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ABSTRACT: In the past decade, nanotechnology applications to the nervous system have
often involved the study and the use of novel nanomaterials to improve the diagnosis and
therapy of neurological diseases. In the field of nanomedicine, carbon nanotubes are
evaluated as promising materials for diverse therapeutic and diagnostic applications.
Besides, carbon nanotubes are increasingly employed in basic neuroscience approaches,
and they have been used in the design of neuronal interfaces or in that of scaffolds
promoting neuronal growth in vitro. Ultimately, carbon nanotubes are thought to hold the
potential for the development of innovative neurological implants. In this framework, it is
particularly relevant to document the impact of interfacing such materials with nerve cells.
Carbon nanotubes were shown, when modified with biologically active compounds or
functionalized in order to alter their charge, to affect neurite outgrowth and branching.
Notably, purified carbon nanotubes used as scaffolds can promote the formation of
nanotube−neuron hybrid networks, able per se to affect neuron integrative abilities,
network connectivity, and synaptic plasticity. We focus this review on our work over several years directed to investigate the
ability of carbon nanotube platforms in providing a new tool for nongenetic manipulations of neuronal performance and network
signaling.
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The discovery and manipulation of innovative nanomaterials,
such as carbon nanotubes (CNTs), are becoming increasingly
helpful in biomedical applications in general1,2 and in
neuroscience research approaches and developments in
particular, thus providing new tools able to specifically interact
with the nervous system and with neurons at the nanoscale.3

CNTs have been alternatively proposed as growth substrates
promoting neuronal development, scaffolds for nerve tissue
engineering, electrode coating, or neuronal interfaces for long-
term implants.4−10 In their soluble form, CNTs are also
promising nanovectors for drug delivery and molecular sensing
applications.11−13

Since their discovery in 1991 by Ijima,14 CNTs have shown
outstanding mechanical, thermal, and conductive properties:
these unique nanoobjects made of one or more rolled-up
graphene sheets possess high surface area, high mechanical
strength but ultralight weight, rich electronic properties, and
excellent chemical and thermal stability.15 These properties
make CNTs very promising in different technological fields; in
particular, CNTs were used as conductive composites, energy
storage and energy conversion devices, sensors, field emission
displays and radiation sources, hydrogen storage media and
nanometer-sized semiconductor devices, probes, and inter-
connects (for a review, see ref 16). Their poor solubility and
their apparently high toxicity have been faced in the past decade
via functionalization of the CNT surface by means of many
different approaches (Figure 1a) aimed at increasing their
solubility and lowering their toxic effects to promote biomedical

applications.17 CNTs have been proposed as biosensors (see ref
18 for a review), ion channel blockers,19 biocatalysts,20

photothermal probes in cancer therapy,21 and nanovectors.22

In the past decade, CNTs have been largely investigated as
substrates for the development of neuronal circuits; in such a
use, the development of a hybrid neuronal−nanomaterial
network served also as a platform to examine neuronal
detection of and reactions to, environmental physical and
chemical features. In particular, the ability of CNTs to
modulate neuronal behavior at either the structural (synapto-
genesis and neurite elongation)23−27 and functional (synaptic
efficacy)10,27−30 level was shown. In this respect, interfacing
neurons with purified CNTs emerged as an effective tool for
manipulating neuronal activity in single cells, in a network of
synapses, and, more recently, in multilayered tissue ex-
plants.10,27−30

The leading scope of this review is to highlight experiments
addressing the ability of synthetic CNTs to directly and
specifically interact with cultured brain networks and their role
in re-engineering neuronal and synaptic performance.
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■ SCAFFOLDS FOR NERVE TISSUE ENGINEERING
AND CARBON NANOTUBES

Scaffolds made of different kinds of biomaterials are being
investigated as substrates able to favor neuronal growth and
axonal regeneration. In order to provide stromal support in the
case of lesions at the level of the central nervous system (CNS)
and to overcome the inhibitory environment (for example, in
the case of spinal lesions),31−33 scaffolds selected for CNS
tissue engineering have to be biocompatible with the host tissue
without inducing inflammatory and immune reactions, reduce
the astrocytic reaction and glial scar formation, allow neuronal
adhesion and axonal extension within a three-dimensional
architecture, offer proper physical support to cells and axons,
provide physical properties similar to the native environment,
and have a tunable rate of degradation without inflammation
induced by degradation products.34 The architecture of the
scaffold structure is crucial for a successful impact on neuronal
regeneration: for example, the introduction of longitudinal
tubular constructs provides physical guidance for axonal
regrowth and cell migration, and thus may enhance nerve
regeneration.35 Moreover, also the micro- and nanotopography
at the cellular level are fundamental for successful nerve
regeneration,34 and several studies have shown that cells behave
differently on aligned or randomly oriented fibers.36 The main
characteristic of these materials is a longitudinal organization
mimicking the natural structure of the axonal pathways within
the brain and the spinal cord.34

More recently, the design of 3D scaffolds incorporating
conducting nanostructures was proposed in order to develop
smart biomaterials for the engineering of electrically propagat-
ing tissues.2 For example, carbon nanotubes were used to
implement a composite sponge37 with high electrical
conductivity, ideally placed to support the cultivation of
neurons.
In this vision, CNTs can be exploited by virtue of their

tubular shape together with their conductivity features to
produce the best substrate for neural engineering. CNTs and
their composites have been used as, or incorporated into,
scaffolds to investigate their influence on the growth of neural
processes. Variously patterned CNTs offered a two-dimensional
or three-dimensional guidance for the elongation and growth of
neurites.38,39

CNTs have been functionalized with molecules like poly-
ethylene imine24 and neurotrophines,40 incorporated in
agarose,41 deposited by a layer-by-layer technique together
with polyelectrolytes in supported assemblies or as freestanding
films:42,43 regardless of the functionalization used, altogether
these studies hint at the development of CNTs-based platforms
for neuro-regeneration purposes.
The application of carbon nanotubes in neuroscience

research has been oriented toward the use of two different
types of material: (i) single-walled CNTs (SWCNTs),
composed of a single graphene sheet rolled-up and closed at
each end by a hemispherical fullerene cap, and (ii) multiwalled
CNTs (MWCNTs), composed of numerous concentric
graphene cylinders. Several features of CNT structure make
them intriguing candidates for nervous system applications, e.g.,
their shape and size, reminiscent of the morphology of the
smallest neuronal arborizations,4 or their high electrical
conductivity and surface area which may increase charge
injection capacity of CNT-based microelectrodes6 (Figure 1b).
In addition, nonfunctionalized CNTs may affect neuronal
signaling by means of CNT/cell membrane “direct” inter-
actions. The following sections will expand this issue, discussing
evidence of the CNT-mediated modulation of a single neuron,
synaptic, and network activities.
The focus of this review is on the use of purified CNTs, while

the ability of functionalization and covalent and noncovalent
modifications of CNTs to tune their ability to support neuronal
growth are reviewed in detail elsewhere.9,44,45

■ IMPACT OF CARBON NANOTUBES ON
MONOLAYERED SYNAPTIC NETWORKS:
SPONTANEOUS ACTIVITY AND SINGLE CELL
SIGNALING

Several studies support the biocompatibility of CNTs scaffolds
(SWCNTs or MWCNTs, as-prepared, functionalized, or
codeposited with polymers) when used in vitro to sustain
neuronal growth and axonal elongation and branch-
ing.23−29,42,46−48 These first studies reporting CNTs' ability to
sustain neuronal growth mostly investigated the impact of such
substrates on neuronal morphology, and the issue of the
signaling changes displayed by neurons grown on CNT-based
structures was neglected; in particular pure, nonfunctionalized
CNTs were rarely tested. In fact, while the first report on the

Figure 1. Carbon nanotubes as scaffolds for neuronal growth. (a) Examples of chemical modifications on carbon nanotubes. Reprinted with
permission from ref 17. Copyright 2011 The Royal Society of Chemistry. (b) MWCNT and glass growth supports used as the control condition in
most studies are characterized by different roughness. AFM images (A,C) and three-dimensional plot profiles (B,D) of MWCNT and glass
substrates, respectively. Reprinted with permission from ref 27. Copyright 2011 The Society for Neuroscience.
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ability of CNT layers to sustain neuronal growth dates back to
2000,23 the first one investigating neuronal electrical activity
when cells are grown on CNTs appeared later, in 2005.28 Using
single cell recording, the patch-clamp technique, we measured
synaptic and firing activity from neurons which were
reconstructing functional networks interfaced to nonfunction-
alized MWCNTs. We showed that dissociated hippocampal
neurons, after 8 days of culturing interfaced to MWCNT
supports, always displayed a strong potentiation in their
spontaneous activity (mainly detected as an increase in the
frequency of spontaneous, network-driven postsynaptic cur-
rents-PSC; Figure 2a), in comparison with that of controls
grown on pure glass supports. Later, we further demonstrated
that, in a similar fashion, SWCNTs interfaced to neurons are
equally able to induce a potentiation of spontaneous synaptic
activity in cultured hippocampal networks.29 This increase in
spontaneous activity of cultured brain circuits was not due to
the building up of networks of different sizes with respect to
control growth supports, as the neuronal density (quantified by

immunocytochemistry experiments) was similar in the two
culturing conditions, as well as the cell body size and the
number of neurites emerging from the soma.28,29 The control
and neurons grown on CNTs also showed similar membrane
passive properties (input resistance, capacitance, and resting
potential), again indicating similar cellular dimensions and
healthy state in both culturing conditions.27−30

The extraordinary intimate and tight contacts between
neurons and CNTs were documented by means of scanning
and transmission electron microscopies (SEM and TEM),
which show the presence of direct and close juxtapositions
between CNTs and neuronal membranes10,29,30 (Figure 2b).
Process entanglement has indeed been demonstrated to play a
key role in neuronal anchoring to rough surfaces, such as
CNTs.49 The presence of nanocontacts between neuronal
membranes and CNTs suggested the possibility of the
occurrence of their direct electrical coupling, an issue explored
in detail only in 2009.30 By means of single cell electro-
physiological techniques, this study showed that CNTs are able

Figure 2. Neurons in close contact with CNT scaffolds show improved network activity and single-cell integrative abilities. (a) Exemplificative
voltage-clamp recordings of postsynaptic currents (PSCs) recorded from hippocampal neurons cultured on glass or on CNT substrates; PSC
frequency is significantly increased in CNT cultures. Reprinted from ref 28. Copyright 2005 American Chemical Society. (b) Top, scanning electron
microscopy images showing SWCNTs substrate features (A) and the close and intimate contacts between CNTs and the neuronal membrane of
cultured hippocampal neurons (subsequent micrographs in B−F). Reprinted with permission from ref 29. Copyright 2007 The Society for
Neuroscience. Scale bar (in E): A, 1 μm; B, 200 μm; C, 25 μm; D, 10 μm; E, 2 μm; F, 450 nm. Bottom, transmission electron microscopy
micrographs from planar sections of hippocampal cultures grown on CNTs, showing a single nanotube (highlighted in the box) “pinching” the
neuronal membrane (bottom part of the image). Reprinted with permission from ref 30. Copyright 2009 Nature Publishing group. (c) Hippocampal
neurons cultured on control glass (CTRL) or on CNT substrate (CNT) were forced to fire a train of six action potentials (by injection of current
steps, i; top) in order to assess the presence of an additional afterhyperpolarization or afterdepolarization at the end of the train (gray shadow). CNT
scaffolds significantly increased the fraction of neurons showing an afterdepolarization. Reprinted with permission from ref 30. Copyright 2009
Nature Publishing group. (d) The “electrotonic” hypothesis has been formulated in order to explain the increased ability to generate an
afterdepolarization in neurons cultured on a CNTs layer. The hypothesis assumes that intracellular compartments are electrically exposed to CNTs,
which could act as electrical shortcuts between distal cellular compartments. Reprinted with permission from ref 30. Copyright 2009 Nature
Publishing group.
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to mold the integrative abilities of cultured hippocampal
neurons and that this ability is potentially due to a direct
electrical coupling between CNTs and neuronal membranes. In
this work, single neurons were forced to fire brief trains of
action potentials at different frequencies to maximize the
integration of regenerative properties in the different (proximal
and distal) neuronal compartments.50 Neurons grown on CNT
scaffolds were significantly more prone to generate and
summate back-propagating action potentials, showing an
additional somatic depolarization after high frequency trains
of action potentials (Figure 2c). Back-propagating action
potentials are a regenerative property of certain classes of
neurons which play important roles, for example, in the fine-
tuning of synaptic activity, in the expression of spike-timing-
dependent plasticity, or in governing the release of modulatory
messengers; altogether, the ability to back-propagate action
potentials can regulate synaptic plasticity in both the short- and
long-terms.51−55 The improved generation of back-propagating
action potentials brought about by CNTs implies that these
materials modulate single cell excitability. This may even
account for the activity boost detected at the network level (i.e.,
increased PSCs), a hypothesis supported by theoretical
modeling.30 Intriguingly, theoretical simulations also put
forward the hypothesis that the CNT carpet could impact on
back-propagating action potential generation by a direct
electrical shortcut between nearby dendritic compartments
(the so-called “electrotonic hypothesis”;30 Figure 2d): this
shortcut would account for the dendritic extra depolarization
observed after the action potential train and might be mediated
by the direct contact between CNTs and neuronal
membranes.30,56,57 However, the observation that the presence
of direct electrical connections between neurons in the network
was extremely low27 ruled out the possibility that additional

presence of CNT-mediated shortcuts at the network level could
be responsible for the CNT ability to improve functional
connectivity of neuronal networks.27 Besides the suggestive
hypothesis that electrical signals traveling along neuronal
membranes be shortcut and directly delivered to distant
compartments, CNT/neuron interactions may be used to
specifically instruct neurons toward a more excitable
phenotype.
The impact of CNT scaffolds on single cell excitability

highlighted the exceptional nature of this nanomaterial and its
potentials even in the field of neurobiology. CNT meshworks
used as supports for neuronal growth are essentially
characterized by their roughness and conductivity27,30 (Figure
1b). Substrates for neuronal growth different from CNTs, with
either conductivity or nanoroughness comparable to that of
CNT, are not able to improve dendritic regenerative ability
(i.e., the back-propagating action potentials), thus indicating
that both properties are necessary for CNT substrates to
manipulate neuronal performance.30,45 The summation of CNT
nanotopography and physical and chemical properties provides
neurons with a great deal of information, thus suggesting that
neuronal contacts to CNT scaffolds might activate multiple and
complex adhesion-mediated, intracellular signaling cascades.1,2

■ CARBON NANOTUBES IMPACT ON
MONOLAYERED SYNAPTIC NETWORKS: TUNING
OF SYNAPTIC CONNECTIVITY AND PLASTICITY

To thoroughly understand CNT effects on neuronal trans-
mission, regardless of the modulation of single-cell excitability,
it is crucial to explore if and how CNTs can modulate neuronal
synaptic properties. A recent work directly faced this issue by
means of simultaneous recording of pairs of interconnected
neurons in dissociated hippocampal cultures grown on CNT

Figure 3. (a) Left, bright-field image of the experimental setting employed for paired patch-clamp recordings from hippocampal neurons cultured on
glass or on CNTs scaffolds. The presynaptic neuron is forced to fire one or more action potentials, and the evoked postsynaptic currents (PSCs) are
recorded from the postsynaptic neuron. Scale bar is 15 μm. Right, cultures interfaced to CNTs show a strong increase in the probability of finding
connected cell pairs. (b) Left, confocal images from immunocytochemistry experiments highlighting the presynaptic component (vescicular GABA
transporter,VGAT, clusters, in green) and the postsynaptic component (GABA receptor γ2 subunit clusters, in red) in control (A) and CNT cultures
(B), whose colocalization is the morphological evidence of the presence of synapses. A1−3 and B1−3 show the VGAT and GABA receptor γ2
subunit signals separately (A1, A2, and B1, B2) or merged (A3, B3) in control and CNT cultures, respectively. Scale bars: A and B, 10 μm; A1−3 and
B1−3, 2 μm. Cultures on CNTs show a marked increase in the number of colocalized clusters, i.e., synapses (right). (c) In paired recordings on
control neurons, a train of action potentials elicited in the presynaptic neuron usually evokes depressing PSCs in the postsynaptic neuron, while in
cells cultured on CNT scaffolds PSCs are usually not depressing. Reprinted with permission from ref 27. Copyright 2011 The Society for
Neuroscience.
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growth supports or on control glass27 (Figure 3a). Action
potentials were evoked in the first (presynaptic) neuron by
injecting a depolarizing current pulse, while the evoked unitary
postsynaptic currents (PSCs, usually GABAA receptor-mediated
in these experimental conditions)27 were recorded in the
second (postsynaptic) cell. In this study, we showed that
culturing neurons on CNT scaffolds almost doubled the
probability of finding monosynaptically connected neurons,
when compared to controls, i.e., CNTs guide the build-up of
more synapses than in control conditions. In the same work, we
further demonstrated that the strong rise in the coupling
probability was due to a massive increase in synaptic density:
immunofluorescence colocalization experiments reported the
morphological evidence of an increase in the number of
GABAergic synaptic contacts in networks grown on CNTs
layers compared to that of controls27 (Figure 3b). This strong
boosting in neuronal network connectivity is proposed to be
the major mechanism by which CNTs increase the frequency of
spontaneous PSCs of cultured networks reported in the
previous studies27−29 and fosters CNTs as a powerful artificial
growth support able to promote de novo formation of synapses.
A surprising ability of CNTs in modulating neuronal

physiology emerged in the same work,27 i.e., CNTs also affect
the short-term dynamic of synaptic connections. A striking
feature of neuronal transmission is the short-term dynamics of
synaptic connections that govern their processing abilities; that
is, the synapses may display a transient alteration in strength
when activated repetitively.58−60 By means of paired patch-
clamp experiments, the authors elicited high frequency trains of
action potentials in the presynaptic cell and recorded the
GABAergic PSCs in the postsynaptic one. In control synapses,
the PSCs' amplitude became progressively smaller during the
train, indicating a synaptic short-term depression61,62 (Figure
3c). Conversely, PSCs' amplitude remained almost stable, or
even potentiated, in neurons cultured on CNT supports
(Figure 3c), indicating that synapses formed under these
growing conditions display an improved efficacy. The CNT-
mediated effect on synaptic plasticity was due to a modulation
of the probability of GABA release at synapses by CNTs (i.e., a
release-dependent mechanism). Indeed, increasing the release
probability in CNT cultures by raising the extracellular [Ca2+]
abolished the short-term potentiation (thus making CNT
synapses more similar to control ones), while decreasing the
extracellular [Ca2+] in control cultures reduced synaptic
depression (making controls more similar to CNT synapses).27

A very interesting, although unexpected, feature of CNT
impact on synaptic networks, is that CNT modulations are
governed by independent mechanisms.27 Synaptogenesis (i.e.,
the increased probability of finding connected couples in paired
recordings) due to CNT supports has been shown to be
independent of neuronal activity, as it persisted even when
activity was suppressed by chronically blocking action potential
generation by tetrodotoxin (TTX). Conversely, the chronic
block of activity by TTX in cultures grown on CNT scaffolds
converted their observed short-term potentiation into short-
term depression. In other words, the short-term synaptic
plasticity of activity-deprived CNT cultures remains similar to
that of controls, even if CNT scaffolds are still able to promote
a strong increase in global neuronal connectivity.27 The
mechanisms underlying this dichotomy are still not clear. We
hypothesized that the adhesion of neurons to the substrate is an
important factor able per se to instruct neuronal behav-
ior7,30,63−65 through the activation of complex and diverse

intracellular signaling cascades.1,2,66,67 Thus, the reported
CNTs effects are mediated, at least in part, by the adhesive
interactions between CNTs and neuronal membranes,
regardless of the action potential generation. In agreement
with this hypothesis, Jin and colleagues68 recently demon-
strated that PC12 cells differentiated toward the neuronal
lineage, when grown on a MWCNT-covered nanofibrous
structure, show a very strong increase in the expression of the
adhesion molecule FAK (a cytoplasmic tyrosine kinase playing
a key role in the signaling pathway of integrins, the membrane
receptors mediating cell adhesion to the substrate),66,67,69

compared to the control, non-CNT-covered nanofibrous
structures.68 The activation of specific intracellular cascades
might favor the synaptogenesis observed in cultures grown on
CNT scaffolds. Alternatively, CNT substrates could influence
the deposition of extracellular matrix molecules, and the specific
composition of the so-called “perineuronal net” could in turn
affect synaptogenesis.70 All of the suggested mechanisms are far
from being proved by experimental evidence, and further work
is needed to definitely shed light on the molecular mechanisms
linking CNTs to neuronal network functional dynamics.

■ CARBON NANOTUBES INTERFACED TO CNS
EXPLANTS: TRANSLATING NETWORK
MODULATION FROM LOCAL TO REMOTE IN A
MULTILAYERED TISSUE

Most studies investigating CNT platforms and neuronal
properties required the use of relatively simplified experimental
models such as the monolayer of dissociated brain cells.23−30,46

Although networks of dissociated neurons remain a convenient
model, even showing a certain complexity,71 only recently,
explant cultures were used to interface CNT scaffolds to
multilayered neuronal networks. We characterized the long-
term impact on neuronal performance of interfacing spinal cord
explants with scaffolds of purified MWCNTs.10 In our
experimental model, we cocultured spinal cord and dorsal
root ganglia (DRG) slices on a film of purified, non-
functionalized CNTs or on control glass, and we explored
how explants interfaced with the CNT substrates in the long
term (up to three weeks) developed; in particular, the growing
ability of neurites and the functional properties of spinal
neurons were assessed. In agreement with our previous reports
(see above), CNTs efficiently sustained spinal neurons survival
and growth in vitro. Interestingly, spinal explants grown on
CNT scaffolds showed a significant increase in the number and
length of neuronal fibers outgrowing the spinal tissue. This
behavior was accompanied by a substantial increase in the
number of growth cones at the tips of the extending neurites.
We further focused on the fibers elongating on CNTs or on
control glass and found, by means of atomic force microscopy
(AFM), that fibers grown in contact with the CNT layer
adapted differently to the substrate, basically increasing their
adhesion area. This was confirmed by force spectroscopy curves
acquired from AFM experiments that showed how neuronal
fibers grown on CNTs displayed different intrinsic elastic
properties, being less stiff than those grown on control glass.
The last finding indicated the ability of neuronal fiber to adapt
to CNT substrate, suggesting an improved neuronal adhesion,
leading to fibers flattening.10 In addition, in analogy to what was
previously reported,29,30 also in cultured explants TEM and
SEM highlighted extensive and very tight contacts between
CNTs and neurite membranes (Figure 4a).
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Yet, CNT driven changes in neuronal fiber elongation,
morphology, and elastomechanical properties involved direct
adhesion of neuronal membranes on CNTs. A step beyond
these considerations emerged in the same work10 where we
reported, for the first time, the impact of CNT interfaces to cell
layers distant from the CNTs themselves. More explicitly, CNT
scaffolds are able to modulate the functional performance of
neurons spatially far from the scaffold. We investigated synaptic
activity by performing patch-clamp recordings from neurons
located in the superficial layer of the ventral, premotor area of
the explants, i.e., 4−5 cell layers far from the CNTs substrate.
We took advantage of the good preservation of the
physiological neuronal connections in cultured explants. In
particular, in this model in-growing afferent DRG fibers
establish functional connections toward the spinal ventral
areas; we therefore analyzed the postsynaptic currents evoked
in ventral interneurons by the focal electrical stimulation of the
homolateral DRG. The evoked PSCs (ePSCs) comprise both
an excitatory and an inhibitory component.72 These two
synaptic components were dissected out by exploiting their
different reverse potential values. Both inward and outward
currents contributing to the polysynaptic ePSCs were strongly

increased in amplitude when recorded from explants interfaced
to CNT scaffolds (Figure 4b). In addition, a significant increase
in the amplitude of the spontaneous (ongoing) synaptic
currents was also detected by recording ventral interneurons.10

The potentiating effect was not due to an increased DRG fibers
innervation, thus suggesting the presence of a more complex
modulation of synaptic activity.
It is important to point out that the neurons recorded in

these experiments were not in direct contact with the CNTs
substrate. It is therefore suggested that CNTs affect neuronal
firing activity and synaptic connectivity in the neuronal layer
directly facing CNT scaffold (in agreement with previous
findings on dissociated neurons27,28,30), where CNTs intimately
and extensively interact with membranes (Figure 4c),10 and
that this alteration is remotely translated into an amplification
of synaptic signals at the level of ventral interneurons relatively
far from the CNT interface.
While we ruled out the possibility that the described effects

could be, at least in part, accounted for by a CNT-mediated
increase in the number of presynaptic release sites or by a local
increase in firing activity,10 the real mechanisms underlying this
effect are still obscure and further studies are necessary to

Figure 4. CNT scaffolds support the growth of spinal explants and remotely boost synaptic connectivity. (a) Scanning electron microscopy
micrograph of a peripheral neuronal fiber of a spinal explant grown on a CNT layer, with numerous and very tight contacts between CNTs and the
neuronal membrane (red arrows). Scale bar is 500 nm. (b) Left, schematic representation of the experimental setting: the dorsal root ganglion was
electrically stimulated, while the evoked postsynaptic currents (ePSCs) were recorded from homolateral ventral interneurons. Middle, superimposed
ePSCs recorded from interneurons from explants cultured on glass or on CNTs at the resting membrane potential (−56 mV), at the reversal
potential for inhibitory currents (−40 mV, red; the excitatory component of the evoked response), and at the reversal potential for excitatory
currents (0 mV, blue; the inhibitory component of the evoked response). The amplitude of both the excitatory and the inhibitory components was
strongly increased in explants interfaced to CNT scaffolds (right). (c) Transmission electron microscopy micrographs from sagittal sections of spinal
explants grown on CNTs, showing healthy tissue (mitochondria are highlighted by arrowheads and neuronal microtubule sections by boxes) and
close contacts between CNTs and the bottom part of the explant (arrows). Scale bars: top left, 1 μm; top right, 500 nm; bottom left, 500 nm;
bottom right, 200 nm. Reprinted from ref 10. Copyright 2012 American Chemical Society.

ACS Chemical Neuroscience Review

dx.doi.org/10.1021/cn300048q | ACS Chem. Neurosci. 2012, 3, 611−618616



clarify these issues. Besides, these results put forward the
intriguing possibility to exploit CNT technology to remotely
direct neuronal behavior in complex systems and might
contribute to the progress in the development of innovative,
CNT-based neuronal interfaces and implantable devices.

■ CONCLUSIONS

In summary, CNTs represent a unique material to shape
neuronal signaling, as CNT scaffolds used as substrates for
neuronal growth in vitro are able to affect single cell integrative
abilities, to promote neuronal network connectivity and
synaptic plasticity and to remotely increase the efficacy of
synaptic responses. What the real nature of the interaction is
between CNTs and neuronal membranes and what the fine
mechanisms are mediating CNTs impact on neuronal perform-
ance still remain a fascinating mystery, and further studies are
needed to definitely shed light on this issue. Nevertheless, the
results here described pave the way to the CNTs' application to
more complex systems; the challenge is now to transfer CNT
technology to in vivo applications, to develop next-generation
devices able to efficiently impact neuronal performance in a
controlled fashion.
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