films, and neurogenic markers were upregulated, while
osteogenic marker remained low. Focal adhesion distribution
was more homogenous in cells grown on the SWNT surface,
compared to controls grown on glass. These studies suggest
that the nanotopography provided by CNT may play a role in
regulating MSC differentiation.

The effects of CNT on MSC differentiation are also
dependent on the mode of presentation of the nanotubes, and
several studies have examined the effects of dispersed CNT.
Mooney et al (2008) evaluated the growth and differentiation
of MSC in response to pristine and carboxylated SWNT and
MWNT dispersed in cell culture medium [107]. Cell number
and metabolic activity were both affected adversely, compared
to control cultures. This study also examined markers of
the adipogenic, chondrogenic and osteogenic phenotypes, but
found no discernable upregulation in these gene families. A
similar experiment performed by Liu e al (2010) examined
the effect of carboxylated SWNT and MWNT in solution on
the proliferation and differentiation of mouse MSC [108]. All
CNT formulations caused a significant decrease in viability
and proliferative capacity of the stem cells. Osteogenic and
adipogenic differentiation were also greatly attenuated by the
presence of CNT. The reasons for these changes in response
to dispersed CNT are not entirely clear, but these studies
suggested that CNT aggregates may interfere with important
cell membrane proteins.

Neural stem cells (NSC) are multipotent cells that can
differentiate into neurons and glial cells. They are of great
interest in neural engineering and regeneration and their
interactions with CNT have been studied. Jan et al (2007)
compared growth and differentiation of NSC grown on PEI-
functionalized SWNT with those grown on a conventional
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PLO-coated surface [109]. No significant differences in
cell viability or attachment were observed, but the SWNT-
PEI films caused modest induction of neurogenic markers.
However, the majority of NSC followed an astrocyte lineage,
suggesting that the differentiation stimulus was not strong
enough to produce neurons. A related study by Kam et al
(2009) examined how SWNT can alter the effects of laminin
films on NSC cultures [110]. Laminin/SWNT films supported
the growth and proliferation of NSC and also resulted in longer
outgrowths, relative to pure laminin substrates. The SWNT-
containing films also supported the differentiation of NSC,
including the formation of synapses. Electrical stimulation of
the cells through the substrate showed that action potentials
were being elicited from the current stimulus. CNT substrates
may therefore have utility as coatings for neural probes that
support cell growth, promote differentiation and also provide
electrical connectivity.

Embryonic stem cells (ESC) offer the potential to create
uniform populations of any cell type in the body, including the
cells of the brain and nervous system. It has been demonstrated
that ESC can be induced to differentiate toward the neural
lineage, and there have been early studies investigating CNT
materials in this regard. Chao et al (2009) covalently
modified CNT with polyacrylic acid (PAA), a negatively
charged polymer [111]. The CNT materials supported ESC
growth and cell adhesion was higher, compared to PLO
and pure PAA control surfaces. Pure PAA resulted in
low levels of neural differentiation, whereas ESC grown
on PAA-CNT films showed upregulated neurogenic markers
and increased branching, indicative of mature neurons.
A follow-on study by the same group compared PAA-
MWNT with pure MWNT, as well as MWNT functionalized
with polymethacrylic acid (PMAA) [112]. It was shown
that pristine MWNT and functionalized MWNT supported
neuron adhesion and differentiation to approximately the
same extents, suggesting that these processes are more
dependent on the nanotopography of the surface and less
on the surface chemistry of the CNT. Sridharan et al (2009)
cultured human ESC on surfaces of roughly aligned gelatin,
collagen and collagen-SWNT films [113]. ESC cultured on
collagen-SWNT gels exhibited significantly higher levels of
nestin expression than the other materials and produced long
filaments characteristic of ectodermal cells. The increased
degree of differentiation was attributed to the physical changes
induced by adding SWNT to the collagen film and offers
further insight into how CNT can impact the behavior of
progenitor and stem cells. More recently, it has also been
shown that electrical stimulation can induce neural gene
activation and differentiation [114].

Taken together, the studies reviewed above demonstrate
the variety of ways in which CNT can be used to impact the
adhesion, growth and differentiation of progenitor and stem
cells. Such flexible and abundant cell sources are critical to
the advancement of neural engineering. It is only recently that
nanotechnology and stem cell biology have come together to
address some of the challenges in regenerating neural tissues.
The use of CNT to control progenitor and stem cell function
is an expanding area that may lead to new ways to culture and
control the cell populations needed for neural repair.

Conclusions and perspectives

Recent research activity in the application of CNT to neural
engineering has demonstrated that these remarkable materials
have great potential to provide important biological insights
into neural cell function and control. The ability to vary surface
chemistry and nanotopography has revealed information about
how neural cells adhere, grow and migrate. In addition,
CNT-based materials have garnered interest as a stimulus to
promote and direct the differentiation of progenitor and stem
cells toward neural lineages. These exciting findings must be
tempered with the realization that the cytotoxicology of CNT
is still a developing field, and that a better understanding of
how CNT interact with the biological environment is required
before these materials can be used widely in biomedical
applications.

The availability of CNT materials has invigorated a
segment of the neural engineering field, in particular those
interested in biomaterials-based approaches to sensing and
stimulating neural cell signaling [115]. CNT have been
used to create novel substrates, patterned surfaces and even
3D structures with properties that cannot be achieved using
extracellular matrix proteins or synthetic polymers alone. With
respect to neural applications, perhaps the most promising
CNT property is high electrical conductivity, which offers the
potential to interface directly with functional neurons to both
sense and transmit signals [116]. Therefore, CNT can act as
both passive and active substrates for use in neural engineering.

Nanotechnology is changing many fields, from electronics
to energy production to medicine, though in most cases the
potential benefits have not yet fully materialized. Neural
engineering has a similar opportunity to move rapidly forward
in this area and make key advances that have thus far eluded the
field. However, the broad use of CNT and other nanoparticles
in neural applications will require a far better understanding
of how cells, proteins and nanotubes interact. This knowledge
is required to facilitate efficient development of CNT-based
neural technologies and to ensure that the diagnostic or
therapeutic products that result are both safe and effective.
If such knowledge can be obtained, then materials based on
CNT can have an important impact on the development of next-
generation neural implants and devices, as well as providing
new approaches to neural tissue engineering and regeneration.
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