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A paper by Oberlin, Endo, and Koyama published in 1976 clearly showed  
hollow carbon fibers with nanometer-scale diameters using a vapor-growth technique 
(Oberlin, A.; M. Endo, and T. Koyama, J. Cryst. Growth (March 1976). 
Filamentous growth of carbon through benzene decomposition. 32. pp. 335–349.)   

Iijima, Sumio (1991). "Helical microtubules of graphitic carbon".  
Nature 354: 56–58.  

CNTs discover 
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metallic character  

semiconductors 
semiconductors 
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armchair SWCNT posses a metallic character 
the other behave as semiconductors 
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The integers n and m denote the number of unit vectors along two  
directions in the honeycomb crystal lattice of graphene.  
If m=0, the nanotubes are called "zigzag".  
If n=m, the nanotubes are called "armchair".  
Otherwise, they are called "chiral".  

Some SWNTs with different chiralities. The difference in structure is  
easily shown at the open end of the tubes. a) armchair structure 
 b) zigzag structure c) chiral structure 

CNTs structures 
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CNTs properties 
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CNTs structures 
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CNTs structures 
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around $1500 per gram as of 2000 
~$50–100 per gram as of 2007   

Comparison of Mechanical Properties 
Material Young's 

Modulus(1) (GPa) 
Tensile Strength 

(GPa) 
Elongation at 

Break (%) 

SWNT ~1 (from 1 to 5) 13-53E 16 

Armchair 
SWNT 

0.94T 126.2T 23.1 

Zigzag 
SWNT 

0.94T 94.5T 15.6-17.5 

Chiral SWNT 0.92 

MWNT 0.8-0.9E 150 

Stainless 
Steel 

~0.2 ~0.65-1 15-50 

Kevlar ~0.15 ~3.5 ~2 

KevlarT 0.25 29.6 

SWNTs with different chiral vectors have dissimilar properties such as optical  
activity, mechanical, strength and electrical conductivity. 

CNTs properties 
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CNTs are 100 times stronger than steel 

1.  misura della durezza di un materiale elastico 
(The tangent modulus of the initial, linear portion of a stress-strain curve is called Young's modulus) 
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Potential applications of CNTs 
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Covalent Functionalization of CNTs 

Carbon Nanotubes in Drug Design and Discovery Prato et al. ACCOUNTS OF CHEMICAL RESEARCH 2008, 41, 60-68. 



17 D. Tasis, N. Tagmatarchis, A. Bianco, M. Prato Chem. Rev. 2006, 106, 1105-1136 
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fullerenes, porphyrins, and metals, have indeed been included 
in the internal space of CNT, mostly due to hydrophobic interactions 
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amphotericin B  
and fluorescein 

fluorescein 

fluorescein 



20 

anticancer agent  
methotrexate 

immunogenic peptides 

immunogenic peptides 



21 

Noncovalent Functionalization of CNTs 

Noncovalent Functionalization of SWNTs Zhao and Stoddart ACCOUNTS OF CHEMICAL RESEARCH, 2009, 42,  1161-1171. 
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modifica delle proprietà di CNTs 

modulation of the electrical conductance 
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to detect photoinduced electron transfer between ZnPorphyrin and CNT 

The SWNTs act as the electron donors, and the porphyrin molecules act as the electron 
acceptors. The photoresponse of the zinc porphyrin-coated SWNT/FET was investigated 
by its illumination with a light-emitting diode (LED) centered at 420 nm, 

Hecht, D. S.; Ramirez, R. J. A.; Briman, M.; Artukovic, E.; Chichak, K. S.; Stoddart, 
J. F.; Gru¨ ner, G. Bioinspired detection of light using a porphyrin-sensitized singlewall 
nanotube field effect transistor. Nano Lett. 2006, 6, 2031–2036. 
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sensori serve as chemical sensors to detect nonfluorescent 
organic molecules selectively, on the basis of their molecular 
recognition by the cyclodextrin torus.  

Satisfyingly, the magnitude of the transistor characteristic movements in the pyrenecyclodextrin-SWNT/FET 
devices in the presence of the organic molecules depends linearly upon the magnitudes of the complex 
formation constants (KS) exhibited by the pyrenecyclodextrin derivative with these molecules.  

1-adamantanol >  
2-adamantanol>  
1-adamantanecarboxylic acid  
> sodium deoxycholate > 
sodium cholate.  

serve as chemical sensors to  
detect organic molecules in  
aqueous solution, not only  
selectively but also quantitatively.  

Zhao, Y.-L.; Hu, L.; Stoddart, J. F.; Gru¨ ner, G. Pyrenecyclodextrin-decorated singlewalled carbon nanotube field-effect 
transistors as chemical sensors. Adv. Mater. 2008, 20, 1910–1915. 



25 L. Han, W. Wu, F. L. Kirk, J. Luo, M. M. Maye, N. N. Kariuki, Y. Lin, C. Wang and C. J. Zhong,  
Langmuir, 2004, 20, 6019. 

Hybrid CNTs-NPs materials 

- Formation of metal nanoparticles directly on the carbon nanotube surface 
- Connecting metal nanoparticles and CNTs 

"Decorating carbon nanotubes with metal or semiconductor nanoparticles". 

 V. Georgakilas, D. Gournis, V. Tzitzios, L. Pasquato, D. M. Guldi, M. Prato, J. Mater. Chem. 2007, 17, 2679-2694. 
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PEI = polyethyleneimine 

X. Hu, T. Wang, X. Qu and S. Dong, J. Phys. Chem. B, 2006, 110, 
853. 

Connecting metal nanoparticles and CNTs 



27 

Aligning Au Nanorods by Using Carbon Nanotubes as Templates 
Luis M. Liz-Marzan et al. ACIE 2005, 44, 2. 
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CNTs characterization 

TEM, SEM, AFM 
TGA 
RAMAN spectroscopy (can distinguish between metallic and semiconducting CNT, between 
    pristine and functionalized CNT, but it fails to quantify the number of functional groups and  
their distribution) 

120- 250 cm-1 

radial breathing mode Tangential modes 

The frequency of the RBM can be used to determine the diameter of the nanotube. 
RBM mode, in fact, is proportional to the inverse of the nanotube diameter. 
For CNT with d < 2 nm the G band is used. 

multi-peak features at  1580 cm-1 

D-band: disorder-induced mode, 
indication of functionalization 
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HiPCO SWCNT 

Raman spectrum of HiPCO SWCNTs using a laser wavelength 
 of λexc = 633 nm. 

G-band 

D-band 

RBM 

HiPCO – SWNTs produced by catalytic  
decomposition of carbon monoxide (HiPco-process) 
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Tangential modes (G-band) 

Schematic picture showing the atomic  
vibrations for the G-band. 

Raman signal from three isolated semiconducting and three  
isolated metallic SWNTs showing the G-and D-band profiles.  
SWNTs in good resonance (strong signal with low signal to  
noise ratio) show practically no D-band. 
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Single Wall Nano Horns 

Carbon Nano Onions 
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CNT in biology and medicine 

CNT present unique physicochemical properties such as electrical, thermal,  
and mechanical properties, high specific surface area,  
and capacity to cross biological barriers. These properties offer a variety of  
opportunities for applications in nanomedicine, such as 
diagnosis,  
disease treatment,  
imaging,  
and tissue engineering. 
 
 

Biocompatibility 
nanomaterials may significantly alters the biological pathways 
long term stability 
biodistribution  
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for current transfer between adjacent cells. While this is not
directly a toxic response and is potentially advantageous for
neural prosthesis development, CNT-induced increases in
neuronal activity should be studied in more detail to preclude
the unlikely possibility of atypical neuronal responses. It should
be noted that neuronal resting potential and membrane time
constant, as well as action potential features, widely accepted
indicators of cultured neurons health, were not affected by pure
CNT substrates.[152,208]

3.2.1. Toxicity Attributed to Carbon Nanotube Composition

Similar to NPs, CNT toxicity is linked, in some measure, to
composition. All CNTs are composed primarily of carbon.
However, there are many different types of CNTs, including
SWNTs and multiwalled carbon nanotubes (MWNTs), each of
which can have different sizes and surface properties. Although
they structurally resemble graphite, CNTs have substantially
different electrical properties,[209] and therefore may behave
differently in the bulk than in the nanophase.[144] It is notable,
however, that graphite produces toxic responses, particularly in
the lung.[144] The lung is a specific concern for CNTs because they
are manufactured through processes by which they may easily
enter the air.[207] This is in contrast to NPs, which are synthesized
primarily through liquid routes. Most studies of CNT toxicity
examine effects on the lung or alveolar cells, with the typical
response being the formation of granulomas.[144,145,210] It is
important to point out that lung toxicity results at least in part
from mechanical blockage,[145] as opposed to inherent toxicity,
and thereforemuch of this datamay not readily translate to neural
systems.

A likely cause of toxicity, as with NPs, is the formation of
ROS.[143,149,211] ROS are probably created by CNTphotoexcitation,
which can generate free electrons.[137] ROS production appears to
be dose dependent,[210] most likely proceeds through a
Fenton-type reaction (i.e., catalyzed decomposition of H2O2

yielding OH! radicals),[143] and may be related to iron catalyst
contamination. It is also possible that CNTs interfere with ROS
scavenging pathways (e.g., glutathione) rather than directly
producing ROS.[210] Observed ROS-related effects include
decreased cell viability through both apoptotic[148,159,210,212] and
necrotic pathways.[159] Specific mechanisms of response appear
to vary by dose.[159] In contrast to NP studies, evidence for

mitochondrial effects is conflicting.[210,211] CNTs bind the
formazan product produced in the classic MTT assay to assess
mitochondrial activity,[211] skewing results from papers that
assess fitness using only this mechanism and possibly
contributing to the confusion. Other tests have shown that
CNT exposure disrupts mitochondrial membrane poten-
tial,[211,213] although it is not clear if this results from ROS
production or penetration of themitochondrial membrane.[213] In
contrast to NPs, another substantial cause of unmodified CNT
toxicity may be their hydrophobicity. Whereas low concentration
of modified CNTs have been shown to successfully traverse the
cell membrane without cytotoxicity (Fig. 5), unmodified hydro-
phobic CNTs may insert themselves between the hydrophobic
lipids of the cell membrane,[213–216] resulting in disruption.
Internalized CNTs can also provide a physical barrier, disrupting
cytoskeletal proteins and organelle placement,[211,213] as well as
external mass transfer.[217] This action has been linked to
up-regulation of apoptotic proteins[148] and reduced expression of
many common cell adhesion proteins,[218] which may account for
CNT influence on neurite branching.[201] It is believed that these
processes are an attempt to encapsulate the CNTs, by surround-
ing them with detached apoptotic cells.[217] It is possible that
CNTs evoke these responses because of their size similarity to
viruses, and up-regulation of several proteins associated with
anti-viral response have been observed in response to CNT
exposure.[159] Hydrophobicity can be altered through an oxidation
process (acid treatment and/or plasma etch) to produce CNTs that
are COOH-terminated. Unfortunately, some oxidized CNTs have
been shown to be more toxic than their untreated counter-
parts.[199,212,217]

Another complicating factor is that CNTs are frequently
contaminated by trace amounts of the nickel or iron synthesis
catalyst.[198,207,218] These contaminants may be responsible for a
substantial portion of ROS production.[211] For example, SWNTs
containing Fe contaminants have been shown to enhance

Figure 4. A,B) Examples of two different neurites (green) extending from
neuron cell bodies align in the direction of CNT orientation (yellow arrow).
Scale bar¼ 20mm. (Figure courtesy of Dr. Thomas Webster, Brown Uni-
versity, Providence, RI).

Figure 5. TEM of HeLa cells exposed to ammonium functionalized
MWCNTs. CNTs successfully traverse the cell membrane, producing gene
transfection. (Courtesy of Prof. M. Prato, University of Trieste, Trieste, Italy;
adapted from [216].)

Adv. Mater. 2009, 21, 3970–4004 ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3979

TEM of HeLa cells exposed to ammonium functionalized MWCNTs. 
 CNTs successfully traverse the cell membrane, producing gene 
 transfection.  
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Toxicity 

many types of chemically functionalised CNTs are biocompatible with the  
biological milieu, highlighting how the in vivo behaviour of this material could  
be modulated by the degree and type of functionalisation, both critical aspects  
that need to be accurately controlled  
 

Pristine CNT are toxic, their bewavior is similar to that of asbesto 
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mechanism of internalisation (endocytosis or needle like penetration) is still  
not fully elucidated, it is generally recognised that CNTs are able to enter  
cells, independent of cell type and functional groups at their surface  

Treatments with 10 mg kg-1 of SWCNT–Dox (dose normalised on 
 doxorubicin) instead of 5 mg kg-1 led to improved efficacy, without causing  
any severe toxicity.  
Possible reasons are that the larger size of the SWCNT–Dox constructs,  
compared to free doxorubicin, probably slowed down the excretion rates  
and the PEG coating of SWCNTs could have hidden doxorubicin from  
macrophages.  
 

Targeting carbon nanotubes against cancer 

- Delivery of chemotherapeutics: CNT–doxorubicin complexes  
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CNTs have been shown to provide with:  
(a) capability to deliver biologically active molecules cytoplasmatically,  
     by-passing a lot of biological barriers and acting as a cellular needle;  
(b) large surface area and internal cavity that can be decorated with targeting 
     ligands and filled with therapeutic or diagnostic agents;  
(c) unprecedented electrical and thermal conductivity properties  
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functionalization dramatically changes CNT properties, pharmacokinetic profile and, 
 remarkably, even biodegradability  
 

the resulting product properties will heavily depend on:  
(1)  the CNT material used (e.g. purity, diameter and length, number of walls);  
(2) the PEG used (e.g. molecular weight, brush or mushroom conformation,  
      branched or linear); and  
(3) the functionalization process (e.g. level, surface density, homogeneity)  
 



37 

shows mushroom-to-brush conformation transitions. Surprising-

ly, the effect of PEG conformation appears more important than

surface charge, and it is more pronounced when 2 kDa PEG is used,

relative to 5 kDa PEG [49]. Although nanotube PEGylation appears

as a promising approach to achieve successful application of CNTs

in medicine, the resulting product properties will heavily depend

on: (1) the CNT material used (e.g. purity, diameter and length,

number of walls); (2) the PEG used (e.g. molecular weight, brush or

mushroom conformation, branched or linear); and (3) the func-

tionalization process (e.g. level, surface density, homogeneity)

[44]. It is therefore not surprising that the realistic potential of

PEG-CNTs in nanomedicine is still under discussion [50].

Protein corona on CNT
An interesting proposition in recent years is the importance of the

protein ‘corona’, that is the layer(s) of biomolecules physisorbed

onto nanoparticle surfaces, in the determination of their fate

in vivo. Following initial concerns related to the high surface area

presented by nanoparticles and its potential reactivity, came the

realization that this surface was inevitably to allow interaction

with, and eventually binding of circulating plasma proteins [51].

The process is dynamic, and the macromolecules that initially

bind nanoparticles at higher rates (leading to the ‘soft corona’) are

eventually exchanged with others that may bind more slowly, but

more tightly (leading to the ‘hard corona’) [51]. This protein layer

can significantly alter the surface properties of nanoparticles,

yielding a ‘new nanoscale entity’ that may determine their fate

in vivo (i.e. distribution, reactivity and degradation) [52]. CNTs are

no exception and we can envisage that identification of their

protein corona will assist in the design of CNTs for use in nano-

medicine [53–55].

Generally, there is still controversy on the relationship between

protein corona and pharmacokinetic profile for any nanoparticle

[52,54,56]. The interaction between proteins and CNTs is com-

plex, and there is an open quest toward innovative approaches and

appropriate descriptors for its prediction [57]. A combination of

interactions appears plausible, including p–p stacking, hydropho-

bic, electrostatic, p-cation. Particularly relevant for SWCNTs,

which have a much smaller diameter compared to MWCNTs, is

the scenario that SWCNTs fit into the hydrophobic pockets onto

the protein surface, potentially able to lead to interference with

protein–ligand natural interactions as well as to alterations in

protein conformation (Fig. 2) [58].

An important aspect to consider is the fact that the protein corona

is a dynamic entity. For instance, a combination of experimental

and theoretical studies on SWCNTs binding of four different plasma

proteins showed that the initial binding of transferrin and albumin

is eventually replaced by the binding of fibrinogen and immuno-

globulin (Fig. 3a–e). Importantly, fibrinogen binding led to reduced

RESEARCH Materials Today ! Volume 00, Number 00 !August 2014

MATTOD-367; No of Pages 8

Please cite this article in press as: S. Marchesan, et al., Mater. Today (2014), http://dx.doi.org/10.1016/j.mattod.2014.07.009

FIGURE 2

SWCNT and protein hydrophobic interaction. SWCNTs may fit into
hydrophobic pockets onto proteins and interfere with natural
ligand–protein interaction. Reprinted with permission from Ref. [58],
Copyright ! 2013 Wiley-VCH.

FIGURE 3

Interactions between two blood proteins (i.e. fibrinogen, BFg, top, and gamma-immunoglobulin, g-Ig, bottom) and SWCNTs. AFM images of proteins after
incubation with SWCNTs for 10 min (a) and 5 h (b). Molecular modeling illustrations for proteins (in beads representation) binding to SWCNTs after
incubation for 10 min (c) and 5 h (d). (e) Locations of the most preferred binding sites for SWCNTs on proteins (pink cartoon, with highlighted tyrosine
residues in red and phenylalanine residues in green). (f ) The live (green) and dead (red) stains for THP-1 cells after treatment for 12 h shows reduced
cytotoxicity for fibrinogen-bound CNTs (top). Reprinted with permission from Ref. [58], Copyright ! 2013 Wiley-VCH.
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shows mushroom-to-brush conformation transitions. Surprising-

ly, the effect of PEG conformation appears more important than

surface charge, and it is more pronounced when 2 kDa PEG is used,

relative to 5 kDa PEG [49]. Although nanotube PEGylation appears

as a promising approach to achieve successful application of CNTs

in medicine, the resulting product properties will heavily depend

on: (1) the CNT material used (e.g. purity, diameter and length,

number of walls); (2) the PEG used (e.g. molecular weight, brush or

mushroom conformation, branched or linear); and (3) the func-

tionalization process (e.g. level, surface density, homogeneity)

[44]. It is therefore not surprising that the realistic potential of

PEG-CNTs in nanomedicine is still under discussion [50].

Protein corona on CNT
An interesting proposition in recent years is the importance of the

protein ‘corona’, that is the layer(s) of biomolecules physisorbed

onto nanoparticle surfaces, in the determination of their fate

in vivo. Following initial concerns related to the high surface area

presented by nanoparticles and its potential reactivity, came the

realization that this surface was inevitably to allow interaction

with, and eventually binding of circulating plasma proteins [51].

The process is dynamic, and the macromolecules that initially

bind nanoparticles at higher rates (leading to the ‘soft corona’) are

eventually exchanged with others that may bind more slowly, but

more tightly (leading to the ‘hard corona’) [51]. This protein layer

can significantly alter the surface properties of nanoparticles,

yielding a ‘new nanoscale entity’ that may determine their fate

in vivo (i.e. distribution, reactivity and degradation) [52]. CNTs are

no exception and we can envisage that identification of their

protein corona will assist in the design of CNTs for use in nano-

medicine [53–55].

Generally, there is still controversy on the relationship between

protein corona and pharmacokinetic profile for any nanoparticle

[52,54,56]. The interaction between proteins and CNTs is com-

plex, and there is an open quest toward innovative approaches and

appropriate descriptors for its prediction [57]. A combination of

interactions appears plausible, including p–p stacking, hydropho-

bic, electrostatic, p-cation. Particularly relevant for SWCNTs,

which have a much smaller diameter compared to MWCNTs, is

the scenario that SWCNTs fit into the hydrophobic pockets onto

the protein surface, potentially able to lead to interference with

protein–ligand natural interactions as well as to alterations in

protein conformation (Fig. 2) [58].

An important aspect to consider is the fact that the protein corona

is a dynamic entity. For instance, a combination of experimental

and theoretical studies on SWCNTs binding of four different plasma

proteins showed that the initial binding of transferrin and albumin

is eventually replaced by the binding of fibrinogen and immuno-

globulin (Fig. 3a–e). Importantly, fibrinogen binding led to reduced
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SWCNT and protein hydrophobic interaction. SWCNTs may fit into
hydrophobic pockets onto proteins and interfere with natural
ligand–protein interaction. Reprinted with permission from Ref. [58],
Copyright ! 2013 Wiley-VCH.

FIGURE 3

Interactions between two blood proteins (i.e. fibrinogen, BFg, top, and gamma-immunoglobulin, g-Ig, bottom) and SWCNTs. AFM images of proteins after
incubation with SWCNTs for 10 min (a) and 5 h (b). Molecular modeling illustrations for proteins (in beads representation) binding to SWCNTs after
incubation for 10 min (c) and 5 h (d). (e) Locations of the most preferred binding sites for SWCNTs on proteins (pink cartoon, with highlighted tyrosine
residues in red and phenylalanine residues in green). (f ) The live (green) and dead (red) stains for THP-1 cells after treatment for 12 h shows reduced
cytotoxicity for fibrinogen-bound CNTs (top). Reprinted with permission from Ref. [58], Copyright ! 2013 Wiley-VCH.
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often with contradictory results based on experimental conditions

and samples tested [72,73]. Recent understanding of CNT–protein

interactions is suggesting convergence on the fact that CNT func-

tionalization plays a key role in fine-tuning (and potentially

reducing) protein binding [50,74–76], albeit no protocol has suc-

ceeded in completely eliminating complement activation [77]. For

instance, non-covalent binding of proteins such as albumin,

fibrinogen, and C1q to DWCNTs is not competitive as it occurs

at different sites, therefore, complement activation is prevented by

neither albumin- nor fibrinogen-coating of CNTs [78]. In fact, CNT

functionalization affects not only the extent, but also the pathway

of immune response activation (i.e. classical, alternative or lectin-

mediated, Fig. 6), depending on the type and surface density of

functional groups [48], and on the proteins that thus bind CNTs

(e.g. immunoglobulins, complement proteins, or collectins)

[77,79].

In general, CNTs are predominantly recognized by the immune

system via the classical pathway, and this event can be followed by

CNT phagocytosis, but not necessarily with a pro-inflammatory

response [80,81]. Instead, pristine DWCNTs are the only sample

shown so far to significantly activate complement via the alterna-

tive pathway [72,77]. In all cases, complement activation follows

RESEARCH Materials Today ! Volume 00, Number 00 !August 2014

MATTOD-367; No of Pages 8
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FIGURE 5

Formation of a protein corona around CNTs depends on the diameter of the tube. Nanotubes narrower than 10 nm (left) virtually bind no proteins on their
surface, while for tubes with a diameter equal to or larger than 20 nm (center and right, respectively) formation of a protein corona is independent from the
tubes width.

FIGURE 6

Functionalization affects complement activation pathway by CNTs. Several studies on fCNTs (single-walled, SW, double-walled, DW, or multi-walled, MW)
reported on complement activation by CNT via classical (left), alternative (center), or lectin (right) pathways.
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often with contradictory results based on experimental conditions

and samples tested [72,73]. Recent understanding of CNT–protein

interactions is suggesting convergence on the fact that CNT func-

tionalization plays a key role in fine-tuning (and potentially

reducing) protein binding [50,74–76], albeit no protocol has suc-

ceeded in completely eliminating complement activation [77]. For

instance, non-covalent binding of proteins such as albumin,

fibrinogen, and C1q to DWCNTs is not competitive as it occurs
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Immune system activation by CNT  

depending on the type and surface density of functional groups [48],  
and on the proteins that thus bind CNTs (e.g. immunoglobulins, complement 
 proteins, or collectins)  
 



41 protein binding onto the CNT surface, however, it can also be

reduced by the same mechanism when the bound proteins have an

inhibitory effect, such as Factor H [82,83]. Alternative mechanisms

that modulate immunoreactivity have also been proposed (Fig. 7).

For instance, direct CNT–dendritic cell interaction [84] and use of

defined MWCNT surface topography to affect dendritic cell acti-

vation [70]. Dendritic cells are the main bridge between innate and

adaptive immune pathways and their activation leads to B and

T cell stimulation. Therefore, appropriate choice of CNT properties

(e.g. topography, chemical functionalization and diameter) can

also be exploited to selectively activate either innate or adaptive

immune response, depending on the intended application

(e.g. CNT vaccine design) [36,46,85].

Analogous to our knowledge about the potential effects of

protein corona adsorption, in the case of immune responses

against CNT there is still a need for in vivo studies to provide

relevant data for clinical applications. Although most studies

mentioned above point to a certain extent of CNT adverse immu-

noreactivity, it was shown that complement activation can be

modulated in a desirable manner, as oxidized MWCNTs injected

subcutaneously into mice led to only a transient immune response

with reversible effects [86]. This report adds to the emerging

consensus on the desirable CNT properties to achieve immuno-

logical neutrality: short, functionalized CNTs, with smoother

surface topography and even density distribution of functional

groups that could also allow for their rapid biodegradation [87].

Conclusions
The winding road for carbon nanotubes in nanomedicine has

provided us with useful lessons to be learnt. First and foremost

that CNT functionalization, type and purity are all key parameters

that will affect their fate in vivo. The stigma of structural similarity

with asbestos fibers has been a key determinant in the relatively

slow progress and adoption of CNT in nanomedicine relative to

other application fields. However, it also prompted thorough

studies that have revealed greater understanding on how function-

alized CNTs can biologically behave in a very different and safer

manner. We now know that rational chemical derivatization of

CNTs can bypass adverse immune responses and accelerate bio-

degradation. Following the start of clinical trials of CNT-based

devices, we foresee that CNT-based nanomedicines for internal use

will be the next step.
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FIGURE 7

Immune response to CNTs. Three scenarios are possible: uncontrolled adverse inflammation (green pathway); biodegradation (red pathway); modulated
immune response (blue pathway, e.g. for vaccine delivery). Reprinted from Ref. [36], Copyright (2013), with permission from Elsevier.
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In culture, neurons and astrocytes grown on some CNT surfaces display reduced cell 
viability and adhesion, when compared to standard growth surfaces. However, one 
needs to be mindful of possible interference from the particles of catalyst and other 
admixtures which can account for a large part of toxicity observed in these studies. The 
presence of small amounts of soluble toxic components should also be considered. 
 
 
CNTs may induce epigenetic changes that continue to exert effect long after CNTs are 
physically removed. This possibility is especially troubling because CNTs are extremely 
resistant to biodegradability, and may persist in the body indefinitely.  
 
Immuno response by cells. 
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Carbon Nanotube Materials for Neural Electrodes 

The extraordinary strength, toughness, electrical conductivity, and surface area of CNTs 
make them excellent candidates for interfacing with neural systems for the development 
of biocompatible, durable, and robust neuroprosthetic devices. 
 

In 2000, it was suggested that CNTs could be used as substrates for neuronal growth. 
Scanning electron microscopy (SEM) was used to identify the morphological changes of 
neurons brought about by MWNTs. The neuronal bodies were found to adhere to the 
CNTsurface with neurites extending through the bed of CNT and elaborating into many 
branches. The neurons remained alive on the NTs for at least 11 days, and it was shown 
that several chemical manipulations on the MWNT enhanced neurites growth and 
branching. After this first report, several groups developed methods of neuron culture on 
CNT films. 
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ABSTRACT
We demonstrate the possibility of using carbon nanotubes (CNTs) as potential devices able to improve neural signal transfer while supporting
dendrite elongation and cell adhesion. The results strongly suggest that the growth of neuronal circuits on a CNT grid is accompanied by a
significant increase in network activity. The increase in the efficacy of neural signal transmission may be related to the specific properties of
CNT materials, such as the high electrical conductivity.

The idea of reconnecting brain signal pathways after neuronal
injury is not new. Recent advances in nanotechnology have
stimulated a renewed interest in the development of novel
neural biomaterials that could potentially be used for the
reestablishment of intricate connections between neurons.1
Carbon nanotubes (CNTs) are a novel form of carbon made
of rolled layers of graphite,2 which appear well suited in the
design of novel neural biomaterials. In fact, CNTs represent
a scaffold composed of small fibers or tubes that have
diameters similar to those of neural processes such as den-
drites. Recent investigations have started to address the issue
of the effects of CNT substrates on neural growth.3,4 These
pioneering studies on chemically modified multiwalled
nanotubes (MWNTs) have already suggested the potential
for these materials to control neurite outgrowth in vitro, by
controlling neuronal extracellular-molecular interactions.3,4
However, it is not clear whether CTNs, simply due to their
intrinsic structure, could directly improve the rewiring of
disconnected neuronal networks. We think that a critical step
for the reproducible fabrication of biosolid nanodevices, such
as neurological implants, is to further characterize the

efficacy of purified CNTs in providing a substrate for
neuronal adhesion and function.
Attempts to prepare a glass substrate covered by as-pro-

duced MWNT (AP-MWNT) gave very poor results. First
of all, the AP-MWNT did not adhere properly to glass, so
that during the neurite growth, most of them kept floating
around. Second, the use of a glass substrate covered with
AP-MWNT was not reproducible in terms of neurite growth
and elongation. AP-MWNTs also contain a number of impur-
ities, such as amorphous carbon and especially metallic nano-
particles, which, apparently, help neither growth nor repro-
ducibility. To obtain a homogeneous dispersion of more pure
material, AP-MWTNs were functionalized using the 1,3-
dipolar cycloaddition of azomethine ylides (Scheme 1). The
reaction generates MWNTs functionalized with pyrrolidine
groups on the nanotube tips and sidewalls, which increase
notably the solubility in organic solvents.5 Functionalized
MWNTs (f-MWNT) were dissolved in dimethylformamide
(DMF), and a small amount of the solution was deposited
dropwise with the help of a micropipet on a glass coverslips.
After evaporation of the solvent, the glass was placed in an
oven at 350 °C under nitrogen atmosphere for 15 min. These
conditions led to defunctionalization, leaving purified and
nonfunctionalized MWNTs on the glass.6 Figure 1A shows
a photograph of the glass covered with defunctionalized
MWNT taken with scanning electron microscopy (SEM).
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To address the issue of neuronal and CNT integration
within a functional brain network, we used hippocampal
neurons isolated and seeded directly on glass coverslips,
taken as control, or on a film of purified CNTs, directly
layered on glass. Hippocampal neuron attachment and growth
on the two different substrates were assessed first by using
SEM examination. Under our experimental conditions we
succeeded in having a long term and stable retention of films
of CNTs (dispersed at various extents) on glass. This stability
was confirmed by SEM analysis, as shown in Figure 1A,
and was not affected by eight days of incubation in the
culture medium. Fixed hippocampal neurons were analyzed
by SEM after 8-10 days in vitro (15 cultures). As shown in
Figure 1B and C, neurons grew attached to the purified CNTs
and extended several neurites, which grew to various
distances.
To investigate neural network activity when neurons grew

integrated to a CNTs substrate, we used single-cell patch-
clamp recordings. We monitored the occurrence of spontane-
ous postsynaptic currents (PSCs), since the appearance of
PSCs provides clear evidence of functional synapse formation
and is a widely accepted index of network efficacy. The
activity recorded from hippocampal neurons plated directly
on peptide-free borosilicate glass coverslips (n) 15 cultures)
was represented by inward currents of fluctuating amplitude
(see example tracings in Figure 2A) occurring at a frequency
on average of 1.1 ( 0.2 Hz (see plot in Figure 2C), in
accordance to previously reported values.7 Neurons deposited
on CNTs displayed on average a 6-fold increase in the
frequency of spontaneous PSCs (6.67 ( 1.04, n ) 15
cultures, 5 culture series; see also example tracings and plot
in Figure 2A, bottom and plot in C, left). When we analyzed
the average amplitude values of the recorded PSCs, despite
a tendency of neurons grown on CNTs to display larger
events, no significant differences were detected between the
two groups (48.9 ( 9.2 pA vs 65.5( 23.1 pA). The majority
of recorded hippocampal neurons possess spontaneous synap-
tic activity manifested as inward currents (in our recording
conditions, see methods in Supporting Information) made
up by a mixed population of inhibitory and excitatory PSCs.
We further investigated the possibility that CNT substrates
affected the balance between inhibition and excitation. To
avoid contamination with inhibitory synaptic currents, we
recorded ongoing PSCs at-40 mV, a holding potential value
that, in our experimental conditions, is similar to the reversal
potential for inhibitory events (see experimental details in
Supporting Information). Thus, we estimate the percentage
of excitatory PSCs toward the total number of PSCs, and

this value is similar in control (64 ( 8%, n ) 4 cells) and
CNT (64 ( 3%, n ) 4 cells) sister cultured neurons.
The frequency of spontaneous PSCs, which are generated

by action potential dependent as well as spontaneous quantal
release, should mainly reflect random firing of local neurons
and thus provide an index of how CNTs boosted neuronal
networks function. In a group of neurons we directly
measured the spontaneous firing frequency at resting mem-
brane potential by current clamp recordings (Figure 2B). Also
in this case, the CNT substrate strongly increased the average
spontaneous action potential frequency of neurons from 0.22
( 0.01 (control, n ) 5 cultures) to 1.34 ( 0.69 Hz (CNTs,
n) 5 cultures; plot in Figure 2C, right, with values expressed
as means ( s.d.). These results strongly suggest that growing
neuronal circuits on a CNTs grid promoted a significant
increase in network operation. Such an effect was not related
to an increased number of surviving neurons in the presence
of CNTs. In fact, we determined the cellular composition of
8-day-old hippocampal cultures using immunocytochemical
markers8 for astrocytes (GFAP) and neurons (MAP-2). We
observed both MAP-2 and GFAP immunoreactive cells on
both growing substrates (see Figure 3). MAP-2-positive cells
represented heterogeneous populations of neurons, which we
grossly characterized by their cell-body area. We arbitrarily
identified in both culturing conditions three populations of
cells, belonging to three different areas ranges (ranging from
114 to 318 µm2). All cell groups were represented in a com-
parable proportion in the two culture systems, and we could
not detect any difference between glass and CNT-coated
coverslips. We quantified these observations by measuring
the density of all positive neurons, which was virtually iden-
tical in the two culture groups (n) 20 cultures); these results
are summarized in the plot in Figure 3E, left. An increase
in network activity could also be due to a different patterning
of neurites in the presence of CNTs. Since the massive cell
network development observed after 8 days in culture (Figure
3A-D) prevents the correct measurement of the average
length of processes exiting MAP-2-positive neurons, we
further investigated whether the CNTs surface modulated the
neurite outgrowth by quantifying the number of neurites/
neuron.3,4 These results, summarized in Figure 3F (right),
showed that only negligible differences were detected when
comparing the two culture groups (n ) 20 cultures). Because
CNTs did not overall affect neuronal density, an imbalance
in circuit formation toward excitation due to differential
regulation of neuronal survival is not feasible.
Neural circuits generate spontaneous electrical activity,

ultimately depending on the electrophysiological properties

Scheme 1. Purification and Manipulation of MWNTsa

a The MWNTs were first functionalized and purified, then deposited on a glass substrate and heated to 350 °C, a process that eliminates
the organic part, leaving intact the carbon network.
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of their constituent neurons and connections. Neuronal
electrophysiological and synaptic properties can be affected
by neuron-surface interactions, in particular when the
employed substrate is characterized by an inherent electrical
conductivity.9,10 The precise mechanisms for the observed
effect of CNTs substrates in this study is not totally clear
yet, though we have to consider several pieces of experi-
mental evidence. Our results, although not conclusive, are
strongly suggesting that neurons grown on glass or on CNTs
did not exhibit difference in general electrophysiological

characteristics. In fact, hippocampal neurons, grown on the
two substrates conditions, displayed substantially similar
resting membrane potential, input resistance, and capacitance
values (see Supporting Information). In addition, we have
no results suggesting a clear modification in intrinsic
excitability of neurons grown on CNTs, since we could not
detect any significant difference in action potential height
(68 ( 4 mV vs 69 ( 2 mV) nor half-width (2.6 ( 0.6 vs
2.7( 0.4 ms) in the two culturing conditions, in both cultures
values were in the range of previously reported ones.11
Alternatively, circuit excitability could have been potentiated
by a selective enhancement in the excitatory synaptic drive
due to specific cell/CNTs interactions. Although we cannot
exclude this possibility, several observations argue against

Figure 1. Purified multiwalled carbon nanotubes (MWNT) layered
on glass are permissive substrates for neuron adhesion and survival.
(A) Micrographs taken by the scanning electron microscope
showing the retention on glass of MWNT films after an 8-day test
in culturing conditions. (B) Neonatal hippocampal neuron growing
on dispersed MWNT after 8 days in culture. The surface structure,
composed of films of MWNT and peptide-free glass, allows neuron
adhesion. Dendrites and axons extend across MWNT, glia cells,
and glass. The relationship between dendrite and MWNT is very
clear in the image in (C), were a neurite is traveling in close contact
to carbon nanotubes.

Figure 2. CNT substrate increases hippocampal neurons spontane-
ous synaptic activity and firing. (A) Spontaneous synaptic currents
(PSCs) are shown in both control (top tracings) and in cultures
grown on CNT substrate (bottom tracings). Note the increase in
PSCs frequency under the latter condition. Recordings were taken
after 8 days in culture. (B) Current clamp recordings from cultured
hippocampal neurons in control (top tracings) and CNT growth
conditions (bottom tracings). Spontaneous firing activity is greatly
boosted in the presence of CNT substrates. (C) Histogram plots of
PSCs- (left) and APs- (right) frequency in control and CNT cells;
note the significant increase in the occurrence of both events when
measured in CNT cultures. **P < 0.0001 and *P < 0.05.
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Purified multiwalled carbon nanotubes (MWNT) layered on glass are permissive substrates for neuron 
 adhesion and survival. (A) Micrographs taken by the scanning electron microscope showing the retention  
on glass of MWNT films after an 8-day test in culturing conditions. (B) Neonatal hippocampal neuron growing 
 on dispersed MWNT after 8 days in culture. The surface structure, composed of films of MWNT and  
peptide-free glass, allows neuron adhesion. Dendrites and axons extend across MWNT, glia cells, and glass.  
The relationship between dendrite and MWNT is very clear in the image in (C), were a neurite is traveling in  
close contact to carbon nanotubes.  
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two substrates conditions, displayed substantially similar
resting membrane potential, input resistance, and capacitance
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CNT substrate increases hippocampal neurons spontane- ous synaptic activity and firing.  
(A)  Spontaneous synaptic currents (PSCs) are shown in both control (top tracings) and in cultures grown  
on CNT substrate (bottom tracings). Note the increase in PSCs frequency under the latter condition.  
Recordings were taken after 8 days in culture. (B) Current clamp recordings from cultured hippocampal 
neurons in control (top tracings) and CNT growth conditions (bottom tracings). Spontaneous firing  
activity is greatly boosted in the presence of CNT substrates. (C) Histogram plots of PSCs- (left) and  
APs- (right) frequency in control and CNT cells; note the significant increase in the occurrence of both  
events when measured in CNT cultures. **P < 0.0001 and *P < 0.05. 

The increase in the efficacy of neural signal transmission might be related to the 
 specific properties of CNTs materials, such as the high electrical conductivity.  
 



46 

Carbon nanotubes might improve neuronal
performance by favouring electrical shortcuts
Giada Cellot1, Emanuele Cilia1†, Sara Cipollone2, Vladimir Rancic1, Antonella Sucapane1,
Silvia Giordani2†, Luca Gambazzi3, Henry Markram3, Micaela Grandolfo4, Denis Scaini5,
Fabrizio Gelain6, Loredana Casalis5, Maurizio Prato2, Michele Giugliano3,7‡ and Laura Ballerini1‡*

Carbon nanotubes have been applied in several areas of nerve tissue engineering to probe and augment cell behaviour, to
label and track subcellular components, and to study the growth and organization of neural networks. Recent reports show
that nanotubes can sustain and promote neuronal electrical activity in networks of cultured cells, but the ways in which
they affect cellular function are still poorly understood. Here, we show, using single-cell electrophysiology techniques,
electron microscopy analysis and theoretical modelling, that nanotubes improve the responsiveness of neurons by forming
tight contacts with the cell membranes that might favour electrical shortcuts between the proximal and distal
compartments of the neuron. We propose the ‘electrotonic hypothesis’ to explain the physical interactions between the
cell and nanotube, and the mechanisms of how carbon nanotubes might affect the collective electrical activity of cultured
neuronal networks. These considerations offer a perspective that would allow us to predict or engineer interactions
between neurons and carbon nanotubes.

Nanomaterials can be engineered and integrated into biological
systems to form useful multifunctional devices1–3. Carbon
nanotubes, in particular, with their intriguing chemical and

physical properties4, are promising materials for electronics, aero-
space and biomedical applications5–7. The application of nanotubes
to the central nervous system is particularly suited in at least four
areas of interest in nerve-tissue engineering: probing cell behaviour,
augmenting cell behaviour, labelling/tracking subcellular com-
ponents and providing tissue matrix enhancement1,6,8,9.

Because of their organized fractal-like nanostructure and high
electrical conductivity, carbon nanotubes are promising materials
for developing neural prosthesis10. They can organize into bundles
that mimic neural processes7, and have been patterned on surfaces
for studying the growth and organization of neural networks6.

Recent work shows that carbon nanotube anchored on planar
substrates can promote cell attachment, growth, differentiation
and long-term survival of neurons11–15. Furthermore, the neuron–
nanotube interaction depends on the purity and three-dimensional
organization of the nanotubes15. We have shown previously10,14 that
neurons grown on a conductive nanotube meshwork always display
more efficient signal transmission. We now ask whether this effi-
ciency is linked to the nanoscale physical interactions between the
nanotube and neuron.

Here, we show by single-cell electrophysiology that direct nano-
tubes–substrate interactions with membranes of neurons can affect
single cell activity. Neurons normally propagate electrical signals,
known as action potential, down an axon. Action potentials might
occasionally backpropagate to dendrites, that is against the direction
flow. The interactions with nanotubes favour backpropagation of
the action potential. The backpropagating current induces a

voltage change that increases the concentration of Ca2þ in the
dendrites—an event known as calcium electrogenesis—and can
be measured through the presence of a slow membrane depolariz-
ation following repetitive action potentials16. Our results provide a
new mechanistic insight into how nanotubes target the integrative
properties of neurons. We further propose a mathematical
model to explain the phenomena and consequences for the
enhanced signal transmission10,14 of neurons cultured on
nanotube substrates.

Carbon nanotubes and electrogenesis in neurons
Functionalized single-wall or multi-wall carbon nanotubes (here-
after collectively called nanotubes unless specified) were deposited
on a glass substrate and subsequently defunctionalized by thermal
treatment to form glass slides covered with a purified and mechani-
cally stable thin film (that is, a nano-meshwork) of about 50–70 nm
(see Methods)10,14. Scanning tunnelling microscopy (STM) conduc-
tivity measurements revealed that both nanotube layers act as a
largely resistive network, confirming our previous observations10.
This is consistent with STM images that show a dense meshwork
of nanotubes with a typically large surface roughness (see
Supplementary Information, Fig. S1) and this suggests that long-
range electrical connectivity is permitted17.

The effect of nanotubes on neuronal integrative properties was
investigated by comparing the electrophysiology of rat hippocampal
cells cultured on control substrates to those grown on a thin
film of purified nanotubes for 8 to 12 days. In a sample of cultures
(n ¼ 19) grown on nanotubes we quantified in terms of post-
synaptic currents frequency (see Methods) the presence of a
significant increase in synaptic activity, compared to control
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we show, using single-cell electrophysiology techniques, electron microscopy analysis and theoretical  
modelling, that nanotubes improve the responsiveness of neurons by forming tight contacts with the cell  
membranes that might favour electrical shortcuts between the proximal and distal compartments of the neuron.  

tight contact between nanotubes and membranes.  
The morphology of such contacts is indicative of the 
 development of hybrid nanotubes – neuronal units . 

observations (compare Fig. 4e to Fig. 1a; see also Fig. 4f ), a small-
sized recurrent network of model neurons was simulated (see
Supplementary Information, Methods). In such a modelled
network of neurons, spontaneous neuronal activity emerges as irre-
gular synchronized firing epochs10,14 or bursts. When we added the
additional ADP induced by nanotubes in the simulated neurons,
this did not increase the network activity (Fig. 6a); instead, it signifi-
cantly prolonged the duration of bursts (Fig. 6a, inset) in the simu-
lated network. Prolonged epochs of burst firing were indirectly
evaluated experimentally by monitoring postsynaptic currents in
single neurons (Fig. 6b). We used each voltage-clamped cell as a
probe to sense presynaptic network activity. When control and
nanotubes postsynaptic currents were aligned to the time of crossing
a detection threshold and then averaged (see Supplementary
Information, Methods), the resulting waveform durations indicated
that the probability of presynaptic events clustering was much higher
in nanotubes cultures (n ¼ 3) compared to control cultures (n ¼ 3)
(Fig. 6b). Quantitative differences in the postsynaptic currents dur-
ation (n ¼ 785, nanotubes; n ¼ 413, control) were quantified as area
values and found statistically significant (P , 0.05), as is apparent
from their distributions (Fig. 6c). We speculate that a prolonged dur-
ation of correlated firing across the network might ultimately potenti-
ate synaptic interactions31. Such an increase in synaptic efficacy would
in turn result in an increased frequency in burst firing32.

We propose that, due to the interaction among nanotubes and
neurons, the efficacy in action potential backpropagation is
enhanced; thus nanotubes reengineer neuronal integrative proper-
ties in vitro. The presence of the ADPs, their dependence on
trains of action potentials together with the detected sensitivity to

calcium channel blockers, in particular Ni2þ sensitivity, given that
Ni2þ-sensitive channels are typically expressed at high density in
distal dendrites33,34, are all indicative of the generation of dendritic
Ca2þ currents16,19,35. This hypothesis, replicated and grounded by
mathematical modelling, is strengthened by the lack of difference
in afterpotentials when single spikes are elicited in control or in
nanotubes neurons.

The precise mechanisms for the observed effect of nanotubes
substrates in this study are not yet totally clear. Our TEM results
suggest that one mechanism might rely on the detected discontinu-
ous and tight contact between nanotubes and membranes. The mor-
phology of such contacts is indicative of the development of hybrid
nanotubes–neuronal units. Are these units functionally different
from other membrane areas? We put forward a provocative
interpretation where a direct resistive and capacitive coupling
between nanotubes and fast repetitive voltage signals generated by
neurons is enhanced at these areas, leading to reinforcement of sig-
nalling, more effective at distal dendrites. Alternatively, such hybrid
areas might be characterized by a nanotubes-induced clustering of
calcium channels. Although we cannot exclude this possibility, the
lack of changes in afterpotentials following a single action potential
or after trains of action potentials in the ganglion cell experiments
do not fully support this interpretation, because such an increased
density in calcium channels should be distributed in all neuronal
compartments, regardless of dendrite complexity. Other morpho-
logical modifications induced by the nanotubes substrates might
certainly have an impact on backpropagation of action potentials,
although significant changes in the passive neuronal membrane
properties could be ruled out.
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Figure 5 | The ultrastructural interaction between multi-wall nanotubes and neurons. a, TEM planar sections of neurons grown on nanotubes show a
healthy organization of neuronal networks, accompanied by the presence of synaptic contacts (rectangular boxes). The asterisk indicates mitochondria and R
indicates clusters of ribosomes. Longitudinal sections of neurites containing microfilaments are clearly distinguishable. A portion of a presumed glial cell is
indicated by ‘G’, identifiable by the intense electron density of its cytoplasm. b,c, TEM sagittal sections illustrate multi-wall nanotubes–membrane contacts,
indicated by arrows. d, Morphology of nanotubes. e,f, High-magnification micrographs from a section consecutive to those of b and c. The rectangular area in
e is magnified in f. Note how nanotubes are ‘pinching’ neuronal membranes.
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Efficient water oxidation at carbon nanotube–
polyoxometalate electrocatalytic interfaces
Francesca M. Toma1,2, Andrea Sartorel3, Matteo Iurlo4, Mauro Carraro3, Pietro Parisse2,5,
Chiara Maccato3, Stefania Rapino4, Benito Rodriguez Gonzalez6, Heinz Amenitsch7, Tatiana Da Ros1,
Loredana Casalis2,5, Andrea Goldoni5, Massimo Marcaccio4, Gianfranco Scorrano3, Giacinto Scoles2,
Francesco Paolucci4, Maurizio Prato1* and Marcella Bonchio3*

Water is the renewable, bulk chemical that nature uses to enable carbohydrate production from carbon dioxide. The dream
goal of energy research is to transpose this incredibly efficient process and make an artificial device whereby the catalytic
splitting of water is finalized to give a continuous production of oxygen and hydrogen. Success in this task would
guarantee the generation of hydrogen as a carbon-free fuel to satisfy our energy demands at no environmental cost. Here
we show that very efficient and stable nanostructured, oxygen-evolving anodes are obtained by the assembly of an
oxygen-evolving polyoxometalate cluster (a totally inorganic ruthenium catalyst) with a conducting bed of multiwalled
carbon nanotubes. Our bioinspired electrode addresses the one major challenge of artificial photosynthesis, namely
efficient water oxidation, which brings us closer to being able to power the planet with carbon-free fuels.

Molecular hydrogen has the potential to quench the world’s
clean-energy thirst and can, in principle, be made by the
chemical splitting of a water molecule into its gaseous com-

ponents, hydrogen and oxygen1. In practice, production of hydro-
gen is hindered by the remarkable stability of water itself, because
the free energy (DG) required for the overall process 2H2O !
2H2þO2 amounts to 113.38 kcal (4.92 eV) (refs 1–3). The chal-
lenge lies mainly in the formidable complexity of the oxidative
half-reaction 2H2O ! O2þ 4Hþþ 4e2, in which the release of dia-
tomic O2 involves an overall four-electron/four-proton process with
the final formation of an oxygen–oxygen bond4.

At the heart of the natural enzyme photosystem II, water oxidation is
accomplished by a metal–oxygen cluster with four manganese and one
calcium atom, Mn4Ca (refs 5–7). The adoption of a catalytic core that
features adjacent transition-metal centres and multiple m-hydroxo–
oxo bridging units is a winning strategy devised by nature to effect
multiple cascade transformations with a high efficiency and minimal
energy cost8. Even the chloroplast-embedded Mn4Ca catalyst finds it
difficult, however, to oxidize water under ambient conditions. Indeed,
photosystem II works with a moderate overpotential (h) of about
0.3–0.4 V at physiological pH conditions9. Under such conditions,
oxygen turnover inflicts lethal damage to the natural protein environ-
ment, which needs to be replaced by the organism every 30 minutes
through a self-healing mechanism10. As a consequence, the design of
a water-splitting synthetic centre that mimics nature is a formidable
challenge, because of the need for a functional but stable catalyst.

A promising innovation in the field is the recent discovery of a
totally inorganic and highly robust tetraruthenate cluster, which
belongs to the class of polyoxometalate (POM) anions
M10[Ru4(H2O)4(m-O)4(m-OH)2 (g-SiW10O36)2] (M101, M¼ Cs,
Li). This complex has oxygen-evolving activity, features a

multimetal oxide structure and nanoscale dimensions, and is
obtained easily in high yields and gram quantities11,12. Water oxidation
catalysis by 1 occurs in the presence of Ce(IV), introduced as a sacrifi-
cial oxidant, with a remarkably high turnover frequency (TOF, the
turnover number (TON) per unit time) of 450 cycles h21 and no deac-
tivation. In this process, the four Ru(IV)–H2O groups within the cata-
lyst core are able to mediate the four-electron/four-proton overall
process through a sequential electron and proton loss in a relatively
narrow potential range (redox potential levelling)13,14. We show that
such flexibility, together with the unique mechanistic and stability
features of 1, can leverage important improvements in the catalytic
protocol at the heterogeneous surface of functional electrodes.

Results and discussion
Fabrication of nanostructured oxygen-evolving anodes (OEAs).
State-of-the-art water electrolysers operate with medium-to-high
overpotential. A promising alternative is based on the immobilization
of oxygen-evolving molecular catalysts on electrodes, with a few
proof-of-principle examples available so far15–17. We show that our
new nanostructured anodes (Fig. 1) perform water oxidation with an
overpotential as low as 0.35 V and TOFs that approach those of
solution behaviour (up to 300 h21). Our approach was to improve
the electrical contact between the redox-active centre and the surface
of the electrode using multiwalled carbon nanotubes (MWCNTs)
(Fig. 1a). These serve as conductive nanowire scaffolds to:

† provide heterogeneous support to 1;
† control the material morphology;
† increase the surface area;
† funnel the sequential electron transfer to the electrode, and thus

favour energy dispersion and relieve catalytic fatigue.

1Center of Excellence for Nanostructured Materials (CENMAT), INSTM, Dipartimento di Scienze Farmaceutiche, Università di Trieste, Piazzale Europa 1,
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For enzyme-based fuel cells, carbon nanotubes (CNTs) were
employed successfully to increase the enzyme loading on the elec-
trode with an extended three-dimensional space built by an electri-
cally conducting network of high surface area18. Furthermore, the
good mechanical properties and superb thermal stability with the
processability on chemical functionalization provided additional
advantages to the fabrication of CNT-based electrodes19. The
assembly of organic and inorganic domains to yield 1@MWCNT
was achieved through electrostatic scavenging (Fig. 1 and
Supplementary Scheme S1) at pH 5 by exposure of Li101 to
water-soluble MWCNTs decorated with polyamidoamine
(PAMAM) ammonium dendrimers (MWCNT-dend) (ref. 20).
Thermogravimetric analysis (TGA, Supplementary Fig. S1) carried
out for both the initial MWCNT-dend and the hybrid product pro-
vided a direct estimate of the catalyst loading within the composite
1@MWCNT (Supplementary Table S1).

Association of 1 with MWCNT-dend yielded an effective catalyst
loading in the range 0.07–0.1 mmol g21, consistent with saturation
of the positive charges of the MWCNT scaffold. Assembly of 1 on
pristine MWCNTs gave negligible catalyst loading (see below),
which thus confirmed the key role of the electrostatic interaction
with the attached dendrimer chains. The hybrid composite
1@MWCNT was characterized further by a variety of spectroscopy
and microscopy techniques, including resonant Raman, small-
angle X-ray scattering (SAXS), scanning transmission electron
microscopy (STEM), X-ray dispersive energy spectroscopy

(XEDS) and high-resolution transmission electron microscopy
(HRTEM). The resonant Raman features of 1 in the pure state
and on the CNT hybrid are strikingly similar, which indicates that
the structure of 1 was preserved during and after the assembly
process (Fig. 2a). In particular, the prominent bands in the range
250–500 cm21 were assigned to Ru-(H2O) stretching modes
(250–400 cm21) and vibrations of the Ru4 core were found at
450–500 cm21 (ref. 13). This region was totally silent for pristine
MWCNTs exposed to 1. Furthermore, the expected MWCNT D
and G bands and its overtone were observed at 1,350, 1,600 and
2,720 cm21, respectively, in the spectrum of 1@MWCNT.

SAXS diffraction patterns were obtained and analysed for both
MWCNT-dend and 1@MWCNT (both at pH 5.5, 0.5 mg ml21),
and compared with the solution behaviour of Li101 in water (pH
5.5, 1 mg ml21). The scattering pattern observed in solution for
Li101 (Fig. 2b, blue curve) and the simulated curve were consistent
with the geometry of the isolated molecule (see Supplementary
Information)11. The solution study gave a nearest-neighbour dis-
tance of 6 nm at 50 mg ml21 (data not shown) and no indication
of aggregation phenomena. Comparison of the experimental
curves registered for 1@MWCNT (Fig. 2b, black trace) and
MWCNT-dend (Fig. 2b, red trace) showed that, in the observed
regime, scattering from 1 dominated with respect to that from the
MWCNT walls. Accordingly, the inorganic oxoclusters appeared
to be deposited on the MWCNT surface mainly as single entities
(nearest-neighbour distance was d¼ 1.2 nm), with a compact distri-
bution driven by the positively charged, terminal functions of the
dendron moiety. This is a key point to access single-site catalysis
that approaches homogeneous behaviour.

The SAXS results were validated by Z-contrast STEM images of
1@MWCNT, which showed individually separated molecules of 1
(bright spots, diameter 1–2 nm) on the CNT surface (Fig. 2c,d).
STEM images gave a clear illustration of the electron-dense
catalyst distribution on the nanotube surface. XEDS analysis
showed the distribution of the ruthenium and tungsten elements
that arose from the inorganic complex with respect to the carbon-
based surface of the nanotube, as indicated by the colour-coded
elemental map (Fig. 2e). The blue colour was assigned to the
carbon Ka emission and the red colour to the tungsten La
emission. Ruthenium from the embedded catalytic core was barely
visible around 19 keV (Fig. 2e, inset). The distribution of tungsten
was coincident with the brighter areas in the STEM images,
which proved the localization of 1. In addition, the HRTEM
images showed that the surface of the CNT walls had a 2 nm
thick catalyst coating (Fig. 2f). Extensive aggregation appeared to
be localized mainly at the terminal sites of the nanotube, probably
associated with a higher degree of covalent functionalization and
thus a higher concentration of the positive dendron sites
(Supplementary Fig. S9).

To evaluate the importance and role played by CNTs, 1 was
assembled on amorphous carbon (AC) previously functionalized
with the charged PAMAM dendron (AC-dend). The resulting
material, 1@AC, was characterized completely by TGA, HRTEM
and STEM techniques (see Supplementary Information).

OEAs that integrated 1@MWCNT were obtained on drop
casting a water solution of the hybrid composite on indium tin
oxide (ITO) electrodes (3 × 3 mm). Analysis of the resulting
coating by X-ray photoelectron spectroscopy (XPS) revealed the
expected tungsten 4f7/2 peak centred at 35.4 (+0.05) eV in
binding energy, assigned to the W(VI) component of the POM
framework21, together with a ruthenium 3d peak observed in two
distinct components, at 280.9 and 281.7 (+0.05) eV, attributed to
high valent states22.

Scanning electron microscopy (SEM) images of the electrode
coating showed a highly porous three-dimensional extended network,
built from interconnecting CNTs that carried catalyst 1 (Fig. 3a).
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Figure 1 | Nanostructured oxygen-evolving material. a, Electrostatic capture
of polyanionic ruthenium-containing clusters 1 (negatively charged, red
surface) by polycationic dendrons on the MWCNT surface (positively
charged, blue surface) and polyhedric structure showing the side and front
view of the POM (red)-embedded tetraruthenate core of 1 (yellow).
b, General scheme for a water-splitting electrocatalytic cell with the
integrated nanostructured OEA.
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For enzyme-based fuel cells, carbon nanotubes (CNTs) were
employed successfully to increase the enzyme loading on the elec-
trode with an extended three-dimensional space built by an electri-
cally conducting network of high surface area18. Furthermore, the
good mechanical properties and superb thermal stability with the
processability on chemical functionalization provided additional
advantages to the fabrication of CNT-based electrodes19. The
assembly of organic and inorganic domains to yield 1@MWCNT
was achieved through electrostatic scavenging (Fig. 1 and
Supplementary Scheme S1) at pH 5 by exposure of Li101 to
water-soluble MWCNTs decorated with polyamidoamine
(PAMAM) ammonium dendrimers (MWCNT-dend) (ref. 20).
Thermogravimetric analysis (TGA, Supplementary Fig. S1) carried
out for both the initial MWCNT-dend and the hybrid product pro-
vided a direct estimate of the catalyst loading within the composite
1@MWCNT (Supplementary Table S1).

Association of 1 with MWCNT-dend yielded an effective catalyst
loading in the range 0.07–0.1 mmol g21, consistent with saturation
of the positive charges of the MWCNT scaffold. Assembly of 1 on
pristine MWCNTs gave negligible catalyst loading (see below),
which thus confirmed the key role of the electrostatic interaction
with the attached dendrimer chains. The hybrid composite
1@MWCNT was characterized further by a variety of spectroscopy
and microscopy techniques, including resonant Raman, small-
angle X-ray scattering (SAXS), scanning transmission electron
microscopy (STEM), X-ray dispersive energy spectroscopy

(XEDS) and high-resolution transmission electron microscopy
(HRTEM). The resonant Raman features of 1 in the pure state
and on the CNT hybrid are strikingly similar, which indicates that
the structure of 1 was preserved during and after the assembly
process (Fig. 2a). In particular, the prominent bands in the range
250–500 cm21 were assigned to Ru-(H2O) stretching modes
(250–400 cm21) and vibrations of the Ru4 core were found at
450–500 cm21 (ref. 13). This region was totally silent for pristine
MWCNTs exposed to 1. Furthermore, the expected MWCNT D
and G bands and its overtone were observed at 1,350, 1,600 and
2,720 cm21, respectively, in the spectrum of 1@MWCNT.

SAXS diffraction patterns were obtained and analysed for both
MWCNT-dend and 1@MWCNT (both at pH 5.5, 0.5 mg ml21),
and compared with the solution behaviour of Li101 in water (pH
5.5, 1 mg ml21). The scattering pattern observed in solution for
Li101 (Fig. 2b, blue curve) and the simulated curve were consistent
with the geometry of the isolated molecule (see Supplementary
Information)11. The solution study gave a nearest-neighbour dis-
tance of 6 nm at 50 mg ml21 (data not shown) and no indication
of aggregation phenomena. Comparison of the experimental
curves registered for 1@MWCNT (Fig. 2b, black trace) and
MWCNT-dend (Fig. 2b, red trace) showed that, in the observed
regime, scattering from 1 dominated with respect to that from the
MWCNT walls. Accordingly, the inorganic oxoclusters appeared
to be deposited on the MWCNT surface mainly as single entities
(nearest-neighbour distance was d¼ 1.2 nm), with a compact distri-
bution driven by the positively charged, terminal functions of the
dendron moiety. This is a key point to access single-site catalysis
that approaches homogeneous behaviour.

The SAXS results were validated by Z-contrast STEM images of
1@MWCNT, which showed individually separated molecules of 1
(bright spots, diameter 1–2 nm) on the CNT surface (Fig. 2c,d).
STEM images gave a clear illustration of the electron-dense
catalyst distribution on the nanotube surface. XEDS analysis
showed the distribution of the ruthenium and tungsten elements
that arose from the inorganic complex with respect to the carbon-
based surface of the nanotube, as indicated by the colour-coded
elemental map (Fig. 2e). The blue colour was assigned to the
carbon Ka emission and the red colour to the tungsten La
emission. Ruthenium from the embedded catalytic core was barely
visible around 19 keV (Fig. 2e, inset). The distribution of tungsten
was coincident with the brighter areas in the STEM images,
which proved the localization of 1. In addition, the HRTEM
images showed that the surface of the CNT walls had a 2 nm
thick catalyst coating (Fig. 2f). Extensive aggregation appeared to
be localized mainly at the terminal sites of the nanotube, probably
associated with a higher degree of covalent functionalization and
thus a higher concentration of the positive dendron sites
(Supplementary Fig. S9).

To evaluate the importance and role played by CNTs, 1 was
assembled on amorphous carbon (AC) previously functionalized
with the charged PAMAM dendron (AC-dend). The resulting
material, 1@AC, was characterized completely by TGA, HRTEM
and STEM techniques (see Supplementary Information).

OEAs that integrated 1@MWCNT were obtained on drop
casting a water solution of the hybrid composite on indium tin
oxide (ITO) electrodes (3 × 3 mm). Analysis of the resulting
coating by X-ray photoelectron spectroscopy (XPS) revealed the
expected tungsten 4f7/2 peak centred at 35.4 (+0.05) eV in
binding energy, assigned to the W(VI) component of the POM
framework21, together with a ruthenium 3d peak observed in two
distinct components, at 280.9 and 281.7 (+0.05) eV, attributed to
high valent states22.

Scanning electron microscopy (SEM) images of the electrode
coating showed a highly porous three-dimensional extended network,
built from interconnecting CNTs that carried catalyst 1 (Fig. 3a).
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For enzyme-based fuel cells, carbon nanotubes (CNTs) were
employed successfully to increase the enzyme loading on the elec-
trode with an extended three-dimensional space built by an electri-
cally conducting network of high surface area18. Furthermore, the
good mechanical properties and superb thermal stability with the
processability on chemical functionalization provided additional
advantages to the fabrication of CNT-based electrodes19. The
assembly of organic and inorganic domains to yield 1@MWCNT
was achieved through electrostatic scavenging (Fig. 1 and
Supplementary Scheme S1) at pH 5 by exposure of Li101 to
water-soluble MWCNTs decorated with polyamidoamine
(PAMAM) ammonium dendrimers (MWCNT-dend) (ref. 20).
Thermogravimetric analysis (TGA, Supplementary Fig. S1) carried
out for both the initial MWCNT-dend and the hybrid product pro-
vided a direct estimate of the catalyst loading within the composite
1@MWCNT (Supplementary Table S1).

Association of 1 with MWCNT-dend yielded an effective catalyst
loading in the range 0.07–0.1 mmol g21, consistent with saturation
of the positive charges of the MWCNT scaffold. Assembly of 1 on
pristine MWCNTs gave negligible catalyst loading (see below),
which thus confirmed the key role of the electrostatic interaction
with the attached dendrimer chains. The hybrid composite
1@MWCNT was characterized further by a variety of spectroscopy
and microscopy techniques, including resonant Raman, small-
angle X-ray scattering (SAXS), scanning transmission electron
microscopy (STEM), X-ray dispersive energy spectroscopy

(XEDS) and high-resolution transmission electron microscopy
(HRTEM). The resonant Raman features of 1 in the pure state
and on the CNT hybrid are strikingly similar, which indicates that
the structure of 1 was preserved during and after the assembly
process (Fig. 2a). In particular, the prominent bands in the range
250–500 cm21 were assigned to Ru-(H2O) stretching modes
(250–400 cm21) and vibrations of the Ru4 core were found at
450–500 cm21 (ref. 13). This region was totally silent for pristine
MWCNTs exposed to 1. Furthermore, the expected MWCNT D
and G bands and its overtone were observed at 1,350, 1,600 and
2,720 cm21, respectively, in the spectrum of 1@MWCNT.

SAXS diffraction patterns were obtained and analysed for both
MWCNT-dend and 1@MWCNT (both at pH 5.5, 0.5 mg ml21),
and compared with the solution behaviour of Li101 in water (pH
5.5, 1 mg ml21). The scattering pattern observed in solution for
Li101 (Fig. 2b, blue curve) and the simulated curve were consistent
with the geometry of the isolated molecule (see Supplementary
Information)11. The solution study gave a nearest-neighbour dis-
tance of 6 nm at 50 mg ml21 (data not shown) and no indication
of aggregation phenomena. Comparison of the experimental
curves registered for 1@MWCNT (Fig. 2b, black trace) and
MWCNT-dend (Fig. 2b, red trace) showed that, in the observed
regime, scattering from 1 dominated with respect to that from the
MWCNT walls. Accordingly, the inorganic oxoclusters appeared
to be deposited on the MWCNT surface mainly as single entities
(nearest-neighbour distance was d¼ 1.2 nm), with a compact distri-
bution driven by the positively charged, terminal functions of the
dendron moiety. This is a key point to access single-site catalysis
that approaches homogeneous behaviour.

The SAXS results were validated by Z-contrast STEM images of
1@MWCNT, which showed individually separated molecules of 1
(bright spots, diameter 1–2 nm) on the CNT surface (Fig. 2c,d).
STEM images gave a clear illustration of the electron-dense
catalyst distribution on the nanotube surface. XEDS analysis
showed the distribution of the ruthenium and tungsten elements
that arose from the inorganic complex with respect to the carbon-
based surface of the nanotube, as indicated by the colour-coded
elemental map (Fig. 2e). The blue colour was assigned to the
carbon Ka emission and the red colour to the tungsten La
emission. Ruthenium from the embedded catalytic core was barely
visible around 19 keV (Fig. 2e, inset). The distribution of tungsten
was coincident with the brighter areas in the STEM images,
which proved the localization of 1. In addition, the HRTEM
images showed that the surface of the CNT walls had a 2 nm
thick catalyst coating (Fig. 2f). Extensive aggregation appeared to
be localized mainly at the terminal sites of the nanotube, probably
associated with a higher degree of covalent functionalization and
thus a higher concentration of the positive dendron sites
(Supplementary Fig. S9).

To evaluate the importance and role played by CNTs, 1 was
assembled on amorphous carbon (AC) previously functionalized
with the charged PAMAM dendron (AC-dend). The resulting
material, 1@AC, was characterized completely by TGA, HRTEM
and STEM techniques (see Supplementary Information).

OEAs that integrated 1@MWCNT were obtained on drop
casting a water solution of the hybrid composite on indium tin
oxide (ITO) electrodes (3 × 3 mm). Analysis of the resulting
coating by X-ray photoelectron spectroscopy (XPS) revealed the
expected tungsten 4f7/2 peak centred at 35.4 (+0.05) eV in
binding energy, assigned to the W(VI) component of the POM
framework21, together with a ruthenium 3d peak observed in two
distinct components, at 280.9 and 281.7 (+0.05) eV, attributed to
high valent states22.

Scanning electron microscopy (SEM) images of the electrode
coating showed a highly porous three-dimensional extended network,
built from interconnecting CNTs that carried catalyst 1 (Fig. 3a).
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Figure 1 | Nanostructured oxygen-evolving material. a, Electrostatic capture
of polyanionic ruthenium-containing clusters 1 (negatively charged, red
surface) by polycationic dendrons on the MWCNT surface (positively
charged, blue surface) and polyhedric structure showing the side and front
view of the POM (red)-embedded tetraruthenate core of 1 (yellow).
b, General scheme for a water-splitting electrocatalytic cell with the
integrated nanostructured OEA.
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