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Applications of carbon nanotubes in drug delivery
Alberto Bianco', Kostas Kostarelos? and Maurizio Prato®

The development of new and efficient drug delivery systems is
of fundamental importance to improve the pharmacological
profiles of many classes of therapeutic molecules. Many
different types of drug delivery systems are currently available.
Within the family of nanomaterials, carbon nanotubes (CNT)
have emerged as a new alternative and efficient tool for
transporting and translocating therapeutic molecules. CNT can
be functionalised with bioactive peptides, proteins, nucleic
acids and drugs, and used to deliver their cargos to cells and
organs. Because functionalised CNT display low toxicity and
are not immunogenic, such systems hold great potential in the
field of nanobiotechnology and nanomedicine.
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Introduction

Carbon nanotubes (CN'T) [1-3] are considered ideal
materials for several applications [4], ranging from ultra-
strong fibers [5] to field emission displays [6]. Recently,
CN'T have generated great interest in biology [7°], where
suitably modified CNT can serve as vaccine delivery
systems [8] or protein transporters [9°].

CNT can be imaginatively produced by rolling up a single
layer of graphene sheet (single-walled CN'T; SWN'T)
[10,11], or by rolling up many layers to form concentric
cylinders (multi-walled CN'T; MWNT) [3] (Figure 1).
As-produced CN'T, both SW and MW, are commercially
available, with different structural details and variable
degrees of purity. Pristine CN'T are completely insoluble
in all solvents, which has generated some health concerns;
consequently, their biological properties are being stu-
died in terms of toxicity [12]. The development of

efficient methodologies for the chemical modification
of CNT has stimulated the preparation of soluble
CNT that can be employed in several biological applica-
tions, among which drug delivery appears to be particu-
larly promising [13°,14-16].

Two functionalisation approaches are widely employed
for modification of CN'T (Figure 2). CN'T can be oxidised
using strong acids, resulting in the reduction of their
length while generating carboxylic groups, which increase
their dispersibility in aqueous solutions [17]. Alterna-
tively, addition reactions to the CN'T external walls
and tips make them soluble in water [18,19]. Solubility
under physiological conditions is a key prerequisite to
make CN'T biocompatible. In addition, functionalised
carbon nanotubes (f~-CNT) can be linked to a wide
variety of active molecules, including peptides, proteins,
nucleic acids and other therapeutic agents.

An efficient way to functionalise the external walls of
CNT is based on the 1,3-dipolar cycloaddition of azo-
methine ylides. CN'T undergo the addition reaction when
heated in DMF in the presence of an a-amino acid and an
aldehyde [20]. The scope of this reaction is very broad
and produces f~-CN'T that possess high solubility in a wide
range of solvents. By carefully choosing the reactants, it is
possible to modulate solubility in organic solvents or
aqueous solutions [21°]. CN'T carrying ammonium groups
(Figure 2b) are very soluble in water and have been
exploited for their potential in the delivery of therapeutic
molecules.

The biological applications of /~CN'T are currently under
intense investigation. In this paper we review the most
recent achievements of CNT in drug delivery, with a
specific emphasis on the work performed in our groups.

Peptide delivery by carbon nanotubes

We initially studied the application of CN'T as a template
for presenting bioactive peptides to the immune system
[22]. For this purpose, a B-cell epitope of the foot-and-
mouth disease virus (FMDV) was covalently attached to
the amine groups present on CN'T, using a bifunctional
linker. The peptides around the CN'T adopt the appro-
priate secondary structure for recognition by specific
monoclonal and polyclonal antibodies. The immunogenic
features of peptide—CN'T" conjugates were subsequently
assessed 7z vivo [23]. Immunisation of mice with FMDV
peptide—nanotube conjugates eclicited high antibody
responses as compared with the free peptide. These
antibodies were peptide-specific since antibodies against
CNT were not detected. In addition, the antibodies
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Scanning electron microscopy (SEM) images of pristine single- (left) and multi-walled (right) carbon nanotubes.

displayed virus-neutralising ability. The use of CNT as
potential novel vaccine delivery tools was validated by
interaction with the complement [24]. The complement
is that part of the human immune system composed of a
series of proteins responsible for recognising, opsonising,
clearing and killing pathogens, apoptotic or necrotic cells
and foreign materials. Salvador-Morales ¢z a/. [24] showed
that pristine CN'T activate the complement following
both the classical and the alternative way by selective
adsorption of some of its proteins. Because complement
activation is also involved in immune response to anti-

Figure 2

gens, this might support the enhancement of antibody
response following immunisation with peptide—-CN'T
conjugates.

Cellular uptake of carbon nanotubes

An important characteristic of /~CN'T is their high pro-
pensity to cross cell membranes [25°,26°]. CN'T labelled
with a fluorescent agent were easily internalised and
could be tracked into the cytoplasm or the nucleus of
fibroblasts using epifluorescence and confocal microscopy
[25°]. The mechanism of uptake of this type of /~CN'T

(a)
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Organic functionalisation of carbon nanotubes. Pristine single- or multi-walled carbon nanotubes can be (a) treated with acids to purify them
and generate carboxylic groups at the terminal parts, or (b) reacted with amino acid derivatives and aldehydes to add solubilising moieties

around the external surface.
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appears to be passive and endocytosis-independent. Incu-
bation with cells in the presence of endocytosis inhibitors
did not influence the cell penetration ability of f~CNT.
Furthermore, f-CNT showed similar behaviour when
incubation with the cells was carried out at lower tem-
peratures. Cellular uptake was confirmed by Dai and
colleagues [9°,26°] who in later studies used oxidised
CNT to covalently link fluorescein or biotin, allowing
for a biotin—avidin complex formation with fluorescent
streptavidin. Again the nanotubes were observed inside
the cells. In this case, the protein—-CN'T' conjugates were
found in endosomes, suggesting an uptake pathway via
endocytosis. The CNT can also be visualised inside the
cells using transmission electron microscopy (TEM) [27].
Functionalised water-soluble CN'T were incubated with
Hel.a cells. The cells were subsequently embedded into
an epoxy resin that was sliced using a diamond micro-
tome. Each slice was mounted on a TEM grid and
observed under the microscope. Figure 3 shows a typical
example of functionalised MWN'T distributed into the
cytoplasm.

Some tubes were also identified at the cell membrane

during the process of translocation. The conformation of
CNT perpendicular to the plasma membrane during

Figure 3

Ultrathin transverse section of Hela cells treated with functionalised
MWNT. After incubation, the cells were fixed, stained, dehydrated and
embedded into an epoxy resin (Epon™ 812). Ultrathin layers (90 nm
thickness) were sliced with a diamond ultramicrotome and inspected
under TEM. White arrows indicate the f~-CNT distributed into the
cytoplasm.

uptake suggested a mechanism similar to nanoneedles,
which perforate and diffuse through the lipid bilayer of
plasma membrane without inducing cell death. Dynamic
simulation studies have shown that amphiphilic nano-
tubes can theoretically migrate through artificial lipid
bilayers via a similar mechanism [28]. Nanopenetration
was also recently suggested by Cai ¢ a/., who proposed an
efficient 7z vitro delivery technique called nanotube
spearing [29]. MCF-7 breast cancer cells were grown
on a substrate and incubated with magnetic CN'T. A
rotating magnetic field first drove the nanotubes to spear
the cells. In a subsequent step, a static field pulled the
tubes into the cells. On the basis of SEM images, it seems
that the tubes cross the cell membrane like tiny needles.
Another efficient way to observe CN'T intracellularly was
developed by Weismann ¢ @/., who used near-infrared
fluorescence [30]. They showed that macrophage cells
could ingest significant amounts of nanotubes without
apparent toxic effects. The internalised tubes remained
fluorescent and could be identified at wavelengths
beyond 1100 nm. Therefore, there is mounting evidence
that /~-CN'T are capable of efficient cellular uptake by a
mechanism that has not yet been clearly identified.
However, the nature of the functional group at the
CNT surface seems to play a determinant role in the
mechanism of interaction with cells.

Nucleic acid delivery by carbon nanotubes
Ammonium-functionalised CNT were tested for their
ability to form supramolecular complexes with nucleic
acids via electrostatic interactions. Many cationic systems
are being investigated for the delivery of nucleic acids to
cells [31-33]. Their common goal is to enhance gene
transfer and expression, because plasmid DNA alone
penetrates into cells and reaches their nucleus with con-
siderable difficulty [34]. Similar to other families of non-
viral vectors (i.e. liposomes, cationic polymers, micropar-
ticles and nanoparticles), the macromolecular cationic
nature of the f~CN'T" has been exploited to condense
plasmid DNA [27,35]. To explore the potential of CN'T
as gene transfer vectors, plasmid DNA pCMV-Bgal
expressing B-galactosidase was adsorbed on f~-CN'T car-
rying ammonium groups. Both single- and multi-walled
cationic CN'T are able to form stable complexes, char-
acterised by electron microscopy (TTEM and SEM), sur-
face plasmon resonance, electrophoresis and fluorescence
dye exclusion [35]. Following formation of the com-
plexes, gene transfer experiments showed a clear effect
of /~CN'T on the expression of B-galactosidase [27,35].
Levels of gene expression five to ten times higher than
that of DNA alone were obtained. More recently, the
efficiency of DNA transfer using f/~CN'T" was increased by
covalent modification of the external walls of the tubes
with polyethyleneimine (PEI) [36]. PEI-grafted MWN'T
complexed and delivered plasmid DNA to different cell
types; however, the measured levels of luciferase expres-
sion were similar to that of PEI alone.
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Using a similar approach, we demonstrated that cationic
carbon nanotubes are able to condense short oligodeox-
ynucleotide (ODN) sequences and improve their immu-
nostimulating activity [37]. ODNs containing GpG
motifs hold much interest for immunotherapy and vac-
cination. We showed that CpG interacts with ammo-
nium-CN'T with no toxicity on mouse splenocytes.
More importantly, high ratios of /~-CN'T" over a minimum
immunostimulatory dose of a specific ODN CpG
increased the immunopotentiating activity zz vitro while
decreasing the secretion of proinflammatory cytokine
interleukine-6.

Figure 4

CNT were also used to deliver non-encoding RNA poly-
mers into cells [38]. SWNT condensed RNA by non
specific binding. Translocation of the complexes between
CNT and poly(rU) RNA polymer into MCF-7 cells was
assessed by radioisotope labelling and confocal fluores-
cence. The hybrids showed negligible toxicity as found
by monitoring cell growth.

It is evident that CN'T can form stable supramolecular
assemblies with nucleic acids, thus opening the way to
diverse applications including gene therapy, genetic vac-
cination and immunopotentiation enhancement.
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Functionalisation and imaging of CNT with amphotericin B. (a) Covalent attachment of amphotericin B and fluorescein isothiocyanate to CNT.
Multi-walled carbon nanotubes are treated with acids to generate carboxylic groups, subsequently modified with a mono-protected diaminotriethylene
glycol. The nanotubes are then subjected to 1,3-dipolar cycloaddition. Selective cleavage of the orthogonal protecting groups allows the
introduction of the fluorescein moiety and amphotericin B. (b) Epifluorescence microscopy image of f~-CNT inside Jurkat cells. Bright-field image
(left) and fluorescent image (right) after internalisation of f~-CNT incubates for 16 h at 37 °C. Jurkat cells have an average diameter of 10 um.
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Drug delivery with carbon nanotubes

The search for new and effective drug delivery systems is
a fundamental issue of continuous interest [39]. A drug
delivery system is generally designed to improve the
pharmacological and therapeutic profile of a drug mole-
cule [40]. The ability of /~CN'T" to penetrate into the cells
offers the potential of using f~-CN'T as vehicles for the
delivery of small drug molecules [25°,26°]. However, the
use of f/~CN'T for the delivery of anticancer, antibacterial
or antiviral agents has not yet been fully ascertained. The
development of delivery systems able to carry one or
more therapeutic agents with recognition capacity, optical
signals for imaging and/or specific targeting is of funda-
mental advantage, for example in the treatment of cancer
and different types of infectious diseases [41]. For this
purpose, we have developed a new strategy for the multi-
ple functionalisation of CN'T with different types of
molecules (Figure 4a) [42]. A fluorescent probe for track-
ing the cellular uptake of the material and an antibiotic
moiety as the active molecule were covalently linked to
CNT. MWNT were functionalised with amphotericin B
and fluorescein.

The antibiotic linked to the nanotubes was easily inter-
nalised into mammalian cells without toxic effects in
comparison with the antibiotic incubated alone
(Figure 4b). In addition, amphotericin B bound to
CNT preserved its high antifungal activity against a broad
range of pathogens, including Candida albicans, Crypto-
coccus neoformans and Candida parapsilosis.

In an alternative approach by a different group, SWN'T
have been functionalised with substituted carborane
cages to develop a new delivery system for an efficient
boron neutron capture therapy [43]. These types of water-
soluble CN'T were aimed at the treatment of cancer cells.
Indeed, these studies showed that some specific tissues
contained carborane following intravenous administration
of the CNT conjugate and, more interestingly, that
carborane was concentrated mainly at the tumour site.
Another class of carbon nanomaterials similar to CN'T
have also been used for drug delivery [44]. Single-walled
carbon nanohorns are nanostructured spherical aggregates
of graphitic tubes. Murakami ¢z 4/. loaded these tubes
with dexamethasone and studied the binding and release
of the drug. They found that dexamethasone could be
adsorbed in large amounts onto oxidised nanohorns and
maintains its biological integrity after being liberated.
This was confirmed by activation of glucocorticoid
response in mouse bone marrow cells and induction of
alkaline phosphatase in mouse osteoblasts.

In view of these results, /~-CNT represent a new, emer-
ging class of delivery systems for the transport and trans-
location of drug molecules into different types of
mammalian cells. Although these CN'T conjugates dis-
played no cytotoxicity iz vitro, for further development, it

will be important to assess their metabolism, biodistribu-
tion and clearance from the body.

Conclusions

Organic functionalisation has opened new horizons in the
study of the biological properties of CNT. First of all, the
biocompatibility of carbon cylinders has been ascer-
tained. Because pristine CN'T" are highly toxic, mainly
due to their insolubility, it was of fundamental impor-
tance to verify the solubility of /~CN'T in physiological
media. Secondly, properly functionalised CN'T seem to
have a high propensity to cross cell membranes. In addi-
tion, CN'T can be charged with biologically active moi-
eties, which can then be delivered to the cell cytoplasm or
nucleus. The chemistry of CN'T offers the possibility of
introducing more than one function on the same tube, so
that targeting molecules, contrast agents, drugs, or repor-
ter molecules can be used at the same time. Though it is
still too early to establish CNT for clinical use, these
novel carriers are undoubtedly interesting and deserve
further investigation.
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