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Thirty years ago, patients with spinal cord injury (SCI) and their families were 

told “nothing can be done” to improve function. Since the SCI patient population 

is reaching normal life expectancy through better health care, it has become an 

obviously worthwhile enterprise to devote considerable research effort to SCI.In 

October 1974, the star running back of the Texas Christian University football 

team, Kent Waldrep, was stopped by a wall of Alabama tacklers and landed head 

first on the artificial turf (132). His football career ended with the diagnosis of 

quadriplegia. The prognosis that was told to Kent and his family was that 

“nothing can be done.” But a new career was born, that of an advocate for spinal 

cord research. As a patient, Kent found unacceptable the notion that SCI was 

incurable and that nothing could be done. Despite the skepticism and lack of 

support by the medical community, Kent decided to seek help at the Palenov 

Institute in the Soviet Union in a program that predated current supported 

ambulation therapy. Although the intervention did not help him substantially, it 

did alert Kent to the problem of the long accepted dogma in the United States 

that “nothing can be done” for SCI. At age 25, he formed the American Paralysis 

Foundation, now reorganized as the Kent Waldrep National Paralysis 

Foundation. The original organization became a model for the much later-

formed Christopher Reeves National Paralysis Foundation. Because of his 

efforts, coupled with the efforts of a few vocal and prolific young researchers in 

the late 1970s who reexamined old data and designed new experiments that 

demonstrated that nerve cells in the spinal cord can sprout and that rescue of a 

few nerve cells can result in improved function, dogma for SCI treatment 

changed. Athletes like Dennis Byrd, who received methylprednisolone within 

eight hours after SCI, are able to walk again. Thus the current dogma is much 

revised in that nerve cells in the spinal cord can be rescued, can sprout, and can 

be directed to grow, and appropriate growth and reconnection can be 

encouraged. In this millennium, unlike the last, no SCI patient will have to hear 

“nothing can be done.” 

Claire E. Hulsebosch, 2002
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ABSTRACT 
Nanotechnology underwent a very rapid development in the last decades, thanks 

to the invention of different techniques that allow reaching the nanoscale. The 

great interest in this area arises from the variety of possible applications in 

different fields, such as electronics, where the miniaturization of components is 

a key factor, but also medicine. The creation of smart systems able to carry out a 

specific task in the body in a controlled way, either in diagnosis or therapy or 

tissue engineering, is the ultimate goal of a newborn area of research, called 

nanomedicine. In fact, to reach such an outstanding objective, a nanometer‐sized 

material is needed and carbon nanotubes (CNTs) are among the most promising 

candidates. The aim of this thesis was to study this opportunity and, in particular, 

the possible application of carbon nanotubes for spinal network repairing. 

After a review of the main features of neuronal network systems and the 

most common techniques to study their functionality, possible 

applications of nanotechnology for nanomedicine purposes are 

considered, focusing the attention on CNTs as neuronal interface in nerve 

tissue engineering.  

The work can be divided into two big parts. In the first part the impact of carbon 

nanotubes on various neuronal systems was studied. Different form of 

carbonaceous materials (carbon nanotubes, nanohorns and graphene) were 

deposited in a homogeneous way on a glass surface playing with organic 

functionalization and different deposition techniques. Hippocampal neuronal 

cells were grown on their surface to better understand how morphology and 

conductivity of the material could influence the activity of the neuronal network 

evidencing how both these characteristics could affect the electrophysiological 

properties of neurons. Then, also spinal neurons were grown on carbon nanotubes 

network deposited on a glass substrate to evaluate, for the first time, the impact 

of carbon nanotubes on this kind of cells. The tight interaction between these two 

materials appeared to cause a faster maturation of the spinal neurons with respect 
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to the control grown on a glass substrate. The long-term impact on a complex 

tissue (spinal cord slice) grown on carbon nanotubes carpet was also studied. The 

intimate interaction between the two materials observed by TEM and SEM 

analysis caused an increase in dimensions and number of neuronal fibers that 

comes out from the body of a spinal cord slice. An increase in 

electrophysiological activity of all neuronal network of the slice was also 

reported. 

In the second part of the work different conductive biocompatible nanocomposite 

materials based on carbon nanotubes and “artificial” polymers (such as Nafion, 

PVA, PET, PEI, PDMS and PANI) were investigated. The idea is to test these 

materials as neuronal prosthesis to repair spinal cord damage. All the prepared 

scaffolds showed CNTs on the surface favoring CNTs-neurons interaction. To 

address this aim different techniques and different organic functionalizations of 

CNTs were utilized to control supramolecular interactions between the 

nanomaterial and polymers orienting the deposition of the CNTs and preventing 

their aggregation. After that, an innovative method to study the possible ability 

of this nanocomposite materials to transmit a neuronal signal between two 

portions of spinal cord was designed. 

Functionalization of gold surfaces with thiolated carbon nanotubes have been 

conducted in order to develop suitable devices for neuronal stimulation and 

consequent spinal cord lesions repairing. In particular thiol groups were 

introduced on the graphitic surface of carbon nanotubes by means of covalent 

functionalization. First of all, the interaction of CNTs with gold nanoparticles has 

been evaluated, then a gold surface has been coated by means of contact printing 

technique with a homogeneous film of CNTs. This hybrid material could be 

useful to produce innovative electrodes for neuronal stimulation.  
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RIASSUNTO 
Le nanotecnologie si sono sviluppate molto rapidamente negli ultimi decenni, 

grazie all’invenzione di un crescente numero di tecniche che permettono di 

lavorare su scala nanometrica. Il grande interesse in quest’area trae origine dalle 

sue svariate possibili applicazioni in diversi campi, quali l’elettronica, dove la 

miniaturizzazione ha un ruolo fondamentale, ma anche la medicina. Infatti, lo 

sviluppo di un sistema ‘intelligente’ capace di eseguire un compito specifico 

all’interno del nostro organismo in modo controllato, sia in campo diagnostico 

che terapeutico, è lo scopo di una nuova branca della ricerca, la nanomedicina. 

Per raggiungere un così notevole obiettivo, è necessario un vettore di dimensioni 

nanometriche, e i nanotubi di carbonio (CNTs) rappresentano uno dei migliori 

candidati. Lo scopo di questa tesi è stato di studiare questa opportunità e, in 

particolare, la possibile applicazione dei nanotubi di carbonio per riparare una 

rete neuronale spinale. 

Dopo una review sulle caratteristiche più importanti di un sistema composto da 

un network neuronale e sulle più comuni tecniche utilizzate per studiarne la 

funzionalità, sono state approfondite le possibili applicazioni della 

nanotecnologia nel campo della nanomedicina, concentrando l’attenzione 

sull’utilizzo di CNT come interfaccia neuronale nell’ingegneria tissutale. 

Il lavoro sperimentale può essere diviso in due grandi parti. Nella prima parte è 

stato studiato l’impatto dei nanotubi di carbonio su diversi sistemi neuronali. 

Differenti forme di materiali carboniosi (nanotubi di carbonio, nanohorns e 

grafene) sono stati depositate in maniera omogenea su una superficie di vetro con 

l’aiuto della funzionalizzazione organica e di differenti tecniche di deposizione. 

Cellule neuronali sono state quindi cresciute sulla loro superficie per capire 

meglio come la forma e la conducibilità del materiale possa influenzare l’attività 

di un network neuronale, mettendo in evidenza come entrambe queste 

caratteristiche potrebbero influire sulle proprietà elettrofisiologiche dei neuroni 
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Quindi, per la prima volta, neuroni spinali sono stati cresciuti su un network di 

nanotubi di carbonio depositati su una superficie di vetro per studiare l’impatto 

del nanomateriale su questo specifico tipo di neuroni. A seguito della forte 

interazione tra questi due materiali è stata osservata una maturazione più rapida 

dei neuroni spinali rispetto al normale controllo cresciuto su un substrato di vetro. 

E’ stato anche studiato l’effetto a lungo termine di un network di nanotubi su una 

porzione di tessuto complesso (fettina di spinal cord). La forte interazione tra i 

due materiali osservata dalle analisi TEM e SEM, causa un incremento nel 

numero e nelle dimensioni delle fibre neuronali che vengono fuori dal corpo della 

fettina di midollo spinale. Inoltre è stato osservato un incremento dell’attività 

elettrofisiologica dell’intero network neuronale della fettina di midollo spinale 

Nella seconda parte del lavoro sono stati studiati differenti materiali 

nanocompositi conduttori e biocompatibili, a base di nanotubi di carbonio e 

polimeri artificiali (come Nafion, PVA, PET, PEI, PDMS e PANI). L’idea è di 

utilizzare questi materiali come protesi neuronale per riparare i danni a livello del 

midollo spinale. Tutti gli scaffolds preparati presentano nanotubi sulla superficie 

per favorire, eventualmente, l’interazione tra nanotubi e cellule neuronali. Per 

questo scopo, diverse tecniche di fabbricazioni dei materiali e diverse 

funzionalizzazioni organiche dei nanotubi di carbonio sono state utilizzate per 

controllare le interazioni supramolecolari tra il nanomateriale e i polimeri 

orientando la deposizione dei nanotubi di carbonio ed evitando la loro 

aggregazione. Dopo di ciò è stato progettato un metodo innovativo per studiare 

la possibile abilità di questi materiali nanocompositi di trasmettere un segnale 

neuronale tra due porzioni di midollo spinale. 

Al fine di sviluppare ulteriori device per la stimolazione neuronale e di 

conseguenza per la riparazione di lesioni a livello dello spinal cord, sono stati 

condotti degli studi sulla funzionalizzazione di superfici d’oro con nanotubi di 

carbonio tiolati. In particolare gruppi tiolici sono stati inseriti sulla superficie 

grafitica del nanotubo di carbonio attraverso la funzionalizzazione covalente. 
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Prima di tutto è stata studiata l’interazione dei nanotubi di carbonio con 

nanoparticelle di oro, quindi una superficie di oro è stata funzionalizzata tramite 

la tecnica del contact printing, con un film omogeneo di nanotubi di carbonio. 

Questo materiale ibrido potrebbe essere utile per produrre innovativi elettrodi per 

la stimolazione neuronale. 
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1.1 Nanotechnology 

Nanotechnology can be defined as the ability to work at the atomic, molecular 

and supramolecular levels (on a scale of ~1-100 nm) in order to understand, 

create and use material structures, devices and systems with fundamentally new 

properties and functions resulting from their small structure1. All biological 

systems at the fundamental level are organized at the nanoscale and at this level 

the fundamental properties and function are defined. These are the two key points 

that permit the confluence of nanotechnology in biology and viceversa; indeed, 

if the nanotechnology provides the technology platforms to investigate and 

transform biological systems, biology could give the idea to assemble the 

components of nanotechnology. Based on this ideas nanotechnology offered in 

the last years new solutions to transform and repair biological systems: 

bioprocessing in industry2, molecular medicine3, regenerative medicine4 and 

improving human performance5. In these fields carbon nanotubes (CNTs) 

represent a very attractive opportunity for their physical and chemical 

characteristics. 

Figure 1 relationship between Nanotechnology and Biology
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1.2 Carbon Nanotubes 

In 1976 for the first time Oberlin et al.6 reported the existence of CNTs. Then in 

1991 with Iijima’s report7 we assisted to a great deal of interest in the use of 

CNTs for nanotechnological applications.  Basically this material is a form 

(allotrope) of carbon like graphite, diamond and fullerenes, but with unique 

physicochemical properties due to their electronic structure. We can image CNTs 

like a single layer of graphene rolled on itself. In particular it is usual to divide 

carbon nanotubes into two categories, single walled nanotubes (SWNT) that are 

composed by a single rolled layer of graphene and multi walled nanotubes formed 

by several concentric single walled nanotubes (Figure 2). Until now the CNTs 

drew the attention of scientist in a wide variety of disciplines. In the following 

paragraphs all the typical features of CNTs (electronics and mechanical) will be 

analysed. 

Figure 2 Structure of SWNT and MWNT 

1.2.1 Electronic Properties 

As mentioned in the previous paragraph CNT can be geometrically considered 

as a sheet of graphene rolled on itself. Its structure can be defined by its 

circumferential periodicity ( ), as described using the chiral vector (  in Figure 

3), which connects two crystallographically equivalent sites on a graphene sheet. 

In this way, the CNTs geometry is specified by the pair of integers (n, m), 
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denoting the relative position of the pair of atoms on a graphene strip, which, 

when rolled onto each other, form a tube.  

By theoretical calculations it was demonstrated that the geometry of carbon 

nanotubes could influence and change the electronic properties of the 

nanomaterial. 8,9 

Figure 3 Schematic diagram showing the possible wrapping of the two‐dimensional graphene sheet into 
tubular forms

Although graphene is a zero-gap semiconductor (Figure 4), theoretical 

calculations have predicted that carbon nanotubes can be metals or 

semiconductors, with different sizes energy gaps, depending very sensitively on 

the diameter and helicity of the tubes. 10 

Figure 4 The electronic energy states of metals form a series of bands which are filled by electrons up to 
a maximum energy level defined by the Fermi level. In a band insulator electrons completely fill the 
lower valence band, but do not cross into the upper conduction band. The electronic energy‐states of 
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graphene from two cone‐shaped bands that meet at their tips. There is no band gap, so the material is 
classified as a metal. Adapted from Fuhrer M.S. et al, 2009. 10 

An isolated sheet of graphite is a zero-gap semiconductor whose electronic 

structure near the Fermi energy is given by an occupied π band and an empty π∗ 

band. 

These two bands have a linear dispersion and, as shown in Figure 5a, meet at the 

Fermi level at the so called K point in the Brillouin zone. The Fermi surface of 

an ideal graphite sheet consists of six corner K points. When forming a tube, only 

a certain set of k states of the planar graphite sheet is allowed. The allowed set of 

k values, indicated by the lines in Figure 5b and c, depends on the diameter and 

helicity of the tube. Whenever the allowed k include the point K, the system is a 

metal with a non-zero density of states at the Fermi level. When the point K is 

not included, the system is a semiconductor with different sized energy gaps  

Figure 5 a Tight‐binding band structure of graphene. b. Allowed k‐vectors of the (5,5), (7,1) and (8,0) 
tubes (solid line) mapped onto the Brillouin zone. Adapted from Dresselhaus M.S. et al, 11 c. Three‐

dimensional view of the graphene π/π* bands and its 2D projection. Adapted from Odom T.W. et al, 12.

Hence, there are three kinds of CNTs: large gap, tiny gap and zero gap. The (n, 

n) tubes, also known as armchair tubes, are always metallic within the single-

electron picture, independently of curvature because of their symmetry (Figure 

6). As the tube radius R increases, the band gaps of the large-gap and tiny-gap 

varieties decrease with a 1/R and 1/R2 dependence, respectively. 



Chapter 1 Carbon nanotubes 

6 

Figure 6 Electronic densities of states for the (5,5), and (8,0) tubes showing singularities characteristic of 
1D systems. The (5,5) armchair nanotube is metallic for symmetry reasons. The (7,1) chiral tube displays 
a tiny gap due to curvature effects, but will display a metallic behaviour at room temperature. The (8,0) 

zig zag tube is a large‐gap semiconductor. Adapted from Charlier J. C., 2002 13

Recently, ultra-small-diameter SWNTs (diameter ca. 0.4 nm) have been 

produced by confining their synthesis inside inert AlPO4
-5 zeolite channels (with 

inner diameter of ca. 0.73 nm). The ultra-small diameter of these tubes confers to 

them many unusual properties, such as superconductivity14. In these 

measurements the resolution allowed for the identification of the individual 

carbon rings. From the orientation of the carbon rings and the diameter of the 

tube, the geometric structure of the tube has been fully deduced. Moreover, the 

local density obtained from conductance measurements was in very good 

agreement with theoretical predictions. From the study it was emerged also that 

CNTs are probably not as perfect structures as they were supposed to be. Defects 

like pentagons, heptagons, vacancies or dopant species are found to drastically 

modify the electronic properties of these nanomaterials. The introduction of 

defects into the carbon network is thus an interesting way to tailor its intrinsic 

properties. It has been shown that the introduction of pentagon-heptagon pair 

defects into the hexagonal network of a single carbon nanotube can change the 

helicity of the carbon nanotube and alter its electronic structure15. 

1.2.2 Mechanical properties 

The carbon–carbon chemical bond in a graphene layer is probably the strongest 

chemical bond known in nature in an extended system. For this reason CNTs are 
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the strongest and stiffest materials yet discovered in terms of tensile strength and 

elastic modulus respectively. This strength results from the covalent sp² bonds 

formed between individual carbon atoms16. Carbon based structures are widely 

used to reinforce other materials because of their mechanical properties and their 

low density. It is known that the strength of the fibers increases with 

graphitization along the fiber axis. Therefore CNTs, which are formed of 

seamless cylindrical graphene layers, represent the ideal carbon fiber and exhibit 

the best mechanical properties. The technical difficulties involved in the 

manipulation of these nano-scale structures make the direct determination of their 

mechanical properties a rather challenging task. In spite of these difficulties, a 

number of experimental measurements of the Young's modulus of carbon 

nanotubes have been reported. Treacy et al.17 correlated for the first time the 

amplitude of the thermal vibrations of the free ends of anchored nanotubes as a 

function of temperature with the Young's modulus. Considering a MWNT as a 

hollow cylinder with a given wall thickness, one can obtain a relation between 

the amplitude of the tip oscillations within the limits of small deflections and the 

Young's modulus. The amplitude of those oscillations was quantified by means 

of careful TEM observations of a number of nanotubes, an average value of 1.8 

TPa for the Young's modulus of MWCNTs and 1,4 TPa for SWCNTs was 

obtained. Although these numbers are subjected to experimental errors, they are 

nevertheless indicative of the exceptional axial stiffness of these materials. A 

subsequent study on SWNTs using the same experimental approach was 

performed by the same authors18. A larger sample of nanotubes was employed 

and a mean value Y = 1.25 TPa was obtained, that is much closer to the C11 

graphite basal plane elastic modulus. For comparison, the Young’s modulus of 

high strength steel is around 200 GPa.  A different experimental set-up to 

determine the Young modulus of MWNTs has been used by Wong et al. (1997)19. 

These authors used the tip of an atomic force microscope (AFM) to bend 

cantilevered nanotubes laterally, recording at the same time the force exerted by 

the bent nanotube on the AFM tip as a function of the lateral displacement. From 
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this information, Young’s modulus could be extracted, and Wong and co-workers 

thus reported an average value of Young’s modulus of 1.28 ± 0.5 TPa. Other 

approaches have given Young modulus values of 0.8 ± 0.4 TPa and 10–50 GPa 
20 presumably reflecting the influence of a large density of structural defects in 

catalytically grown nanotubes. 

Concerning the resilience, both experimental evidence and theory-simulations 

suggest the ability of nanotubes to significantly change their shape, 

accommodating to external forces without irreversible atomic rearrangements. 

They develop kinks or ripples (multi-walled tubes) in compression and bending, 

flatten into deflated ribbons under torsion, and still can reversibly restore their 

original shape. This resilience is unexpected for a graphite-like material, although 

folding of the mono-atomic graphitic sheets has been observed. It must be 

attributed to the small dimension of the tubes. An early observation of noticeable 

flattening of the walls in a close contact of two MWNT has been attributed to 

Van der Walls forces pressing the cylinders to each other. Collapsed forms of 

nanotubes (“nanoribbons”), derived from Van der Waals attractions, have been 

observed empirically (Figure 7b) , and their stability can be explained by the 

competition between the Van der Waals and elastic energies.  

Figure 7 Simulation of torsion and collapse. The strain energy of a 25 nm long (13, 0) tube as a function of 
torsion angle. (a). The cylinder flattens into a helix (b). Collapsed tube. Adapted from Dresselhaus M.S. et 

al, 2001 21



Chapter 1 Carbon nanotubes 

9 

A graphically more striking evidence of resilience is provided by bent structures
22. The bending seems fully reversible up to very large bending angles, despite

the occurrence of kinks. This apparent flexibility stems from the ability of the sp2 

network to rehybridize when deformed out of plane, the degree of sp2–sp3 

rehybridization being proportional to the local curvature 23. The accumulated 

evidences thus suggest that the strength of the carbon–carbon bond does not 

guarantee resistance to radial normal to the graphene plane deformations. In fact, 

the graphitic sheets of the nanotubes, or of a plane graphite 24, though difficult to 

stretch, are easy to bend and to deform. 

1.2.3 Defects 

As mentioned for the mechanical properties, defects in carbon nanotubes could 

change also optical, electronic and thermal properties. But the presence of defects 

could be useful to have an anchor point to introduce organic functionalization, 

changing the characteristics of the nanomaterial to transform it in a potential new 

nanodevice. Defective structures could be classified in four groups: topological 

where other rings than hexagons are present; rehybridization that is due to the 

possibility for a carbon atom to hybridize between sp2 and sp3 configuration; 

incomplete bonding defects when vacancies or dislocations on the tubes are 

present; and doping that is due to the presence of other atoms in the structure of 

the nanotube. 

Carbon nanotubes have a finite size and interesting properties could be found 

near the ends, where topological defects such as pentagons could be present in 

the hexagonal network. The electronic properties of the tips can affect only 

locally the electronic properties of the tubes. Because of the large aspect ratio of 

nanotubes the main body of the tube will remain unaffected. 
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New intramolecular junctions, created by interposing one multiple pentagon-

heptagon defects in the hexagonal 

network, lead to new carbon 

nanostructures which could function as 

metal-semiconductor, metal-metal or 

semiconductor-semiconductor nano-

bridges. When a pentagon is attached to 

the exagon of the nanostructure only 

topological changes take place and can 

be described as a single local defect. This 

creates a local deformation and could 

cause a small change in the helicity. In 

Figure 8 it is possible to observe the 

connection using a single 5/7 pair 

between two tubes with different 

electronic properties (metallic and semimetallic). This kind of intermolecular 

junctions can be proposed as the basis of a nanodiode for nanoelectronics15,25. 

Carbon nanotubes defects can also be created under irradiation. In fact, under 

uniform irradiations conditions, atom removal from the irradiated nanotubes 

occurs at a slower rate as long as irradiation persists. Atom loss create vacancies 

and, by mending these holes through atomic rearrangements, the surface of the 

original nanotube reconstructs into a highly defective monoatomic layer cylinder 

of smaller diameter26. The simulations illustrate that the surface reconstruction 

and size reduction of a perfect nanotube occur mainly by dangling bond 

saturation, thus forming non hexagonal structures rings and 5/7-like defects pairs. 

Non hexagonal rings such as squares, pentagons, heptagons, octagons, nonagons 

and decagons were observed at certain stages of the surface reconstruction. 

However, the unstable high-membered rings are found to disappear, leading five, 

six and seven-membered rings, with consequent intrinsic metallic behaviour of 

Figure 8 a) atomic structure of an intramolecular 
carbon junction.99 The red balls indicates the 
atom forming heptagon‐pentagon pair. b) The 
electron density of states related to the two 

perfect nanotubes99
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the final tubes. A novel class of perfect crystals, consisting of layered sp2-like 

carbon and containing heptagons and hexagons, has been proposed27. When these 

sheets are rolled up in order to generate single-walled nanotubes, they resemble 

the radiolaria drawings by Haeckel (Figure 9). These defective tubes exhibit very 

interesting electronic properties since local densities of state calculations 

revealed an intrinsic metallic behaviour, independent of orientation, tube 

diameter and chirality. Furthermore, the possibility of superconductive properties 

has also been taken into consideration, due to the presence of unusually high 

intensity-peaks at the Fermi level. 

Figure 9 Nonchiral Haeckelite nanotubes of similar diameter. a) nanotube segment containing only 
heptagon and pentagons paired symmetrically b) Nanotube exhibiting repetitive units of three 

agglomerated heptagons surrounded by pentagons and hexagons c) Nanotube containing pentalene and 
heptalene bound together, surrounded by six‐membered rings27. 

Based on the idea of merging different nanostructures, recently covalently 

connected crossed single-wall carbon nanotubes have been created using electron 

beam welding at elevated temperatures28. These nanostructures, obtained with 

different geometries (Figure 10), are found to be stable after irradiation process. 

Theoretical study of their relevance generated various models of ideal molecular 

junctions. The presence of heptagons has found to play a key role in the topology 

of nanotube-based molecular junctions29. To create an “X” topology, (Figure 10) 

six heptagons have been introduced at each crossing point. The calculation of the 

local densities of states has been performed in order to investigate the electronic 

properties of these molecular junctions. Results suggested a strong metallic 

behaviour where the nanotubes cross, together with the presence of localized 
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donor states in the conduction band (caused by the presence of heptagons) and 

high curvature of the system. 

Figure 10 Typical geometries of welding carbon nanotubes from left to right T, X and Y junctions 

1.3 Synthesis of Carbon Nanotubes 

Due to the increasing interest in CNTs for different fields of application, it is 

highly desirable to produce their in large quantities. Carbon nanotubes cannot be 

found in nature. Nevertheless they can be produced by using various methods. 

Only a systematic study of the different parameters of these methods can permit 

to increase the quality and the quantity of these nanomaterials. In this section the 

techniques used for the production of carbon nanotubes will be described. 

1.3.1 Electric arc discharge 

Electric arc discharge is the most used technique to produce carbon nanotubes in 

big scale. This technique is also used to produce fullerenes, carbon nanotubes 

were in effect found for the first time during the analysis of freshly produced 

fullerene materials.7 The principle is based on the generation of an electric arc 

discharge between two graphite electrodes under helium or argon atmosphere.30 

The high temperature generated between the two electrodes during the process 

allows for the sublimation of carbon. Both Iijima7 and Bethune31 found that 

SWCNTs could form only if metal catalyst is added to the anode. The diameter 
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of the nanotubes can be controlled by modulating the Ar:He gas ratio, with higher 

concentration of argon yielding smaller diamaters. With this method MWCNTs 

with a diameter of 2-25 nm and a length that doesn’t exceed 1µm can be obtained. 

These tubes have closed tips. Also SWCNTs have closed tips, their diameter is 

comprised between 1.1 and 1.4 nm and they are several micrometers long. 

Figure 11 Scheme of an electric arc discharge apparatus 

1.3.2 Laser Ablation 

A second very useful and powerful technique for producing carbon nanotubes is 

the laser ablation method. A graphite target is placed in the middle of a quartz 

tube mounted in a temperature-controlled furnace (Figure 4). The temperature in 

the furnace is increased to 1200°C. The tube is then filled with an inert gas 

(helium or argon) and a laser beam is focused onto the graphite target. The laser 

beam scans across the graphite surface to maintain smooth and uniform the 

surface for vaporization. This procedure lead to the formation of carbon species, 

that are swept away from the high temperature zone by the flowing gas and 

deposited on a conical water cooled copper collector. Thess et al.32 proposed a 

double laser procedure to improve the quality of samples. The use of two 

consecutive laser pulses minimizes the amount of carbon deposited as powder, 

the second laser breaks up the larger particles produced by the first one and 
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deposited them into growing nanotube structures. By laser ablation technique it 

is possible to obtain both MWNTs and SWNTs. In the earlier experiments only 

MWNTs were obtained. These tubes were formed by 4 to 24 graphitic layers and 

they could be up to 300nm length. Their quality was dependent from the 

temperature and it was observed that at 1200°C the tubes were free of defects and 

had closed tips. When a small amount of transition metal was added to the 

graphitic sample SWNTs were produced. However during this process the 

surface of the target enriched in metal content decreases the yield of SWNTs. 

Nonetheless the yield always increases with the temperature33. Moreover it was 

observed that the yield of produced nanotubes can vary drastically depending on 

the metal catalyst. 

Figure 12 Schematic representation of the oven lase vaporization apparatus 

1.3.3 Chemical Vapour Deposition (CVD) 

Chemical vapour deposition is a generic name for a group of chemical processes 

that involves the deposition of a solid material from a gaseous phase onto a 

substrate. Hence, the formation of carbon filaments occurs from the catalytic 

decomposition of carbon-containing gas over a metal surface. Yacamàn et al. 

demonstrated for the first time that this technique can be used to produc carbon 

nanostructured materials34. Nowadays it is considered one of the most economic 

process for large scale production of CNTs. In principle, a gaseous carbon 

feedstock is flowed over transition metal nanoparticles with medium to high 
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temperature (550 to 1200°C) and it reacts with the metallic particles producing 

SWNTs. The nanotubes are collected at the bottom of the chamber (Figure 13). 

The nanotubes growth mechanism involves the dissociation of hydrocarbon 

molecules catalysed by the transition metal, and the saturation of carbon atoms 

into the metal nanoparticles.  

Figure 13 Schematic representation of a CVD set‐up experiment

The precipitation of carbon from the metal particle leads to the formation of 

tubular carbon solids with a sp2 structure. The features of the final material can 

be tuned changing parameters like temperature, operation pressure, volume, 

concentration of hydrocarbons, type of the metal catalyst and reaction time.35 The 

length of the tubes depends on the reaction time and it is possible to obtain tubes 

with length up to 60mm. It is also possible to produce both SWNTs and MWNTs 

in form of powder36 and aligned forest37. 

Figure 14 Example of a CNTs forest growth by CVD37 
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1.3.4 Solar energy 

Until 1996, solar energy was used to produce fullerenes. This method is very 

similar to laser ablation, but of course the source is the solar radiation. In principle 

the sunlight is collected and focused on a graphitic target and in optimal 

conditions the temperature could reach 3000 K. The target is placed in the middle 

of the chamber that is filled with an inert gas like helium or argon. It was 

demonstrated that this method could be useful to produce CNTs, just by changing 

the target composition and adjusting the experimental conditions38. Effectively, 

in this case, the target consists in a mixture of graphite powder and metallic 

catalysts placed in a graphite pipe heated on the top by the sunlight. The pipe is 

positioned in the middle of the chamber that is filled with helium or argon. A 

number of different metal catalysts have been used. In all cases soot was collected 

on the filter and a rubbery material forming big sheet could be easily peeled off 

from the pipe where the temperature was the highest of the overall condensing 

zone. 

Figure 15 Schematic representation of a solar furnace for CNTs synthesis39

1.3.5 Electrolysis 

The basic idea of this method is to produce CNTs by passing an electric current 

through a molten ionic salt between two graphite electrodes at 600°C40. During 
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the reaction it is possible to observe the erosion of the cathode and the formation 

of a wide range of nanomaterials dispersed throughout the melt. After cooling, 

the melt is washed with water and filtered to separate the salts from the 

nanomaterials. Usually with this methodology it is possible to obtain only 

MWNTs of different length and with a diameter between 2 and 20 nanometers, 

however Bai et al.41 were able to grow SWNTs in fuse NaCl at 810°C using argon 

as inert gas. The optimal electric current to obtain nanotubes range from 3 to 5 

A, because with higher currents only encapsulated particles and amorphous 

carbon are produced and with lower currents (<1A) only amorphous carbon can 

be recovered. 

1.3.6 Synthesis from bulk polymer 

CNTs can be synthesized by a chemical process using carbon-based polymers42. 

The polymer used is obtained by the polyesterification between citric acid and 

ethylene glycol. After the stirring of the mixture at 50°C for 2 hours, the solution 

is heated at 135°C for 5 h to promote polymerization. The as produced gel is 

warmed at 300°C for 2 h in an electric furnace. The black mass is transformed in 

powder which is treated at 400°C for 8 h in air on Al2O3 boat. In this way it is 

possible to obtain MWNTs with diameters from 5 to 20 nm and with a maximum 

length of 1µm, the presence of amorphous carbon is also observed. 

1.3.7 Low-temperature solid pyrolysis 

CNTs can be synthesized by conventional pyrolysis of a refractory metastable 

carbon containing compound at low temperature in a graphite furnace. 

Carbonitride powder produced from laser vapour pyrolysis of 

hexamethyldisilazane and ammonia is pyrolyzed in a graphite resistance furnace. 

Pyrolisys is performed between 1200°C and 1900°C for 1h in nitrogen 
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atmosphere. CNTs are formed on the surface of the material and in the core 

region amorphous material can be found. The growth of the nanotubes strongly 

depends by temperature and flow of the gas. The best condition observed was at 

1400°C with a static nitrogen atmosphere. All the structured nanomaterial 

produced was MWNTs with a maximum length of 1um and the diameters ranging 

from 15 to 20 nm. 

1.3.8 High-pressure catalytic decomposition of carbon monoxide 
(HiPCO) synthesis 

This method for the preparation of SWNTs uses high pressure CO as the carbon 

source. This is currently the only method that allows the production of SWNTs 

on a kilogram per day scale43. The catalysts used in this process are formed in 

situ from a volatile organometallic catalyst precursor introduced into the reactor 

with a stream of carbon monoxide gas at a temperature between 900 to 1000°C 

and a pressure of 30-50 atm. The organometallic species decompose at high 

temperatures, as a consequence of disproportionation of CO by metal 

nanoparticles, forming metal clusters where SWNTs can grow. With this 

procedure it is possible to obtain a purity of the material up to 97%. Modulating 

the pressure into the reactor and the catalyst composition it is also possible to 

tune the length and the diameter of the tubes that ranges from 0.7 to 1.1 nm. 

1.4 Toxicity of Carbon Nanotubes 

Due to their characteristics CNTs have been used in different field of human 

healthcare such as sensor for early diagnosis44, drug for cancer therapy45, carrier 

for drugs3 and gene delivery46, regenerative medicine4 or neuronal prostheses47. 
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All the biomedical and therapeutical potentialities of CNTs based nanostructured 

materials are prevented by a serious concern on their environmental, toxic and 

safety effects in the biological systems. Early toxicity studies demonstrated that 

CNTs are non-toxic for specific kinds of cells, tissues and organs under specific 

conditions48. Further studies however have evidenced  that CNTs can cause acute 

and chronic effects in living systems49. Actually despite several years of research, 

toxicological studies about CNTs are far from being exaustive. Further studies 

are necessary to understand how nanotubes can enter the cells, where they are 

internalized and how these processes are affected by their physical characteristics 

such as diameter, length, presence of impurities, surface functionalization and 

wettability; these features are fundamental to understand the cytotoxicity of these 

materials. In the following paragraphs an overview on the toxicity of CNTs is 

reported. 

1.4.1 Production and Exposure to CNTs 

From an environmental point of view the production of CNTs could reach and 

exceed 12000 tons in 2015. This amount will certainly lead to exposure risk for 

all the animal and vegetable species. Once in atmosphere CNTs can be internalize 

into the organism by inhalation, ingestion (not only directly but also through food 

and water) and by skin wounds50. In order to verify their toxicity to specific 

organs they have been administrated by intravenous injection51, intratracheal 

administration52 and abdominal implantation53. 

1.4.2 Cellular uptake of CNTs 

The mechanism of uptake of CNTs by the cells play a critical role to determine 

their cytotoxicity. CNTs can be internalized by a variety of cells in two 

different ways54. One pathway includes passive transports such as diffusion, 

membrane 
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fusion and direct pore transport55. Individual carbon nanotubes dispersed in 

water were demonstrated to be 

able to enter the cytoplasm of cell 

by crossing the membrane as a 

nanoneedle (Figure 15)56. 

Another common pathway for 

the uptake of nanomaterial is the 

active transport via endocytosis 

(phagocytosis and pinocytosis). 

By this mechanism external 

materials can be internalized in 

vescicles or vacuoles that 

originate from the cell membrane. 

In general the CNTs longer than 1um are internalized by phagocytosis that is 

driven by macrophages, monocytes and neutrophils57. Few to some hundreds of 

nanometers long CNTs are internalized by pinocytosis that is mediated by 

clathrin and caveoline54. Endocytosis is an energy dependent process and the 

orientation of CNTs is controlled by the interplay between the tip recognition 

through receptor binding and the rotation driven by asymmetric elastic strain at 

the nanotube-phospholipid bilayer interface, as theorized recently58. The uptake 

of CNTs is difficult to be understood and it depends on many parameters such as 

size, length, wettability, chemical functionalization; for example in the case of 

functionalized SWNTs, it was found that endocytosis occurs only if CNTs are 

longer than 400nm, otherwise passive internalization is preferred59. 

Figure 16 TEM image of a carbon nanotubes entering in 
the cell by nanoneedle mechanism 



Chapter 1 Carbon nanotubes 

21 

Figure 17 Mechanisms by which CNTs induce cell damage and inflammation60 

1.4.3 Subcellular Localization and Intracellular trafficking of 
CNTs 

After the cell uptake CNTs can be localized in different subcellular compartments 

such as cytoplasm, cytoskeleton, mitochondria, lysosomes, endoplasmic 

reticulum, vescicles and nucleus. In addition they can be translocated from a cell 

compartment to another57. Due to their small size and the weak contrast between 

CNTs and subcellular compartments it is very difficult to characterize the 

subcellular distribution of the nanotubes with standard microscopic techniques. 

Different techniques have been recently developed. TEM, for example, is an 

effective tool to localize CNTs inside cells. Porter at al. utilized this technique to 

show that SWNTs were localized in lysosomes after 2 days, and after 4 days the 

material was found in endosomes, translocated across the nuclear membrane, and 

localized within the nucleus55. One of the major recent issues of research is to 

understand how the type of internalization affects the subcellular localization of 

the nanotubes. It was observed, indeed, that when functionalized carbon 

nanotubes directly cross the cell membrane, they are localized into mithocondria, 

but if they are endocytosized they are located inside lysosomes and 

phagosomes59,61,62. Small CNTs that enter by diffusion process were found in the 
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cytoplasm59. however once internalized, carbon nanotubes can be translocated in 

different subcellular compartments through carrier-mediated transport63. 

Intracellular trafficking can also be controlled by binding to the nanotubes a 

functional group able to inhibit the carrier mediated transport. For example FITC-

functionalized carbon nanotubes usually are transported in vacuoles by carrier 

mediated intracellular trafficking, but if a specific carrier mediated transport 

inhibitor is bound to the tubes, it’s possible to observe their accumulation of the 

nanotubes in the cytoplasm63. 

1.4.4 Toxicity mechanism in the lungs 

One of the first points of discussion regarding the toxicity of carbon nanotubes, 

was related to the similarities in structure and the biopersistence between CNTs 

and asbestos, another carcinogenic materials. Asbestos is a silicate material with 

a fibrous structure of 20 to several hundreds of nanometers of diameter. Once 

deposited in the lungs it promotes the formation of reactive oxygen species 

(ROS) that can lead to the release of proinflammatory cytokines and activation 

of apoptotic pathway64. Usually CNTs are considered less toxic than asbestos 

fibers64, but many experiments confirmed their asbestos-like behavior and 

nowadays it is still not known whether they can cause mesothelioma or not. One 

reason of this cytotoxicity could be due to the high aspect ratio of the tubes which 

results in an incomplete phagocytosis54. This incomplete digestion can provoke 

the activation of the proinflammatory pathways that induce lung fibrosis and 

cancer58, Moreover the formation of the bundles inside the organs can contribute 

to the toxicity of CNTs in vivo64. It must be also considered that metallic 

nanoparticles carried by the nanotubes are highly toxic and conventional methods 

to remove metallic nanoparticles may generate a high density of functional 

groups or defects which on turn can affect the toxicity of CNTs54,65. 
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1.4.5 Toxicity and biodistribution in other organs 

By in vivo studies it has been observed that CNTs usually are not confined in a 

specific area of the body, even if they are targeted to a specific organ by means 

of a proper tag66. Due to this “migration” from the core site to other organs the 

toxicity of this material to other organs should be tested. Macrophages are the 

first cells that interact with CNTs after administration55, afterwards CNTs enter 

in the blood and lymphatic systems, and are distributed in different areas of the 

body55. An in vitro study of the interaction of nanotubes with macrophages is still 

necessary to have more details about the toxicity of the material. CNTs could also 

cause actin bundling and reduced cell proliferation and chronically changing to 

cellular function67. 

1.4.6 Reduction and inhibition of CNTs toxicity: Is it possible to 
reduce or inhibit CNTs toxicity? 

Functionalized CNTs exhibit a reduced toxicity. Pegylated CNTs have been 

shown to be less toxic than pristine CNTs51,68. Other examples are reported that 

peptide or amino-functionalized CNTs did not interfere with neuron survival and 

neuronal activity69,70. Another possible way to decrease the toxicity is the 

dispersion of CNTs in a biocompatible polymer, for example pluronic polymer 

modified CNTs can gradually be eliminated by the organism by mucociliary 

clearance reducing risk of fibrosis in the lung64. Finally CNTs have been found 

to be biodegradable in vitro by enzymes like peroxidases and the residual 

fragments of the nanotubes are fagocytosized by the cells and eliminated71. 
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1.5 Chemical functionalization of CNTs 

As mentioned before, the properties of CNTs make them a suitable materials for 

applications in a wide range of fields such as material science, biomedical and 

energetic application. One big problem when handling CNTs, however, is their 

lack of solubility in all the organic solvents and in water, limiting the 

manipulation and the processability of the material. Several techniques are used 

to disperd carbon nanotubes such as sonication and ultrasonication useful to 

break π-π and Wan der walls interactions, but usually after a relatively short time 

period the material starts to precipitate and aggregate again. In order to avoid this 

problem different methods have been developed, including covalent or non-

covalent approaches. 

1.5.1 Covalent functionalization of CNTs 

The systematic development of fullerene chemistry demonstrated that their 

reactivity depends from their surface curvature72. In fact, if we consider 

fullerenes, the reactivity is driven by the enormous strain engendered by their 

spherical geometry that cause the pyramidalization angles of the carbon atoms23. 

When we have a sp2-hybridized (trigonal) carbon atom, the preferred 

configuration is planar and the pyramidalization angle is θp=0○. In an sp3- 

hybridized (tetrahedral) carbon instead we have θp=19.5○ (Figure 18). In 

fullerenes θp=11.6○ therefore the tetrahedral hybridization is the most 

appropriate. When the trivalent carbon atom in C60 is converted into a tetravalent 

carbon atoms the strain applied at the attachment point decreases and mitigate 

the strain of the other 59 carbons atoms23. 
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Figure 18 Pyramidalization angle θp 

In this way all the reactions that saturate carbon atoms should be accelerated by 

the strain relief, favouring the addition chemistry on fullerene. The perfect 

structure of a CNT with no functional group have a quasi-1D cylindrical aromatic 

structure that should be chemically inert. In reality there is a local strain due to 

the curvature-induced pyramidalization and the misalignment of the π-orbitals 

that cause a local strain 73,23. For this reason carbon nanotubes are more reactive 

than a flat graphene sheet, and for the same reason the reactivity of carbon 

nanotubes is expected to change when the diameter increases.74 (Table 1) 

Table 1 Pyramidalization (Θp) in (n,m) SWNTs 

n,m Diameter 
(nm) 

Θp 
(deg) 

n,m Diameter 
(nm) 

Θp 
(deg) 

10,0 7.81 5.15 5,5 6.76 5.9 
12,0 9.37 4.30 6,6 8.11 4.9 
14,0 10.93 3.69 7,7 9.47 4.2 
16,0 12.49 3.24 8,8 10.82 3.7 
18,0 14.05 2.88 9,9 12.17 3.3 
20,0 15.61 2.59 10,0 13.52 3.0 

Therefore to covalently functionalize carbon nanotubes only highly reactive 

reagent is used. 
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1.5.2 Functionalization of CNTs by previous oxidation 

One way to functionalize carbon nanotubes consists in the oxidation of the CNTs 

and the subsequent modification of the carboxylic group on the surface of the 

nanotubes. A common procedure exploits the sonication in oxygen-containing 

acids for a long time. In this way it was demonstrated that it is possible to obtain 

short segments of CNTs bearing carboxylate groups especially on their tips75,76. 

These carboxylic groups can be used as an anchor point for the conjugation of 

molecules by means of esterification or amidation77,78. In ref 77 long-chain alkyl 

amines were attached by amidic bond on oxidized CNTs to improve the solubility 

of the nanomaterial in organic solvents79. 

In order to tune chemical and physical properties of the CNTs this approach has 

been recently used to functionalize them with molecules like dendrimers80, 

porphyrins81, fluorescent derivatives82, crown ethers83, gold nanoparticles84, and 

proteins85. 

Figure 19 Acid Carboxylic functionalized CNTs as anchor point for further functionalization. 
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1.5.3 Covalent sidewall functionalization 

The most common procedures that have been developed to functionalize CNTs 

are: fluorination, cycloadditions and radical reactions86. 

Fluorination 

In the presence of hydrofluoric acid as catalyser and relatively high temperature 

(250-400°C) it is possible to add elemental fluorine atoms to CNTs. In these 

conditions, in fact, it is possible to generate activated fluorine species that can 

react with the sp2 carbon atoms, changing the electronic band and obtaining an 

insulating material87. Due to the presence of the weak bond between C and F, 

organolithium and Grignard reagent are usually used to functionalize CNTs with 

alkyl groups88. The fluorination permits also the recovering of the initial structure 

of the nanotubes: fluorine atoms can be easily removed by using hydrazine in 2-

propanol87 

Cycloadditions 

The family of cycloadditions includes many reactions commonly used to 

functionalize CNTs. Most of these reactions are limited by the stability of the 

final product, meanwhile retrofunctionalization can be easily achieved by using 

mild conditions. The pioneers in this field were Haddon and colleagues that 

perform a [2+1] cycloaddition of carbene species to CNTs. The reaction can be 

achieved by producing in situ reactive species using a mixture of CHCl3/NaOH 

resulting in cyclopropane functionalities on the sidewall of CNTs89. 

Another method to functionalize the sidewall of CNTs is the so-called Bingel-

Hirsch reaction. In this reaction diethylbromomalonate is used as carbene 

precursor to introduce on the nanotubes a cyclopropane functionality with two 

ester groups. Taking advantage from the presence of the esters further 

functionalization can be achieve on the surface of CNTs90. Recently it has been 
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described also the “retro Bingel raction” under mild conditions, opening the door 

to a new refunctionalization tool91.  

Figure 20 Example of Bingel‐Hirsch reaction

It is possible to perform a 1,3 dipolar cycloaddition to CNTs with ozone, 

azomethine ylides and nitrile imines. CNTs dispersed in methanol at -78°C are 

treated with ozone to generate ozonides-SWNTs as the primary product92. In a 

similar way, depending on the cleavage method used, it is possible to obtain 

carboxylic, keton/aldehyde or alcohols functionalities that can be further 

functionalize93. 

One of the most versatile tool to functionalize carbon naotubes is the 

cycloaddition of azomethine ylides94. The condensation of α-aminoacid with 

aldehydes generates ylides, a very reactive species that can attach the surface of 

the nanotubes introducing new functionalization. By this methodology it is 

possible to conjugate different organic group that can help the dispersability of 

the material and tune its properties. In addition it is possible to “re-pristinize” the 

tubes by heating treatment at 350°C in presence of nitrogen. 

Figure 21 Scheme of 1,3 dipolar cicloaddition on CNTs
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[4+2] cycloaddition or Diels-Alder has not been often used due to the instability 

of the final product95. Langa et al. performed for the first time this reaction adding 

o-quinodimethane to the ester functionalized CNTs under microwave irradiation. 

Radical additions are another approach to functionalize CNTs. Alkyl radicals are 

generated by photolysis of heptadecafluorooctyl iodide that quickly alkylate the 

CNTs. The thermolysis of benzoyl peroxides creates free phenyl radicals that can 

attack alkyl iodides to produce alkyl radicals. Aryl groups can be attached to the 

CNT by means of diazonium salt arylation, initially achieved by reduction of 

substituited diazonium salt86. A similar reaction in which water soluble 

diazonium salts that react selectively with metallic CNTs, has been reported96,97. 

Figure 22 Functionalization of CNTs by radical addition 

1.5.4 Non–covalent Exohedral functionalization 

Another suitable method for the synthesis of functionalized CNTs is represented 

by the formation of non covalent adducts with surfactants or by wrapping of 

nanomaterial with polymers or DNA. These methods are non-destructive 

purification methods for CNTs. It has been demonstrated that in presence of 

sodium dodecylsulfate (SDS) carbon nanotubes can be transferred in aqueous 

phases98. CNTs are located in the hydrophobic part of micelles allowing a stable 

dispersion. If the amphiphilic molecule contains an aromatic group, a very strong 

interaction with carbon nanotubes can be achieved due to the π-π stacking 

interactions with their graphitic surface. This effect was observed with N-

succinimidyl-1-pyrenebutanoate-CNTs aggregates where the succynimidyl 
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group can be substituted with an amino group of proteins or antibodies giving the 

possibility to exploit the electrical features of CNTs together with a specific 

biological recognition for biosensor application99. 

Figure 23 Schematic representation of non covalent sidewall functionalization by π‐π stacking

Polymers have also been used for the formation of supramolecular complexes 

with CNTs. For example, the suspension of purified CNTs in presence of 

polymers like poly(m-phenylene-co-2,5-dioctoxy-p-phenylenevinylene) 

(PmPV) in organic solvents like chloroform, allows the polymer to wrap around 

the tubes. The material obtained from this procedure is very different from the 

starting material, in fact PmPV/SWNTs complex exhibits a conductivity eight 

times higher than the polymer alone. 

Figure 24 Schematic representation of polymer wrapping around carbon nanotubes surface 
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1.5.5 Endohedral functionalization 

The inner cavity of SWNTs can be considered as a free space for the storage of 

molecules. For example SWNTs can incorporate metals and metal salts100,101. 

Another challenge of this kind of functionalization is the insertion in the cavity 

of SWNTs of fullerenes102 and metallofullerenes103. The incorporation is 

achieved at defect sites that are localized at the end or on the sidewalls. Once 

inside, the fullerenes form chains driven by Wan der Walls interactions. If the 

material is annealed, the fullerenes chains can coalesce and form an additional 

interior tube in the SWNTs structure. 

Figure 25 Schematic representation of CNTs endohedral functionalization 



Chapter 1  Carbon nanotubes 

32 
 

References 

1. Roco, M. C. Nanotechnology: convergence with modern biology and 
medicine. Current Opinion in Biotechnology 14, 337–346 (2003). 

2. Neethirajan, S. & Jayas, D. S. Nanotechnology for the Food and 
Bioprocessing Industries. Food and Bioprocess Technology 4, 39–47 
(2010). 

3. Liu, Z., Tabakman, S., Welsher, K. & Dai, H. Carbon Nanotubes in 
Biology and Medicine: In vitro and in vivo Detection, Imaging and Drug 
Delivery. Nano research 2, 85–120 (2009). 

4. Tran, P. A., Zhang, L. & Webster, T. J. Carbon nanofibers and carbon 
nanotubes in regenerative medicine. 61 1097-1114 Advanced Drug 
Delivery Reviews (2009). 

5. Silva, G. Neuroscience nanotechnology: progress, opportunities and 
challenges. Nature Reviews Neuroscience 7, 65–74 (2006). 

6. Oberlin, A. Endo, M. Koyama, T. Filamentous growth of carbon through 
benzene decomposition. Journal of crystal growth 32, 335–349 (1976). 

7. Iijima, S. Helical microtubules of graphitic carbon. Nature. 354 56-58 
(1991).  

8. Noriaki Hamada, Shin-ichi Sawada, A. O. New One-Dimensional 
Conductors: Graphitic Microtubules. Physical Review Letters 68, 1579–
1581 (1992). 

9. Mintmire, J., Dunlap, B. & White, C. Are fullerene tubules metallic? 
Physical Review Letters 68, 631–634 (1992). 

10. Fuhrer, M. S. & Adam, S. Carbon conductor corrupted. Nature 458, 38–
39 (2009). 

11. Dresselhaus, M. S., Dresselhaus, G., Charlier, J. C. & Hernández, E. 
Electronic, thermal and mechanical properties of carbon nanotubes. 
Philosophical transactions. Series A, Mathematical, physical, and 
engineering sciences 362, 2065–2098 (2004). 

12. Odom, T. W., Huang, J.-L., Kim, P. & Lieber, C. M. Structure and 
Electronic Properties of Carbon Nanotubes. The Journal of Physical 
Chemistry B 104, 2794–2809 (2000). 



Chapter 1  Carbon nanotubes 

33 
 

13. Charlier, J.-C. Defects in carbon nanotubes. Accounts of chemical 
research 35, 1063–1069 (2002). 

14. Tang, Z. K. et al. Superconductivity in 4 angstrom single-walled carbon 
nanotubes. Science 292, 2462–2465 (2001). 

15. Charlier, J., Ebbesen, T. & Lambin, P. Structural and electronic properties 
of pentagon-heptagon pair defects in carbon nanotubes. Physical review. 
B, Condensed matter 53, 11108–11113 (1996). 

16. Robertson, D., Brenner, D. & Mintmire, J. Energetics of nanoscale 
graphitic tubules. Physical Review B 45, 592–595 (1992). 

17. Treacy, M. M. J., Ebbesen, T. W. & Gibson, J. M. Exceptionally high 
Young’s modulus observed for individual carbon nanotubes. Nature 381, 
678–680 (1996). 

18. Krishnan, a., Dujardin, E., Ebbesen, T., Yianilos, P. & Treacy, M. Young’s 
modulus of single-walled nanotubes. Physical Review B 58, 14013–14019 
(1998). 

19. Wong, E. W., Sheehan, P. E. & Lieber, C. M. Nanobeam Mechanics: 
Elasticity, Strength, and Toughness of Nanorods and Nanotubes. Science 
277, 1971–1975 (1997). 

20. Salvetat, J.-P. et al. Elastic and Shear Moduli of Single-Walled Carbon 
Nanotube Ropes. Physical Review Letters 82, 944–947 (1999). 

21. Dresselhaus M.S., Dresselhaus G., P. A. Carbon Nanotubes: Synthesis, 
Structure, Properties, and Applications. Topics in Applied Physics 80, 5–
8 (2001). 

22. Iijima, S., Brabec, C., Maiti, A. & Bernholc, J. Structural flexibility of 
carbon nanotubes. The Journal of Chemical Physics 104, 2089-2090 
(1996). 

23. Haddon, R. C. Chemistry of the Fullerenes: The Manifestation of Strain in 
a Class of Continuous Aromatic Molecules . Science 261, 1545–1550 
(1993). 

24. Hiura, H., Ebbesen, T. W., Fujita, J., Tanigaki, K. & Takada, T. Role of 
sp3 defect structures in graphite and carbon nanotubes. Nature 367, 148–
151 (1994). 



Chapter 1 Carbon nanotubes 

34 

25. Saito, R., Dresselhaus, G. & Dresselhaus, M. Tunneling conductance of
connected carbon nanotubes. Physical review. B, Condensed matter 53,
2044–2050 (1996).

26. Ajayan, P., Ravikumar, V. & Charlier, J.-C. Surface Reconstructions and
Dimensional Changes in Single-Walled Carbon Nanotubes. Physical
Review Letters 81, 1437–1440 (1998).

27. Terrones, H. et al. New metallic allotropes of planar and tubular carbon.
Physical review letters 84, 1716–1719 (2000).

28. Terrones, M. et al. Molecular Junctions by Joining Single-Walled Carbon
Nanotubes. Physical Review Letters 89, 5–8 (2002).

29. Menon, M. Carbon Nanotube “T Junctions”: Nanoscale Metal-
Semiconductor-Metal Contact Devices. 1, 4453–4456 (1997).

30. Ebbesen, T. W. & Ajayan, P. M. Large-scale synthesis of carbon
nanotubes. Nature 358, 220–222 (1992).

31. Bethune, D., Klang, C. & Vries, M. De Cobalt-catalysed growth of carbon
nanotubes with single-atomic-layer walls. Nature 363, 605-606 (1993).

32. Thess, A. et al. Crystalline Ropes of Metallic Carbon Nanotubes . Science
273 , 483–487 (1996).

33. Yudasaka, M., Komatsu, T., Ichihashi, T. & Iijima, S. Single-wall carbon
nanotube formation by laser ablation using double-targets of carbon and
metal. Chemical Physics Letters 278, 102–106 (1997).

34. Jose-Yacaman, M., Miki-Yoshida, M., Rendon, L. & Santiesteban, J. G.
Catalytic growth of carbon microtubules with fullerene structure. Applied
Physics Letters 62, 202–204 (1993).

35. Paradise, M. & Goswami, T. Carbon nanotubes – Production and
industrial applications. Materials & Design 28, 1477–1489 (2007).

36. Flahaut, E. et al. Synthesis of single-walled carbon nanotubes using binary
(Fe, Co, Ni) alloy nanoparticles prepared in situ by the reduction of oxide
solid solutions. Chemical Physics Letters 300, 236–242 (1999).

37. Fan, S. et al. Self-oriented regular arrays of carbon nanotubes and their
field emission properties. Science 283, 512–514 (1999).



Chapter 1  Carbon nanotubes 

35 
 

38. Laplaze, D. et al. Carbon nanotubes: The solar approach. Carbon 36, 685–
688 (1998). 

39. Luxembourg, D., Flamant, G. & Laplaze, D. Solar synthesis of single-
walled carbon nanotubes at medium scale. Carbon 43, 2302–2310 (2005). 

40. Hsu, W. K. et al. Condensed-phase nanotubes. Nature 377, 687-688 
(1995). 

41. Bai, J. ., Hamon, a.-L., Marraud, a, Jouffrey, B. & Zymla, V. Synthesis of 
SWNTs and MWNTs by a molten salt (NaCl) method. Chemical Physics 
Letters 365, 184–188 (2002). 

42. Cho, W.-S., Hamada, E., Kondo, Y. & Takayanagi, K. Synthesis of carbon 
nanotubes from bulk polymer. Applied Physics Letters 69, 278–279 
(1996). 

43. Nikolaev, P. et al. Gas-phase catalytic growth of single-walled carbon 
nanotubes from carbon monoxide. Chemical Physics Letters 313, 91–97 
(1999). 

44. Bareket, L., Rephaeli, A., Berkovitch, G., Nudelman, A. & Rishpon, J. 
Carbon nanotubes based electrochemical biosensor for detection of 
formaldehyde released from a cancer cell line treated with formaldehyde-
releasing anticancer prodrugs. Bioelectrochemistry  77, 94–99 (2010). 

45. Yang, W., Thordarson, P., Gooding, J. J., Ringer, S. P. & Braet, F. Carbon 
nanotubes for biological and biomedical applications. Nanotechnology 18, 
1-12 (2007). 

46. Herrero, M. A. et al. Synthesis and characterization of a carbon nanotube-
dendron series for efficient siRNA delivery. Journal of the American 
Chemical Society 131, 9843–9848 (2009). 

47. Lovat, V. et al. Carbon Nanotube Substrates Boost Neuronal Electrical 
Signaling. Nano letters 6–9 (2005). 

48. Usui, Y. et al. Carbon nanotubes with high bone-tissue compatibility and 
bone-formation acceleration effects. Small  4, 240–246 (2008). 

49. Yang, S.-T. et al. Long-term accumulation and low toxicity of single-
walled carbon nanotubes in intravenously exposed mice. Toxicology 
letters 181, 182–189 (2008). 



Chapter 1 Carbon nanotubes 

36 

50. Buzea, C., Pacheco, I. I. & Robbie, K. Nanomaterials and nanoparticles:
Sources and toxicity. Biointerphases 2, MR17 (2007).

51. Schipper, M. L. et al. A pilot toxicology study of single-walled carbon
nanotubes in a small sample of mice. Nature nanotechnology 3, 216–221
(2008).

52. Muller, J. et al. Respiratory toxicity of multi-wall carbon nanotubes.
Toxicology and applied pharmacology 207, 221–231 (2005).

53. Kolosnjaj-tabi, J. et al. In Vivo Behavior of Large Doses of Walled Carbon
Nanotubes after Oral and Intraperitoneal Administration to Swiss Mice.
ACS nano 4, 1481–1492 (2010).

54. Lee, Y. & Geckeler, K. E. Carbon nanotubes in the biological interphase:
the relevance of noncovalence. Advanced materials 22, 4076–4083
(2010).

55. Porter, A. E. et al. Direct imaging of single-walled carbon nanotubes in
cells. Nature nanotechnology 2, 713–717 (2007).

56. Prato, M., Kostarelos, K. & Bianco, A. Functionalized carbon nanotubes
in drug design and discovery. Accounts of chemical research 41, 60-68
(2007).

57. Zhao, F. et al. Cellular uptake, intracellular trafficking, and cytotoxicity
of nanomaterials. Small 7, 1322–1337 (2011).

58. Shi, X., Von dem Bussche, A., Hurt, R. H., Kane, A. B. & Gao, H. Cell
entry of one-dimensional nanomaterials occurs by tip recognition and
rotation. Nature nanotechnology 6, 714–719 (2011).

59. Antonelli, a et al. Improved cellular uptake of functionalized single-walled
carbon nanotubes. Nanotechnology 21, 1-14 (2010).

60. Liu, Y., Zhao, Y., Sun, B. & Chen, C. Understanding the Toxicity of
Carbon Nanotubes. Accounts of Chemical Research in press (2012).

61. Wang, M., Yu, S., Wang, C. & Kong, J. Tracking the endocytic pathway
of recombinant protein toxin delivered by multiwalled carbon nanotubes.
ACS nano 4, 6483–6490 (2010).



Chapter 1 Carbon nanotubes 

37 

62. Zhou, F. et al. New insights of transmembranal mechanism and subcellular
localization of noncovalently modified single-walled carbon nanotubes.
Nano letters 10, 1677–1681 (2010).

63. Serag, M. F. et al. Functional platform for controlled subcellular
distribution of carbon nanotubes. ACS nano 5, 9264–9270 (2011).

64. Mutlu, G. M. et al. Biocompatible nanoscale dispersion of single-walled
carbon nanotubes minimizes in vivo pulmonary toxicity. Nano letters 10,
1664–1670 (2010).

65. Ryman-Rasmussen, J. P. et al. Inhaled carbon nanotubes reach the
subpleural tissue in mice. Nature nanotechnology 4, 747–751 (2009).

66. Deng, X. et al. Translocation and fate of multi-walled carbon nanotubes in
vivo. Carbon 45, 1419–1424 (2007).

67. Holt, B. D. et al. Carbon nanotubes reorganize actin structures in cells and
ex vivo. ACS nano 4, 4872–4878 (2010).

68. Affect, S. C. N. et al. Low Doses of Pristine and Oxidized Mammalian
Embryonic Development. ACS nano 5 4624–4633 (2011).

69. Lee, H. J. et al. Amine-modified single-walled carbon nanotubes protect
neurons from injury in a rat stroke model. Nature Nanotechnology 6, 121–
125 (2011).

70. Gaillard, C. et al. Carbon Nanotubes Carrying Cell-Adhesion Peptides do
not Interfere with Neuronal Functionality. Advanced Materials 21, 2903–
2908 (2009).

71. Allen, B. L. et al. Biodegradation of single-walled carbon nanotubes
through enzymatic catalysis. Nano letters 8, 3899–3903 (2008).

72. Hirsch, A. Principles of Fullerene Reactivity. 199, 1–65 (1999).

73. Srivastava, D. et al. Predictions of Enhanced Chemical Reactivity at
Regions of Local Conformational Strain on Carbon Nanotubes : Kinky
Chemistry. Journal of physical chemistry 103 4330–4337 (1999).

74. Niyogi, S. et al. Chemistry of Single-Walled Carbon Nanotubes. Accounts
of Chemical Research 35, 1105–1113 (2002).



Chapter 1 Carbon nanotubes 

38 

75. Wang, Y., Iqbal, Z. & Mitra, S. Rapidly functionalized, water-dispersed
carbon nanotubes at high concentration. Journal of the American
Chemical Society 128, 95–99 (2006).

76. Yang, C.-M. et al. Selective removal of metallic single-walled carbon
nanotubes with small diameters by using nitric and sulfuric acids. The
journal of physical chemistry. B 109, 19242–19248 (2005).

77. Alvaro, M. et al. Sidewall Functionalization of Single-Walled Carbon
Nanotubes with Nitrile Imines. Electron Transfer from the Substituent to
the Carbon Nanotube. The Journal of Physical Chemistry B 108, 12691–
12697 (2004).

78. Huang, W., Fernando, S., Allard, L. F. & Sun, Y.-P. Solubilization of
Single-Walled Carbon Nanotubes with Diamine-Terminated Oligomeric
Poly(ethylene Glycol) in Different Functionalization Reactions. Nano
Letters 3, 565–568 (2003).

79. Ivanov, V. et al. Catalytic production and purification of nanotubules
having fullerene-scale diameters. Carbon 33, 1727–1738 (1995).

80. Zeng, Y.-L. et al. Functionalization of multi-walled carbon nanotubes with
poly(amidoamine) dendrimer for mediator-free glucose biosensor.
Electrochemistry Communications 9, 185–190 (2007).

81. Li, H. et al. Single-Walled Carbon Nanotubes Tethered with Porphyrins:
Synthesis and Photophysical Properties. Advanced Materials 16, 896–900
(2004).

82. Zhu, W., Minami, N., Kazaoui, S. & Kim, Y. p-Chromophore-
functionalized SWNTs by covalent bonding : substantial change in the
optical spectra proving strong electronic interaction. Journal of Material
chemistry. 14 1924–1926 (2004).

83. Kahn, M. G. C., Banerjee, S. & Wong, S. S. Solubilization of Oxidized
Single-Walled Carbon Nanotubes in Organic and Derivatization. Nano
Letters 2 7–10 (2002).

84. Jiang, K. et al. Selective Attachment of Gold Nanoparticles to Nitrogen-
Doped Carbon Nanotubes. Nano Letters 3, 275–277 (2003).

85. Kam, N. W. S. & Dai, H. Carbon nanotubes as intracellular protein
transporters: generality and biological functionality. Journal of the
American Chemical Society 127, 6021–6026 (2005).



Chapter 1 Carbon nanotubes 

39 

86. Bahr, J. L. & Tour, J. M. Covalent chemistry of single-wall carbon
nanotubes. Journal of Materials Chemistry 12, 1952–1958 (2002).

87. Mickelson, E. T. et al. Fluorination of single-wall carbon nanotubes.
Chemical Physics Letters 296, 188–194 (1998).

88. Saini, R. K. et al. Covalent sidewall functionalization of single wall carbon
nanotubes. Journal of the American Chemical Society 125, 3617–3621
(2003).

89. Chen, Y. et al. Chemical Attachment of Organic Functional Groups to
Single-walled Carbon Nanotube Material. Journal of Materials Research
13, 2423–2431 (2011).

90. Hirsch, A. Functionalization of Single-Walled Carbon Nanotubes.
Angewandte Chemie 41, 1853-1859 (2002).

91. Syrgiannis, Z. et al. Reductive retrofunctionalization of single-walled
carbon nanotubes. Angewandte Chemie 49, 3322–3325 (2010).

92. Kuznetsova, a et al. Oxygen-containing functional groups on single-wall
carbon nanotubes: NEXAFS and vibrational spectroscopic studies.
Journal of the American Chemical Society 123, 10699–10704 (2001).

93. Banerjee, S. et al. Ozonized single-walled carbon nanotubes investigated
using NEXAFS spectroscopy.Chemical communications.772–773 (2004).

94. Georgakilas, V. et al. Organic Functionalization of Carbon Nanotubes.
Communications 124, 760–761 (2002).

95. Delgado, J. L. et al. Microwave-assisted sidewall functionalization of
single-wall carbon nanotubes by Diels-Alder cycloaddition. Chemical
communications 4, 1734–1735 (2004).

96. Strano, M. S. et al. Electronic structure control of single-walled carbon
nanotube functionalization. Science 301, 1519–1522 (2003).

97. Strano, M. S. Probing chiral selective reactions using a revised Kataura
plot for the interpretation of single-walled carbon nanotube spectroscopy.
Journal of the American Chemical Society 125, 16148–16153 (2003).

98. Bandow, S. et al. Purification of Single-Wall Carbon Nanotubes by
Microfiltration. 5647, 8839–8842 (1997).



Chapter 1 Carbon nanotubes 

40 

99. Chen, R. J., Zhang, Y., Wang, D. & Dai, H. Noncovalent sidewall
functionalization of single-walled carbon nanotubes for protein
immobilization. Journal of the American Chemical Society 123, 3838–
3839 (2001).

100. Han, W. Synthesis of Gallium Nitride Nanorods Through a Carbon 
Nanotube-Confined Reaction. Science 277, 1287–1289 (1997). 

101. Matsui, K., Pradhan, B. K., Kyotani, T. & Tomita, A. Formation of Nickel 
Oxide Nanoribbons in the Cavity of Carbon Nanotubes. The journal of 
physical chemistry B. 105 5682–5688 (2010). 

102. Smith, B. W. & Luzzi, D. E. Formation mechanism of fullerene peapods 
and coaxial tubes: a path to large scale synthesis. Chemical Physics Letters 
321, 169–174 (2000). 

103. Suenaga, K. et al. Direct Imaging of Sc2@C84 Molecules Encapsulated 
Inside Single-Wall Carbon Nanotubes by High Resolution Electron 
Microscopy with Atomic Sensitivity. Physical Review Letters 90, 5–8 
(2003).  



Carbon nanotubes as neural interfaces 



Chapter 2  Carbon Nanotubes as neuronal interfaces 

42 

2.1 General features of neural network 

Neuronal networks can be defined as a computational systems devoted to 

information processing, composed by physically interconnected neurons able to 

perform a specific physiological function. Thanks to the activity of neural 

networks, our CNS has the ability to perform complex functions, such as 

memory, sensory perceptions, planning voluntary movements, attention and 

consciousness. In the neural networks we can find mainly two types of cells: 

glial cells, which are the most numerous and have a supportive, protective and 

regulatory role, and neurons, which are the primary computing element. It was 

estimated that there are around 200 bilions neurons only in the brain, 

differentiated in 10000 specific types of neurons that can be divided in three big 

categories: motor neurons, that convey motor information, sensory neurons, for 

sensory information, and interneurons, which convey information between 

different types of neurons. Basically the function of neurons is to receive input 

“information” from other neurons, to process that information, then to send the 

“information” as output to other neurons. As it is possible to observe in the 

following image neurons come in various shape and sizes. 

Figure 1 Representation of different kind of neurons based on drawings made by Cajal Nobel prize in 
1906 in physiology or medicine 
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A typical neuron has four distinct parts (or regions). The first part is the cell 

body (or soma). This is not only the metabolic “control center” of the neuron, it 

is also the “recycling and manufacturing” part of neurons where, for example, 

neuronal proteins are synthesized. The second and third part are processes 

(axons and dendrites), structures that extend away from the cell body. 

Generally, the function of a process is to be a conduit through which signals 

flows to or away from the cell body. Incoming signals from other neurons are 

(typically) received through its dendrites, the outgoing signal to other neurons 

flows along its axon. A neuron may have many thousands of dendrites, but it 

will have only one axon. The fourth distinct part of a neuron lies at the end of 

the axon, the axon terminals. These structures contain neurotransmitters. 

Neurotransmitters are the chemical medium through which signals flow from 

one neuron to the next at chemical synapses. 

Figure 2 Schematic representation of a neuronal cell 

Summarizing, neurons transmit information to each other mainly via a pulsed 

electrical code through specialized processes (axons). Each neurons receives 

variable amount of converging inputs that, in the majority of cases, are 
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elaborated at the dendritic level. At the sites of connection (synapses) 

information is transmitted across a synaptic cleft; here, neurotransmitter 

molecules are released from the end of axon and they diffuse to specific 

receptors on the receiving neurons. This process converts the chemical code 

back into an electrical signal, different inputs can be integrated and, if the 

resulting signal possesses the suitable characteristics, can be transmitted along 

the next axon. An important feature of synapses is that they are modifiable 

according to the prior history of activity in the system1. How the CNS 

accomplishes complex functions via the activity of neuronal networks has been 

intensely investigated, ultimately for two main assumptions: 

 The identification of the mechanisms at the basis of the generation of

neural codes may allow the knowledge needed to cure CNS diseases2;

 The comprehension of rules underlying CNS processes may lead to the

development of artificial neural network for the improvement of human-

made electronic devices and communication networks3.

2.1.1 Biological neuronal networks 

Before studying neuron-material interactions, it is fundamental to understand 

how biological neuronal networks develop and work. For a complete 

comprehension of neuronal circuit properties, the studies could be conducted at 

three different resolutions: at the single cell level; at the synaptic level, to 

characterize the rules and impact of plastic changes in transmission efficacy; at 

a global level, to evaluate how different mechanisms contribute to the 

generation of final output. Several techniques have been developed to study 

neuronal circuits often with the final goal of simultaneously recording the 

activity of a large number of neurons, following the three levels of investigation 

described before. In vivo studies to understand the “global level rule” of brain 

regions are performed using technologies like functional magnetic resonance 
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imaging (MRI)4, which is based on the detection of blood oxygen level using 

molecular resonance image technology, or positron emission tomography 

(PET)5 scans, where a radiolabeled glucose analogue is employed to measure 

metabolic activity. With all these techniques, we can simultaneously register the 

activity of an entire region of the brain, but they have a low temporal resolution. 

The use of in vitro models presents several advantages, among these, the 

possibility to study neural networks with a better spatio-temporal resolution. 

However in vitro studies showed several limitations. First of all these models 

allow the investigation on a limited number of neurons kept in an artificial 

environment. Studying neural network in vitro cannot be assumed by any 

means even close to studying the entire brain, but it helps enormously in 

understanding the rules of neural circuits. Being aware of such limitations 

possible approach to study the activity of a neural network with high spatio-

temporal resolution consists in electrophysiological recordings from isolated 

acute tissues slices. They can be kept alive and functional from hours to days 

and they preserve the architecture observed in the intact animals. It is also 

possible to record the activity of a single neuron or from small cluster of 

neurons. This technique allow to monitor simultaneously a limited number of 

neurons, and only for a narrow lifespan6. 

The last problem can be overcame thanks of the use of dissociated cultures, of 

course with the price of an additional step of simplification of the network 

model. Neurons dissociated in cell cultures are explanted from their respective 

intact areas and, upon re-growing in vitro, can recapitulate their connectivity 

patterns with the added experimental value of remaining viable for weeks or 

months7. 



Chapter 2  Carbon Nanotubes as neuronal interfaces 

46 

2.2  Electrical properties of neurons 

A cell in which membrane response to depolarization is non-linear, causing 

amplification and propagation of the depolarization itself, is called excitable 

cell. Neurons are the most common excitable cells, but other cells like muscle 

cells are also excitable. In the next part, we will analyse properties that make 

neurons excitable cells, their characteristics and the most common experimental 

methods in neurophysiology. 

2.2.1  Membrane potential 

Neurons are limited by the cell membrane that is made of a phospholipidic 

bilayer. The cell membrane acts as a barrier that prevents the mixing of 

intracellular fluid with the extracellular fluid. These two solutions are different 

for ions concentration. This difference in concentration leads to a difference in 

charge of the solutions. This creates a situation where the external solution is 

more positive than the inner solution. To quantify this property the outside 

solution is set conventionally as the zero voltage, then the difference between 

the inside voltage and the zero voltage is determined. This difference is defined 

as membrane potential Vm which for a neuron of the central nervous system at a 

steady state is set at -70mV. 

The cellular membrane is more or less impermeable to ions, for this reason on 

the membrane are present two structure able to perform the transfer of ions: Ion 

pumps, that work against the concentration gradient, creating differences in 

concentration and consuming cell energy, and ion channels, that use the 

concentration gradient to transport ions from regions of high concentration to 

regions with lower concentration. The transport driven by ion pumps is 

continuous unlike it happens for ion channels that work only in response to 
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signals from their environment. The ion channels are responsible in the changes 

of the cell membrane voltage. 

Figure 3 Schematic representation of cell membrane (http://www.ncbi.nlm.nih.gov/books/NBK9847/) 

2.2.2  Action potential 

An action potential is a transient alteration of the membrane potential across an 

excitable membrane in an excitable cell, such as a neuron, generated by the 

activity of voltage-gated ion channels embedded in the membrane1. Action 

potentials are most commonly initiated by excitatory postsynaptic potential 

from a presynaptic neuron. As mentioned before, after of an electrical 

stimulation neurotransmitter molecules are released by presynaptic neurons. 

The arrival of an action potential opens voltage-sensitive calcium channels at 

the presynaptic level; the influx of Calcium Ca2+ causes vesicles filled with 

neurotransmitter to migrate to the cell surface and release their content into the 

synaptic cleft. These neurotransmitters then bind to receptors on the 

postsynaptic cell. This binding opens various types of ion channels in the 
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postsynaptic neuron. This opening causes a change in the local permeability of 

the cell membrane and thus in the membrane potential. 

Figure 4 Schematic representation of neurotransmitters release and propagation of action potential 
(http://www.blurtit.com/q202021.html) 

If the binding increases the voltage (depolarizes the membrane) the synapse is 

excitatory. If the binding decreases the voltage (hyperpolarizes the membrane) 

it is inhibitory. The amplitude of an action potential is independent of the 

amount of current that produced it. In other words, larger currents do not create 

larger action potentials. Therefore, action potentials are said to be all or none, 

since they either occur fully or they do not occur at all. Instead, the frequency of 

action potentials is what encodes for the intensity of a stimulus. 

An action potential can be divided into five parts: the rising phase, the peak 

phase, the falling phase, the undershoot phase, and finally the refractory period 

(Figure 5). 

During the rising phase the membrane potential depolarizes due to the transport 

of extracellular sodium (Na+) into the cell. In the steady-state the membrane  
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Figure 5 Schematic representation of the action potential 
(http://bioap.wikispaces.com/Chapter+48+Collaboration+2010)

permeability to potassium (K+) is low, but higher than other ions, making the 

resting potential close to -70mV. 

The depolarization opens the sodium channels in the membrane and allows the 

ion to flow into the axon. If the depolarization is small, the outward potassium 

current overwhelms the inward sodium current and the membrane repolarizes 

back to its normal resting potential of -70mV. However, if the depolarization is 

large enough, the inward sodium current increases more respect outward 

potassium current resulting in a positive feedback causing the rising phase. In 

this phase the stronger depolarization causes the opening of voltage-sensitive 

sodium channels; the increasing permeability to sodium drives the Vm closer to 

the sodium equilibrium voltage ENa≈+55mV. The positive feedback continues 

until the sodium channels are fully open. At the peak phase the depolarization 

will be stopped. At this stage, the membrane potential reaches his maximum. 

The positive feedback of the rising phase slows down and comes to halt as the 
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sodium channels become maximally open. At the peak of the action potential, 

as mentioned before, the membrane voltage is near to the sodium equilibrium 

voltage, the sodium channels start to shut down by closing their pores and 

becoming inactivated. At the same time, the raised voltage open voltage-

sensitive potassium channels, the increase in the membrane’s potassium 

permeability drives the membrane potential towards Ek. These changes in 

sodium and potassium permeability drive the membrane potential to back down 

repolarizing the membrane and producing the falling phase of the action 

potential. In the late phase of this stage the membrane potential hyperpolarizes. 

The raised voltage opened more potassium channels are open during the raised 

voltage than during the resting potential. The potassium permeability of the 

membrane is transiently high, driving the membrane voltage closer to the 

potassium equilibrium voltage Ek. Hence there is an undershoot (see Figure 5) 

that persists until the membrane potassium permeability returns to its usual 

value. In this period and until the Vm doesn’t come back to the resting potential, 

there is the so called refractory period, which can be divided into an absolute 

refractory period, during which it is impossible to evoke another action 

potential, and a relative refractory period, during which a stronger than usual 

stimulus is required to evoke an action potential. These two refractory periods 

are caused by changes in the state of sodium and potassium channels. At the 

end of an action potential the sodium channels enter an inactivated state, in 

which they cannot be opened regardless of the membrane potential, causing the 

absolute refractory period. Even after a sufficient number of sodium channels 

have transitioned back to their resting state, it frequently happens that a fraction 

of potassium channels remain open, making it difficult for the membrane 

potential to depolarize, and thereby giving rise to the relative refractory period. 
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2.3  Experimental methods in neurophysiology 

The study of action potentials has required the development of new 

experimental methods, in this part we will analyse some of them, necessary to 

understand experimental results on neural cells and tissues. 

2.3.1  Voltage clamp 

The apparatus for voltage clamp technique is made by a current generator with 

two electrodes. Transmembrane voltage is recorded through a “voltage 

electrode”, and a “current electrode” passes current into the cell.  

Figure 6 Scheme of voltage clamp technique8 

The experimenter sets a “command potential” Vcommand and maintains the cell at 

this voltage. The electrodes are connected to an amplifier, which measure the 

membrane potential Vm , subtracts the membrane potential from the command 

potential and sends an output to the current electrode. Whenever the cell 

deviates from the holding voltage, the feedback circuit passes current into the 

cell to reduce the error signal to zero. Thus the clump circuit produces a current 

equal and opposite to the ionic current. This can be measured, giving an 

accurate reproduction of the current flowing across the membrane. 
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The first experiments with this technique were made by Cole8 that produced 

two electrodes made by fine wires twisted around an insulating rod. Due to the 

fact that these electrodes could only be inserted into largest cells, early 

electrophysiological experiments were conducted exclusively on squid giant 

axon, that can reach 1mm in diameter. The squid giant axon was the first 

preparation that could be used to voltage clamp a transmembrane current, and it 

was the base of experiments on the properties of the action potential. The 

problem of obtaining electrodes small enough to record voltages within a single 

axon without perturbing it, was solved with the invention of the glass 

micropipette9 electrode, which was developed in the latest years from many 

researchers. Actually, we are able to produce electrode tips that are as fine as 

100 Å. 

2.3.2  Patch clamp 

Patch clamp technique is a refinement of the voltage clamp developed by Neher 

and Sakmann in the late 1970. For this work they won the nobel prize in 

physiology and medicine in 199110. This discovery made possible to record the 

currents of single ion channels for the first time, demonstrating their involvment 

in action potential conduction. 

Patch clamp recording uses, as electrode, a glass micropipette with an open tip 

with a diameter of  about one micrometer, a size enclosing a membrane surface 

area called “patch” that often cointains just one or few ion channels. The 

interior of the pipette is filled with a solution that mimic the ionic composition 

of the extracellular medium in the case of cell-attach recording, or the 

cytoplasm, in the case of whole-cell recording. A chloride silver wire is placed 

in contact with this solution and conducts electric current to the amplifier. It is 

possible to change the composition of the solutions or to add drugs to study the 

ion channels under different conditions. The micropipette is pressed against a 
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cell membrane and suction is applied to assist in the formation of high 

resistance seal between the glass and the cell membrane. 

 

Figure 7 Scheme of the patch clamp (on the left) and patch pipette on a cultured neuron (on the right) 

The high resistance of this seal makes possible to electronically isolate the 

currents measured across the membrane patched with little competing noise, as 

well as providing some mechanical stability to the recording. Unlike traditional 

two-electrode voltage clamp recordings, patch clamp uses a single electrode to 

record currents. 

Two different modes of recording can be used: 1) current clamp configuration, 

monitors variations in membrane potential and allows the administration of 

currents to depolarize or hyperpolarize the cell, achieving the possibility, to 

record spontaneous activity of neurons as function of the number of action 

potentials over the time; 2) voltage clamp configuration, where it is possible to 

record currents passing through channels present in cellular membrane at a 

certain voltage. 

 

2.3.3  Electrophysiology on couple of neurons 

In order to quantify the presence of synaptic connections and the increased 

efficacy of synaptic transmissions it is possible to use a configuration which 

consists in performing pairs of neuron recordings. In this type of configuration 
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the electrical activity of two neurons in close contact (150-200 µm) is recorded 

simultaneously. The first presynaptic cell is stimulated in a current clamp 

configuration to fire an action potential. Contemporarily the activity of the 

second postsynaptic cell is recorded in a voltage clamp configuration. The 

stimulation can lead to two different responses from the postsynaptic cell: if the 

cells are not synaptically coupled no electrical event will be recorded on the 

postsynaptic cell. If, instead, the two neurons form a synapse every presynaptic 

action potential will start a correspondent postsynaptic current (PSC) at the 

postsynaptic site, so for each presynaptic action potential will be present a 

deflection in the postsynaptic trace that represent an inward current due to the 

activation of postsynaptic receptors via neurotransmitters released at 

presynaptic terminal. 

Figure 8 on the left is reported the scheme of the experimental settings, on the right two examples of 
traces for couple and not coupled neurons 

All the described techniques could be useful to better understand the interaction 

of neuronal cells with innovative nanotechnological materials that could offer 

new challenges in life science. The next paragraphs will describe same of these 

new opportunities 
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2.4 Why should nanotechnology be important in 
life science? 

Nanotechnology works at “billionths of a meter” scale, thus entering the 

dimension of relevant components in biological structures (Figure 9 

Nanotechnology size comparisontherefore nanotechnology has found its natural 

applications in life sciences. 

Figure 9 Nanotechnology size comparison 

The application of nanotechnology to treatment and diagnosis of disease, or to 

the general monitoring of biological systems, has recently been referred to as 

“nanomedicine” by the National institutes of Health (USA). Nanomedicine is 

basically developing materials and devices able to work intracellularly and/or to 

interact with biosystems with an high degree of specificity. Nanomedicine is 

developing in different fields of medical science, the next paragraph will give 

an overview of the different aspects of this discipline. 



Chapter 2  Carbon Nanotubes as neuronal interfaces 

56 

2.4.1  In vitro diagnostic 

Nowadays, clinical diagnostics require the earlier disease detection, which 

implies the development of assays with improved sensitivity. The improved 

sensitivity could be obtained increasing the interaction between analyte 

molecules and signal-generating particles and/or increasing the ratio between 

surface area and the number of these particles. In this field Quantum dots (QDs) 

have received extensive attention due to their optical properties (highly tunable 

emission spectra, photobleaching resistance)11. The chemical linkage of 

molecules, such as peptides and proteins, to QDs has opened the way to their 

use in immunoassays. In 2004 Goldman and collaborator developed a multiplex 

array system to detect different toxins using the specific antibodies conjugated 

to QDs of different sizes12. QDs have been successfully employed also for 

nucleic acid detection, devoid of DNA degradation risks, usually due to free 

radicals produced by conventional organic dyes11. Other nanomaterials, such as 

gold nanoparticles, have found interesting applications in the field of 

diagnostics. Park and co-workers in 2002 exploited DNA labelled gold 

nanoparticles in an electrochemical sensor. A small array of microelectrodes 

was constructed and DNA probe sequences were immobilized on the substrate 

between the electrodes. By using a sandwich approach, specific DNA binding 

events le to the localization of gold nanoparticles in the gap between the 

electrodes. By using a sandwich approach, specific DNA binding events led to 

the localization of gold nanoparticles in the gap between the electrodes, 

promoting, after develop in silver enhancer solution, a fall in the resistance of 

the circuit. By this method was possible to detect concentration of target DNA 

lower then 500 femtomolar13. 
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2.4.2  In vivo imaging and therapy 

Nowadays cancer is the second cause of death in human population, for this 

reason many efforts of medicine and nanomedicine are driven to improve 

diagnosis and therapy of tumors. Gao and collaborators, for example, in 2004 

reported the use of QDs to image cancer cells in the sentinel lymph nodes, the 

first structure showing signs of metastasis. They injected animals with QDs that 

strongly absorb and emit in the infrared light, and observed that lymphatic cells 

quickly cleared the dot, routing them to the lymph nodes14. The use of this 

approach in humans may improve the localization of lymph nodes and favour 

guided surgery for biopsy. 

To highlight the presence of cancer cells in deeper tissues many groups exploit 

magnetic nanoparticles as contrast agent for magnetic resonance imaging (MRI) 

machines. Leuschner and colleagues modified magnetic iron oxide particles 

with luteinizing hormone whose receptors is overexpressed in a wide range of 

tumors. Inoculating mice with this nanoparticles it was possible to evidence 

tumors as small as half millimiter15. The progress of nanotechnology in the field 

of drug delivery has been being extremely fast. Infact some liposomes-based 

nanoformulations approved by US Food and Drug Administration are already 

available, such as Doxil and Abraxane. Doxil, for example is made by 

doxorubicin encapsulated in liposomes and has shown to be less toxic and to 

reverse multidrug resistance better in comparison with traditional 

chemotherapeutic agent16. 

The intrinsic physical properties of nanoparticles can be directly exploited as 

therapeutic tools. An example is shown by the work of Hirsch in 200317, where 

gold coated nanoparticles, directed to the cancer, acted as tiny heaters that 

burned tumor cells leading them to death, upon heating with infrared light, that 

is not dangerous to normal tissues. Other research groups reported similar 
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successes in heating tumors with other types of nanomaterials like carbon 

nanotubes with a molecular functionalization for a precise targeting18. 

2.4.3  Nanomaterials for tissue engineering 

Tissue engineering represents a great potential in regenerative medicine. Tissue 

regeneration could be achieved by the combination of living cells, to provide 

biological function, and materials, which act as scaffold to support cell 

proliferation and growth. 

Normally the behaviour of the cells in vivo is driven by the biological signals 

that they receive from the surrounding environment, called extracellular matrix, 

which possess nanometer scaled features19. From this point of view, 

nanotechnology offers big advantages in tissue engineering, giving the 

possibility to develop structures which are modifiable at the molecular level and 

improving specific interactions between supporting scaffold surfaces and 

biological entities. 

Three main approaches are currently used for the nanostructuration of 

materials: 

 Self assembly in which molecules and supramolecolar aggregates under

certain condition organize and arrange themselves into an ordered

structure20;

 Phase separation, which, through the thermodynamic de-mixing of

polymer solution into polymer-rich and –poor phases, enables the

production of a wide range of scaffolds21;

 Electrospinning which is a simple technique that uses an electrical field

to produce polymer fibers with diameters ranging from several microns

to about ten nanometers22
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Many studies have demonstrated that the variations of the scaffolds either in 

nanostructures (e.g. nanofibers, nanotubes, nanoparticles) or in their size, 

induced specific modifications in cells, in terms of adhesion, proliferation, 

morphology or metabolic activity23,24. In addition different cell types reacted to 

the same topography in totally different ways25. For example in 2009 Oh and 

collaborators demonstrated that, human mesenchimal stem cells could be kept 

undifferentiated if grown on 30 nm nanotubular titanium oxide substrates, while 

larger nanotubes from 70 to 100 nm could cause a differentiation into osteoblast 

like cells26. 

Another opportunity provided by nanotechnology applied to tissue engineering, 

is the ability to chemically conjugate nanoscaffolds to bioactive molecules, in 

order to improve the similarity between extracellular matrix and nanosubstrates, 

improving cellular adhesion, differentiation and function27,28. 

2.5  Nanotechnology and neurosciences 

Neurosciences, defined as the ensemble of disciplines that investigate the 

structure, function, physiology and pathology of the nervous system, have 

received increasing attention during the last decades. Such interest is related to 

the fascinating and difficult issue of understanding how our nervous system 

works. In the second half of the twentieth century, revolutionary discoveries 

were made in the field of molecular biology, electrophysiology and 

computational sciences, which made nervous systems less difficult to study. 

The tremendous boost in research is also related with the necessity to 

understand the pathological pathways and to provide effective treatment in 

several pathologies with high incidence in our society, such as Parkinson’s 

Alzheimer’s diseases and spinal cord damages. However, due to the complexity 

of central nervous system, more remain to discover and understand in 
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neurosciences. In this Framework, the application to basic and clinical 

neuroscience may be highly promising. In the next paragraphs we will review 

the application of a particular kind of nanotechnologies like Carbon nanotubes 

and their applications in neurosciences. Infact CNTs might represent innovative 

solutions for the design of scaffolds for brain tissue engineering, for the 

development of neuronal interfaces and the exploiment of new systems for drug 

delivery. 

2.5.1  CNTs and neuronal tissue engineering 

In the last 12 years due to their intrinsic properties CNTs have attracted 

increasing attention as potential scaffolds, to be used in the design of 

biocompatible, durable and robust devices sustaining neuronal re-growth29. 

Both SWNTs and MWNTs have been used as substrate for neuronal growth. 

The first evidence of MWNTs support long term cell survival in vitro was 

published by Mattson et collaborators in 2000. They demonstrated that rat 

hippocampal neurons on a MWNTs layer, obtained by dispersing MWNTs in 

ethanol and deposited on polyethyleneimine (PEI) coated glass coverslip, 

survived and grew for days in culture30. These biocompatibility was supported 

by further studies documenting growth cones, neurite outgrowth, and branching 

of rat hippocampal neurons when grown on MWNTs substrate31. However in 

these studies a reduction in the extension of neurite growth and neural 

branching was documented respect to PEI substrates used as control30,31. 

In the 2005 Hu and collaborators tested SWNT employed as substrates 

founding them biocompatible supporting long term survival of neurons and 

neuronal differentiation32. Also in this case, small differences in terms of cell 

growth and attachment on SWNTs layer was reported, when compared to other 

permissive substrates such as polystyrene33. By this first studies appear that 
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both MWNTs and SWNTs are biocompatible, but when compared to traditional 

substrates, they might limit some aspects of neuronal differentiation. 

Only in 2007 this issue was clarified by Galva-Garcia and co workers. They 

showed that highly purified CNTs, directionally oriented, could serve as 

biocompatible substrates to promote cell attachment, growth and long term 

neuronal survival comparable to those obtained growing neurons on poly-

ornithine pre-treated glass34. This study evidenced how purity together with the 

3-dimensional organization of CNTs-scaffolds can modulate the interaction 

between neurons and nanomaterials. 

In the majority of recent reports, the biocompatibility of CNTs scaffolds has 

been assessed, in general measuring cell viability and morphology by TEM or 

immunofluorescence techniques. 

In 2005, Lovat and collaborators reported for the first time the impact of CNTs  

Figure 10 exemplificative recordings showing how CNTs substrate increases hippocampal neurons 
spontaneous synaptic activity (A) and firing (B) in comparison with the control. As histogram plots (C) 

indicate, the increase in frequency of postsynaptic current (left) and Aps(right is statistically significant35 
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scaffolds on the functionality of cultured neuronal networks. MWNTs were first 

functionalized by 1,3 dipolar cycloaddition to make it dispersable, and then 

deposited from a DMF solution by drop casting; then MWNTs were 

defunctionalized by thermal treatment, leading to glass slides covered stably by 

a film of CNTs that was not re-suspended in saline solution or in culture 

medium, and hippocampal neurons were grown on such substrates.  

Some years later, it was found that SWNTs used as scaffold for neuronal 

growth, were equally able to improve signalling of neuronal networks36. The 

increased network activity, was not related to an increased number of neurons 

adhering on CNTs substrate. Infact, as demonstrated by immunochemistry 

neurons are present in a comparable proportion both in control and on 

CNTs35,36. In addition other different parameters of neurons were found similar 

in both conditions. The authors speculated that others phenomena should 

modify neuronal behaviour, related to the CNTs conductivity together with the 

detected proximity of neuronal plasmalemma to CNTs scaffold. This hypothesis 

is one of the issue addressed by this thesis. 

Another field of increasing interest concerns the development of “smart” CNTs 

scaffolds to guide nerve tissue regeneration in damage sites. This aim requires 

designing devices able to promote a directionally controlled neurite branching 

and/or a controlled growth cone generation by CNTs conjugated to biological 

active molecules or electrically charged moieties. It has been reported that rat 

hippocampal neurons grown on MWCNTs coated substrate with 4-

hydroxynonenal, a lipid peroxidation product that in biological environment 

controls neurite outgrowth, elaborated multiple neuritis which exhibited 

extensive branching30. In this example non covalent bonding has been exploited 

to modify CNTs in order to manipulate the interaction between neurons and 

nanomaterials; however the problem with this approach is the weak stability of 

the conjugates over the time. In this light, it has been demonstrated that the 

covalent functionalization of CNTs usually increases the stability of the 
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compounds. For example was demonstrated that neurotrophin, a key protein in 

neuron maturation, when covalently bound to CNTs, preserve its biological 

activity and is able to promote effective neurite outgrowth in cultured chick 

dorsal root ganglion neurons37. Alternatively, to gain control on neuronal cell 

attachment and differentiations on CNTs substrates, the modification of charges 

presents on the wall of CNTs has been modified; infact it is widely accepted 

that treatment of surfaces with positively charged peptides are employed to 

promote cell adhesion, while negative charges inhibit this process31. To study 

this interaction functionalized MWNTs with carboxyl group, poly-m-

aminobenzene sulfonic acid or ethylendiamine was used to prepare respectively 

negative neutral and positive charged scaffolds for neuronal growth. It was 

observed that when the hippocampal neurons grown on positive charged 

MWNTs they exhibited more neuronal process respect to those grown on 

neutral or negative charged CNTs31. Another property potentially influencing 

neuronal differentiation is the conductivity of the substrates. Malarkey and 

collaborators prepared different SWNT-PEG graft copolymers, whose 

conductive properties varied in relation to CNTs concentration. They observed 

that in a low range of conductivity values (0.3S/cm) promoted the outgrowth of 

neuritis with a decrease in the number of growth cones, while higher 

conductivity values blocked these changes38. These studies, concerning 

electrically charged and/or biomolecule modified CNTs or variations in CNTs 

conductive properties, are extremely interesting, because they draw the way 

towards the design of smart neuroprosthesis able to selectively 

encourage/discourage neurite outgrowth33,37. A further opportunity provided by 

NTs is correlated to the differentiation of stem cells. Recently was showed that 

CNTs copolymers are able to promote differentiation of stem cells towards the 

neuronal fate39,40. Summarizing an increasing amount of experimental evidence, 

indicates CNTs as an ideal scaffold for brain tissue engineering. In particular 

appropriately modified nanotubes, can support and direct elongation of neuritis, 

and can guide neuronal differentiation from stem cells. 
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2.5.2  CNTs as neuronal interface 

An emerging application of CNTs to the CNS is in the field of brain machine 

interfaces. The aim of these devices is to provide a direct communication 

pathway between central nervous system and an external effector in to restore 

abilities to patients that have lost sensory or motor function after an injury or 

disease. For these reasons, electrical recording or stimulation of nerve cells is 

widely employed in neuronal prosthesis, clinical therapies and basic 

neurosciences studies. In all these applications, individual electrodes or 

microelectrode array (MEA), stimulates neurons and/or their activity and 

modulates their behaviour. 

The ideal implanted stimulation electrode should maintain stability over time 

with a high resolution of the signal and being safe for the patient. Often these 

requirements are conflicting, because smaller electrodes, useful to reduce 

damages in the site of implantation, need high current density to be efficacious 

causing abnormalities in neuronal function and cells41. Thanks to their 

nanometer size and conductive properties, CNTs should give advantages for 

designing brain machine interfaces. In 2006 for the first time were published 

same studies showing the ability of CNTs to deliver electrical stimuli to nerve 

cells42. CNTs were deposited onto polyethylene terephthalate films and a 

separated stimulation chamber was created by putting a ring in the middle of the 

film to contain dorsal root ganglion neurons, while the stimulating electrodes 

were attached to the CNT substrate outside of the ring. It has been demonstrated 

that a current applied directly to the CNTs substrate evoke a neuronal response. 

Similarly Gheit and co-workers showed that neurons were activated through 

steps of electrical stimulation delivered from a SWNTs film made by layer by 

layer deposition made of polyacrilic acid and PDDA positive charged CNT43. 

Although by these preliminary studies was evidenced the possibility to 

electrical stimulate neurons via CNTs substrates, but the nature of the 

interaction between neurons and nanotubes was still poorly understood. 
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New results about this issue were obtained in 2007 by Mazzatenta and 

collaborators. Infact they found that neuronal circuits could be effectively 

stimulated by a SWNTs layer, but for the first time they put in evidence the 

tight interaction between neuronal membranes and CNTs by SEM, indicating, 

together with electrophysiological experiments, the presence of an electrical 

coupling between CNT and neuronal membranes44. 

Figure 11 SEM images of cultured neurons on SWNTs. (A) high magnification micrograph showing SWNTs 
details. (B)(C)(D) Subsequent micrographs at higher magnifications of neurons grown on SWNTs. 

(E)(F)Details of the square in (D) showing the interaction between neuronal membrane and SWNTs. 
Calibrations 1µm (A); 200 µm (B); 25µm(C); 10 µm(D); 2 µm€; 450 nm (F)36

The next step in the fabrication of CNTs based neuronal interfaces was started 

by Wang and Collaborators in 2006. Infact, to design a prototype of neuronal 

interface, the used vertically aligned MWNTs as microelectrodes, which offered 

a high charge injection limit (1-1.6 mC/Cm2) without faradic reactions. To 

evaluate the effective stimulation of the cells they monitored level of Ca2+ 
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observing the increasing in the concentration of the ion during the stimulation. 

This approach can be applied to provide more efficacious solution for neuronal 

prostheses45. Another approach is to cover neuronal interface with electrical 

conductive polymers, such as polypirrole, in order to improve mechanical 

properties of the substrate, the efficacy of the electrical stimulation and the 

biocompatibility46. Potentially, this might provide also a method for controlled 

drug release into local environments47. 

More recently the effort of the researchers are focusing on optimization of 

production process in order to obtain CNTs based MEA. Shein and 

collaborators for example prepared CNT-MEA systems by means of a 

conventional microfabrication technique, where CNTs were growth by 

chemical vapour deposition utilizing metal electrodes as catalyst. They 

observed that rat hippocampal cells accumulated on CNTs covered regions and 

was possible to record neuronal activity on CNTs electrodes up to 60 days in 

vitro with high stability. At the same time it is also possible the electrical 

stimulation recording the neuronal response with an adjacent electrode. 

A similar approach was exploited to record the activity of whole mount 

neonatal mouse retinas. The authors observed that after minutes from the 

deposition of retinas on electrodes, they were able to monitor neural 

spontaneous activity as typical bursting and propagating waves with a higher 

signal-to-noise ratio in comparison with commercially available electrodes. In 

addition, the amplitude of the signal increase gradually increasing the time, 

suggesting a dynamic interaction between CNTs and neurons48. 

2.6 Aim of the work 

As mentioned in these first chapters nanodevices and nanomaterials can interact 

with biological systems at fundamental molecular levels with a high degree of 



Chapter 2  Carbon Nanotubes as neuronal interfaces 

67 

specificity. By taking advantage of this unique molecular specificity, these 

nanotechnologies can stimulate, respond to and interact with target cells and 

tissues in a controlled manner to induce desired physiological responses, while 

minimizing undesirable effects. 

Applications of nanotechnology in basic and clinical neuroscience are still in 

the early stages of development, partly because of the complexity associated 

with the interaction between neural cells and the mammalian nervous system. 

Numerous are the challenges associated with nanotechnology applications in 

neuroscience, but understanding how the nervous system works, how it fails in 

disease and how we can interfere at a molecular level has a significant impact. 

Carbon nanotubes (CNTs) are a novel form of carbon made rolled layers of 

graphite, which appear well suited for the design of novel neural biomaterials49. 

Because of their organized fractal-like nanostructure and high electrical 

conductivity, carbon nanotubes are promising materials for developing neural 

prosthesis36. In addition CNTs show optimal characteristics like mechanical 

strength and electrical conductibility. In addition they are capable to penetrate 

cell without killing them50. These properties arouse the interest in the use of 

CNTs like substrates for cells growth and for the electrical stimulation of cells. 

In 200030 and 200451 some investigations have started to address the issue of 

the effects of CNTs substrates on neuronal growth. These studies on chemically 

modified multiwalled nanotubes (MWNTs) have suggested the potential for 

these materials to control neurite outgrowth in vitro, by controlling neuronal 

extracellular-molecular interactions. In 2005 Lovat et al52 demonstrated that 

CNTs boost neuronal spontaneous activity. They observed that neurons growth 

on CNTs shown an increment in spontaneous activity compared with the 

control. They verified this condition with voltage clamp and current clamp 

technique. In addition by immunocitochemical experiments they demonstrated 

that the increment in spontaneous activity doesn’t depend on the higher 
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concentration of neurons growth in presence of CNTs, but probably other 

mechanisms exist that involved the interaction of CNTs with neurons. 

My PhD was based on this field of research. In particular the work did during 

this period can be divided into two parts that have as final aim the ideation of 

neuronal devices for spinal network regeneration. In the first part we were 

focused on the studies about the interaction and the effect of CNTs and others 

carbonaceous nanomaterial with hippocampal neuronal cells to better 

understand the mechanisms on the bases of interaction between 

graphitic material and neuronal systems. In the same time we 

evaluated, also, the interaction and the effect of CNTs on spinal dissociate 

cells and spinal cord complex tissue to explore, on in vitro model, the 

biocompatibility and effects on this particular kind of neuronal cell. In the 

second part of the work, instead, we focused our efforts to create new 

conductive nanocomposites materials based on CNTs that will be test to 

evaluate the ability to repair spinal cord damage. The innovative materials 

were prepared using different technique such as self-assembly monolayer, 

layer by layer, ice segregation induced self-assembly and contact printing. 

The morphology of the nanocomposites originated from this approach have 

been studied by different kinds of microscopical techniques such as 

transmission electron (TEM), atomic force microscopies (AFM) and 

scanning electron microscopy (SEM). 
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The electrophysiological and immunostaining studies reported in this chapter 

were done in collaboration with Alessandra Fabbro, Ambra Villari and Prof. 

Laura Ballerini, neurophysiologists from the Life Science Department, 

B.R.A.I.N., University of Trieste. Graphene solutions used in this chapter were 

provided by Verònica Leòn and Prof. Esthér Vàzquez, University of Ciudad Real. 

3.1 Impact of different carbonaceous materials 
on hippocampal neuronal cells 
electrophysiology 

As it has already been mentioned, CNTs have interesting conductive properties 

and their potential role in repairing injured nerves in the brain and spinal cord has 

recently been shown by Ballerini, Prato and collaborators1 and has recently 

generated wide interest. CNTs coated glasses, indeed, are well established 

substrates for cell cultures as they are known to promote cell attachment, 

differentiation, growth and long term survival comparably with those obtained 

using other growth enhancing factors to coat glass (like poly-ornithine, poly-

lysine or matrigel). In this thesis we continue the study started in our group by 

Lovat and co-workers in 20052. In particular, we compared the impact of CNTs 

and different carbonaceous materials such as nanohorns (Nhs) and graphene, that 

are different in terms of conductivity and morphology, to better understand the 

mechanisms involved in electrophysiological changes of hippocampal neuronal 

cells grown on carbon nanotubes carpet. 

We set-up different procedures to fully cover glass coverslips with stable films 

of different nanomaterials, used as scaffolds for the growth of hippocampal 

neuronal cells. 
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3.1.1  New standard for CNTs substrate preparation 

The procedure to prepare CNTs-coated substrates mainly follows the work 

of Lovat and collaborators2. Basically the interaction between CNTs 

and hippocampal neuronal cells was studied seeding the cells on a 

homogeneous carpet of nanomaterial: this substrate possesses all the 

characteristics of “pristine” CNTs. In this way it is possible to evaluate 

only the effect of the nanotubes on the cells. We decided to standardize the 

substrate and to produce a protocol that could allow us to increase the 

homogeneity of the substrate and to vary other parameters, such as CNTs 

density, length or type of functionalization and to make correlations with the 

biological response. Several attempts to prepare substrates with as-produced 

impure MWNTs have already been reported2, without any result: metal 

nanoparticles were present as a residue of CNTs synthesis and represented 

a risk for neuronal survival. Organic functionalization was necessary to 

increase the solubility of CNTs in organic solvents in order to improve the 

homogeneity on the glass. In particular 1, 3-dipolar cycloaddition (chapter 1) 

was observed to be the best choice. The advantage of this reaction with 

respect to other reactions, such as arylation reaction, is in the introduction of 

less functional groups on the wall of MWNTs that helps the dispersion of 

CNTs but permits to preserve the electronic structure of the nanomaterial. We 

performed conductivity measurements on different networks of pristine 

CNTs and CNTs functionalized by 1,3 dipolar cycloaddition (f1-MWNTs) 

(Figure 1 a) and Tour reaction (f2-MWNTs) (Figure 1 b)  

The two different kinds of carbon nanotubes were synthesized as reported in 

appendix B and were characterized by means of TGA. As it is possible to observe 

by thermogravimetric curve (Figure 2), f1-MWNTs assessed a weight loss of 

1,4% indicating a functionalization degree of 99µmol/g; f2-MWNTs, instead, 

give a functionalization degree of 230 µmol/g calculated on a weight loss of 2.1% 

(see appendix A). The conductivity of the different network of nanomaterials  
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Figure 1 schematic representation of 1,3 dipolar cycloaddition functionalized CNTs (f1‐MWNTs) (a) and 
CNTs functionalized by Tour reaction (f2‐MWNTs) (b)

were measured by a Jandel multimeter linked with a four-point probe. In 

particular, the different types of CNTs were filtered on different PTFE 

(polytetrafluoroethylene) filters paper by vacuum filtration and the conductivity 

of the network was measured on the films obtained on the surface of the filters 

(see appendix B)3. For the pristine material, the conductivity was 384.62 S/m. F1-

MWNTs presented a conductivity of 500 S/m. We supposed that the low increase 

in the conductivity is probably due to the fact that after the organic 

functionalization by 1,3 dipolar cycloaddition the nanomaterial can be more pure 

and with a lower quantity of defects with respect to the pristine nanomaterial, as 

already reported in literature4. The conductivity of the f2-MWNTs network 

instead decreased drastically, in comparison to the pristine material to 0.13 S/m.  

In both f1-MWNTs and f2-MWNTs, it was possible to remove the organic 

functionalization by heating treatment at 350°C under nitrogen for 20 minutes, 

“repristinizing” the electronic structure of the nanotubes2. This was confirmed by 

TGA. In Figure 2, after the heating treatment; it is not possible to observe any 

weight loss up to 600°C when CNTs start to burn, indicating the effective 
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removal of organic functionalization. By conductivity measurements it was 

observed that, after the treatment in the hoven, only in the case of f1-MWNTs it 

was possible to maintain a higher conductivity value (555.56 S/m). 

Moreover, after the removal of the organic functionalization, f2-

MWNTs present a conductivity of 3.12 S/m, 100 times less than the 

pristine materials, suggesting the impairment of the electronic structure of 

CNTs. 

Therefore we decided to use defunctionalized f1-MWNTs for our studies. We 

performed a TGA in O2 environment to quantify the metal content of these 

tubes, that was less than 10% and so not harmful for cell viability. 

A  B 

Figure 2 TGA analysis of a) f1‐MWNT before (red) and after heating treatment (green) and b) f2‐MWNT before 
(blue) and after (green) heating treatment
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Figure 3 A) TEM picture of f1‐MWNTs in ethyl acetate (scale bar is 1µm) B) solution of f1‐MWNTs in ethyl 
acetate after 2 weeks C) length distribution of pristine material (blue) and f1‐MWNTs (red)

These nanotubes were characterized also by TEM (figure 3) and their average 

length was calculated and compared with pristine material. As it is possible to 

observe the two different materials had the same distribution length 

suggesting that after organic functionalization no morphological changes 

occurred. In addition, by TEM images, is it possible to observe as this 

material is well dispersed in ethyl acetate. 

We used a spray coating technique to cover glass substrates with these MWNTs. 

Spray coating is one of the most common technique in industrial production when 

it is necessary to obtain homogeneous substrates in a simple and scalable way5. 

In particular MWNTs were dissolved in ethyl acetate and the proper amount of 

the solution was sprayed on a glass coverslip placed on a hot plate at 100°C, 

achieving a density of MWNTs film over the glass of about 7*10^-5 mg/mm2. 

Then layered coverslips were placed in an oven at 350°C under nitrogen 

atmosphere for 20 min. As mentioned and showed before, this treatment leads 

the de-functionalization of CNTs preserving their electronic structure. At the end 

of the process, we obtained the substrate reported in the Figure 4. The presence 

of a continuous conductive network on the surface of the glass support is evident 

as confirmed by conductivity measurements (figure 4C). 
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Figure 4 In (A) it is schematized the procedure for glass CNT covered substrate. In (B) it is reported a SEM 
image of the as prepared substrates. Scale bar 1µm. (C) the picture evidences the conductivity properties 

of the glass substrate

Neuronal cultures consisted in dissociated hippocampal neurons obtained from 

brains of neonatal rats, cells were grown on MWNTs modified substrates for 8 

days, then glass coverslips were fixed with glutaraldehyde and coated with gold, 

for SEM imaging. The neurons showed high affinity for the substrates as already 

reported previously6 (data not shown). 

3.1.2  Nanohorns (Nhs) substrate preparation 

Nanocones can be defines as an intermediate structure between a sheet of 

graphene and a fullerene where a single pentagonal ring or assembly of nearby 

pentagonal rings defines a conical apex, which is then extended by a pure-

hexagon graphenic network into a larger conical structure. One major subclass of 

nanocones are nanohorns. They are formed by ablating graphite with a CO2 laser 

and are distinguished by high yield, high purity and an aggregate microstructure7. 

This material is characterized also by conductive properties. 

B  C 

A 
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Figure 5 Schematic representation of two nanohorns

Our idea was to grow hippocampal neuronal cells on this kind of nanomaterials 

that present a rough surface suitable for a good interaction with neuronal cells 

and, at the same time, presents conductive properties less marked with respect to 

CNTs. 

Also in this case the big problem in the manipulation of the material was due to 

the ability of Nhs to form aggregates preventing the achievement of 

homogeneous substrates. For this reason, as in the case of MWNTs, we 

decided to perform a covalent organic functionalization on this substrates and, 

after the deposition, to remove the organic functionalization and repristinize 

the original characteristics of the material. 

As received Nhs, were functionalized using the 1,3 dipolar cycloaddition of 

azomethine ylides; the reaction generated pyrrolidine groups on the surface (f1-

Nhs), as already observed for CNTs. The reaction was monitored by TGA, that 

evidenced a weight loss of 6.4% corresponding to a functionalization degree of 

453µmol/g. As expected, Nhs showed a higher functionalization degree than 

CNTs, due to the curvature of their surface that make them more reactive. 
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Figure 6 on the top is reported the schematic representation of 1,3 dipolar cycloaddition reaction on 
Nhs. The Graph represents thermogravimetric analysis of pristine Nhs (red curve) and functionalized Nhs 

(f1‐Nhs)(green curve)

We verified, as for CNTs, that we were able to remove organic functionalization 

by heating treatment without damaging the nanostructure. This phenomenon was 

confirmed by TGA analysis where, similarly to CNTs, after the heating it was 

impossible to find any weight loss that could indicate the presence of 

functionalization on the surface of the nanomaterial. 

Eptanal/Sarchosine 
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Figure 7 on the top is reported the schematic representation for the defunctionalization of f1‐Nhs. The 
Graph represents thermogravimetric analysis of f1‐Nhs (green curve) and defunctionalized Nhs (blue 

curve)

To confirm the ability to increase the dispersibility of the material after the 

insertion of pyrrolidinic rings on the surface, we performed also TEM 

analyses. It is clear that, after the functionalization, the material was more 

dispersed in solvent like ethyl acetate (green square in Figure 8) with respect 

to the pristine material (red square in Figure 8). In addition, as proof of the 

effective ability to remove the organic functionalization by heating treatment, 

we can see that Nhs treated at 350°C under nitrogen atmosphere started to 

aggregate again (blue square in Figure 8). 

Figure 8 TEM analyses of the different steps in the preparation of Nhs. From left to right: Pristine Nhs, 1,3 
dipolar cycloaddition functionalized Nhs and defunctionalized Nhs. Scale bar 500nm.

Conductivity measurements revealed more or less the same value before the 

functionalization and after the removal of organic functionalization that was 
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equal to 9.4 S/m, confirming the absence of changes in electronic structure of the 

Nhs and the lower conductivity properties with respect to CNTs. 

By the evaluation of distribution lengths obtained by TEM analyses, instead, is 

clearly evident that we did not have important morphological changes in the 

structure of the nanomaterial. In fact measuring the diameter of Nanohorns in all 

the three steps of the preparation, we found more or less the same distribution. 

Figure 9 length didtribution of pristine Nhs (red), f1‐Nhs (green) and defunctionalized Nhs (blue)

Also in this case, we used spray coating technique to deposit the nanomaterial on 

glass substrates. A solution of Nhs was sprayed on a glass coverslip placed on a 

plate at 100°C achieving a density of NHs film over the glass of about 7*10^-5 

mg/mm2. The complete covering of the substrate with a continuous and 

conductive film of Nhs was obtained as it is possible to observe in SEM and TEM 

images (Figure 10). 

The coverslips were used as substrates to growth neonatal hippocampal neuronal 

cells and, as reported in SEM images, the hippocampal cells grown very well on 

this substrate. In addition, the presence of an intimate interaction between the 

Nhs carpet and the membrane of the neuronal cells is evident at a major 
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Figure 10 SEM (A) and TEM (B) images of Nhs covered glass substrate the insets in blue square report 
enlarge view of the two images. Scale bar is 1 µm and 300nm for SEM images and 1 µm and 200nm for 

TEM images.

enlargment (Figure 11). These findings confirmed the initial intuition about the 

possibility to find points of intimate contact between the rough surface of Nhs 

and cellular membrane. 

Figure 11 SEM images of hippocampal neuronal cells grown on Nhs carpet the image in the right 
represent an enlargement of some fibers coming out from the cells represented in the left image. Scale 

bar is 3µm (left) and 200nm (right)

To better investigate this behaviour we performed a TEM analysis of a sagittal 

portion of hippocampal neuronal cell grown on Nhs carpet. In Figure 11 is clearly 

evident that in same points the cellular membrane pinched the nanomaterial 

though maintaining the contact with Nhs carpet. 

A  B
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Figure 12 TEM images of sagittal portion of Hyppocampal cell growth on Nhs carpet. The white arrows in 
the left image represent the point of intimate contact between the Nhs carpet and cellular membrane. 
On the right is reported enlargment of one of these points. Scale bar is 1000 nm (right) and 200nm (left) 

3.1.3  Graphene substrate preparation 

Graphene consists of carbon atoms arranged in a regular hexagonal pattern 

similar to graphite, but in a one-atom thick sheet. The graphene used in this 

chapter was produced starting from graphite that was separated in graphene by 

ball milling technique in the laboratory of professor Esthèr Vàzquez in Ciudad 

Real8. In Trieste we set-up the procedure to prepare graphene substrates. 

Due to the fact that graphene, as produced, can be suspended only in solvents 

with an high boiling point, such as DMF, and thanks to the good dispersability of 

the material in this solvent, we thought to use drop casting technique to cover 

glass substrates with graphene. In particular we dissolved graphene in DMF to 

obtain a concentration of 0.01 mg/mL and we deposited this solution by drop 

casting on a glass substrates at 100°C achieving a density of 7*10-5 mg/mm2. In 

this way, we covered all the surface of the glass with a network of graphene 

sheets. 
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Also in this case the substrate were treated at 350°C under nitrogen atmosphere 

for 20 minutes. This treatment was necessary to remove traces of solvent or 

impurities from the graphene network. By conductivity measurements we found 

that, after all the treatments, the conductivity of the network is equal to 1010.1 

S/m confirming the higher value of conductivity with respect to substrates based 

on MWNTs and Nhs described before. 

To check if after deposition of the material, the graphene maintained its 

characteristics without forming graphite, we performed Raman analyses. The 

analyses, performed at 514 nm evidenced the presence of all the characteristics 

peak of crystalline structure of graphene (blue curve in Figure 13). By fitting of 

the peak at 2700cm-1, instead, the presence of two layers of graphene on the glass 

substrates was observed as already reported in literature9. 

Figure 13 In the left comparison of Raman spectra at 514 nm for bulk graphite and graphene. They are 
scaled to have similar height of the 2D peak at 2700 cm‐1. In the right the four components of the 2D 

band in our sample that suggest the presence of 2 layer graphene at 514 

By AFM image, it is possible to observe the presence of a continuous carpet of 

graphene on glass coverslip (figure 14). 

The substrates were used as prepared to growth hippocampal neonatal neuronal 

cells. Also in this case the substrates showed good biocompatibility for neuronal 
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Figure 14 AFM image of Graphene coated glass substrate. One side of the square is equal to 10µm

cells after 8 days in culture, as shown in SEM images, where a neuronal cell 

growth on graphene is represented. In the enlargement on the right of Figure 15 

it is possible to identify graphene structures with a cell dendrite on their surfaces. 

Contrary to what was already observed in MWNTs and Nhs is evident that no 

intimate interactions between the cellular membrane and graphene occurred, 

probably due to the flatness of the substrate that prevent these phenomena. 

Figure 15 SEM image of hippocampal neuronal cell at 8 days of in vitro growth on Graphene carpet (in 
the left).Scale bar 3µm. Right image represent an enlargement of a fiber comes out from the core of the 

cell. Scale bar 300nm 

3.1.4  Impact of the different carbonaceous substrates on 
synaptic connectivity and spontaneous activity 

In the work of Lovat and collaborators2 in 2005 the occurrence frequency of 

spontaneous postsynaptic currents (PSCs) was monitored as a parameter to assess 
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the network efficacy and the functional synapses formation of neuron growth on 

CNT substrates. Neurons grown on CNTs displayed on average an increase in 

the frequency of PSCs with respect to the control (bare glass substrate). The 

authors proved also that this boosting of network activity was not related to a 

higher number of surviving neurons and in general neurons deposited on CNTs 

did not exhibit any difference in “basal electrophysiological properties” respect 

to the control. 

In this paragraph the same study on other carbon based materials will be 

described. 

Figure 16 shows the registered traces for PSCs on different substrates after 8 days 

of in vitro culture. The presence of electrophysiological activity confirmed the 

good health of the cells grown on these substrates. 

Figure 16 PSCs registered traces for hippocampal neuronal cells cultured on different substrates

We proceed to a quantification of these characteristics. In particular in figure 17 

the values of PSCs frequency normalized with respect to the control 

(dotline) are reported. It is possible to observe that only in the case of 

MWNTs we had an increase in PSCs frequency (1.37±0.26 n=38), while in 

the case of Nhs (n=25) and graphene (n=16) we did not have any particular 

changes with respect to the control (0.79±0.23 and 0.79±0.2 respectively). 

From this first observation, it appears that morphology and higher 

conductivity could positively affect the frequency of PSCs. 

MWNT Nh Graphene Control 
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Figure 17 graph of PSC normalized to the control for the different hippocampal neuronal cells growth on 
the different substrates after 8 days of in vitro culture

To better evaluate the impact of the different substrates on hippocampal neuronal 

cells, we evaluated also another important characteristic of the neuronal network; 

synaptic connectivity, that is expressed as the probability to find two neuronal 

cells connected each other. As better described in chapter 2, we stimulated the 

presynaptic cell in a current clamp configuration and we recorded the second cell 

in voltage clamp detect any response due to the connection between the cells. 

The results are summarized in the figure 18. Data are normalized respect to the 

control (dot line). 

As it is possible to observe, we had an increase in the connectivity between the 

cells only in the case of materials that, by morphological studies, pointed out 

pinching phenomena. In fact in the case of graphene (the most conductive 

substrate σ=1010.1 S/m) we cannot observe any increase in this characteristic 

with respect to the control (0.8±0.11 n=5). However, this effect appears to be 

influenced also by conductivity, in fact, if both MWNTs and Nhs shown higher 

values respect to the control, this increase was proportional to the conductivity  
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Figure 18 graph of synaptic connectivity normalized to the control for the different hippocampal 
neuronal cells growth on the different substrates

of the material. In particular on MWNTs that have a conductivity of 555.56 S/m 

the increase in the synaptic connectivity is ~2 times the control (2.1±0.74, n=5). 

Nhs having a conductivity value of 9.4 S/m, showed an increase in the synaptic 

connectivity of ~1.5 times respect to the control (1.63±0.27, n=5).  

In conclusion the synaptic connectivity seems to be linked with both conductive 

and morphological characteristics of the scaffold used to growth neuronal cell. 

These aspects could be very important, because an increase in 

electrophysiological activity of the cells could cause either an improvement or a 

pathological behaviour. For these reasons, the ability to control the impact of the 

nanomaterial on the cell by tuning conductivity and morphological properties of 

the scaffold could permit to tune the final effect of an implantable scaffold 

designed to repair damaged central nervous system (CNS). 

3.2  Adhesion to carbon nanotube conductive 
scaffolds forces action-potential appearance 
in immature rat spinal neurons. 

CNTs represent a great challenge in the central nervous system (CNS). In this 

work, for the first time, we investigated the interaction between a CNT scaffold 
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and immature rat spinal cord neurons. To simplify the studies on the neuronal 

system and its interaction with CNTs we used only hippocampal cells that are 

easier to grow and study. In view of using CNTs as spinal cord prosthesis, we 

tested the effect also on spinal cord cells. 

The MWNT scaffold used to growth spinal cells was the same described before 

(paragraph 3.1.1). We observed that dissociated spinal neurons were able to 

adhere, grow and survive, while extending several neuritis on the growth 

substrates, confirming the general biocompatibility of MWNTs scaffolds 

reported for different neuronal6,10–14 and non neuronal15 excitable cells in culture. 

Once evaluated this aspect, we performed an immunostaining for the neuronal 

marker -tubulin III. After marking both the control and the CNTs cultures, we 

documented a comparable density of spinal neurons after one week of in vitro 

growth (Figure 19) and we directly measured the somatic neuronal diameter. 

CNT neurons displayed on average a 12% reduction in diameter (from 

12.7±0.2µm, n=89 control to 11.2±0.3µm, n=43, CNT neurons; P<0.001) when 

compared to control neurons. While the number of total neuritis per cell was the 

same in control and in CNT (4±0.3 and 3.8±0.3, n=23 in control and n=27 in 

CNT, respectively) there was a 29% decrease in the number of long neuritis in 

neurons growth attached to MWNTs substrates (from 66±7%, n=23 in control to 

47±6%, n=27 in CNT; P<0.05). This result is surprising, given that in other 

culture systems an increase in axonal growth was detected when neurons were 

interfaced to MWNTs14.  
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Figure 19 staining for β‐tubulin III on spinal neurons growth on control and CNTs carpet

We further checked whether the degree of adhesion of neuronal processes to the 

carbon substrate was comparable to that reported in previous experimental 

settings6,13. To this aim a set of cultures was analysed by SEM, as shown in the 

sample micrographs of (Figure 20). In all these measures (n=3 cultures) we 

always observed the typical tight and intimate contacts (white arrow in Figure 

20) between small neuritis and MWNTs, indicative of a strong membrane

adhesion to these substrates. 

Figure 20 SEM image of spinal neurons growth on MWNTs carpet on the right is reported a zoom on one 
fiber comes out from the body of neuron. Scale bar is 10µm on the left and 200nm on the right.

We then addressed the impact of growth substrates on the maturation of spinal 

interneuron excitability after 8 days of in vitro growth, thus, in this culturing 

condition, before the appearance of any detectable synaptic activity. We 

measured, under voltage clamp mode, the expression of functional voltage gated 

ion channels. Traditionally, the increasing expression of voltage dependent 
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conductance is an accepted index of neuronal development and differentiation 

beyond positivity to β-tubulin III and towards the mature, electrically active, 

neuronal phenotype16. Whole cell currents were recorded from neurons held t -

70mV membrane potential. We applied 10 consecutive square (duration 150 ms) 

depolarizing steps of increasing amplitude (10 mV increments) to elicit voltage-

dependent currents, preceded by a 50 ms hyperpolarization at -120mV holding 

potential, to remove residual Na+ and Ca2+ voltage activated channels and 

outward currents due to the opening of K+ voltage activated channels in 

neurons17. CNTs spinal cultures showed a strong increase (87%) in the 

probability of finding neurons displaying voltage-gated currents (from 46±10%, 

n=56 control neurons to 86±5%, n=46 CNT neurons, P<0.01;). 

We compared the current density recorded in a subset of control and CNT 

neurons expressing inward and outward components by normalizing the current 

amplitude obtained at 0mV depolarization to the cell capacitance. These values 

did not differ between the two culture groups. This finding suggests that control 

and CNT neurons, once reached a degree of differentiation where voltage 

dependent measurable K+ and Na+ current were expressed, displayed comparable 

channel density. However, in the two culture systems, the amount of neurons able 

to display such membrane properties is highly different. 

Thus we show that small interneurons grown in contact to conductive MWNTs 

anticipate the expression of functional markers of maturation, such as the ability 

to generate voltage dependent currents and action potentials. 

An additional issue concerns the effects of the MWNTs substrate on non-

neuronal cell types. Since an increased density of microglial/macrophagic cells 

on MWNTs could account for this result, we performed immunofluorescence 

experiments using antibodies against the microglia/macrophage specific marker 

Iba1 (ionized calcium binding adaptor molecule 1)18 and we found that the 

density of Iba1-positive cells was significantly increased in CNT cultures (43±6 
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cells/mm2, n=5 cultures; P<0.05) compared to control ones (43±6 cells/mm2, n=5 

cultures; P<0.05). Figure 21. 

 

Figure 21 The two images represent the immunostaining for IBA1 in both control and CNT substrate. In 
the graph is represented the cell density for mm2 in both control and CNT substrate. 

The higher number of Iba-1 positive cells might be related to higher adhesion of 

this cell category to MWNTs. Alternatively, an increased proliferation, 

underlying an on-going ignition of reparative or inflammatory processes in the 

cultured samples, could be involved. Although we cannot exclude the presence 

of the proliferation due to the inflammation, several observations argue against 

this interpretation. In our experiments CNT neurons display a healthy 

morphology and healthy electrophysiological properties, with no apparent sign 

of degeneration or even sufferance. In addition, the density of astrocytes, 

visualized as Glial Fibrillary Acidic Protein (GFAP)-positive cells by 

immunofluorescence, was the same in control (197±48 cells/mm2, n=4 cultures) 

and on MWNTs (146±23 cells/mm2, n= 4 cultures) Figure 22 with no sign of 

reactive gliosis usually accompanying inflammatory responses19,20 
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Figure 22 The two images represent the immunostaining for GFAP in both control and CNT substrate. In 
the graph is represented the cell density for mm2 in both control and CNT substrate 

Thus we favour the hypothesis of an improved microglia adhesion instead of 

proliferation due to a reparative activation in MWNTs. 

Overall in this paragraph we described a facilitation of functional maturation of 

spinal neurons on MWNTs. The physical and chemical features together with the 

topography of MWNTs might improve the reparative ability of the dissociated 

spinal cells, due to higher density, or activation, of microglia cells. In this 

framework, MWNTs scaffold may possess physical and chemical properties able 

to improve recovery and promote excitability of dissociated neonatal neurons. 

On other hand, MWNTs may trigger microglial reparative processes leading to 

an accelerated maturation of neurons, mimicking an aging environment. 

 

3.3 Spinal cord explants use carbon nanotube 
interfaces to enhance neurite outgrowth. 

The exploration of hybrid devices where, for example, single neurons or neuronal 

networks are grown integrated to conductive material6,12–14,21,22 is increasingly 

attracting neuroscientists’ curiosity. Indeed, driven by the limited reparative 

ability of the central nervous system (CNS), recent research approaches have 

increasingly focused on the physical factors that, at the interface between cells 

and material23–25, may improve or guide functional recovery of the damaged 
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tissue26,27. Such a strategy is generally accepted as complementary to the design 

of new nanostructures to accomplish (nerve) tissue reconstruction26,27. 

As described in the previous chapters, in the last years, a huge numbers of papers 

have been published about the use of CNTs to support and favour neuronal 

growth. In the most of this published papers all known effects are limited to 

carbon nanotube/neuronal hybrids formed on a monolayer of dissociated brain 

cells1,12,13,28; studies involving more complex tissue model are, instead, still 

missing. 

We used organotypic cultures of embryonic mouse spinal cord interfaced for 

several weeks with MWNTs scaffold to investigate whether and how interactions 

at the monolayer level are translated to multi-layered nerve tissues. In particular 

we combined immunofluorescence, confocal microscopy, scanning and 

transmission electron microscopy (SEM and TEM) and single cell 

electrophysiology to investigate the growth, the morphology and the adhesion of 

neuronal processes exiting the cultured spinal segments when interfaced to 

carbon nanotubes, together with the dynamics of the electrical signalling within 

the multi-layered spinal networks. In particular we developed artificial 

nanomaterial-based scaffold to explore for the first time the semichronic (weeks) 

impact of carbon nanotube interfaces to spinal segment growth and activity. We 

used our expertise to grow neurons directly on purified carbon nanotubes layers, 

with the aim of addressing the functional changes taking place in a complex tissue 

when interfaced to a dense MWNTs meshwork characterized by large surface 

roughness and conductivity (paragraph 3.1.1).  

We investigated the morphology and growth of spinal slices on CNTs scaffolds 

by performing immunofluorescence staining and confocal microscopy in 

organotypic spinal cultures at 8-10 days of in vitro (DIV) growth following 

dissection. Organotypic slices grown on CNTs (named CNT slices); n=13 slices) 

were compared to control (n=12 slices) sister cultures (i.e., cultures derived from 
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the same embryos) sampled at the same age in vitro. Figure 23 shows confocal 

image reconstructions of the cultured slices. In particular we performed 

immunofluorescence labelling to visualize the distribution of specific 

cytoskeletal components, such as F-actin and β-tubulin III, the microtubule 

component expressed exclusively in neurons. To identify glia cells, the specific 

marker GFAP was used. In both culture groups, control and CNTs, GFAP-

positive cells (Figure 23 in green) were confined to the explanted spinal slice, 

with a rare and limited extension to the proximal area of the surrounding growth 

belt29,30. Also, F-actin labelling distribution was similar in the two samples, 

control and CNT slices (Figure 23 in red). F-actin labelling was both localized 

within the slice body and further extended to the surrounding outgrowth area, 

although uniform labelling remained confined to the proximal area of neuronal 

processes growth, with a punctuate along distal neurities. 

Figure 23 Confocal image reconstructions of spinal slice cultures under control (A; B) and CNT (C; D) 
growth conditions. Immunofluorescence of specific cytoskeletal components, F‐actin, β‐tubulin II and 

GFAP was used. (C) and (D) are an enlargement on the fibers emerging from the growing belt.

B 

D 

A 

C 
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The distribution of microtubules within the growing slices was visualized by 

antibody staining for β-tubulin III, specifically localized in the nerve cell, 

extending into the extremities of neuronal processes and in the small branches 

located along their length. At higher magnification, single as well as bundles (i.e., 

with >10µm diameter) of β-tubulin III positive neurites extending radially from 

the surrounding belt of outgrowth are shown for both culture groups, control and 

CNT, respectively. To quantify the growth of distal neuronal processes, we co-

labelled slices for F-actin and/or GFAP and for β-tubulin III, and we measured 

the number of β-tubulin III positive bundles exiting at least 150-200 µm from the 

edge of the surrounding belt. CNT slices were characterized by a significant 

increase (+39%; P<0.05) in the number of distal β-tubulin III positive processes 

when compared to controls (from 6.2±0.6 bundles in controls, n=12 slices, to 

8.6±0.9 bundles in CNT slices, n=13 slices). Not only do CNT slices outgrow 

more β-tubulin III positive fibers but these fibers also travelled longer distances, 

from the edge of the outgrowing belt, displaying on average an increased (+31%; 

P<0.05) length (from 450±4µm in control to 590±5µm in CNT slices, n=12 and 

n=13 slices respectively). 

SEM analysis of tissue cultures allowed investigating the interactions of such 

fibers with the carbon nanotubes structure. As shown in the sample of Figure 24 

fibers appear tightly anchored to the carbon nanotube layer, with the development 

of membrane-substrate junctions, which are never detected in fibers grown on 

the control surface. 
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Figure 24 SEM image of a portion of the spinal cord slice growth on CNTs carpet. Scale bar 20µm On the 
right is reported a zoom on the fibers coming out the slice body. Scale bar 1µm. 

To further identify growth cones we designed a different set of experiments, 

where we visualized the microtubules (by anti β-tubulin III antibody) which are 

more abundant in neurites shafts and the growth cone central domain as compared 

to the peripheral domain. We quantified the total gross number of growth cones 

and normalized this number to the number of the corresponding fibers. With 

respect to controls, slices cultured on the carbon nanotube substrate showed a 

significant increase in the normalized number of growth cones (in CNT slices, 

1.40±0.12 versus 0.9±0.07 in controls, n=6; P<0.05). 

To clarify the nature and the extent of the interactions between the organotypic 

spinal slice and the underlying MWNTs layer, we took advantage of electron 

microscopy techniques. TEM studies were performed to sagittal sections of slices 

cultured for 14 DIV on carbon nanotubes (n=5 slices from n=2 culture series). 

Sagittal sections were analysed to visualize the contact area between the tissue 

explant and the carbon nanotube carpet. As shown in Figure 25, we documented 

the presence of a homogeneous MWNTs layer under the slice (demonstrating the 

stability of such scaffolds when deposited on culture coverslips, even after weeks 

of culturing). At higher magnification the typical TEM aspect of the MWNTs 

carpet was clearly recognizable. In addition, the ultrastructural interactions 

between nanotubes and cell membranes in the form of tight contacts were 

visualized and typically displayed a discontinuous trend1. 
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Figure 25 TEM images of a sagittal portion of spinal cord slice grown on CNTs Carpet. On the right is 
reported an enlargement of first image to show the tight interaction between the CNTs and cellular 

membrane of the slice cells. Scale bar is from right to left 1000nm and 200nm 

These observations support the hypothesis that carbon nanotubes growth 

interfaces were directly affecting the bottom layer of tissue explant, where, in 

principle, neurons could have been driven to construct a potentiated hybrid 

network1,13. 

We performed also electrophysiological studies to understand if this kind of 

interaction between spinal cord slice and CNTs could cause any changes in the 

activity of the tissue. In cultured slices, physiological neuronal connections are 

usually well preserved, and afferent in-growing DRG fibers stabilish appropriate 

and functional mono or, more frequently, polysynaptic pathways towards the 

ventral spinal areas31,32. We investigated the efficacy of this incoming signalling 

by measuring, in control and CNTs slices, polysynaptic currents elicited via focal 

electrical stimulation of the homolateral DRG (Figure 26). Evoked postsynaptic 

currents (ePSCs) were heterogeneous polysynaptic responses comprising 

glutamate receptor-mediated and GABA-glycine receptor mediated 

components32. We isolated glutamate receptor-mediated and GABA-glycine 

receptor mediated responses by repeating the DRG stimulations and via 

recording the ePSCs either as inward currents Vh -40mV (the estimated reverse 

value of Cl- mediated currents) or as outward currents at Vh 0mV (the estimated 
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reverse value of AMPA-glutamate-mediated currents). Neurons recorded from 

slices grown on carbon nanotubes showed a striking 72% increase in the peak 

amplitude of glutamatergic ePSCs recorded at -40mV (from 216±25 pA in 

control slices, n=20 to 371±44 pA in CNT slices n=24 P<0.01). When recorded 

at 0 mV, GABA-glycine-mediated ePSCs elicited in spinal cultures grown on 

carbon nanotubes showed a 59% increase in their peak amplitude (from 184±27 

pA, in control slices, n=21, to 292±46pA, in CNT slices, n=20; P<0.05). 

   

 

Figure 26 The graph on the top represent the average current peak amplitude obtained from control and 
CNT slices at ‐40mV (left) and 0mV (right) holding potentials. (B) images of control and CNT slices stained 
using SMI32 antibody (top scale bar 500µm). Bottom: enlarged views of the dorsal region framed in top 
images, showing DRG fibers entering the slice (scale bar 100µm). (C) Plot summarizing the density of 

SMI32‐positive fibers entering the dorsal region. 

Figure 26 shows examples of labelled DRG neurons. These cells were easily 

recognizable and were spread out in monolayers on both sides of the slice as it 

has been previously described by Avossa and collaborators30. Higher 

A 

B  C 
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magnification fluorescence microscopy visualizes SMI32 positive processes 

entering the slice dorsal area. We quantified the growing fibers analysing 11 

control and 9 CNTs dorsal region from 2 culture series and we found no 

differences in fiber density en control (0.07±0.011 fibers/µm) and CNT 

(0.056±0.003 fibers/µm; P=0.19) slices. These results suggest that first, the DRG 

processes entering the slice are not increased in number. Second, the 

enhancement in afferent polysynaptic responses is not simply due to an increased 

innervation, rather other adaptive changes along the polysynaptic pathway might 

be involved. 

Concluding this part of the work, our multidisciplinary approach reveals for the 

first time that the long-term impact of an artificial MWNTs meshwork 

characterized by large surface roughness and conductivity favours neurite 

regrowth in spinal explants with the appearance of increased growth cone 

activity. We speculate that these effects may be, at least in part, mediated by 

direct interactions among nerve fibers and MWNTs, used as an exoskeleton and 

climbed via formation of membrane/material tight junctions. Indeed, our TEM 

measurements document membrane interactions as previously described in 

simplified neuronal networks by SEM11,13. These findings sustain the 

exploitation of mechanical properties in tissue engineering scaffolds, able to 

promote nerve fiber elongation. Mechanically defined microenvironments may 

effectively be transduced into biochemical signalling relevant to CNS 

reconstruction. Ultimately, our study supports one of the emerging strategies in 

nanoscale engineering: the use of physical features alone to guide different 

biological responses, without the levels of sophistication required by biomolecule 

selective patterning. Finally for the first time , we explored an additional issue: 

how far carbon-nanotubes-mediated potentiation of neuronal signaling11,13 is 

sensed in synaptic networks remote from the MWNTs interface, under chronic 

conditions. Noteworthy, after weeks of MWNTs interfacing, neurons located at 

as far as 5 cell layers from the substrate display an increased efficacy in the 
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synaptic responses (which could represent either an improvement or a 

pathological behaviour), presumably mediated by ongoing plasticity driven by 

the neuron/carbon nanotube hybrids. 
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Based on what we observed in the precedent chapter and in the huge amount of 

recent papers about carbon nanotubes1 and more in general about nanomaterial2 

for tissue regeneration, it is clearly evident that engineered nanomaterials provide 

new and exciting opportunities to improve materials and to design new products 

with high potential benefits. In particular, due to our expertise in the field of 

carbon nanotubes technology applied to neuronal tissues, we tried to fabricate 

different CNTs-based biocompatible nanostructured materials to use them as 

implantable prostheses for spinal cord repairing. It is estimated that 32 injuries 

per million of population are represented by spinal cord injuries. The value 

become larger if we consider that 20 cases per million die before reaching the 

hospital. 

During this PhD a sort of “library” of different nanostructured material was 

prepared to be tested as neuronal prostheses: in particular these materials were 

devised focusing the attention on few points that are important for neuronal 

prostheses fabrication: 

 Biocompatibility: the material must be fully biocompatible to avoid

adverse responses from the organism;

 Stability: regeneration of central nervous system needs long time (more 

than few months)3 to reconstruct and recover its structure. In the past, it 

happened very often that scaffolds able to sustain regeneration of the 

neuronal tissue did not have enough time-stability;

 Conductivity: neuronal signal is transferred as an electrical signal through

the cell membrane. The possibility to have a material able to interact with

the cell and transport the electrical signal could be a “key point” in the

prosthesis fabrication4. Theoretically this material could immediately re-

establish the communication between two distinguished portions of spinal

cord.
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Based on these points, CNTs could offer a big challenge in this field, despite the 

big problem consists in assembling them in a 3-dimensional structure to build the 

scaffold. For this reason, we thought to conjugate CNTs with polymers, that can 

work as a support for CNTs into the assembly. Naturally the polymers must 

possess characteristics of biocompatibility and long-term stability and for this 

reason “artificial biocompatible polymers” (e.g. nafion, Poly vinyl 

alcohol…) that present higher stability in the organism with respect to 

“natural polymers” (e.g., collagen, hyaluronic...) have been used. In 

particular, we tuned supramolecular interactions between carbon nanotubes 

and polymers by physical and chemical methods to control the distribution 

and disposition of the nanomaterial inside the polymeric structure, but still 

maintaining CNTs on the surface of the material in order to permit, possibly, 

the interaction with neuronal cells. The scaffolds must have also a certain grade 

of porosity or must be easy to fabricate in a porous three-dimensional 

structure to allow, once inserted at of spinal cord lesion level, neuronal re-

growth. 

4.1 Nafion/CNTs nanocomposites 

Nafion is a polymer-copolymer discovered in the late 1960s by Walther Grot of 

DuPont. Actually Nafion ionomers are produced by the E.I. DuPont Company. 

These materials are generated by copolymerization of a perfluorinated vynil ether 

co-monomer with tetrafluoroethylene (TFE) resulting in the chemical structure 

reported below: 

Figure 1 Schematic representation of Nafion monomeric structure
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Equivalent weight (EW) is the number of grams of dry nafion per mole of 

sulfonic acid groups when the material is in the acid form. This is an average EW 

in the sense that the co-monomer sequence distribution gives a distribution in 

mole (m) in this formula. EW can be ascertained by acid-base titration, by 

analysis of atomic sulphur, and by FT-IR spectroscopy. The relationship between 

EW and m is EW=100m+446 so that, for example, the side chains are separated 

by around 14 CF2 units in a membrane of 1100 EW. Common at the time of 

writing are Nafion 117 films (that is also the kind of Nafion used in this thesis). 

The designation “117” refers to a film having 1100 EW and a nominal thickness 

of 0.007 in., although 115 and 112 films have also been available. 

The combination of Teflon backbone with the acidic sulfonic groups confers to 

Nafion interesting characteristics: 

 Highly conductivity to cations5;

 Resistivity to chemical attack. Only alkali metals (sodium in particular)

can degrade Nafion in normal conditions6;

 High operating temperature up to 190°C6;

 Superacid catalyst property. The combination of fluorinated backbone,

sulfonic acid groups and the stabilizing effect of the polymer matrix make

Nafion a very strong acid pKa~66;

 Selectivity and high permeability to water6.

For its characteristics and due to the biocompatibility of the material7, Nafion 

was employed in the past for biosensor applications. Patel and collaborators, in 

2006 developed a sensor for the detection of nitric oxide release for single 

neuronal cell in vivo, suggesting the fully biocompatibility of the material with 

neuronal system8. 

In the thesis this biocompatible material will be use as a support for carbon 

nanotubes. In particular, two strategies for the scaffold fabrication will be 
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explored. The first is a solution process procedure, to achieve a free-standing film 

that can be transformed in 3D film by 3D printing techniques such as selective 

laser sintering (SLS)9 or fused deposition modelling10. The second strategy, 

instead, consists in driving CNTs into a self-assembly on Nafion surface. 

4.1.1  Flexible Carbon Nanotube polymer composite films made 
by solution process 

In 2003 Wang and collaborators described the ability of the perfluorosulfonated 

polymer Nafion to solubilize both single-walled and multiwalled CNTs, by 

simple addition of Nafion into alcoholic solutions of CNTs11. The good 

biocompatibility and strong interactions between Nafion and CNTs make Nafion 

more convenient and suitable as a filler to forcefully combine with the nanotubes 

to fabricate large area CNT nanocomposite films with repect to previously used 

polymer fillers, such as epoxy, nylon, styrene butadiene rubber, poly(methyl 

methacrylate) and polyethylene12–16. The one step vacuum filtration process 

employed in the fabrication of CNT/Nafion nanocomposite films is a facile and 

low-cost solution process that does not require ultrahigh vacuum. 

In order to proceed with the fabrication of free-standing film, we firstly purified 

MWNTs from the metal residual content. This step was crucial in the fabrication 

of the material if the substrate has to be used for neuronal growth. In fact, as 

already explained in the preceding chapter, the presence of more than 10% of 

metal in CNTs could inhibit neuronal growth resulting in a toxic behaviour17. To 

address this aim we dissolve CNTs in a solution of 2.6M of  nitric acid for 48 

hours at 125°C (appendix B) and we check by TGA in O2 the effective removal 

of the metal.  
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Figure 2 On the top schematic representation of MWNTs purification. At the bottom TGA analyses under 
O2 atmosphere of pristine MWNT (red curve) and purified MWNT Green Curve) (p‐MWNTs)

As it is possible to observe from the graph reported in Figure 2, after the analysis, 

the residual material represented by metals that are present inside the nanotubes 

is equal to 1.44% with respect to the 16.7% present in the pristine material. 

However the as prepared nanomaterial showed a conductivity value of 285.71 

S/m, that is slightly lower compared to the pristine material (384.62 S/m), 

suggesting a little impairment of electronic structure of the p-MWNTs.  

The nanomaterial were dissolved in ethanol solution containing Nafion at 80% 

in weight respect to CNTs obtaining an homogeneous and long term stable 

solution of Nafion/CNTs (at least 5 months) (Figure 3). 
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Figure 3 On the top is reported picture of Nafion/MWNTs solutions. At the bottom TEM images of 
Nafion/MWNTs solution prepared from ethanol are reported. On the right it is possible to observe that 

Nafion did not wrapp p‐MWNTs. Scale bar is, from left to right, 1000nm and 200 nm respectively 

The dispersion of the nanomaterial it is also confirmed by TEM analyses. We 

observed that Nafion 117 did not wrap MWNTs structure, as usually happens 

with polymeric structures18–20. We tried also to prepare these solution from 

hydrophilic functionalized MWNTs, as f2-MWNT, but we obtained the 

instantly precipitation and aggregation of the nanomaterial inside the Nafion 

solution (figure 4), suggesting us the importance of hydrophobic-hydrophylic 

characteristics of nanomaterial for the supramolecolar interaction with Nafion 

polymer. 
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Figure 4 TEM picture of f1‐MWNTs in a Nafion solution in Ethanol. From left to right the scale bar is 
1000nm and 500nm.

The solution containing p-MWNTs and Nafion was filtered on a PTFE filter at a 

rate of 0.08 mL/min and at the end of the filtration the free-standing film reported 

in the Figure 5 was peeled from the filter. 

Figure 5 Images of Nafion/p‐MWNTs free standing film nanocomposite

The free-standing nanocomposite, typically 40µm thick, exhibits good flexibility. 

The sheet resistance of the substrate was measured from both sides and it was 

observed that on one side there was an ohmic behaviour with linear 

proportionality between current and potential (Figure 6 A) as described by Ohm 

law: R=V/I where R is resistance, V is the potential and I is the current. On the 

other side, instead, a non-ohmic behaviour was present (Figure 6 B), suggesting 

us a different structure of the film. 
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Figure 6 The graph shows ohmich A) and non‐ohmic B) behaviour recorded on the two different sides of 
the nanocomposite

In order to verify this aspect, we cut a sagittal portion of the membrane and we 

studied it by an optical microscope. As it is possible to observe in Figure 7 the 

membrane shows a segregation process. In fact it is clearly evident the presence 

of two portions, one where the p-MWNTs are more concentrated and the other 

where there is higher concentration of Nafion. This structure can explain the non-

ohmic behaviour of one side, in fact this region is enriched in Nafion that is 

known to be an ionic conductor21. 

Figure 7 Sagittal optical microscope image of two Nafion/p‐MWNTs nanocomposites. The dot line is used 
to mark the separation between two different membranes. Scale bar 10 µm
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In addition the segregation phenomena cannot be due to loss of material during 

the preparation, as confirmed by TGA under nitrogen atmosphere the weight loss 

at 600°C when Nafion is completely burned and CNTs are still stable is of 80%, 

corresponding to the initial amount of Nafion with respect to CNTs (~80% w/w) 

(Figure 8). 

Figure 8 TGA analysis under nitrogen atmosphere of Nafion/p‐MWNTs nanocomposite

The two morphologically different surfaces were observed also by SEM. It is 

evident, the presence of p-MWNTs only on one side that corresponds to that 

with ohmic behaviour. 

Figure 9 SEM image of side enriched in Nafion (on the left) and side with enriched in p‐MWNTs (on the 
right). Scale bar 600nm.

From the morphological studies and the conductivity measurements we 

confirmed that Nafion did not completely surround p-MWNTs during the 
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fabrication of free-standing film, leaving CNTs free to interact with biological 

material. 

The final aim of this work is the production of a material that, at the end, could 

be assembled in a 3 dimensional structure: as already mentioned there are several 

techniques to do that. The basic idea is to use the temperature to modulate the 

hardness of the material and to modify the structure. In order to verify if this is 

applicabele also to our materials, we tried to fuse two of our Nafion/p-MWNTs 

membranes, on the Nafion enriched side, by heating the films. In particular we 

gently press on the membrane surface faced one to the other on the Nafion-

enriched region at 100°C; at this temperature both the polymer and the MWNTs 

were not degraded, but the material became more soft. By optical microscope 

analysis of a sagittal portion of the material, we could observe that after this 

process the material was more homogeneous and did not present marked region 

at higher concentration of Nafion. 

Figure 10 Sagittal optical microscope image of fused Nafion/p‐MWNTs nanocomposite. Scale bar is 50µm

The film as prepared presents a thickness of 84 µm and a sheet resistance on both 

sides of 34KΩ/□ confirming the homogeneity of the material. To check if the 

material changes its characteristics also on the side enriched in CNTs we 

performed contact angle measurements. 
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Contact angle is a specific property of the material that indicates the 

hydrophobicity. The same material assembled in the same way presents the same 

contact angle22. In our case, before the fusing process p-MWNTs enriched sides 

presented a contact angle value of 129° and the side where Nafion was more 

concentrated a value of 93°. After the fusion of the membrane the surface of the 

films shown a contact angle value of 128° suggesting us the preserved of surface 

structure after this treatment. By SEM analysis it is possible to observe more or 

less the same structure of the surface before the fusion process and conductivity 

measurements showed in this case the same ohmic behaviour on both sides 

(Figure 11). 

Figure 11 SEM image of two fused Nafion/p‐MWNTs nanocomposites (Scale bar 600nm). On the right 
VvsI graph.

The final conductivity of the material was calculated to be 3.3 S/m. 

4.1.2  Self-Assembly of CNTs on Nafion through covalent 
functionalization 

One possible method to obtain a device where carbon nanotubes are exposed on 

the surface of a scaffold is the use of self assembly or layer by layer deposition 

on a polymer matrix. The assessment of data accumulated in numerous studies 

on carbon nanotubes composites revealed that effective incorporation of 

nanotubes into a polymer matrix strongly depends on the homogeneous 

dispersion of the nanotubes. Good interfacial bonding and interactions between 
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nanotubes and polymers are necessary conditions to improve the adhesion of 

nanomaterial on polymer surface23–26. The most common approach to achieve the 

uniform distribution and tight matrix connectivity is the chemical modification 

of the graphite network of the nanotube walls27–32. We have used this strategy to 

cover the surface of Nafion matrix. The deposition technique that we took 

advantage of is called self-assembly33. Functionalized MWNTs were used to 

control the assembly by electrostatic interaction of the nanomaterial on the 

polymer matrix. In particular, Nafion presents sulfonate super acid groups that 

are negatively charged and, playing with organic functionalization, we have 

inserted ammonium groups (pKa~9.47) on the graphitic surface that could be 

positively charged at acid pH. In this way a Nafion scaffold could adsorb on its 

surface ammonium functionalized carbon nanotubes from the solution by 

electrostatic interactions. Firstly we functionalized MWNTs by 1,3 dipolar 

cycloaddition of azomethine ylides (f3-MWNTs) following the procedure 

reported below (see details in appendix B), to obtain free amine groups on the 

surface of the tubes 

The reaction was monitored by TGA giving a functionalization degree of 170 

µmol/g. A glass substrate was covered with (3-aminopropyl)trimethoxysilane to 

increase the adhesion of Nafion film on the support34, then a 200µL of Nafion 

solution at 1% was deposited on the glass and dried in air achieving the covering 

of the substrate with an uniform film of Nafion. The as prepared substrate was 

dipped in a solution of f3-MWNTs at different concentration in water at pH=3 for 

5 minutes. As it is possible to observe in SEM images we obtained the deposition 

of big aggregates on the surface of the film. The amount of aggregates appeared 
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to be related with the concentration of the f3-MWNTs solution, 

more concentrated solution caused bigger aggregates on Nafion surface 

(Figure 12). 

Figure 12 SEM images of different Nafion coated substrates covered with CNTs starting from a solution of 
f3‐MWNTs of A) 1mg/mL B) 0.5mg/mL C) 0.1mg/mL. Scale bar 2µm. D) graph of Average agglomerate 

dimension for each sample.

To increase the solubility, we tried to introduce a higher concentration of 

ammonium groups on the graphitic surface of CNTs using aryl reaction. F2-

MWNTs were used for self-assembly; the procedure was the same used for f3-

MWNTs and SEM images are reported below (Figure 13). The solutions, 

probably due to the higher amount of amino groups, appeared to be more 

dispersed and stable. This good dispersability influences the deposition of 

MWNTs on the surface of Nafion, in fact at the same concentration the 

agglomerate dimensions are, in average, smaller than those observed with f3-

MWNTs. From a solution of 0.1 mg/mL it was possible to obtain a substrate fully 

covered of f2-MWNTs without observing significant aggregation (Figure 13 C)  
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Figure 13 SEM images of different Nafion coated substrates covered with CNTs starting from a solution of 
f2‐MWNTs of A) 1mg/mL B) 0.5mg/mL C) 0.1mg/mL. Scale bar 1µm. D) Graph of average agglomerate 

dimension for each sample.

We tried to find the best conditions for the deposition, decreasing the 

concentration of f2-MWNTs. Unfortunately at lower concentration it was not 

possible to obtain a uniform covering of the substrate with f2-MWNTs (Figure 

14). 

Figure 14 SEM images of different Nafion coated substrates covered with CNTs starting from a solution of 
f2‐MWNTs of A) 0.05mg/mL B) 0.025mg/mL. Scale bar 1µm.

It is known from the literature that cell growth, including neuronal cells, is 

influenced by the roughness of the substrates where they are cultured. In 

particular it was observed that neurons cultured on surfaces with roughness 
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between 20-70 nanometers adhered and grew better than neurons cultured on 

surface with features <10nm or >70nm35. By AFM spectroscopy we calculated 

the roughness of the substrate prepared in the best condition (using f2-MWNTs 

at 0.1mg/mL for 5 minutes of time of contact), obtaining a roughness value of 

31.08±0.5, value that matches perfectly with the better range for neuronal growth. 

Figura 15 AFM image of the substrate prepared immersing the nafion substrate in a solution of f2‐
MWNTs at 0.1 mg/mL for 5 minutes.

In this section the procedure to prepare a self-assembly of functionalized 

MWNTs on Nafion substrate was described. This procedure could be very useful 

because it allows to cover a Nafion surface of any dimension and shape by simply 

dipping the substrate in a solution containing MWNTs. The procedure permits to 

have also only MWNTs nanotubes on the surface of the material that can be free 

to interact with neuronal cell growth on the surface. 

4.2 Polyethylene/CNTs nanocomposite 

Polyethylene (PET) is a thermoplastic polymer consisting of long hydrocarbon 

chains. PET has excellent chemical resistance and high melting temperature 

>120°C. Polyethylene can be dissolved at high temperature in aromatic 
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hydrocarbon solvent such as toluene and xylene or in chlorinated solvents36. The 

high stability in the organism of polyethylene, permitted in the past to use this 

material as prosthesis in knee arthroplasty37–39 and odontoiatric prosthesis40–42. 

The our idea is to cover this material with MWNTs to obtain the prosthesis. For 

this aim, we used a polyethylene grafted with maleic anhydride and reacted this 

polymer with amino functionalized carbon nanotubes. 

4.2.1  Functionalization of CNTs with polyethylene graft maleic 
anhydride 

We first verified the effective ability of MWNTs to covalently bind polyethylene 

graft maleic anhydride (gPET). Due to their higher dispersibility and higher 

degree of functionalization, we decided to use f2-MWNTs. 

Figura 16 Schematic representation of the covalent approach used to functionalize f2‐MWNTs with gPET

The reaction was carried out in the conditions reported in Figura 16. TGA 

analysis was carried out to verify the result.  
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Figure 17 TGA analysis of gPET (green curve) and gPET functionalized MWNTs (violet curve) 

The analysis evidenced the presence of a 70% of gPET and 30% of Carbon 

nanotubes, and this amount of nanomaterial inside the gPET structure is high 

enough to increase the thermal stability of the polymer of about 5°C.  

To be sure that gPET was interacting with MWNTs we observed the sample in 

TEM.  

Figure 18 TEM images of f2‐MWNTs (left) and gPET‐functionalized MWNTs (right). Scale bar is 100nm. 

After the reaction with gPET the presence of amorphous material around the 

surface of MWNTs is evident suggesting the interaction between the 

polymer and nanomaterial (figure 18). 



Chapter 4 Nanostructured materials based on CNTs 

127 

All these indications of an interaction between MWNTs and gPET did not 

confirm the presence of a covalent bonding between the two materials, so IR and 

DOSY-NMR analyses were checked.  

Figura 19 IR spectra of gPET(blue), gPET functionalize MWNTs(red) and f2‐MWNTs 

IR spectra in Figura 19, confirm the presence of the reactive groups on f2-

MWNTs and gPET through the characteristic peaks of the organic groups: 

stretching modes of NH (ν=3400-3500) (black curve) and maleic reactive group 

(ν=1713) (blue curve). After the reaction between f2-MWNTs and gPET we 

observed a shift to a higher frequency of maleic group signal due to the formation 

of maleimide moieties (from 1713cm-1 to 1730 cm-1). These results confirm that 

the interaction between gPET and f2-MWNTs is guided by covalent 

functionalization. 

2D-DOSY NMR can be a useful tool to evaluate covalent bonding between 

polymers and CNTs by calculating diffusion coefficient43. The 2D-DOSY 

stacked plot of gPET clearly shows that, as the field gradient increases, the 

absolute intensity of the peak at 1.4 ppm rapidly decreases. On the other hand, 

the absolute intensity of the same peak when bounded with f2-MWNTs is less 

affected by the field-gradient strength increase. 
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Figure 20 Stacked‐plot of the signal intensity decay of gPET (A) and gPET/f2‐MWNTs nanocomposite (B) 
from 2D‐DOSY analysis with increasing field gradient strength (from 1 to 25 G*cm‐1 in 15 steps)

To be sure that gPET was covalently bonding with f2-MWNTs we carried out the 

calculation of the diffusion coefficient to qualitatively distinguish between the 

different samples. Not only the two samples reported in Figure 20 were analysed, 

also the simple mixture of gPET and MWNTs in toluene and the mixture of 

gPET, f2-MWNTs and gPET/f2-MWNTs (covalently bonded) were analysed. 

The concentration in all the four samples was maintained respecting the ratio 

between f2-MWNTs and gPET, that is equal to that obtained by TGA analysis of 

gPET/f2-MWNTs, in order to avoid changes in diffusion coefficient influenced 

by concentration. 

As it is possible to observe in Figure 21, the diffusion coefficient is lower in the 

case of gPET/f2-MWNTs (D=2.92*10-6 cm2 s-1). When the f2-MWNTs were 

simply mixed, instead, we obtained a diffusion coefficient (D=8.53*10-6 cm2 s-1) 

that is lower with respect to the gPET diffusion coefficient (D=15.09*10-6 cm2 s-

1), probably due to the fact that the solution was more viscous for the presence of 

CNTs, and higher than gPET/f2-MWNTs nanocomposite, probably due to the 

lower degree of interaction between the two materials. As expected, when we 

prepared a solution containing a mixture of gPET, f2-MWNTs and gPET/f2-

MWNTs nanocomposite the diffusion coefficient had an intermediate value 

A  B 
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(D=6.6*10-6 cm2 s-1) between gPET/f2-MWNTs mixture and gPET/f2-MWNTs 

nanocomposite. 

Figure 21 Diffusion coefficient for the different gPET/f2‐MWNTs substrates 

All these evidences (TGA, TEM, IR, NMR) suggested that we were able to 

make a covalent bond between f2-MWNTs and gPET. This behaviour is 

confirmed by solubility studies. After the functionalization and thanks to the 

presence of gPET on graphitic surface of MWNTs, we were able to dissolve 

the nanocomposite only acting on the temperature, without sonication, contrary 

to what happens with simple amino functionalized nanotubes. As proof of the 

high level of interaction between the two materials the process is reversible, in 

fact we can precipitate the material by cooling and suspend again the 

nanocomposite by heating the solution again and again. 

Figura 22 Time lapse of two vials containing f2‐MWNTs(left) and gPET/f2‐MWNTs nanocomposite. The 
sample are in toluene and the picture took during heating.
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When a film is produced with the as prepared gPET/f2-MWNTs nanocomposite 

it results to be non-conductive because the polymer, that is insulator, wraps the 

whole CNT structure. Since, we need a conductive material to be able to translate 

neuronal signal and to be sure to have CNTs on the surface of the material, we 

tried to cover a gPET surface with f2-MWNTs through covalent bonding. In this 

way, we can first model the gPET and then functionalize its surface by solid-state 

surface chemistry with CNTs. 

gPET was deposited from toluene on a glass surface and after the evaporation 

of the solvent, we tried to functionalize it with f2-MWNTs in the same 

condition used in bulk system. After the reaction the gPET surface was 

completely free of CNTs as it is possible to observe in SEM image where we 

cannot observe any tubular structures but only PET structure(figure 23). 

Figura 23 SEM image of gPET. Scale bar 1µm.

The reason of the impossibility to covalent bond CNTs to gPET can be due to the 

unavailability of the maleic moieties. As already described, the presence of 

toluene on the surface of depositing gPET, caused the disposition of the more 

hydrophobic alkylic chains on the surface of the film, the hydrophilic maleic 

group, instead, would be situated on the bottom part of the film where the 

interactions with the solvent are minimized. This process made the reactive group 
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of the material unavailable on the surface44–46. To make it newly disposable the 

substrate was immersed in water at 100°C and kept overnight; at this temperature 

the chains of the gPET start to be less blocked in their position and the 

hydrophilic groups start to move on the surface of the film, where water is 

present, to minimize the surface energy. During this process the hydrolysis of 

maleic group can also take place. Then we immediately dipped the substrate in 

acetone, to freeze this condition and prevent the movement of the hydrophilic 

groups inside the matrix of polymer. After this treatment, we measured the water 

contact angle of the surface. Before the treatment at 100°C in water the material 

had a contact angle of 93°C, after the treatment we measured a contact angle of 

65°C (Figure 24): this suggested the more hydrophilic nature of the surface due 

to the exposition of maleic groups. 

Figure 24 Contact angle measurements of gPET substrate before (left) and after (right) the treatment in 
water at 100°C

The substrate was then reacted with f2-MWNTs in presence of a coupling agent 

overnight at 60°C. After the reaction, the material was washed from the aspecific 

bound material and dryed. The presence of CNTs on the surface of the material 

was evidenced by SEM analysis. 
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Figure 25 SEM image of gPET modified surface with f2‐MWNTs. Scale bar 300nm.

Concluding this part, we set up a procedure to functionalize maleic grafted 

polyethylene surface with a continuous carpet of MWNTs playing with 

hydrophilic/hydrophobic interactions and covalent bonding. Also in this case as 

for the self-assembly of Nafion described before, the procedure permits to cover 

a gPET built with every possible dimension and shape, by simply dipping the 

substrate in a solution containing f2-MWNTs and giving enough time to the 

material to react. In this way, we conjugated the fact that gPET is easy to 

manipulate and produce with every desired dimension to obtain a scaffold that 

can be simply covered by means of covalent bonding with CNTs. 

4.3 Polydimethylsiloxane/CNTs nanocomposite 

Polydimethylsiloxane (PDMS) belongs to a group of polymeric organosilicon 

compounds that are commonly referred to as silicones. The chemical formula for 

PDMS is CH3[Si(CH3)2O]nSi(CH3)3. PDMS is optically clear, inert, non-toxic 

and non-flammable. Its applications range from contact lenses47 and medical 

devices48 to elastomers; it is present, also, in shampoos49 (as dimethicone makes 

hair shiny and slippery), antifoaming agent50, caulking51 and lubricating oils52. 
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The biocompatibility of the material with neuronal cells was already 

demonstrated by a numbers of papers that describe the use of PDMS as a material 

where  neuronal cells grow and differentiate53–55. Our idea is to assemble a porous 

scaffold of PDMS where CNTs can remain entrapped, creating an innovative 

conductive nanocomposite that could support neuronal growth and favour the 

transmission of the electrical signal. 

4.3.1  Fabrication of PDMS/CNTs 3D-nanocomposite  

Here a simple template method to develop a porous material covered with CNTs 

is proposed. Commercially available sugar was used as a template that can be 

easily removed after immersion in water. With this template PDMS results in a 

sponge material used as scaffold in the proposed method. One advantage is that 

spongy PDMS does not require complicated synthesis processes or equipments. 

The polymer was used to entrap MWNTs during the polymerization and the 

organic functionalization of graphitic walls of the CNTs help to control, by 

supramolecolar interaction, the disposition and dispersion of the nanomaterial 

inside the PDMS. Different kind of functionalized carbon nanotubes (30mg) were 

allowed to be adsorbed on the surface of commercial sugar crystals (1g) by 

simple mixing the two powders in dry condition overnight. In this way, the 

impact of sugars crystals with MWNTs could break the π-π stacking between the 

nanotubes. After that 30µL of water were added and mixed obtaining a 

homogeneous mixture. The mixture was modelled into the desired shape (cube), 

gently pressed and allowed to dry. SYLGARD® 184 Silicone Elastomer from 

Dow Corning (PDMS) was prepared in a glass dish using 10 parts of monomer 

and one part of curing agent by weight. Sugar/CNTs mixture were placed into 

the dish and was saturated under vacuum with PDMS. The cubes were then cured 

in an oven at 85°C for 1 hour, successively removed from the oven and allowed 

to cool. Excess PDMS was trimmed away, and the cubes were put in a beaker of 
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distilled water to dissolve the sugar. The process took approximately 24 hours 

and the water was changed several times during this period to maintain a 

concentration gradient between the cube and the water, thus increasing the rate 

of dissolution. A scaffold made of only PDMS (without CNTs) was used as a 

control. In Figure 26 is reported SEM image of the scaffold made of only PDMS 

were it is possible to observe the porous structure of the film and, at higher 

magnification, the flatness of the surface.  

Figure 26 On the left microporous 3D scaffold made of only PDMS. Scale bar 200µm. On the left is an 
enlargement on the surface of the scaffold. Scale bar 1µm.

Several attempts were made to cover the surface of the material with CNTs. 

Purified CNTs (p-MWNTs) were firstly used. These nanotubes are less 

conductive than pristine CNTs (chapter 2) but they contain less metals (<3% 

paragraph 4.1.1) and mantain hydrophobic characteristics that could permit 

higher and better distribution of the material inside the hydrophobic monomers 

of dimethyl siloxane gel before the polymerization. However, the produced 

scaffold, as reported by SEM images, pesented a lot of aggregates on the surface. 
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Figure 27 In the left microporous 3D scaffold made of PDMS/p‐MWNTs. Scale bar 200µm. In the left is an 
enlargement on the surface of the scaffold. Scale bar 10µm.

This behaviour could be due to the absence of functional groups on the graphitic 

surface of the substrate, so that a stronger π-π stacking between the nanotubes 

can take place and that cannot be broken by simply mixing the nanotubes with 

sugar crystals, resulting in strong agglomeration of the nanomaterial on PDMS. 

To avoid this aggragtion we tried to assemble the scaffold with f2-MWNTs. 

Figure 28 In the left microporous 3D scaffold made of PDMS/f2‐MWNTs. Scale bar 300µm. In the left is an 
enlargement on the surface of the scaffold. Scale bar 10µm

Also in this case big aggregates took place on the surface of the film. The cause 

could be due to the fact that the monomer of dimethyl-siloxane produce a 

hydrophobic gel. Amino functionalized MWNTs are instead more hydrophilic, 

so in contact with the gel they started to aggregate and form “micelle like 

structures” to minimize the surface energy. Based on this idea and on 

experimental evidences, we decided to use f1-MWNTs. These nanotubes 

presented on their surface a covalent organic functionalization with alkylic chain, 
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in this way it is avoided the π-π stacking and the nanomaterials were less 

hydrophilic, also due to the fact that the as prepared f1-MWNTs are less 

functionalized (99µmol/g) respect f2-MWNTs (230 µmol/g). This, as already 

described in chapter III, permits to better preserve the electronic structure of the 

nanomaterial. The obtained scaffold is reported in Figure 29. 

Figure 29 In the left microporous 3D scaffold made of PDMS/f2‐MWNTs. Scale bar 200µm. In the left is an 
enlargement on the surface of the scaffold. Scale bar 1µm

As it is possible to observe the carbon nanotubes are better distributed on the 

surface of the material and, at least in part, their tips are oriented outward from 

the polymer. This aspect is also confirmed by conductivity measurements, in fact, 

the scaffold is fully conductive also when pressed and deformed, see Figure 30, 

showing a sponge like behaviour. 
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Figure 30 the first three images show the ability of the material to be compressed. The last four images 
show the ability of the material to maintain its conductivity during compression and decompression cycle 

applied with a tweezer. 

4.3.2  Modification on graphitic walls of PDMS/MWNTs 
nanocomposite. 

When designing a scaffold to help and support neuronal growth it could be useful 

to functionalize the scaffold with molecule such as neuronal growth factor56, 

adhesion molecule57, drugs58 or other factors to increase the solubility of CNTs, 

helping their secretion from the organism in case of detachment from the 

scaffold59. For these reasons, we tried to functionalize carbon nanotubes after the 

formation of the scaffold. First of all we defunctionalized the PDMS/f1-MWNTs 

nanocomposite by a heating treatment at 350°C under nitrogen atmosphere for 

20 minutes. As already reported in chapter III, this procedure is sufficient to 

remove all the organic functionalization from CNTs surface. PDMS is stable in 

this condition. After that, we performed the same reaction to obtain f2-MWNTs, 

keeping as reference weight for CNTs the total amount of nanotubes used to 

produce the scaffold. At the same time, we performed the same reactions on a 
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PDMS control scaffold without CNTs in order to evaluate any aspecific 

interactions of organic molecules with the polymer. Then we performed a Kaiser 

test, a colorimetric assay that permits us to qualitatively observe the presence of 

free amine groups (see appendix A). In particular the yellow solution test turns 

into violet when primary amines are detected60. 

Figure 31 Kaiser test result for re‐funtionalized f2/MWNTs nanocomposite (left) and PDMS alone (right)

As evident in Figure 31 only the scaffold with CNTs showed a significant switch 

into violet, suggesting us the re-functionalization, in a large part, of the 

nanomaterial and, consequently, the possibility to insert, after the formation of 

the scaffold, covalently bound active molecules to sustain spinal network 

regeneration. 

Concluding this section, we obtained a CNTs/PDMS porous scaffold where we 

were able to control the aggregation and distribution of CNTs in the material by 

means of covalent functionalization through hydrophobic/hydrophilic 

interactions. The material showed conductive and elastic properties. In addition 

we were able to modify the graphitic surface of MWNTs after the formation of 

the scaffold, opening the door to new opportunities in the design and the 

adaptability of the material. 
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4.4 HB-PEI/CNTs nanocomposite 

Polyethyleneimine (PEI) or polyaziridine is a polymer with a repeating unit 

composed of an amino group and two carbon aliphatic CH2CH2 spacer. Linear 

polyethyleneimines contain only secondary amines, in contrast to branched PEIs 

which contain primary, secondary and tertiary amino groups. Totally branched, 

dendrimeric forms are also reported61. PEI is produced on industrial scale and 

finds many applications usually derived from its polycationic character. In 2004 

and 2005 Parpura and collaborators56,62 demonstrated that PEI functionalized 

CNTs not only can support neuronal growth, but can also favour the increase in 

the number of neurites, suggesting the possibility to produce scaffolds for spinal 

network repairing based on CNTs and polymers. Here we produced a scaffold 

taking advantage from electrostatic interactions between oxidized CNTs (ox-

CNTs) and hyper branched-PEI (HB-PEI). 

4.4.1  HB-PEI/ox-CNTs Layer by Layer deposition 

The sequential adsorption of oppositely charged material by layer-by-layer (LbL) 

self-assembly is an efficient method for obtaining multilayer thin films. This 

technique has progressed significantly since the pioneering work by Decher et 

al.63. In this technique, two oppositely charged polyelectrolytes dissolved in 

aqueous solution are alternately deposited on a support surface by means of 

electrostatic interaction. After each dipping cycle, the surface charge is reversed, 

which enables deposition of a subsequent layer. 

We have been able to prepare an effective multilayer thin film made by PEI and 

MWNTs. The starting materials were ox-MWNTs (see appendix B) and HB-PEI; 

the LbL self assembly was carried out on a quartz substrate, that was previously 

negatively charged by a treatment in piranha solution64, by alternate dipping the 

quartz in polycation HB-PEI and polyanion ox-MWNTs. The LbL self assembly 
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of oppositely charged materials was followed by UV-vis spectroscopy and SEM 

microscopy. 

To prepare MWNTs for the layer by layer deposition we oxidized MWNTs by a 

treatment in a solution containing sulphuric acid and nitric acid in the ratio of 3:1 

under sonication for 24 hours, keeping the temperature under 40°C. This 

treatment is necessary to introduce carboxylic groups on the graphitic surface 

of CNTs and to cut the tubes (see chapter 1.5.2). The amount of –COOH 

groups was quantified by TGA, evidencing a functionalization degree of 

1.9mmol/g. 

Figure 32 Schematic representation of oxidation of CNTs (on the top) and TGA analysis of oxidized CNTs 
(green curve, bottom) and pristine CNTs (blue, curve, bottom)

The acidic treatment allowed ox-MWNT to maintain their tubular structure, 

although decreasing  the length of the nanomaterial (with respect to pristine 

materials) as it is possible to observe in TEM images and from analysis of 

the length distribution (figure 33). 

H2SO4, HNO3 
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Figure 33 TEM image of ox‐MWNTs (left) and length distribution of ox‐MWNTs (green curve in the graph) 
and pristine material (blue curve in the graph)

The ox-MWNTs were used for layer by layer deposition. Oxidized quartz 

substrate were dipped in a solution containing HB-PEI in water at pH=3 for the 

time necessary to have the electrostatic adsorption of the material on negatively 

charged quartz substrate. At this pH all the PEI amines are protonated, resulting 

in the most extended form of PEI due to electrostatic repulsion of amines65 that, 

for this reason, are fully disposable for electrostatic recognition with negatively 

charged quartz substrate. Then, after washing with water, the material was 

immersed in a solution of ox-MWNTs in water at pH=9. In these conditions, ox-

MWNTs had negatively charged carboxylic groups and this could permit the 

adsorption of the CNTs on PEI substrate. This procedure was repeated several 

times.  
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Figure 34 UV‐vis spectra of HB‐PEI/ox‐MWNTs nanocomposite film as a function of the number of layers 
self‐assembled. 

Figure 34 shows UV-vis spectra of the LbL self-assembled films as a function of 

the number of HB-PEI/ox-MWNTs bilayers. The HB-PEI/ox-MWNTs multi 

layer film shows a remarkable adsorption at 267nm, typical of the assembled 

MWNTs as previously described 66. The inset graph in Figure 34 shows the 

absorbance at 267nm as a function of the number of bilayers, which increased 

linearly with the number of LbL self-assembled HB-PEI/ox-MWNTs bilayers on 

quartz. 

Figure 35 shows the UV-vis spectra of three different points of the same substrate 

after the deposition of 20 HB-PEI/ox-MWNTs bilayers. As it is possible to 

observe the three spectra are very similar, suggesting us a homogeneous 

deposition of the different self-assembled layers. 
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Figure 35 UV‐vis spectra of 20 bilayers HB‐PEI/ox‐MWNTs registered in three different points of the 
substrates.

The deposition of the layers was observed also by SEM. Figure 36 shows two 

typical images of a film where the last deposition was HB-PEI (on the left) and 

of a film where the last deposited layer consisted of ox-MWNTs. 

Figure 36 SEM image of HB‐PEI terminated film (left) and ox‐MWNTs terminated film. Scale bar 1µm.

As it is possible to observe, when we deposited PEI, the film did not shown any 

tubular structure, when we deposited ox-MWNTs, instead, the film shows the 

characteristic tubular structures of nanotubes. 
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After the deposition of 25 bilayers of HB-PEI/ox-MWNTs we tried to obtain a 

free-standing film from the detachment of the whole structure from the quartz 

substrate. To do that we firstly tried to dip the substrate in a solution of HF at 1% 

to degrade the support. This procedure did not permit the detachment of the entire 

structure of the film, probably because of a low mechanical resistance of the film. 

For this reason, we cross-linked the film with glutharaldehyde at 2% overnight. 

After this treatment, we were able, degrading the quartz substrate, to obtain the 

free standing film reported in Figure 37. 

 

Figure 37 SEM image of HB‐PEI/ox‐MWNTs free‐standing surface in the inset is reported a picture of the 
free‐standing film. Scale bar 1µm. 

The film showed the presence of ox-MWNTs on the surface also after the 

treatment with glutharaldehyde. 

In this part of the work we described our approach to prepare HB-PEI/ox-

MWNTs LbL self assembly film. The film can be produced as a free-standing or 

anchored on a negatively charged surface. We demonstrated by UV and SEM 
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image the possibility to control the deposition of the material by means of self-

assembly. 

 

4.5 CNTs/polyaniline nanocomposite 

Due to its high electron conductivity, redox and ion exchange properties, 

excellent environmental stability and ease of preparation from common 

chemicals polyaniline (PANI) is one of the most studied conducting 

polymers67,68. The oxidation of aniline in acidic aqueous media using ammonium 

peroxydisulfate as oxidant has become the most widely used synthetic route to 

achieve conducting PANI. PANI is obtained as the protonated emeraldine salt, 

named after its green colour. It is deprotonated in alkalis to the corresponding 

emeraldine base, which is blue and non-conducting. The oxidized form of 

emeraldine, pernigraniline, also exists as a “salt” and a base. The protonated 

pernigraniline is an important polymerization intermediate. Its blue color should 

not be mistaken for that of emeraldine base, which is of a different shade. The 

reduced form of emeraldine, leucoemeraldine, is the last important yellowish 

non-conducting form of PANI. 

 

Figure 38 Polyaniline forms 
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Although the preparation of PANI is a simple chemical process from the technical 

point of view, aniline oxidation is represented by an intricate interplay of 

consecutive reactions, which are still far from being completely understood. The 

oxidation typically takes place in various aqueous media and a variety of oxidants 

can be used, including the electrochemical type of oxidation. The synthesis may 

yield products having a variety of properties and various supramolecolar 

morphologies. The conductivity ranges from 10-8 to 102 S/cm69. PANI can be 

produced as nanogranular powders, nanotubes, nanowire, micromats or 

microspheres. 

The combination of CNT with conducting polymers, such as PANI, is an 

attractive route to introduce electronic properties based on morphological 

modification or electronic interactions between two components. Many groups 

have reported on the synthesis and properties of polyaniline/carbon nanotubes 

nanocomposite70,71. Cochet and collaborators reported that in-situ chemical 

oxidative polymerization of PANI in presence of CNTs led to the formation of 

true composite material with enhanced electronic properties. In that composite 

effective site-selective interactions between the quinoid ring of the PANI and the 

MWNTs facilitated charge-transfer processes between the two components72.  

In this work, we tried to produce an homogenous nanocomposite of PANI and 

MWNTs by the in situ polymerization. For this, we covalently functionalized the 

multiwalled nanotubes with para-phenylene diamine. The presence of the 

functionalization could help to disperse CNTs and could be converted into 

polyaniline during polymerization. As comparison, we prepared a composite in 

which CNTs were not functionalized with para-phenylene diamine. 
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4.5.1 Preparation and electronic properties of CNTs/PANI 
nanocomposite. 

As already mentioned in this chapter, we were interested in producing a device, 

enriched in CNTs or with CNTs on the surface. Many systems were already 

proposed to produce Aniline/CNTs nanocomposites, but, in the bigger part of the 

works, nanotubes were used only to reinforce PANI, resulting in low 

concentration of CNTs. In this thesis we set-up a new strategy to obtain a material 

based on CNTs with a low amount of PANI. 

As first step, we functionalized MWNTs with para-phenylene by aryl reaction as 

the scheme reported below, resulting in aniline functionalized MWNTs (f7-

MWNTs, Appendix B). 
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Figure 39 Schematic representation of the functionalization of MWNTs with aniline (TOP). TGA curves of 
the different reaction steps (Bottom). 
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All the reaction steps were characterized by TGA showing a functionalization 

degree of 170µmol/g. The functionalization permits to obtain a good solubility 

in aqueous solution without destroying the nanotubular structures of CNTs 

(Figura 40) 

Figura 40 TEM images of f3‐MWNTs. Scale bar is from left to right 500nm and 200nm 

The f7-MWNTs (1.5mg) were filtered on a solvent degradable nitrocellulose filter 

to obtain a homogeneous film. Once dried, the filter were immersed in a 1M HCl 

solution containing aniline monomers. A solution of ammonium perdisulphate 

was slowly added to this solution under strirring and left 24 hours to react. In 

these conditions, the aniline starts to polymerize. At the end of the reaction, the 

filter was removed, washed from the unreacted materials and degraded in 

acetone. The same was done with unfunctionalized MWNTs. Only in the case of 

f7-MWNTs was possible to obtain a free standing film, suggesting us the cross-

linking of aniline functionalized nanotubes with PANI as the proposed structure 

reported in (Figure 41) 
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Figure 41 Picture of CNTs/PANI nanocomposite (left) and proposed atomic structure of the 
nanocomposite (right)

Due to the presence of both primary and secondary amines in aniline and f7-

MWNTs, is very difficult to understand the real structure of the film and more 

specific analyses could be performed in future. What we actually know is that, 

after the crosslinking, we were able to obtain a free-standing film only in the case 

of aniline functionalized MWNTs indicating an interaction between PANI and 

aniline groups present on graphitic surface, as already reported in literature73. The 

nanocomposite showed a high concentration of MWNTs in fact, the total amount 

of PANI was less than 20% (calculated by TGA in nitrogen). 
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Figure 42 TGA of f7‐MWNTs/nanocomposite under N2 atmosphere

As already described before it was observed, in the past,  that the 

interaction between PANI and CNTs can led to the formation of a 

nanocomposite material 
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with improved electronic properties72. To verify this, we performed conductivity 

measurements on f7-MWNTs powders and f7-MWNTs/PANI nanocomposite. 

Before the cross-linking the conductivity of f7-MWNTs was equal to 0.19 S/m 

(as already described before, after functionalization by aryl reaction the carbon 

nanotubes conductivity decrease respect to pristine material, see chapter III). 

After the cross-linking with PANI the conductivity increase of about two 

orders of magnitude (39.68 S/m) indicating the interaction between PANI 

and MWNTs that facilitated charge-transfer processes. To check if 

MWNTs could be disposable on the surface of the material, we 

observed both sides of the membrane by scanning electron microscopy. In 

both cases, we found tubular structures of comparable dimensions with 

that of MWNTs, confirming the perfect integration of the nanomaterial into 

PANI. 

Figure 43 SEM images of upper part (right) and bottom part (left) of f7‐MWNTs/PANI free standing film. 
Scale bar 1µm. 

In this part of the thesis we described an approach to obtain conductive 

MWNTs/PANI nanocomposite. The free-standing film obtained was enriched on 

CNTs and the interaction between MWNTs and PANI increased the conductivity 

properties of the film. 
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4.6 CNTs/polyvinyl alchol nanocomposites 

Polyvinyl alchol (PVA) is a water soluble synthetic polymer. Polyvinyl alcohol 

has excellent film forming, emulsifying and adhesive properties. It is also 

resistant to oil, grease and solvents. It is odorless and nontoxic, has high tensile 

strength and flexibility, as well as high oxygen and aroma barrier properties. But 

these properties are dependent on humidity, the higher is the humidity the more 

is the water absorbed (hydrogel). The water, which acts as a plasticiser, will then 

reduce PVA tensile strength, but will increase its elongation and tear strength. 

PVA is fully degradable.  

 

Figura 44 Schematic representation of PVA polymer 

Thanks to the high biocompatibility of the material, PVA was already used to 

support cellular growth74–76 or to be used as prosthesis77–79. 

Our idea was to prepare a 3D porous scaffold nanocomposite based on MWNTs 

and PVA with an oriented microstructure to support and orient neuronal growth 

and neuronal signalling. 

 

4.6.1 CNTs/PVA nanocomposite made by ice segregation induced 

self assembly (ISISA) 

Cryogenic processes are excellent candidates for templating purposes. These 

processes consist of freezing, storage in the frozen state for a certain time, and 

defrosting (simple thawing or freeze-drying) of a low or high-molecular-weight 

precursor as well as a colloid system, forming either a water solution or 
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suspension or a hydrogel. Thus, the formation of crystalline ice (hexagonal ice, 

typically) causes every solute originally dispersed in the aqueous medium to be 

expelled to the boundaries between adjacent ice crystals. Subsequent freeze-

drying gives rise to a cryogel. Cryogels are macroporous structures characterized 

by walls of matter enclosing empty areas where ice crystals originally resided. 

Cryogels of polymeric nature were first reported more than 40 years ago80,81. In 

spite of the common application of cryogenic process, control of scaffold 

morphology was only partial. More recently a number of workers have 

demonstrated the capacity of ice-templating processes to control the morphology 

of the resulting macroporous structures by the use of unidirectional freezing at a 

controlled immersion rate82–84. The freezing step is very important to produce 

desirable porous structure. Different conditions of freezing including the freezing 

temperature, solute concentration, solvent type and direction of freezing can have 

a great impact on the resulting pore structure of the materials. For a simple system 

were PVA macromolecules are dissolved in water the Equation 1 described the 

expecting results: 

Equation 1 Equation to predict the microstructure of a scaffold produced by ISISA 

 

Where ω is the frequency and m is the slope of the liquid line on the phase 

diagram, V is the growth velocity, Tm is the equilibrium melting point, Γ is the 

ratio of the surface energy and the latent heat of fusion, D is the diffusion 

coefficient, k is the partition coefficient, G is the temperature gradient, GC is the 

solute concentration gradient at the interface and ks and kl are the thermal 



Chapter 4 Nanostructured materials based on CNTs 
 

153 
 

conductivities of the ice and solution phases. For a multicomponent system 

including molecules and colloids the analysis is much more complicated. 

When an aqueous solution is frozen in liquid nitrogen, the extremely low 

temperature (-196°C) of liquid nitrogen results in rapid formation of ice nuclei 

and the growth of small ice crystals. However, when the freezing process is 

carried out at higher temperature ice nucleation is slow and the nuclei tend to 

grow into larger ice crystals, which lead to the preparation of materials with large 

and random pores after the freeze drying process. The direction of freezing also 

has a major effect on pore morphology85 by controlling the direction of freezing 

the growth of the ice crystal can be oriented in one direction, a process called ice 

segregation induced self-assembly (ISISA). In particular, when an aqueous 

solution is frozen, ice crystals grow and solute molecules are excluded by these 

crystals. Because impurities have a very low solubility in ice crystals, a 

concentration gradient of the solute is formed and the solute concentration ahead 

of the ice front is increased83. This increase of concentration reduces the melting 

point of the solution, which results in the formation of a constitutional 

supercooling zone and finally this can break down the planar interface and the 

ice cell grows86,87.  

 

Figure 45 Schematic representation of the directional freezing process. Ice crystals grow in one direction 
and the solutes (such as particles, polymeric molecules or mixture of them) are excluded and solidified 

between the crystals85. 
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This phenomenon is called Mullins-Sekerka instability, according to which, the 

primary ice-template structure is dependent on the destabilizing solute interfacial 

concentration gradient and the surface energy that opposes cell formation. 

Our idea was to use this technique to produce a scaffold starting from a 

mixture of CNTs and PVA. In this way the scaffold should have, an 

oriented macroporous structure and, if the nanotubes are present at least in 

part on the surface of the material, a preferential conductivity along one 

direction. This could permit not only to orient the growth of the fibers coming 

out from the neuronal cells, but also to have the transmission of the electrical 

neuronal signal along one direction. 

To do that we firstly functionalized MWNTs to obtain f1-MWNTs. The organic 

functionalization was important to purify MWNTs, increasing the conductivity, 

and to avoid the formation of π-π stacking between the aromatic rings of CNTs. 

F1-MWNTs were dispersed in water and mixed with the same amount in weight 

of a PVA solution with the help of mechanical stirring. Then we started the 

freezing process. We dipped the solution at two different dipping rates (5.2 

mm/min and 2.6 mm/min) to check the ability to vary the spacing between the 

porous during the preparation and, after the freezing process, we freeze-dried 

the sample. In figure 46 is reported a picture of a scaffold obtained using as 

mold an insulin syringe. 
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Figure 46 On the bottom schematic representation of the used system for ISISA process. On the top f1‐
MWNTs/PVA nanocomposite obtained after ISISA process. 

TGA analyses under nitrogen atmosphere confirm the 1:1 ratio between PVA and 

f1-MWNTs. As first result from the interaction of MWNTs and PVA, we 

observed an increase in the thermal stability of the polymer in the nanocomposite 

of about 50°C. 
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Figura 47 TGA under nitrogen atmosphere of PVA alone (blue) and f1‐MWNTs/nanocomposite (green)
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The scaffold were analysed by SEM. As it is possible to observe in Figure 48 all 

the scaffolds produced by this technique present a preferential alignment that 

followed the dipping direction indicated by the white arrows. 

 

 

 

Figure 48 SEM images of scaffolds produced by ISISA. A) PVA Scaffold(left) and enlargement (right), B) 
f1/MWNTs scaffold (left) produced at a dipping rate of 5.2mm/min and relative enlargement(right) C) 
f1/MWNTs scaffold (left) produced at a dipping rate of 2.6mm/min and relative enlargement(right). The 
white arrows indicating the dipping direction. For the images on the left scale bar is 10µm, on the right 

1µm. 

As already reported in literature the spacing between the aligned microstructures 

can be controlled varying the dipping rate of the sample88. Calculating the 

average spacing between the microstructures in the different f1-MWNTs/PVA 

samples we observed that at the faster dipping rate (5.2mm/min) the spacing was 

A  B 

C  D 

E  F 
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lower (4µm±0.98) than for the scaffold prepared at the lower dipping rate 

(17.7±2.8µm). This is due to the fact that, decreasing the dipping rate, the 

molecules have more time to come out from the in-growing crystal; when we use 

the faster dipping rates, instead, the ice crystal is forming faster and the molecules 

remain entrapped in the in-growing ice crystal88. 

In the samples prepared starting from f1-MWNTs/PVA mixture, we found tubular 

structure and higher roughness with respect to PVA alone on the surface of the 

material. This behaviour is particular evident at higher magnification. These 

structures, in the limit of instrument resolution, can be due to the presence of f1-

MWNTs on the surface of the film. To confirm that, we performed conductivity 

measurements; PVA, in fact, is not conductive and the conductivity of the dried 

sample can be due only to the presence of CNTs. Both the samples prepared with 

CNTs showed a conductivity once contacted with a multimeter and the alignment 

of the scaffold appeared to be important to confer a preferential directionality to 

the conductivity. 

 

Figure 49 Current vs potential plot for f1‐MWNTs/PVA scaffold following the direction of dipping (green) 
and transversally the direction of dipping (blue) 

Figure 49 shown the potential vs current graph of the f1-MWNTs/PVA scaffold 

following (green dots) or not (green dots) the direction of dipping in liquid 
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nitrogen. In both the directions, the material showed an ohmic behaviour with the 

V/I ratio equal to a value called resistance (Ω). The resistance indicates the ability 

of the material to be passed by a current. The slope of the curves in Figure 49 

suggested us lower resistance value following the dipping direction (1.0 MΩ) that 

is a little bit less than two times the resistance registered along the perpendicular 

direction with respect to dipping (1.8 MΩ). These results confirmed 

microstructured directionality of the scaffold as it was already observed by SEM 

analyses. Thanks to this directionality we hope to be able to maintain the 

directionality of an electrical neuronal signal as usually happens in a neuronal 

network, where the back propagating phenomena are prevented. 

In this part of the work, we projected an innovative conductive scaffold based on 

MWNTs and PVA. Taking advantage from freeze-drying methodology we were 

able to control the porosity and microstructure of the 3D structures. Furthermore 

the microstructure influenced the conductivity of the substrate giving a 

preferential direction to the current transmission. 

 

4.7 CNTs nanocomposites and spinal cord: a 
novel system to evaluate the ability to 
translate an electrical neuronal signal. 

As already mentioned several times, the major innovation that CNTs produce in 

the spinal network repairing, is not only due to their ability to support and favour 

the neuronal growth89,90, but also to their theoretical ability to translate an 

electrical neuronal signal and to potentiate the neuronal network thanks to an high 

level of interaction with the biological systems17,90. The different scaffolds 

prepared in this thesis were produced basing on this idea and for this reason they 

presented CNTs exposed on the surface and different conductive properties. 

Another idea is to test the nanocomposite structures to verify if they are able to 
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translate an electrical neuronal signal and reconnect, immediately, two portions 

of spinal cord. To do that we invented a new system. In fact, due to the high level 

of innovation of these studies, it was not possible to find a system already set-up 

for this aim. We started from a system that is already used to study the neuronal 

activity of an entire spinal cord91–93. In this system the explanted spinal cord were  

 

Figure 50 Schematic representation to study the electrophysiological activity of an entire explanted 
spinal cord 

blocked on a PDMS support and kept wet by a continuous flow of physiological 

solution. To record the electrical activity, the dorsal roots were aspirated in 

pipettes and the activity was recorded with electrodes. On the other hand, 

stimulation electrodes were connected to ventral root in the same way to send an 

electrical input 

As a first step, we built up a support in PDMS, where free-standing film could be 

inserted into a square shaped frame of PDMS. The explanted spinal cord were 

then transversally cut in two portions to mimic the spinal cord lesion and the two 

cut surfaces were put in contact with the free-standing nanocomposite film. To 

check if it was possible to transfer the electrical signal between the two spinal 

cord portions, the ventral root of one spinal cord half was stimulated and we 

verify to record an electrical response from both portions of the spinal cord 

connected only by the nanocomposite film at the interface. 

Stimulation 
electrodes 

Rec 
Electrodes 
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Figure 51 Schematic representation of the PDMS support used to study the activity of the entire spinal 
cord (A) and picture of the system with the spinal cord (B). In (C) it is reported the electrodes scheme to 

record the activity on both the spinal cord portions 

This first system was easy to prepare, but presented same disadvantages. In fact, 

the surface in contact with CNTs is small and when we cut the spinal cord into 

two portions, we could kill the cells at the interface with the CNTs preventing or 

reducing the transmission of the electrical signal and the detectability for a lower 

signal to noise ratio. It is also important to note that it is not possible to clean the 

surface of two spinal cord portions from the dead cells due to low lifetime of the 

explanted spinal cord that is in the order of 24/48 hours. For these reasons, we 

also designed another system similar to the first but with an enhanced surface of 

contact. A sagittal section of the spinal cord was performed, maintaining ventral 

STIMULATION

PDMS support 
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and dorsal roots on both portion. In this case the production of the support was 

the problem because to record the spinal network activity a system stable in 

physiological solution is necessary: this means a perfect immobilized substrate 

on nontoxic substrates. For this we exploited the adhesive properties of PDMS 

and their changes during the polymerization. When in form of monomer dimethyl 

siloxane is in form of viscous gel; to address the polymerization of the material 

is important to use a curing agent and to control the temperature, the higher is the 

temperature the faster is the polymerization. As it is easy to suppose and 

understand, the polymerization does not occur instantaneously but gradually, 

passing through steps in which the material is in a semisolid state and really 

sticky. In our case, we performed the polymerization at 85°C and we checked at 

which temperature the material is in a semi-solid state to deposit our free standing 

film, avoiding the total covering of nanostructured material by PDMS, as it can 

happens with unpolimerized dimethyl siloxane. We found the best condition after 

8 minutes from the beginning of the polymerization, after this period we removed 

the partially polymerized dimethyl siloxane and cooled it at room temperature to 

decrease the speed of polymerization. Then we deposited our substrate and 

completed the polymerization at 85°C for 45 minutes. In this way, a very stable 

substrate was obtained with the nanocomposite perfectly integrated into the 

PDMS surface and the explanted spinal cord sections pinned on the top. We 

planned to stimulate a portion with an electrical stimulus and check the presence 

of a “response signal” in both the portions connected only by the nanocomposite. 
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Figure 52 alternate configuration to study the ability of the nanocomposite to translate an electrical 
neuronal signal increasing the contact surface between biological and artificial material.

Currently we are performing the tests with different materials that showed good 

biocompatibility with the explanted spinal network and that evidenced good 

electrical activity once in contact with the nanocomposites. Due to the innovative 

and complex aspects of the experiments we are still performing the stimulation 

tests and we obtained only preliminary results that need further investigation. 

For this reason, the data obtained during the very last period of this thesis will 

not be discussed. 

4.8 Sulfure functionalized CNTs for functional 
electrical stimulation 

There are a variety of functional electrical stimulation (FES) approaches that may 

prove useful given the advances being made in electronics. Because the premise 

of FES is based on transcutaneous or direct electric stimulation of distal ends of 

innervating nerves, lower motor neurons and peripheral nerves must be intact. 
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Although some systems aid walking, these systems are physically too tiring due 

to the high energy requirements of the user. However, FES that contributes to 

improved standing can greatly improve quality of life for the individual and the 

caregiver. Stimulation of the phrenic nerve, which innervates the diaphragm, is 

used in cases where there is damage to respiratory pathways above the origin of 

the phrenic nerve94. Open clinical trials are in progress at Washington University 

in which FES units are implanted in the lower extremities to improve standing 

for patients with SCI. A similar trial is sponsored by the Federal Drug 

Administration office and is in development at Case Western Reserve University 

in which FES units are implanted into the pelvis and legs (clinicaltrials.gov). In 

the FES approach, return of function is incremental, but improvements in the 

quality of life are immense. Clinical trials using electrical stimulation to activate 

spinal cord central pattern generator are in progress at the University of Arizona, 

and electrical stimulation for subacute SCI is in clinical trials at Purdue 

University and in Dublin, Ireland 

(http://carecure.rutgers.edu/Lectures/SCIHope.htm). Our idea was to produce a 

new class of stimulation electrodes presenting CNTs on the surface. Once 

produced this new electrodes, should be able to stimulate neuronal network with 

a lower energy and less suffering for the patients thanks to the fact that CNTs can 

interact at an higher intimate level with the tissue as already observed90. In 

particular, we functionalized CNTs with different degrees of functionalization, 

with thiole groups to favourite the covalent bond with gold. As already 

mentioned, the degree of functionalization can affect the conductivity and can 

tune the intensity of the electrical signal, preventing any pathological situation..  
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Figure 53 Different functionalized MWNTs to test their ability to bind gold

The different MWNT derivative used are depicted in figure 53 (more details 

about their synthesis can be found in appendix B). 

The ability of the of the different kind of nanotubes to bind gold nanoparticles 

(AuNPs) was verified mixing AuNPs and MWNTs for 16 hours. The solution 

was then centrifugated and the supernatant removed, MWNTs were suspended 

again in water by sonication. The procedure was repeated until no NPs were 

observed in the supernatant. The hybrid materials were observed by TEM (figure 

54) and the amount of AuNPs for each substrate was quantified by counting

the number of nanoparticles for µm2. 
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Figure 54 TEM images of differents functionalized MWNTs after the binding with AuNPs. Scale bar 100nm.
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As expected f1-MWNTs showed poor affinity for AuNPs (0.25±0.13 n°/µm2, 

figure 54).The presence of alkylic chain, indeed, does not favour the binding of 

AuNPs. When MWNTs were functionalized with amino groups, they showed 

to bind nanoparticles. These first results were expected, different systems 

were indeed proposed in the past where amine groups bound AuNPs95. 

During the preparation of this sample the amount of AuNPs resulted to be 

proportional to the amount of organic functionalization calculated by TGA. 

For example f3-MWNTs presented less AuNPs (1.39±0.92 n°/µm2) with 

respect to f4-MWNTs (6.78±3.71 n°/µm2) that have the same kind of 

functionalization but with a higher amount. As further proof, f2-MWNTs, that 

were more functionalized, presented a higher number of AuNPs (10.72±1.85 n°/

µm2) with respect to the other samples. 
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Figure 55 On the left TGA of the f3‐MWNTs (red), f4‐MWNTs (blue) and F2‐MWNTs (green), on the right 
functionalization degree calculated by TGA plotted vs the density of AuNPs on the surface of the MWNTs

Once estabilished that AuNPs can be bound by MWNTs when conveniently 

functionalized, we transformed the amino terminal group in a thiolic group 

by amidation reaction with mercapto propionic acid (figure 53) and checked 

it by TGA (figure 56).  
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Figure 56 TGA analysis before and after the reaction of amino functionalized MWNTs with 3‐
mercaptopropionic acid

The reaction was performed under argon atmosphere to prevent oxidation, but 

further tests were performed in air condition at room temperature. In these 

conditions, the thiole groups can be oxidized to disulphide, that, as reported in 

literature, is still capable to bind gold96 and so the system could be used to 

cover gold electrodes in physiological condition, so in the presence of air. 

As it is possible to observe in figure 54, MWNTs are able to bind AuNPs even 

after the insertion of sulphur groups, and the density of AuNPs on graphitic 

surface remained more or less the same observed for the amino 

functionalized precursor (f5-MWNTs 6.2±1.71 n°/µm2; f6-MWNTs 10.12±1.2 

n°/µm2). 

Higher magnification TEM image showed the good interaction between the 

AuNPs and sulphur functionalized MWNTs. The analysis of AuNPs evidenced 

also as both the 1,3 dipolar cycloaddition reaction and aryl reaction occurr both 

on the tips and on the wall of the nanotubes. 
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Figure 57 Higher enlargement of sulphur functionalized MWNTs and AuNPs. Scale bar 15nm. 

Once established the ability of the sulphur functionalized MWNTs to bind gold, 

we tried to cover a macroscopic gold surface with CNTs with high homogeneity, 

exploiting vacuum filtration and contact printing techniques. 

We filtered a dispersion of 0.01mg/mL of MWNTs in water at pH=3 on a PTFE 

filter obtaining an homogeneous film on its surface. Thereafter, we put in contact 

the CNTs enriched surface of the filter with gold surface and apply a pressure on 

the top. In these conditions, only functionalized MWNTs can, in theory, be 

transferred on the gold surface, because of surface energy differences. PTFE has, 

indeed a lower surface energy (γ=19 mJ m-2) with respect to gold (γ=1000 mJ m-

2) disfavouring the transfer of the material from filter to gold. As a control, we

tried to transfer also f1-MWNTs, on a gold surface. The transfer of aspecific 

bundles on gold was detected. When we used sulphur functionalized MWNTs, 

instead, we obtained a homogenous covering of the gold surface, confirming the 

importance of a convenient organic functionalization on MWNTs to bind gold. 
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Figure 58 hybrid Gold/MWNTs obtained after contact printing. On the left the scale bar is 2µm, on the 
right 1µm.

This material can be studied as a substrate for stimulation electrodes to verify an 

increase in the response after electrical stimulation. 

Summarizing in this last part of the thesis we functionalized CNTs with sulphur 

groups, able to bind gold surface. In this way, we can produce innovative hybrid 

electrodes that could be useful to transform functional electrode stimulation in a 

more “friendly” instrument reducing the pain issues in patients that, are often 

obliged to suspend the treatment. 
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A.1 Thermogravimetric analysis 

TGA is one of the most important analytical techniques used to determine the 

quantity of functional groups attached on functionalized CNT surface. It is based 

on the thermal stability of materials: the change of weight of the substance is 

monitored as a function of the increasing temperature, with sensitivity in the 

nanogram range. All the derivatives described in this thesis have been 

characterized by means of TGA. TGA can be performed in different 

environments, optimized according to the experiment needs: an inert atmosphere 

(nitrogen or argon) is chosen for measuring the content of organic moieties bound 

to CNTs, which start burning at about 350°C; an oxygen atmosphere is instead 

chosen to evaluate the metal residue content (such as the metal catalysist used in 

the synthesis or the metal nanoparticles subsequently attached), which are 

converted into solid oxides after the burning of CNTs at about 600°C. The system 

sensitivity is given by the precision of the weight balance and of the power supply 

which provides the temperature ramp of the furnace. We usually adopt a linear 

temperature ramp (10°C/min) preceded by an equilibration step in which the 

sample is annealed at around 100°C for 20 minutes. We ramp the temperature up 

to 1000°C, looking for a good compromise between sensitivity and overall time. 

The main pieces of information regard the weight % (ash content, i.e. residual 

mass) and the temperature at which the organic volatile moieties burn (oxidation 

temperature), simply using derivative functions. For our purpose, that is the 

determination of the degree of functionalization of CNT substrates, we proceed 

in a differential manner: we evaluate the percentage loss of weight of the system 

for different derivates, in order to correlate the number of functional groups to 

the number of carbon atoms (Equation 1 a) and/or to determine the concentration 

of the functional groups in the carbon matrix (Equation 1 b):  
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Equation 1 

Where   means functional groups, and  h    is equal 

to 12. 

A.2 Kaiser Test 

This test, introduced in 19701 is a quantitative measurement of free amino groups 

in solid state peptide synthesis. Kaiser Test is a simple ninhydrin test, which 

follows the reaction shown in Figure 1: 

Figure 1 Schematic representation of Kaiser Test reactions

This reaction, which takes place at 100°C, produces a ninhydrin complex 

(complex a in Figure 1) which absorbs light at 570 nm. According to the Lambert-

Beer law, absorbance can be correlated with the concentration of amino groups 

as follows: 

(a) 

(b) 
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Equation 2 

 

Where the   is the absorbance of resulting complex (Figure 1);  

 is referred to the absorbance of the blank (the mixture of ethanolic solution 

of phenol, KCN in pyridine and ethanolic solution of ninhydrine) at 570 nm; 

 is related to the reaction process (the sample to be analyzed at the 

spectrophotometer is diluted of 5 mL);   is 15000 m-1 

cm-1;  h  is referred to the weight of CNTs used in the analysis. The 

sensitivity reported for this test is up to 5 µmol/g1. 

A.3 Transmission and scanning electron 
microscopy 

Electron microscopy (EM) is a powerful technique to visualize nanostructures; 

this is why it represents a valuable method used to characterize CNT derivatives. 

TEM and SEM are constantly employed in the whole thesis. The introduction of 

EM is strictly related to the scientific revolution between the end of the XIX and 

the beginning of XX century, after electrons were discovered in 1897 by J.J. 

Thompson. E. Ruska, Nobel laureate in 1986 with G. Binnig and H. Rohrer, has 

significantly contributed to the description of the first electron microscope in 

1934 and then to the first prototype of transmission electron microscope, realized 

in 1938 for “Siemens&Halske AG” company improving the Ruska’s original 

microscope. In principle, an electron microscope is quite similar to a light 

microscope but with a resolution thousand times higher. According to the de 

Broglie principle in fact, electrons have a wavelength that is inversely 

proportional to their energy. In electron microscopes, electrons are extracted 

from a hot filament, and accelerated to energies up to few hundreds of thousands 

V, correspondent to wavelength down to tenths of nanometers. The main part of 
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electron microscopes is given by the column, which hosts the electron gun, the 

acceleration field, and a series of focusing lens (condensers or magnetic fields 

lens) and apertures, that control the size of the beam. The microscope operate 

under vacuum. At the beam/specimen interface several types of signals are 

generated due to the complex interactions of electrons with matter, detected and 

processed to produce an image. 

Transmission Electron Microscope2 (TEM) is based on the detection of high 

electron energy transmitted through a very thin sample (<100 nm thick). In the 

bright-field imaging mode, the contrast is given by the different absorption of 

different portions of the sample. In the case of crystalline samples, electrons are 

diffracted and diffraction peaks positions are detected to give a contrast image. 

A pattern of diffraction dots is obtained in the case of perfectly crystalline 

materials, while a series of ring is observed for polycrystalline or amorphous 

materials. 

HiRes TEM is an alternative working mode for TEM. In this case, differences in 

phase of the electrons that have interacted with the sample are detected. The 

HiRes mode highlights the structure of nanometer-size objects, as nanoparticles 

or CNTs. There is also the possibility to perform spectroscopy like Electron 

Energy Loss Spectroscopy (EELS) and Energy Dispersive X-Ray (EDX) 

analysis, known also as micro-analysis. Samples are deposited on grids from a 

solution. The grids used for CNTs, and also for many other nanoparticles, are 

made of a metallic framework (Ni or Cu) and covered with a carbon film, 

continuous or not, thin enough to transmit electrons. When the sample cannot be 

solubilized, it is necessary to make an inclusion with resins and then to cut a thin 

film to be deposited on the grid. 

TEM is widely used for CNTs analysis, in order to investigate the dispersion and 

the purity of functionalized nanotubes, while giving essential morphological 



Appendix A      Review of the experimental methods 

184 

information. In our case, we have used TEM to characterized all the reported 

compounds and neuronal networks grown on nanostructured carpet. 

Scanning electron microscopy3 (SEM), instead, is a fundamental technique to 

image the surface topography of micro and nano structured samples without any 

requirements for sample preparation. A focused beam is scanned over the surface 

and the emitted electrons derived by the interactions with the sample are detected. 

Three imaging signals can be interaction volume, back scattered electrons (BSE) 

and secondary electrons (SE). Interaction volume depends on the beam energy 

and the atomic number of atoms of the specimen. BSE are incident beam 

electrons that escape from the surface without any significant change in energy. 

BSE analysis is particularly interesting when information about composition is 

needed: it depends on chemical composition and surface morphology of samples 

with different atomic composition (i.e. with diverse atomic numbers), it is 

possible to highlight differences in contrast among the surface because the 

intensity of BSE depend on the second power of the atomic number. 

SE, instead, depend only on surface morphology and are due to inelastic 

scattering. They are weakly bound outer shell electrons that receive sufficient 

energy to be ejected from the atoms. SE can be generated directly by the beam or 

by BSE and their dependence on the atomic number is negligible. While BSE 

return both compositional and morphological information, SE give back 

morphological information because the surface sensitivity is higher. Also with 

SEM it is possible to perform EDX analysis. 

A.4 Atomic force microscopy 

The atomic force microscope (AFM), invented by Binnig, Quate and Gerber in 

19864,5 is part of the Scanning Probe Microscopy (SPM) techniques family: it is 

a versatile technique that senses forces (Pauli, Van der Waals, electrostatic, etc.) 

between an extremely small tip and a sample. It can measure tip-sample 
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interactions without any restriction over the conductivity of the sample 

(dissimilarly from STM). The specimen seen by AFM does not need then to be 

flat, a limitation that instead apply to STM measurements: the surface in STM 

must be flat because the tip-sample separation is monitored as a function of the 

flow of electrons and this separation is typically about 1 nm. 

We used it to measure the roughness of f2-MWNTs self assembled on Nafion 

(chapter 4), in non-contact mode.  

In AFM the probe is a sharp tip, placed at the end of a flexible cantilever, and a 

laser beam is focused on the back of it (cantilevers can be metal coated to improve 

the laser reflectivity). The reflected laser beam hits a four quadrants Position 

Sensitive Photo Diode (PSPD) that is used to track the laser spot movements 

induced by cantilever bending and torsion while the tip is scanning the surface. 

In this way, using a feedback mechanism, it is possible to maintain constant the 

force applied by the tip on the surface (contact mode or, more properly, static 

mode) or the amplitude (non-contact mode or dynamic mode). Cantilevers are 

flexible and they are comparable to springs, described by Hook’s law. By means 

of this mathematical relation, geometric calculations about the laser displacement 

over the PSPD return information about occurring interactions. 
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Figure 2 Schematic representation of AFM 

The feedback system controls tip-specimen interactions, using a setpoint that is 

mantained while measuring. There are two ways to define a setpoint, one for 

contact mode, the other for non-contact mode: in contact mode the set-point is 

determined by the cantilever deflection (higher the cantilever deflection, higher 

the force applied and, consequently, larger tip-surface interaction; lower is the 

force, weaker the tip-surface interaction), while in non-contact mode it is 

determined by the variations in the cantilever resonance frequency (FM) or 

amplitude at a fixed frequency (AM). Generally, in non-contact mode, the 

interaction with the specimen is smaller than in contact mode, consequently 

dynamic mode is usually the preferred technique to image soft samples. Tip and 

sample movements are extremely precise and are driven by a ceramic piezo-

material, in a tube scanner shape: the scanner is able to perform sub-nanometric 

movements. 

AFM-tip can also be used as a tool to immobilize DNA molecules in order to 

produce both DNA6 or protein chip7, by means of nanografting technique. 

Notwithstanding, topographic AFM images of neuronal cells grown on a carpet 

of MWCNTs have been also reported8. 
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A.5 Raman spectroscopy 

Raman scattering, based on the inelastic scattering of monochromatic light, is a 

valuable technique to study vibrational and rotational excitations of a molecular 

system. We have used Raman analyses to obtain evidence of graphene structures 

after the deposition of the material (chapter 4). 

When monochromatic light beam (typically a visible laser beam) hits a sample, 

a small fraction of it is elastically scattered (Rayleigh scattering) and a smaller 

fraction (one photon over 107) is inelastically scattered (Raman scattering). In 

Raman scattering the difference in energy between incident and inelastically 

scattered photons corresponds to the vibrational frequencies of the scattering 

molecules. As for the incident light, the scattered beamcan exibits lower or higher 

frequencies, known as Stokes and Anti-Stokes scattering respectively (Figure 3). 

Figure 3 Schematic representation of elastic (Rayleigh) and inelastic (right Stokes, left: anti‐Stokes). 
Adapted from reference9

Stokes radiation implies the energy transfer from the photon to the molecule, and 

the photon is consequently scattered at lower energy; the Anti-Stokes radiation 

is due to the energy transfer from the molecule to the photon, and the resulting 

radiation appears at higher energy and lower wavelength. Among the two, the 

Stokes process is stronger, since at room temperature the population state of a 

molecule is essentially in its ground vibrational state. 
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The quantity measured in Raman spectroscopy is the Raman shift, given by  

Equation 3 

 

Where  is the wavenumber (cm-1) of the incident radiation and   is the 

wavenumber (cm-1) of the energy difference between the lowest and first excited 

vibrational energy levels. 

The choice of the wavelength of the excitation laser is critical: it should be chosen 

optimizing mainly i) Raman scattering cross section (which is proportional to the 

inverse of the fourth power of the wavelength, therefore calling for lower 

wavelengths) ii) magnitude of the Raman shift in wavelength (see Equation 3) 

and iii) the potential for activating fluorescence (which is higher at lower 

wavelengths)9. 

A Raman set-up is composed of a monochromator, adequate filters to allow the 

detection at very low Raman shift, and a detector that usually is a charge-coupled 

device detector (CCD). 

Optical and spectroscopic properties of carbon nanotubes are mainly 

characterized by the one-dimensional confinement of the electronic and phonon 

structure which is more relevant for single walled CNTs. Raman phonons involve 

normal vibration modes, that play a key role as carrier of thermal energy in 

conduction processes and in determining thermodynamic properties. Raman 

scattering depends on specific phonon modes. In graphene/graphite the electronic 

σ bands are responsible for the strong in-plane covalent bond within the graphene 

sheets, whereas the π bands are responsible for van der Waals interactions 

between graphene sheets in 3D graphite. Furthermore, π bands are close to Fermi 

level and electrons can be excited from valence band (π) to the conduction band 

(π*) optically. During the scattering event, it is possible to distinguish different 

steps: first an electron is excited from the valence to the conduction band, then 
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this electron is scattered by emitting or absorbing phonons, finally the electron 

relaxes to valence band emitting a photon. The number of emitted phonons can 

vary and it could be one-phonon, two-phonon or multi-phonon Raman process. 

The number in the sequence of total scattering events, including elastic scattering 

by an imperfection, is called “order of a scattering event”. 

G (graphite) band and RBM (radial breathing mode) are first-order scattering 

event, involving one phonon emission. The G peak corresponds to the graphite 

E2g optic mode, that is the doubly degenerate in-plane optical vibration and that 

is Raman active On the other hand, RBM is a bond-scattering out of plane phonon 

mode and frequencies are about 100-500 cm-1. Second order scattering, instead, 

consists of two-phonon scattering events or one-phonon and one elastic scattering 

event: a typical example is the D-band at 1350 cm-1, related to sp3 carbon atoms 

in graphene. D band is the so-called “disorder” band and it may come from a 

symmetry-lowering effect: it is due to defects or presence of carbon nanoparticles 

and/or amorphous carbon. In graphite, the intensity of D band compared with the 

Raman-allowed E2g mode depends on the size of graphite microcrystals and 

consequently on the order of the sample.  

Another common feature in a carbon nanotube Raman spectra is the G’ band, a 

second order scattering two-phonon mode, with a frequency of 2700 cm-1. This 

overtone is associated with the over-bending of the longitudinal optical branches 

of graphite10. 

A.6 Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical chemistry 

technique used in quality control and research for determining the content and 

purity of a sample as well as its molecular structure. For example, NMR can 

quantitatively analyse mixtures containing known compounds. For unknown 

compounds, NMR can either be used to match against spectral libraries or to infer 
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the basic structure directly. Once the basic structure is known, NMR can be used 

to determine molecular conformation in solution as well as studying physical 

properties at the molecular level such as conformational exchange, phase 

changes, solubility, and diffusion. In order to achieve the desired results, a variety 

of NMR techniques are available. The principle behind NMR is that many nuclei 

have spin and all nuclei are electrically charged. If an external magnetic field is 

applied, an energy transfer is possible between the base energy to a higher energy 

level (generally a single energy gap). The energy transfer takes place at a 

wavelength that corresponds to radio frequencies and when the spin returns to its 

base level, energy is emitted at the same frequency. The signal that matches this 

transfer is measured in many ways and processed in order to yield an NMR 

spectrum for the nucleus concerned. The precise resonant frequency of the energy 

transition is dependent on the effective magnetic field at the nucleus. This field 

is affected by electron shielding which is in turn dependent on the chemical 

environment. As a result, information about the nucleus' chemical environment 

can be derived from its resonant frequency. In general, the more electronegative 

the nucleus is, higher the resonant frequency. Other factors such as ring currents 

(anisotropy) and bond strain affect the frequency shift. It is customary to adopt 

tetramethylsilane (TMS) as the proton reference frequency. This is because the 

precise resonant frequency shift of each nucleus depends on the magnetic field 

used. The frequency is not easy to remember (for example, the frequency of 

benzene might be 400.132869 MHz) so it was decided to define chemical shift 

as follows to yield a more convenient number such as 7.17 ppm. 

δ ν ν0 /ν0 

The chemical shift, using this equation, is not dependent on the magnetic field 

and it is convenient to express it in ppm where (for proton) TMS is set to ν0 

thereby giving it a chemical shift of zero. For other nuclei, ν0 is defined as Ξ 

νTMS where Ξ (Greek letter Xsi) is the frequency ratio of the nucleus (e. g., 

25.145020% for 13C). 
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The effective magnetic field is also affected by the orientation of neighbouring 

nuclei. This effect is known as spin-spin coupling which can cause splitting of 

the signal for each type of nucleus into two or more lines. 

A.7 DOSY NMR 

NMR diffusion experiments provide a way to separate the different compounds 

in a mixture based on the differing translation diffusion coefficients (and 

therefore differences in the size and shape of the molecule, as well as physical 

properties of the surrounding environment such as viscosity, temperature, etc) of 

each chemical species in solution. In a certain way, it can be regarded as a special 

chromatographic method for physical component separation, but unlike those 

techniques, it does not require any particular sample preparation or 

chromatographic method optimization and maintains the innate chemical 

environment of the sample during analysis.  

The measurement of diffusion is carried out by observing the attenuation of the 

NMR signals during a pulsed field gradient experiment. The degree of 

attenuation is a function of the magnetic gradient pulse amplitude (G) and occurs 

at a rate proportional to the diffusion coefficient (D) of the molecule. Assuming 

that a line at a given (fixed) chemical shift f belongs to a single sample component 

A with a diffusion constant DA, we have 

S(f,z) = SA(f) exp(-DAZ) 

where SA(f) is the spectral intensity of component A in zero gradient (‘normal’ 

spectrum of A), DA is its diffusion coefficient and Z encodes the different 

gradient amplitudes used in the experiment.  

Depending on the type of experiment, there are various formulae for Z in terms 

of the amplitude G of the applied gradient and one or more timing parameters 

such as Δ (time between two pulse gradients, related to echo time) and δ (gradient 
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pulse width). In the original Tanner-Stejskal method using two rectangular 

gradient pulses, for example, 

Z =γ2G2δ2(Δ-δ/3) 

The intensities of the resonances follow an exponential decay. The slope of this 

decay is proportional to the diffusion coefficient according to equation (XXX). 

All signals corresponding to the same molecular species will decay at the same 

rate. In our case these principles were used to distinguish between covalent and 

non covalent bounded polymer forms to MWNTs. 

A.8 Infrared spectroscopy 

Infrared spectroscopy is based on the fact that all the molecules vibrate and can 

absorb energy in the infrared region. Most of the vibrational absorption states 

correspond to the wavelength in the order of 2.5 to 25 µm (4000-400 cm-1). For 

a two atomic system consisting of two masses m1 and m2 the vibrational 

frequency (n) is related to the force constant (k) and the reduced mass (μ) by the 

following equation: 

An infrared spectrum shows transmission versus wavenumber (cm-1), i.e. the 

frequency (n) divided by the speed of light. Absorption is only possible at specific 

frequencies at which higher vibrational states can be reached. If energy is 

absorbed by a molecule the signal at this frequency decreases, leading to a peak 

in the spectrum. The formula shows that if the force constant (k) of the bond 

between two atoms is larger, the frequency of the vibration is higher. This means 

that a C=C bond will absorb at a higher frequency than a C-C bond, resulting in 

a peak at 1600 cm-1 and 1000 cm-1 respectively. The lighter the atoms involved 
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in the vibration the higher the frequency will be. The stretching vibrations of the 

C-H bond can be found in the 3000 cm-1 region of the spectrum. 

A.9 UV-Vis spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is used to obtain the absorbance 

spectra of a compound in solution or as a solid. What is actually being observed 

spectroscopically is the absorbance of light energy or electromagnetic radiation, 

which excites electrons from the ground state to the first singlet excited state of 

the compound or material. The UV-vis region of energy for the electromagnetic 

spectrum covers 1.5 - 6.2 eV which relates to a wavelength range of 800 - 200 

nm. The Beer-Lambert Law, is the principle behind absorbance spectroscopy: 

A=εbc 

For a single wavelength, A is absorbance (unitless, usually seen as arb. units or 

arbitrary units), ε is the molar absorptivity of the compound or molecule in 

solution (M-1cm-1), b is the path length of the cuvette or sample holder (usually 1 

cm), and c is the concentration of the solution (M). 

There are three types of absorbance instruments used to collect UV-vis spectra: 

1) Single beam spectrometer. 

2) Double beam spectrometer. 

3) Simultaneous spectrometer. 

All of these instruments have a light source (usually a deuterium or tungsten 

lamp), a sample holder and a detector, but some have a filter for selecting one 

wavelength at a time. The single beam instrument has a filter or a monochromator 

between the source and the sample to analyze one wavelength at a time. The 

double beam instrument has a single source and a monochromator and then there 

is a splitter and a series of mirrors to get the beam to a reference sample and the 
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sample to be analyzed, this allows for more accurate readings. In contrast, the 

simultaneous instrument does not have a monochromator between the sample and 

the source; instead, it has a diode array detector that allows the instrument to 

simultaneously detect the absorbance at all wavelengths. The simultaneous 

instrument is usually much faster and more efficient, but all of these types of 

spectrometers work well. UV-vis spectroscopic data can give qualitative and 

quantitative information of a given compound or molecule. 

A.10 Microwave 

MW can be exploited to perform organic reactions. Their use as a powerful 

heating source in organic synthesis arose in the middle of 1980s. From the 

beginning, this approach has received wide attention among organic chemists 

because it can provide high yield, reduce side reactions, improve reproducibility 

and, above all, reduce chemical reaction times, of order of magnitudes11. In 

chapter 4 we have used microwaves for 1,3-dipolar cycloaddition and we have 

obtained one of the highest yield reported12. 

Microwave frequencies range from 0.3 to 300 GHz. Domestic ovens and reactors 

for chemical reactions typically operate at 2.45 GHz (12.24 cm wavelength) to 

avoid interference with telecommunication and cellular phone frequencies. The 

correspondent energy is of 0.0016 eV (0.037 Kcal/mol), too small to induce 

chemical reactions, as it is possible to see from the comparison in Table 1. 

Table 1 
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MW induces a “dielectric heating” of the sample, based on the conversion of 

electromagnetic energy absorbed by the medium into heat. The MW electric field 

induces a polarization of the molecules at the same frequency of the light. In the 

infrared regime, electromagnetic field induces atomic vibrations in molecules 

and crystals and polarization processes resulting from the dipole moment induced 

by distorsion of nuclei position. In the presence of an electric field a dipole 

moment undergoes a torque that tends to orientate it parallel to the electric field, 

dissipating energy into the medium. The minimum in potential energy is when 

the dipole moment takes the same direction of the electric field. The electric field 

vector switches its orientation approximately every picosecond: the result is that 

the torque induces rotation of polar molecules that cannot always stand this rate. 

So, the delay between electromagnetic stimulation and molecular response is 

defined as dielectric loss ( ′′) and it expresses the efficiency to convert 

electromagnetic energy into heat. Defining the dielectric constant ( ′) as the 

ability of molecules to be polarized by the electric field, the quotient tan  is 

derived at 

 

Higher tan , higher the efficiency of microwave absorption: this value is often 

used to classify microwave absorbing property of organic solvents (tan > 0.5 

high; tan = 0.1-0.5 medium; tan < 0.1 low). An important note about CNTs is 

that they have a certain metal content that is the catalyst particle residue, made 

mainly of metal oxides such as iron, nickel and cobalt. These metal oxides show 

very high magnetic losses that occur in MW region, and consequently they are 

optimal absorbers of MW. On the other hand, when the dielectric loss of solvents 

or reactants is too small, the addition of such metals improves dielectric heating. 

However, thermodynamic effects of electric field over chemical equilibrium are 

very well known: when the product has a large dipole moment in respect with 

reactants the equilibrium is shifted towards the product under the action of an 
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applied electric field13,14. Besides this, the conventional thermal heating method 

uses an external heat source, such as in oil bath. Then transferring energy into the 

system is not so efficient and there is a gradient of temperature towards the 

reaction mixture, where the temperature is lower. On the other hand, dielectric 

heating implies that the reaction mixture is directly heated and the gradient of 

temperature is inverted and lower towards the outsides. To perform microwave 

reaction, vessels transparent to this wavelength are employed, such as 

borosilicate glass, quartz or Teflon. To this aim, quartz is particularly resistant 

and suitable for pristine carbon nanotubes reaction. 
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B.1 Materials 

MWCNTs were purchased from Nanostructured & Amorphous Materials Inc. 

(Huston, TX; Stock #: 1240XH, 95%, OD 20-30 nm). Carbon nanohorns were 

received from Carbonium s.r.l, Padua, IT. Chemicals and solvents for synthesis 

were purchased from Sigma-Aldrich and they were used without further 

purification. Standard dissociated hippocampal cultures and spinal cord were 

prepared according to Malgaroli1. Hippocampi were dissected from 0- to 3-day-

old animals killed by decapitation in accordance with the regulations of the Italian 

Animal Welfare Act and approved but the local Authority Veterinary Service. 

B.2 Syntheses 

N‐Boc‐amino‐diethoxy‐ethyl amine (1) 

 

To a solution of amino‐diethoxy‐ethyl amine (20 g, 134.9 mmol) in CH2Cl2 (100 

mL), a solution of Boc2O (11.79 g, 54 mmol) in CH2Cl2 (100 mL) was added 

drop‐wise over 3 h, stirring the mixture at 0°C. The reaction was then stirred at 

r.t. for 24 hours. The solvent was evaporated under vacuum, and the resulting 

white semi‐solid was dissolved in H2O (70 mL) and filtered over celite to remove 

the white precipitate corresponding to the doubly substituted by‐product. The 

aqueous filtrate was extracted with CH2Cl2 (50 mL x 3). The organic phase was 

backwashed with H2O (50 mL) to remove the excess of diamine, and then dried 

with Na2SO4 . Evaporation of the solvent under vacuum  yielded compound 1 

(7.9g, 58%) as a colourless viscous oil. Characterizations were in accordance 

with literature2. 

N‐Boc‐amino‐diethoxy‐ethy amino‐acetic acid benzyl ester (2) 
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To a solution of 1 (7 g, 28.2 mol) in CH2Cl2 (30 mL) at 0 °C, TEA (4.69 mL, 

33.8 mmol) was added. Then, a solution of benzyl bromoacetate (6.46 g, 28.2 

mol) in CH2Cl2 (40 mL) was added drop‐wise over 3 h at 0°C , and the reaction 

mixture was stirred at r.t. overnight. The solvent was evaporated under vacuum, 

and the residue was dissolved in CH2Cl2 (70 mL) and washed with H2O (70 ml x 

3). The combined organic phases were dried over Na2SO4, and the solvent was 

removed under vacuum. Purification by column chromatography 

(CH2Cl2/MeOH 97:3) afforded the desired compound (5.52 g, 49%) as a 

colourless oil. Characterizations were in accordance with literature2. 

N‐Boc‐amino‐diethoxy‐ethy amino‐acetic acid (3) 

To a deoxygenated MeOH solution (90 mL) of 2 (5 g, 12.6 mmol), 10% Pd/C (90 

mg) was added, and the reaction flask was purged with H2 three times and then 

stirred at r.t. for 24 h. The catalyst was removed by filtration over celite, and the 

solvent was evaporated. The resulting product was triturated in diethyl ether to 

give a white solid in quantitative yield. Characterizations were in accordance 

with literature2. 

N‐Pht‐N‐Boc‐amino‐diethoxy‐ethyl amine (4) 

N‐Boc‐amino‐diethoxy‐ethyl amine 1 (4 g, 16.1 mmol) and phthalic anhydride 

(2.39 g, 16.1 mmol) were dissolved in toluene (80 mL), and the mixture was 

stirred at 120°C in a Dean‐Stark apparatus for 20 h. The solvent was then 

evaporated under vacuum and chromatographic column purification 

(toluene/AcOEt 7:3) afforded the pure product (4.33 g, 71%) as a colourless oil. 

Characterizations were in accordance with literature2. 
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N‐Pht‐amino‐diethoxy‐ethyl amine (5) 

The N‐phthalimido‐N‐Boc‐amino‐diethoxy‐ethyl amine 4 (4 g, 10.6 mmol) was 

dissolved in CH2Cl2 (15 mL), and TFA (15 mL) was slowly added to the solution, 

while stirring at 0°C. The reaction mixture was then allowed to reach r.t. and it 

was stirred for 2 h. The solvent was removed under vacuum and the resulting 

product, as trifluoroacetic acid salt, was triturated in diethyl ether to give a white 

solid in quantitative yield. Characterizations were in accordance with literature2. 

N‐Pht‐amino‐diethoxy‐ethylamino‐acetic acid benzyl ester (6) 

To a solution of 5 (3.41 g, 8.7 mmol) in THF (40 mL) at 0 °C, TEA (3.64 mL, 

26.1 mmol) was added. Then, a solution of benzyl bromoacetate (1.99 g, 8.7 

mmol) in THF (60 mL) was added drop‐wise over 3 h at 0°C, and the reaction 

mixture was stirred at r.t. for 6 h. The solvent was evaporated under vacuum, and 

the residue was dissolved in CH2Cl2 (50 mL) and washed with H2O (50 ml x 3). 

The combined organic phases were dried over Na2SO4, and the solvent was 

removed under vacuum. Purification by column chromatography (AcOEt/MeOH 

95:5) afforded the desired product 6 (1.48 g, 40%) as a colourless oil. 

Characterizations were in accordance with literature2. 

N‐Pht‐amino‐diethoxy‐ethylamino‐acetic acid (7) 

To a deoxygenated MeOH solution (40 mL) of 6 (1.48 g, 3.5 mmol), 10% Pd/C 

(40 mg) was added, and the reaction flask was purged with H2 three times and 

then stirred at r.t. for 24 h. The catalyst was removed by filtration over celite, and 
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the solvent was evaporated. The resulting product was triturated in diethyl ether 

to give a white solid in quantitative Characterizations were in accordance with 

literature2. 

f1-MWNTs 

Pristine MWNTs (100 mg) were suspended in 100 mL of DMF and sonicated in 

a water bath for 20 min. Sarcosine (600mg, 6.73 mmol) and Heptanal (588 mg, 

5.14 mmol) were added portion‐wise over 5 days (1 addition per day) and the 

reaction mixture was heated at 100 °C for 5 days. CNTs were washed several 

times by filtration (pore size = 0.45 μm) with DMF, MeOH and Et2O and dried 

under high vacuum. 

f2-MWNTs 

pristine MWNT (100 mg) were dispersed and homogenized in distilled water 

(100 mL) by sonication. Then 4-[(N-Boc) aminomethyl] aniline (2 g, 8.9 mmol) 

and isoamyl nitrite (2 ml, 14.8 mmol) were added to the suspension and the 

reaction was refluxed at 80ºC overnight. The suspension was filtered and then 

washed with DMF and methanol until solutions were clear of any impurity. The 

obtained black solid was dried under vacuum overnight. The cleavage of the Boc 

groups was carried out by their dispersion in 4 M HCl using 1,4-Dioxane as 

solvent. The reaction was kept stirring at room temperature overnight and after 

that, it was filtered, washed thoroughly with DMF and methanol and dried. 
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f3-MWNTs 

Pristine MWNTs (100 mg) were suspended in 100 mL of DMF and sonicated in 

a water bath for 20 min. N‐Pht‐amino‐diethoxy‐ethylamino‐acetic acid (7) 

(600mg, 1.96mmol) and paraformaldehyde (588 mg, 19.6 mmol) were added 

portion‐wise over 5 days (1 addition per day) and the reaction mixture was heated 

at 100 °C for 5 days. CNTs were washed several times by filtration (pore size = 

0.45 μm) with DMF, MeOH and Et2O and dried under high vacuum. Then, the 

Pht group was cleaved by dispersing CNTs (90 mg) in EtOH (100 mL) an 

hydrazine hydrate (54µL) was added. After sonication for 20 min, the dispersion 

was stirred overnight at r.t.. The CNTs were washed by filtration (pore size = 

0.45 μm) with EtOH, aq. HCl 1N, H2O, MeOH and Et2O and dried under high 

vacuum, to afford f3-MWNTs. 

f4-MWNTs 

Pristine MWCNTs (100 mg), N‐Pht‐amino‐diethoxy‐ethylamino‐acetic acid (7) 

(100 mg, 297µmol), and p‐HCHO (89.3 mg, 2.97 mmol) were suspended in 

CH2Cl2 (4mL) by little sonication in a quartz microwave tube. Then, the solvent 

was evaporated by a N2 flow, and the reaction was performed in the microwave 

reactor, with a 50 W power, using a step‐wise heating procedure, in order to 

carefully control temperature increase: 
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‐ 1 min, 120°C 

‐ 2 min, 140°C 

‐ 60 min, 160°C 

Then, CNTs were re‐dispersed in DMF (200 mL) and washed by filtration (pore 

size = 0.45 μm) in DMF, MeOH and Et2O, to afford, after high vacuum drying 

the final phtalimide protected CNTs. Then, the Pht group was cleaved by 

dispersing CNTs (90 mg) in EtOH (100 mL) and adding hydrazine hydrate 

(54µL). After sonication for 20 min, the dispersion was stirred overnight at r.t.. 

The CNTs were washed by filtration (pore size = 0.45 μm) with EtOH, aq. HCl 

1N, H2O, MeOH and Et2O and dried under high vacuum, to afford f3-MWNTs. 

f5-MWNTs/f6-MWNTs 

f2-MWNTs, f3-MWNTs or f4-MWNTs were dispersed in dry DMF. The reactions 

were performed by adding, mercapto propionic acid (5 equiv.) EDC (10 equiv), 

DMAP (10 equiv) and HOBT (10 equiv) as coupling agents in anhydrous DMF 

(35 ml) , based on the amount of amine groups calculated by TGA. The mixtures 

were kept under Ar and magnetically stirred for 48 h. The resulting suspensions 

were filtered and washed with DMF and then methanol. 

f7-MWNTs 
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Pristine MWNT (100 mg) were dispersed and homogenized in distilled water 

(100 mL) by sonication. Then Boc p-phenylendiamine (2 g, 9.6 mmol) and 

isoamyl nitrite (2 ml, 14.8 mmol) were added to the suspension and the reaction 

was refluxed at 80ºC overnight. The suspension was filtered and then washed 

with DMF and methanol until solutions were clear of any impurity. The obtained 

black solid was dried under vacuum overnight. The cleavage of Boc groups was 

carried out by their dispersion in 4 M HCl using 1,4-Dioxane as solvent. The 

reaction was kept stirring at room temperature overnight and after that, it was 

filtered, washed thoroughly with DMF and methanol and dried. 

ox-MWNTs 

Pristine MWNTs (250 mg) were dispersed in a solution of H2SO4/HNO3 in 3:1 

ratio. The solution was sonicated for 24 hours in a sonication bath keeping the 

temperature under 40°C. After that the solution was filtered and washed 

thoroughly with MeOH and dryed. 

p-MWNTs 

Pristine MWNTs (100mg) were dispersed in HNO3 2.6M solution in water 

(100mL). The reaction was kept stirring at 125°C for 48 hours and filtered, 

washed thoroughly with DMF and methanol and dried. 

f1-Nhs 
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Pristine Nhs (100 mg) were suspended in 100 mL of DMF and sonicated in a 

water bath for 20 min. Sarcosine (600mg, 6.73 mmol) and heptanal (588 mg, 5.14 

mmol) were added portion‐wise over 5 days (1 addition per day) and the reaction 

mixture was heated at 100 °C for 5 days. CNTs were washed several times by 

filtration (pore size = 0.45 μm) with DMF, MeOH and Et2O and dried under high 

vacuum. 

AuNPs  

The pH of deoxygenated water-methanol solution (1M) of chloroauric acid (2 

mM) was adjusted to 5 by the addition of citric acid (1.5 M). Then, the mixture 

was irradiated with UV light (GE.R 500W Helios Italquartz – 250-450 nm, 

λmax=360 nm) for an interval of 60 min under magnetic stirring. The size 

distribution of the resulting nanoparticles (calculated from 110 nanoparticles) has 

found to be 6.2 ± 1.2 nm3. 

B.3 preparation of the nanostructured materials 

Nafion free-standing film  

p-MWNTs (9.45mg) were dispersed in 47,25 mL of ethanol using ultrasonication 

bath for 15 min. Nafion 117 (5%wt) was then directly added to the p-MWNTs 

solution and sonicated for 30 min. Filtration of the composite solution was 

performed by a Millipore filtration apparatus with a Millipore PTFE filtration 

membrane (pore size =0.45 µm, diameter 90 mm). The MWNTs were deposited 

on the filtration membrane during the filtration and formed the composite film 

after filtration was finished. Finally, the composite film was peeled from the 

filtration membrane after being dried at 60 °C in a drying oven for 1 h. 

Self-Assembly of CNTs on Nafion 

A glass substrate was immersed in a solution of (3-aminopropyl)trimethoxysilane 

(1% w/w) in water for 30 minutes. Then the substrate was dip and wiggle 3 times 



Appendix B Experimental section 

208 

in water and soaked for 10 min in water. Finally was dried in an hoven overnight 

at 100°C. After that, 200µL of Nafion 117 solution in ethanol at 1% w/w was 

deposited on the glass and dried in air. The as prepared substrate was dipped in a 

solution of ammonium functionalized MWNTs at pH=3 for 5 minutes. The 

analysis of SEM images was carried out with Fiji software (http://fiji.sc/About) 

Functionalization of CNTs with polyethylene graft maleic anhydride 

Bulk condition 

f2-MWNTs (20mg) were dispersed in 20mL of toluene solution containing 60mg 

of PET grafted maleic anhydride. The reaction was kept at 130°C overnight under 

continuous stirring for 24 hours. CNTs were washed several times by filtration 

(pore size = 0.45 μm) with hot toluene until no traces of PET were observed in 

the waste by thin layer chromatography, then with MeOH and dried under high 

vacuum. 

PET graft maleic anhydride surface modification 

200 µL of gPET in toluene (1mg/mL) were deposited on a glass substrate and 

dried in air. The substrate was immersed in water at 100°C overnight. After that, 

the glass support was dipped in acetone and dried in oven at 60°C overnight. The 

following reaction was performed by adding, mercapto propionic acid (5 equiv.) 

EDC (10 equiv), DMAP (10 equiv) and HOBT (10 equiv) as coupling agents in 

anhydrous DMF (35 ml) based on the amount of amine groups calculated by 

TGA. The mixtures were kept under Ar and magnetically stirred for 48 h. The 

glass substrate were removed and washed with DMF, water, methanol and dried 

in oven at 60°C overnight. 

PDMS/CNTs 3D nanocomposite 

Different types of MWNTs (30mg) were mixed with commercial sugar crystal 

(1g) overnight in dry conditions at room temperature. 30µL of water were added 
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to the mixture and mixed, all the composite was modelled in the desire 

shape pressed and allow to dry at 45 °C for 2 hours. SYLGARD® 184 

Silicone Elastomer from Dow Corning (PDMS) was prepared in a glass dish 

using 10 parts base to one part curing agent by weight. Sugar/CNTs mixture 

was placed in the dish, and with the help of vacuum they were allowed to saturate 

with PDMS for 2 hours. The as prepared substrate was then cured in an oven 

at 85°C for 1 hour, removed and allowed to cool. Excess PDMS was trimmed 

away, and the cubes put in a beaker of distilled water to dissolve the sugar for 

24 hours. 

HB-PEI/oxMWNTs LbL deposition 

Quartz substrate were dipped in “piranha solution” (H2SO4/H2O2 3:1) at 80°C 

overnight, then washed several times with water and dried in the oven at 100°C 

for 2 hours. As prepared quartz substrates were dipped in a 2% w/w HB-PEI 

solution at pH=3 for 5 minutes, washed with MilliQ water under stirring for 5 

minutes and dried under constant flux of air. The substrates were dipped in 0.5 

mg/mL solution of ox-MWNTs in water at pH=10 for 5 min., washed again under 

continuous stirring for 5 minutes and dried under continuous flux of air. The 

cycles were repeated several times to prepare the different substrates. 

CNTs/polyaniline nanocomposite 

f7-MWNTs (2mg) were dispersed in 200 mL of water at pH=3 with the help of 

sonication for 20 min and filtered on Millipore mixed cellulose esthers membrane 

(pores 0.025µm; diameter 90mm). Aniline (583µL, 6.4 mmol) was dispersed in 

20 mL of 1M HCl solution. The Millipore filtered was immersed in this solution 

and a solution of ammonium persulphate (335 mg, 1.6 mmol) in 20 mL of HCl 

1M was added drop by drop at 0°C. The reaction was kept at room temperature 

for 24 hours. The filter was then removed and dipped in acetone for 1 hour to 

degradate the cellulose esthers and dissolve unreacted aniline. The procedure was 

repeated 3 times. Finally the film was dried in the oven at 85°C overnight. The 

effective degradation of the filter was checked by Raman spectroscopy(figure 1). 
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After the washing cycle only the peaks relative to MWNTs without filter can be 

found. 

Figure 1 Raman spectra of filter, free‐standing f7‐MWNTs/PANI nanocomposite. 

CNTs/PVA nanocomposite 

30mg of f1-MWNTs were dissolved in 0.5mL of water at pH=3 and mixed with 

a solution of PVA (MW 89,000-98,000; 30 mg) in 0.5 mL of water at pH=3. The 

mixture was kept overnight under continuous stirring. The solution was aspirated 

by syringe and dipped, at different dipping rates, in a liquid nitrogen bath. The 

sample was freeze-dried at -60°C overnight. The as prepared scaffold was stored 

at room temperature. 

Deposition of AuNPs on carbon nanotubes 

1mL of a 0.01 mg/mL solution of different MWNTs was added to 5mL of gold 

nanoparticles solution and kept under stirring overnight. The solution was, then, 

centrifuged, removed the surnatant and redispersed again in water. The procedure 

Filter

MWNTs/PANI 
nanocomposite
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was repeated 10 times. The quantification of AuNPs was done by analyses of 

TEM images carried out with Fiji software (http://fiji.sc/About) 

Deposition of thiol functionalized MWNTs on gold 

100 mL of a MWNTs dispersion (0.01mg/mL) in water at pH=3 was filtered on 

PTFE filter (Millipore 0.45 µm pores, 90 mm diameter) with the help of vacuum. 

The as prepared filter was pressed over a gold surface for 30 min and removed. 

The as prepared gold surface was washed in water overnight and dried in oven at 

100°C overnight. 

B.4 Instruments 

Microwave‐assisted reactions were carried out in a CEM Discover reactor. 

Nuclear magnetic resonance (NMR) 500 MHz 1H‐NMR spectra were obtained 
on a Varian Inova. Chemical shifts are reported in ppm using the solvent residual 
signal as an internal reference (CDCl3: δ H = 7.26 ppm, CD3OD: δ H = 3.31 

ppm, DMSO‐d6: δ H = 2.50 ppm). 

UV–vis–NIR spectra were recorded on a Cary 5000 Spectrophotometer (Varian), 
using 1 cm path quartz or optical glass cuvettes. 

Thermogravimetric analyses were performed using a TGA Q500 (TA 
Instruments), with the following procedure: isotherm at 100°C for 20 min (to 
remove residual solvent), ramp from 100 to 1000°C at 10°C/min, under N2 or air 
with a flow rate on the sample of 60 mL/min. Reported graphs are average of at 
least two separate measurements.  

AFM analyses were carried out in Tapping‐Mode  (TM‐AFM), in air at r.t., using 

a Nanoscope IIIa, MMAFMLN (Veeco). Surfaces were imaged with phosphorus‐
doped silicon tips (cantilever: thickness = 3.5–4.5 μm, length = 115–135 μm, 
frequency f0 = 245–279 kHz, force constant k = 20–80 N/m; Veeco). Statistical 
analysis of the AFM images was carried out using Gwyddion 2.14 software. 

Raman spectroscopy analyses were performed on an inVia Raman microscope 
(Renishaw), equipped with lasers at 532 nm, 633 nm or 785 nm, on solid samples 
deposited onto a glass coverslip. Reported spectra are average of at least 5 diff 
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rent analyses performed in different areas of the sample, and they are normalized 

to the G‐band. 

TEM analyses were performed with a Philips EM 208 microscope with an 
accelerating voltage of 100 kV (images were acquired using an Olympus Morada 
CCD camera). CNTs samples were typically suspended in DMF with the help of 

sonication, and these suspensions were drop‐casted on copper or nickel grids 
(diameter=3.00 mm, 200 mesh, coated with carbon vacuum overnight, prior to 
the TEM analysis.  

SEM the samples were sputter-coated with gold in an Edwards S150A apparatus 
(Edwards High Vacuum, Crawley, West Sussex, UK), and examined with a Leica 
Stereoscan 430i scanning electron microscope (Leica Cambridge Ltd., 
Cambridge, United Kingdom). 

SEM the samples were sputter-coated with gold in an Edwards S150A 

Infrared analysis were performed using a Fourier-transform infrared (FT-IR) 
spectrometer (Perkin-Elmer 2000) by the method of KBr pellets. 

Conductivity measurements were performed using a using a four-probe 
configuration using a Jandel resistivity meter (RM-3000) linked with a jandel 
four point probe. Electrical conductivities on MWNTs powder were performed 
after filtration of 1 mg of the material on a PTFE filter (0.45µm pores, 90mm 
diameter). The average membrane thickness were measured with a micrometer 
(High-Accuracy Digimatic Micrometer 293-100, Mitutoyo). The resistivity 
values were calculated by: 

∗
1 sinh	

sinh	 2

 

where R is resistance, ρ the resistivity, t is the thickness, s is the spacing between 
the tips of four point probe 
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