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

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

CNTs discover
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metallic character 

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

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

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

Comparison of Mechanical Properties
Material Young's

Modulus(1) (GPa)
Tensile Strength 

(GPa)
Elongation at 

Break (%)

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

Armchair 
SWNT

0.94T 126.2T 23.1

Zigzag 
SWNT

0.94T 94.5T 15.6-17.5

Chiral SWNT 0.92

MWNT 0.8-0.9E 150

Stainless 
Steel

~0.2 ~0.65-1 15-50

Kevlar ~0.15 ~3.5 ~2

KevlarT 0.25 29.6

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

CNTs properties
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CNTs are 100 times stronger than steel

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

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



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

fluorescein

fluorescein
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anticancer agent 
methotrexate

immunogenic peptides

immunogenic peptides
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PEI = polyethylenimine

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

Connecting metal nanoparticles and CNTs
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Aligning Au Nanorods by Using Carbon Nanotubes as Templates
Luis M. Liz-Marzan et al. ACIE 2005, 44, 2.
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CNTs characterization
TEM, SEM, AFM

TGA

RAMAN spectroscopy (can distinguish between metallic and semiconducting CNT)

120- 250 cm-1

radial breathing mode Tangential modes

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

multi-peak features at  1580 cm-1

D-band

disorder-induced mode
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HiPCO SWCNT

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

G-band

D-band

RBM
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Single Wall Nano Horns

Carbon Nano Onions
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CNT in biology and medicine

cancer treatment

bioengineering

gene therapy
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Toxicity

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

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

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

Targeting carbon nanotubes against cancer

- Delivery of chemotherapeutics: CNT–doxorubicin complexes 
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CNTs have been shown to provide with:
(a) capability to deliver biologically active molecules cytoplasmatically, by-passing
a lot of biological barriers and acting as a cellular needle; 

(b) large surface area and internal cavity that can be decorated with targeting
ligands and filled with therapeutic or diagnostic agents; 

(c) unprecedented electrical and thermal conductivity properties
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functionalization dramatically changes CNT properties, 
pharmacokinetic profile and, remarkably, even biodegradability

the resulting product properties will heavily depend on: 
(1) the CNT material used (e.g. purity, diameter and length, number of walls); 
(2) the PEG used (e.g. molecular weight, brush or mushroom conformation, 

branched or linear); and 
(3) the functionalization process (e.g. level, surface density, homogeneity) 
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shows mushroom-to-brush conformation transitions. Surprising-

ly, the effect of PEG conformation appears more important than

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

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

as a promising approach to achieve successful application of CNTs

in medicine, the resulting product properties will heavily depend

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

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

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

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

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

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

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

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

onto nanoparticle surfaces, in the determination of their fate

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

presented by nanoparticles and its potential reactivity, came the

realization that this surface was inevitably to allow interaction

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

The process is dynamic, and the macromolecules that initially

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

eventually exchanged with others that may bind more slowly, but

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

can significantly alter the surface properties of nanoparticles,

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

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

no exception and we can envisage that identification of their

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

medicine [53–55].

Generally, there is still controversy on the relationship between

protein corona and pharmacokinetic profile for any nanoparticle

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

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

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

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

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

which have a much smaller diameter compared to MWCNTs, is

the scenario that SWCNTs fit into the hydrophobic pockets onto

the protein surface, potentially able to lead to interference with

protein–ligand natural interactions as well as to alterations in

protein conformation (Fig. 2) [58].

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

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

and theoretical studies on SWCNTs binding of four different plasma

proteins showed that the initial binding of transferrin and albumin

is eventually replaced by the binding of fibrinogen and immuno-

globulin (Fig. 3a–e). Importantly, fibrinogen binding led to reduced
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FIGURE 2

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

FIGURE 3

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

ly, the effect of PEG conformation appears more important than

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

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

as a promising approach to achieve successful application of CNTs

in medicine, the resulting product properties will heavily depend

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

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

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

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

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

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

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

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

onto nanoparticle surfaces, in the determination of their fate

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

presented by nanoparticles and its potential reactivity, came the

realization that this surface was inevitably to allow interaction

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

The process is dynamic, and the macromolecules that initially

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

eventually exchanged with others that may bind more slowly, but

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

can significantly alter the surface properties of nanoparticles,

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

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

no exception and we can envisage that identification of their

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

medicine [53–55].

Generally, there is still controversy on the relationship between

protein corona and pharmacokinetic profile for any nanoparticle

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

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

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

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

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

which have a much smaller diameter compared to MWCNTs, is

the scenario that SWCNTs fit into the hydrophobic pockets onto

the protein surface, potentially able to lead to interference with

protein–ligand natural interactions as well as to alterations in

protein conformation (Fig. 2) [58].

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

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

and theoretical studies on SWCNTs binding of four different plasma

proteins showed that the initial binding of transferrin and albumin

is eventually replaced by the binding of fibrinogen and immuno-

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

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

MATTOD-367; No of Pages 8

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

FIGURE 2

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

FIGURE 3

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

4

R
E
S
E
A
R
C
H
:
R
eview



33

often with contradictory results based on experimental conditions

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

interactions is suggesting convergence on the fact that CNT func-

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

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

ceeded in completely eliminating complement activation [77]. For

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

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

at different sites, therefore, complement activation is prevented by

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

functionalization affects not only the extent, but also the pathway

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

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

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

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

[77,79].

In general, CNTs are predominantly recognized by the immune

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

CNT phagocytosis, but not necessarily with a pro-inflammatory

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

shown so far to significantly activate complement via the alterna-

tive pathway [72,77]. In all cases, complement activation follows
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FIGURE 5

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

FIGURE 6

Functionalization affects complement activation pathway by CNTs. Several studies on fCNTs (single-walled, SW, double-walled, DW, or multi-walled, MW)
reported on complement activation by CNT via classical (left), alternative (center), or lectin (right) pathways.
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Immune system activation by CNT 

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



35protein binding onto the CNT surface, however, it can also be

reduced by the same mechanism when the bound proteins have an

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

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

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

defined MWCNT surface topography to affect dendritic cell acti-

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

adaptive immune pathways and their activation leads to B and

T cell stimulation. Therefore, appropriate choice of CNT properties

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

also be exploited to selectively activate either innate or adaptive

immune response, depending on the intended application

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

Analogous to our knowledge about the potential effects of

protein corona adsorption, in the case of immune responses

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

relevant data for clinical applications. Although most studies

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

noreactivity, it was shown that complement activation can be

modulated in a desirable manner, as oxidized MWCNTs injected

subcutaneously into mice led to only a transient immune response

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

consensus on the desirable CNT properties to achieve immuno-

logical neutrality: short, functionalized CNTs, with smoother

surface topography and even density distribution of functional

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

Conclusions
The winding road for carbon nanotubes in nanomedicine has

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

that CNT functionalization, type and purity are all key parameters

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

with asbestos fibers has been a key determinant in the relatively

slow progress and adoption of CNT in nanomedicine relative to

other application fields. However, it also prompted thorough

studies that have revealed greater understanding on how function-

alized CNTs can biologically behave in a very different and safer

manner. We now know that rational chemical derivatization of

CNTs can bypass adverse immune responses and accelerate bio-

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

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

will be the next step.
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FIGURE 7

Immune response to CNTs. Three scenarios are possible: uncontrolled adverse inflammation (green pathway); biodegradation (red pathway); modulated
immune response (blue pathway, e.g. for vaccine delivery). Reprinted from Ref. [36], Copyright (2013), with permission from Elsevier.
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