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ABSTRACT:

Thisreview focuses on the latest developmentsin applications of carbon nanotubes (CNTS) in medicine. A brief history
of CNTsand ageneral introduction to the field are presented.

Then, surface modification of CNTsthat makes them ideal for use in medical applicationsis highlighted. Examples of
common applications, including cell penetration, drug delivery, genedelivery and imaging, aregiven. At the sametime,
there are concerns about their possible adverse effects on human health, since thereis evidence that exposure to CNTs
inducestoxic effectsin experimental models. However, CNTs are not asingle substance but agrowing family of different
materials possibly eliciting different biological responses. As aconsequence, the hazards associated with the exposure
of humans to the different forms of CNTs may be different. Understanding the structure—toxicity relationships would
hel p towards the assessment of the risk related to these materials. Finally, toxicity of CNTSs, are discussed. Thisreview
article overviews the most recent applications of CNTsin Nanomedicine, covering the period from 1991 to early 2015.
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INTRODUCTION

Since carbon nanotubes (CNTs) were discovered
by lijimain 1991[ 1], they have become the subject of
many studiesbecause of their unique electrical, optical,
thermal, and mechanical properties[2-6]. CNTscan be
visualized as a sheet of carbon atoms rolled up into a
tube with a diameter of around tens of nanometers.
There are two main types of CNTs, single-walled
(SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs), the latter being formed by several
concentric layersof rolled graphite (Fig 1). In particular,
SWCNTSs are characterized by a high aspect ratio. In
the last decade, CNTs are intensively explored for in
vitro and in vivo delivery of therapeutics, which was
inspired by an important finding that CNTs can
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penetrate cells by themselves without apparent
cytotoxic effect to the cells[7-9]. The high aspect ratio
makes CNTSs outstanding from other types of round
nanoparticlesinthat the needle-like CNTsallow loading
large quantities of payloads along the longitude of
tubeswithout affecting their cell penetration capability.
With the adequate | oading capacity, the CNTscan carry
multifunctional therapeutics, including drugs, genes
and targeting molecules, into one cell to exert multi-
valenceeffects. Inthe other side, owingto the ultrahigh
surface area along with the strong mechanical
properties and electrically conductive nature, CNTsare
excellent material for nano-scaffolds and three
dimensional nano-composites. In recent year, CNT-
based devices have been successfully utilized in tissue
engineering and stem cell based therapeutic
applications, including myocardial therapy, bone
formation, muscle and neuronal regeneration.
Furthermore, owing to the distinct optical properties
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of CNTSs such as high absorption in the near-infrared
(NIR) range, photoluminescence, and strong Raman
shift [10], CNTs are excellent agents for biology
detection and imaging. Combined with high surface
area of CNTSs for attaching molecular recognition
molecules, CNT-based, targeted nano-devices have
been developed for selective imaging and sensing.
Therearemany areaswhere CNTsare extremely useful.
Thisreview article describes strategiesfor preparation
of CNTs for their use in medicine. Specifically, we
focused and highlighted the important nanomedicine
applications of CNTs in the field of cell penetration,
drua delivery, gene delivery and imagina.

Fig. 1. Schematics of a SWCNTs and MWCNTs

CNTs modifications

Raw CNTs, persisting metallic nature, are highly
hydrophobic. Therefore, surfaFce modification of
CNTs, or CNTsfunctionalization so that they could be
dispersed in aqueous solutions becomes a key step
for their medical applications. The CNTs modification
methods involved either non-covalent or covalent
strategies. The non-covalent modification utilizes the
hydrophobic nature of CNTs, especially, n-n
interactions for coating of amphiphilic molecules. The
covalent modification generates chemical bonds on
carbon atoms on CNTs surface viachemical reactions
followed by further conjugation of hydrophilic organic
molecules or polymers rendering CNTs better
solubility. These modifications not only offer CNTs
water solubility, but also produce functional moieties
that enabl e linking of therapeutic agents, such as genes,
drugs, and recognition molecules for medical
applications.

Non-covalent functionalization of CNTs
The methods of functionalization of CNTs based
on non-covalent interaction can be performed without

destroying theintrinsic sp>-hybridized structure of the
nanotube sidewall, so that the original electronic
structure and properties of CNTs can be preserved.
Different kinds of non-coval ent functionalizationshave
been explored. The non-covalent functionalization of
CNTs could be achieved by n—r stacking interactions
between conjugated molecules and the graphitic
sidewall of CNTs. Compoundswith the pyrene moiety,
e.g. N-succinimidyl-1-pyrenebutanoate, could be
adsorbed irreversibly onto the surface of SWCNTs
through m—Tt interaction [11, 12]. Furthermore, viathe
succinimidyl ester group on this bifunctional anchor,
various molecules with primary or secondary amines
such as ferritin, streptavidin (SA) or biotin-
polyethylene oxide-amine were coval ently attached to
the activated pyrene by nucleophilic attack of the
amino group [11]. Using asimilar strategy, some other
biomolecules (e.g. protein and DNA) [13-15] and gold
nanoparticles [16-17]were also coupled to CNTSs.
Through the -1t stacking interactions, other classes
of molecules, including phthalocyanines [18-20],
porphyrins [21-31] and their derivatives have been
immobilized onto the surface of CNTs. It was
demonstrated that thiskind of composite could display
photo induced charge transfer from the dye molecules
to CNTs[20, 23]. The selectiveinteraction between the
porphyrin derivative and CNTs was also discovered
[34]. The use of Raman spectroscopy, near-infrared
(NIR) absorption and buck conductivity has shown
that porphyrin derivatives could be selectively
adsorbed onto semiconducting nanotubes in a
solubilized sample. This is a convenient method to
separate the semi-conductive CNTsfrommetallic CNTSs.
Polymers with conjugated structures could also be
coupled to CNTs by n—n forces [32-54]. The strong
interaction between the conjugated polymer and the
nanotube remarkably increased CNTsdispersibilty [ 32,
40, 45-47]. Some conjugated polymers have been used
to purify CNTSs by efficient phase separation from the
main impurity, consisting of amorphous graphitic shells
[41, 43, 44]. Inthisway, amorphous carbon impurities
tend to sediment out of solution, whereas the
nanotubes stay in suspension. In addition, this kind of
composite has potential applications in the
optoelectronic field because of energy transfer from
the excited conjugated polymer to the nanotubes [33-
39, 42, 45, 48-54]. Another method of non-covalent
functionalization of CNTsinvolvesassociation of CNTs
with amphiphilic molecules through hydrophobic
interactions in aqueous media. In this system, the
amphiphilic moleculesinteract non-covalently with the
aromatic surface of CNTs using their hydrophobic
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parts, while exposing the hydrophilic parts to the
aqueous sol ution to minimize the hydrophobic interface
between the nanotubes and their polar environment.
Through hydrophobic interactions, water-soluble
polymerspoly vinyl pyrrolidone (PVP) and poly styrene
sulfonate (PSS) wrapped helically around the surface
of SWCNTs helped to dissolve the nanotubesin water
[55]. The association between the polymer and
SWCNTSs, which isreversible by changing the solvent
system, was very robust, independent of the presence
of excess of polymer in solution and uniformalong the
surface of the nanotubes. Surfactants were also
conjugated to CNTs via hydrophobic interactions. So
far, various anionic, nonionic and cationic surfactants
have been used to suspend CNTsin aqueous medium
[56-60]. Among them, bile salt surfactants such as
deoxycholic acid (DOC) and taurodeoxycholic acid
(TDOC) have been found to be very efficient in
solubilizing SWCNTSs. Thisisbecause the aggregation
was further prevented by the coulomb repulsion
between surfactant-coated SWCNTs[60]. In addition,
if aromatic moieties in the hydrophobic part of the
amphiphilic molecule were present, particularly strong
interactions between the molecule and the CNTs could
be established. This kind of aggregates, forms
additional - stacking between the aromatic part of
the molecule and the graphitic sidewallsof CNTswhile
exposing the hydrophilic groups to the aqueous
solution. As an example, sodium dodecyl benzene
sulfonate (SDBS) presented an increased ability in
suspending CNTsinwater [59]. Some of the surfactants
including sodium dodecyl! sulfate (SDS), SDBS, DOC
or TDOC werefound to bevery effectivein dispersing
SWCNTs[58-60]. Thisprovided the possibility to study
the properties of individual SWCNTs and further
manipulate single tubes [61-65]. Hydrophobic
interactions were also used to couple biomoleculesto
CNTs. In particular, an amphiphilic peptide was
wrapped around the SWCNT surface. The peptide was
able to adopt a-helical structure in aqueous solution,
exposing the hydrophobic face of the helix to the
nanotube surface [66, 67]. Atomic force microscopy
(AFM), transmission electronic microscopy (TEM), and
absorption and Raman spectroscopy proved that the
SWCNTswere DE bundled by the peptide. The peptide-
coated nanotubes were assembl ed into macromolecular
structure through charged peptide-peptide interactions
between adjacent peptide-wrapped nanotubes. The
size and morphology of the super-molecular structure
can be regulated by controlling the factors that affect
peptide-peptide interactions. It was al so demonstrated

that the ability to disperse individual SWCNTs
increased with increasing the amount of aromatic
residues inside the peptide sequence [68]. In asimilar
manner, different proteins were adsorbed onto the
surface of SWCNTs and were taken up by the
mammalian cells[69].

Another interesting approach invol ved the conjugation
of single-stranded DNA with SWCNTS resulting in
helical wrapping around the surface of the tube
exposing the hydrophilic sugar-phosphate backbone
towards the exterior [70, 71]. Using this strategy,
individually dispersed nanotubes in solution were
obtained. CNTswrapping by single-stranded DNA was
strongly dependent on the DNA sequence. Moreover,
the dependence of the electrostatic properties of the
DNA-CNT hybrid on the tube diameter and electronic
properties enable nanotube separation by anion
exchange chromatography. In addition to a direct
interaction with CNTs, biomolecules have also been
attached to SWCNTSs via amphiphilic molecules as a
bifunctional linker. For instance, phospholipid (PL)
molecules with phospholipid—poly(ethylene glycol)
(PEG) chainsand terminal amine (PL-PEG-NH,) were
non-covalently conjugated to SWCNTs. PL alkyl
chains were adsorbed to the surface of SWCNTs via
hydrophobicinteractionswhilethe PEG chain extended
into the agueous phase for SWCNTs dispersion. After
incorporation of a hetero bifunctional cross-linked
sulfosuccinimidyl 6-(30-[2-pyridyldithio] prop-
ionamido) hexanoate (sulfo-LC-SPDP), the
functionalized SWCNTSs (f -SWCNTS) were coupled
with DNA and RNA viadisulfidelinkage. Thecomplexes
were subsequently delivered to cells[72].

CNTs covalent functionalization

The CNTSs characteristics such as low curvature,
low solubility and bundling tendency render carbon
nanomaterials a relatively unreactive to chemical
treatment. Thus far, a number of ways have been
introduced for covalent functionalization of CNTs. With
respect to the location of the functional groups, the
strategies to covalently functionalize CNTs can be
classified into two main types including defect and
sidewall functionalizations. The covalent
functionalization of nanotubes is more robust and is
better controlled compared to functionalization based
on non-covalent methods.
CNTs synthesized by any available method are not
free of defects. The intrinsic defects include five- or
seven-membered rings called Stone-Wales defects,
sp®- hybridized defects and vacancies in the sp?
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hybridized six-membered ring carbon structure of the
sidewall [94, 95]. A limited number of defects can be
tolerated by CNTs without losing their macroscopic
electronic and mechanical properties [3, 75-77]. In
addition, thetips of the tubes, forming a hemispherical
fullerene, have stronger reactivity than the sidewalls
because of their higher curvature[78, 79]. When treated
with strong oxidizing agents such as nitric acid,
KMnO,/H,S0,,0,, K,Cr,0/H,SO,0or 0sO,, CNTscould
be opened and cut into short tubes. In the meantime,
defects were introduced around the CNT surface [74,
79, 80]. Moreover, oxygenated functional groups such
as carboxylic acid, ketone, alcohol and ester groups
were generated by the oxidization process to the ends
and the defect sites of the nanotubes [81]. These
functional groups were very important to further
functionalize CNTs. Sonication could also produce
defects on the sidewall of CNTs that were eager for
further chemical reactions[82-85]. Using the nanotube-
bound carboxylic acid groupsintroduced by oxidization
treatment, further functionalization was performed
via amidation, esterification or the zwitterion
(COONH,") formation. Before covalent modification,
the carboxylic acids are often activated by
thionyl chloride, carbodiimide [e.g. N-(3-
dimethylaminopropyl)- N’-ethylcarbodiimide (EDC), N,
N’-dicyclohexylcarbodiimide (DCC)] or N-
hydroxysuccinimide (NHS), to get highly reactive
intermediate groups. Esterification was achieved by
the nucleophilic substitution reaction of nanotube
carboxylate salt with alkyl halides [86]. The
functionalization of CNTs via nanotube carboxylic
acids, located at the ends or pre-existing defects of
CNTs, preserved the essential features of the CNT
electronic structure as well as the bulk properties of
the material [81, 87]. The first shortened soluble
SWCNTswere obtained through carboxylic amidation
using octadecylamine [81]. Since then, various
lipophilic and hydrophilic Dendrons have been
attached to CNTs via amide or ester linkages, which
sgnificantly improved the solubility of CNTsin organic
or aqueous solvents [88]. These groups could be
subsequently removed under basic or acidic hydrolysis
conditions [89]. In addition, following this
functionalization process, CNT bundles were largely
exfoliated into individual nanotubes[75]. Thisenabled
further manipulation and investigation of the
spectroscopic properties of individual SWCNTSs. Via
amidation or esterification, polymers like poly-
propionyl-ethylenimine-coethylenimine (PPEI-EI), poly-

n-vinylcarbazole (PVK-PS) and PEG were grafted to
the surface of CNTs [90]. Another approach called
“graft from” was developed to attach polymer to CNTSs.
The polymerization initiators were first covalently
bound to CNTs and then the nanotube-based macro-
initi ators were exposed to monomersto accomplish the
polymerization. In particular, polymer poly-n-butyl
methacry-late (PNnBMA), poly-methyl methacrylate
(PMMA) and copolymer PMMA-b-polyhydroxyethyl
methacrylate (PHEMA) have been coupled to CNTs
viaatom transfer radical polymerization (ATRP) [91,
92]. Defect functionalization was used to link biol ogical
molecules to CNTs via stable covalent bonds. For
example, f -SWCNTsand f -MWCNTswith bovine serum
albumin (BSA) were synthesized viadiimide-activated
amidation at ambient condition. It was found that the
protein bound to nanotubes remained active [93]. SA
(a protein with potential clinical applications in
anticancer therapy) was complexed to SWCNTSs pre-
functionalized with biotin through EDC-activated
amidation [94]. Similarly, using the biotin-SA
interaction, a biotinylated DNAzyme was covalently
attached to MWCNTs pre-functionalized with SA via
amide linkage. The nanotube-bound DNAzymes
displayed highly active and classical enzymatic
behavior [95]. DNA wasaso bound to CNTsviaamide
linkage[96, 97]. DNA-CNT conjugateswere hybridized
with their complementary sequences and this
hybridization was apparently reversible upon a
denaturation process. Thederived single-strand DNA-
CNTs could be reused in a second-round of
hybridization. In another case, DNA recognition was
achieved by peptide nucleic acid (PNA) f -SWCNTS, in
which PNA were attached to SWCNTs via NHS
activated SWCNTs[98].

Thesidewallsof CNTshave anaromatic, six-membered
ring structure. So far, various kinds of reactions of the
sidewall have been developed such as fluorination,
radical addition, nucleophilic addition, electrophilic
addition and cycloaddition [99]. There aretwo principal
sources of molecular strain that affect the reactivity in
non-planar conjugated molecules: (i) pyramidalization
of the conjugated carbon atom and (ii) m-orbital
misalignment between adjacent pairs of conjugate
carbon atoms. Unlike fullerene, in which the strain is
primarily from pyramidalization, n-orbital misalignment
is the main source of the strain for the sidewalls of
CNTs. Since n-orbital misalignment, as well as
pyramidalization, scales inversely with nanotube
diameter, nanotubes with asmaller diameter display a
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higher chemical reactivity [78]. Differing from defect
reactions, sidewall reactions disrupted the conjugated
structure of CNTs, as monitored by Raman or
absorption spectroscopy. In the Raman spectrum of
pristine SWCNTS, three main characteristic modes were
disclosed: (i) the radial breathing (w,) below 350 cm,
(ii) thetangential (w,) mode at 1550-1600 cm* and (iii)
the disorder (sp®) mode at 1250-1450 cm. The radial
breathing mode was demonstrated to be in strong
relationship with the diameter of the nanotube [100].
Therelativeintensity of the disorder modewasrelated
to the amount of sp3-hybridized carbon atoms in the
SWCNTs and thus provided direct information of the
extent of sidewall functionalization, in which the
carbons linked to functional groups were converted
from sp?hybridized into sp*-hybridized carbon [101].
The absorption spectrum reflected the sidewall
covalent modification of SWCNTSs. The disruption of
the conjugated structure caused by the reaction led to
the loss of optical transitions between van Hove
singularitiesin the el ectronic density of state (DOS) of
CNTs, which was detected as the loss of the structure
of the absorption spectrum [102].

The fluorination of SWCNTs was accomplished
through the reaction of SWCNTs with elemental
fluorine at temperatures ranging from 150 to 600 *C
[103]. By controlling the reaction conditions such as
temperature and time, the stoichiometry could be
regulated. In some cases, a stoichiometry of C,F was
obtained. The investigation of absorption and Raman
spectra indicated the electronic perturbation of
fluorinated SWCNTs. The fluorination allowed
exfoliation of SWCNTs bundles into individual
nanotubes and remarkably improved the solubility of
SWCNTSsintetrahydrofuran (THF), dimethylformamide
(DMF) and variousalcohols[104]. The C-F bondswere
very sensitive to the treatment with hydrazine, which
allowed almost complete recovery of the conductivity
and the spectroscopic properties of the pristine
SWCNTSs [103]. It was demonstrated that the Fermi
energy level of fluorinated SWCNTSs, as well as the
conduction band energy, were significantly shifted to
lower valuescompared to those of the pristine SWCNTSs.
Thisrevealed that fluorinated CNTswerebetter electron
acceptors than pristine nanotubes, and thus displayed
higher chemical reactivity to strong nucleophilic
reagentslike Grignard, alkyllithium reagents and metal
alkoxides. The same result was reached by exploiting
the eclipsing strain effect that weakened the C-F bonds
in fluorinated CNTsrelative to the C-F bond in alkyl

fluorides [105, 106]. It was proposed that the
substitution of fluorine by nucleophilic reagents
proceedsviaaconcerted allylic displacement [ 105].
The addition of radicals to SWCNTs was carried out
using different radical sourcesincluding perfluorinated
alkyl radical s photo induced from perfluoroalkyl iodide
[107], aryl radicalsgenerated by one-electron reduction
of the diazonium salt [108-110], radicals produced by
decomposition of benzoyl peroxide in the presence of
alkyl iodides [111], or directly produced by
decomposition of benzoyl or lauroyl peroxide [112].
The functionalization of SWCNTs with diazonium
reagents was achieved by three different methods:
electrochemical reaction [98], thermochemical reaction
in solvent [109] and using a solvent-free system[110].
The resultant SWCNTs displayed very high degree of
functionalization. It was also demonstrated that metallic
SWCNTSs showed higher reactivity in these types of
reactionsthan semi conductive SWCNTs, which would
allow CNT separation [113]. Due to the high electron
affinity imparted by the curvature of sidewall [114],
CNTs were reacted with strong nucleophile reagents
such as nucleophile carbine [107], sec-butyl lithium
[115], polymeric carbanions[116] and Birch reduction
reagents (lithium/1, 2-diaminoethane [87] or lithium/
ammonia[117]) to form various f-CNTs. In addition,
the electrophilic addition was also achieved by the
reaction of chloroformwiththe sidewall of CNTsinthe
presenceof Lewisacid [118].

Various cycloaddition reactions to CNTs have been
developed, including [2+1] cycloaddition of
dichlorocarbene [87], nitrenes [107] and
bromomalonates under Bingel reaction conditions
[119], [4+2]Diels—Alder cycloaddition of o-
quinodimethane performed under microwaveirradiation
[120], [3+2] cycloaddition of azido groups under
ultraviolet (UV) irradiation[121], and azomethineylides
[122]. The 1, 3-dipolar additions of azomethineylides
isparticularly versatilefor the functionalization of CNTs
[122-124]. This strategy is suitable for different types
of CNTs (e.g. pristine and purified SWCNTSs or
MWCNTSs), and involves the in situ generation of an
azomethine ylide through the decarboxylation of an
immonium salt derived from condensation of a-amino
acid and an aldehyde in the presence of CNTs. This
afforded functionalization of CNTs with the 2-
substituted pyrrolidone. The CNTs modified by this
method possessed a very high degree of
functionalization and improved solubility in organic or
aqueous solvents [122, 125]. The disruption of the
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aromatic structure of the sidewalls of the f-SWCNTs
was proven by absorption spectroscopy [122]. This
functionalizati on technique was also used to purify CNTs
[126]. Protected amino groups wereintroduced onto the
surface of CNTs via 1, 3-dipolar cycloaddition of
azomethineylides[122, 127]. For instance, f-CNTswith
N-protected glycine were achieved using N-protected
amino acid, which were subsequently used to link
biomolecules (e.g. bioactive peptides) by fragment
condensation or selective chemical ligation
[127,128].Thefirst multi-functionalization of CNTswas
achieved using avertically aligned MWCNT membrane.
One method involved the protection of the sidewalls of
CNTs with polystyrene in the process of plasma
oxidation that produced carboxylate derivatization.
Under this process, aligned MWCNT membranes
functionalized with carboxylic acid groups at the terminal
partswere obtained. Thereafter, bifunctional CNTswith
thiol groups on one end and carboxylic groups on the
other end were accomplished by floating on top of a 2-
aminoethanethiol reaction solution one side of the
oxidized CNTs membrane[129]. Another approach was
carried out by floating directly one side of an aligned
MWCNTs membrane on 3’-azido-3’-deoxythymidine
(AZT) solutionin ethanol under UV irradiation and, after
removal of absorbed AZT molecules by washing with
ethanol, laying the unmodified side on the surface of a
perfluorooctyl iodide solution in 1,1,2,2-
tetrachloroethane (TEC) under UV irradiation. Thus,
bifunctionalized MWCNTSs with AZT molecules and
perfluorooctyl chains were obtained [130]. These two
methods of CNT bifunctionalization are quite
complicated and limited to align MWCNTs. Using a
different method, Wu and coworkers introduced an
orthogonal protecting methodology into the chemical
modification of nanotube to achieve the multi-
functionalization of CNTs [131]. In particular,
diaminotriethylene glycol chains mono-protected by
phthalimide were linked to the carboxylic acids of
oxidized MWCNTSs. In a second step, a suitable N-
substituted glycine with a diaminotriethylene glycol
chain mono-protected by tert-butyloxycarbonyl (Boc)
was introduced via 1, 3-dipolar cycloaddition (Fig 2).
Sincethe phthalimideis stableto harsh acidic conditions
and orthogonal to the Boc, the selection and control of
attachment of different moleculeswaspossible[131]. In
this case, CNTs containing both fluorescein and
amphotericin B (AmB) were prepared, and bioactivity of
the conjugates was studied [131]. This method of

236

bifunctionalization is general and suitablefor different
types of CNTs.

In summary, the functionalization and consequent
applications of CNTs have been dramatically
increased in the last few years. The chemical
modification of CNTs cannot only endow this
intriguing nanomaterial with various functions, but
also extend their potential applications to different
fields of research.

Fig. 2. One of the routes to the bifunctionalization of CNTs.
(@) Neat (COCI),; Pht-N(CH,CH,0),-CH,CH,-NH,, dry THF,
reflux; (b) Boc-NH-(CH,CH,0),-CH,CH,- NHCH,COOH/
(CH,0),, DMF, 125 =; (c) hydrated NH,-NH,, EtOH, reflux;
(d) FITC, DMF; (e) HCl 4 M in dioxane; (f) Fmoc-AmB,
HOBt/EDC x HCI/DIPEA, DMF; 25% piperidine in DMF.
Boc = tertbutyloxycarbonyl; DIPEA =
diisopropylethylamine; FMOC = fluorenyl-
methyloxycarbonyl; FITC = fluorescein isothiocyanate;
HOBt = 1-hydroxybenzo-triazole; Pht = phthalimide

Potential Nanomedicine applications of CNTs
Many applicationsof CNTsin medicineand related
fields are envisaged and many research groups are
involved in these efforts today. One of the major
driving forcesfor biomedical explorationisthe CNT
capability to penetrate into cells. It is necessary to
underline that apparently contradictory results can
be reported, mainly because the structural differences
among the studied materials are enormous. For
example, some macroscopic differences, such asthe
use of SWCNTs or MWCNTSs, type of surface
modification, and degree of bundling, need to be
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reported. However often diameter and length values
are neglected and, when reported, they represent an
estimated average. The following sections report the
representative examples of biological knowledge
generated today according to the field of application
and not taking into account the different CNT materials
used.

Cell penetration

It has already been accepted that CNTs can easily
translocate into a wide range of cells [132]. The
possible mechanisms of this process are phagocytosis,
endocytosis, or membrane piercing, and the differences
between the used CNT materials are probably due to
the different surface coatings on the CNT backbone.
Endocytosis has been reported for DNA-CNT
complexesby Kametd. [133, 134] and Heller et al. (135),
while the membrane piercing [ 132] has been suggested
for block copolymer-coated non-covalently
functionalized MWCNTSs [136] and oxidized, water-
soluble CNTs[137].Liuet a. investigated the possibility
for carbon nanotubesto penetrate the cell wall and cell
membrane of intact plant cells (BY-2 cells), using
oxidized SWCNTs non-covalently labeled with
fluorescein isothiocyanate (Ox-SWCNT/FITC) or
pristine SWCNT complexeswith FITC-labeled ssDNA
(SWCNT/ssDNA). Inboth cases, theresultswereredly
encouraging; in fact the CNTs enter cells without
toxicity. Cells preserved their morphology, cytoplasmic
fluidity, and proliferation rate, and, interestingly the
sSDNA delivered alone was not founded in the BY-2
cells. The distribution in the cellsis different: the Ox-
SWCNT/FITC concentrated in the vacuoles while the
SWCNT/ssDNA was seen in the cytoplasmic strands.
The internalization was time- and temperature
dependent, suggesting the involvement of endocytosis
that in plant cells is blocked by decrease in the
temperature[138].

Drug delivery

As already mentioned, the possibility to fill the
internal cavity of CNTs represents a new approach to
create drug reservoirs. Hampel et al. explored thisfield
using carboplatin as a filling drug [139]. They used
oxidized MWCNTs with different diameters (ranging
from 10to 30 nm) and lengths (10-30 mm). The oxidation
process was performed for opening the tubes. The
incorporation seems to be dependent on the
temperature. With different techniques (such as X-ray
photoel ectron spectroscopy) the authors confirmed the
drug retention into CNTSs, although also traces of

external deposition of carboplatin were found. The
biological tests performed on bladder cancer cellsfound
that the incubation with carboplatin-MWCNTsinhibits
cell growth, while MWCNTSs alone do not exert any
effects.

A novel strategy to functionalize carbon nanotubes
with two different molecules using the 1,3-dipolar
cycloaddition of azomethine ylides was presented by
Pastorin et al., who covalently linked methotrexate and
FITCto MWCNTs (Fig 3, A). The penetration of this
new derivative was studied by epifluorescence and
confocal microscopy on human Jurkat T lymphocytes,
demonstrating a fast accumulation in the cytoplasm
(140). McDevitt et a. prepared CNT derivativesbearing
at the sametime tumor-specific monoclonal antibodies,
radiometal-ion chelates, or fluorescent probes. Water
soluble compounds, obtained by dipolar cycloaddition
weretreated with DOTA-NCSand LC-SMCC, and then
1111 in was chelated (Fig 3, B). The conjugates were
studied in vitro by flow cytometry and cell-based
immunoreactivity assays, while bio-distribution was
studied in micewith xenografted lymphoma[141].
SWCNTscoated with modified phospholipids (PL-PEG-
NH,) alowed linking aplatinum (1) derivative through
theamineresidueto oneof axial Pt ligands[142]. This
molecule itself is almost nontoxic to testicular cancer
cells, but becomes significantly cytotoxic when
attached to the surface of amine-functionalized soluble
SWCNTs. Thisis due to the fact that the presence of
CNTsinducesthe prodrug cellular uptake, which takes
place and confinesthe complex into endosomes, where
the pH islower than in the cell incubation medium. The
acid environment facilitates the reduction from Pt (1V)
to Pt (11) and the release of active cisplatin, with loss of
axial ligands (Fig 4). More recently, the same authors
described a new complex in which one platinum axial
ligand islinked to folic acid astargeting moiety (Fig 5,
A) [143]. The preparation of high molecular weight
complexes should also increase the blood circulation
time. They investigated folate receptor-positive [FR
(+)] human choriocarcinoma (JAR) and human
nasopharyngeal carcinoma (KB) cell lines, using as
negative control FR-negative [FR (-)] testicular
carcinomacells (NTera-2), demonstrating that FR (+)
cells are more affected. Moreover, the so-prepared
prodrug resulted to be much more active than cisplatin
itself, forming after intracellular reduction, cisplatin
(Gp@G) intrastrand cross-linkswith nuclear DNA.

It has been recently demonstrated that doxorubicin
adsorbed on MWCNT surface (Fig 5, B) by means of
T-T interaction results to be more efficient than the
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free one, probably because of ameliorate delivery into
cells[144].
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Fig. 5. Non-covalent attachments of anti-tumoral drugs to
CNTs

Gene Delivery

One of thefirst approachestoward genetic material
delivery was performed by Lu et al. who complexed
RNA polymer poly (rU) to SWCNTs by nonspecific
interactions [145]. The translocation across MCF7
breast cancer cellstook place and the genetic material
was found across the cellular and the nuclear
membranes.
Covalent derivative SWCNTSs, obtained by amidation
of the nanotube carboxylic groups with a chain
presenting a terminal ammonium group were studied
as telomerase reverse transcriptase small interfering
RNA (TERT-siRNA) delivery systeminto cells[146].
The effect was assessed taking into account the
proliferation and the growth of tumor cells (Lewislung
cancer cellsand Hel acells), both invitro and in vivo.
So the silencing of the targeted geneisthe evidence of
agoodintracellular delivery of SSRNA, whichislocally
released from nanotubes and can induceits effect. Dai
and coworkers delivered ssIRNA to human T cellsand
peripheral blood mononuclear cells. In this case,
SWCNTs were again coated with PL-PEG-NH,,
Differences in efficacy were found to depend on
functionalization and degree of hydrophilicity, related
to the length of the introduced PEG chain in the PL-
PEG construct [147]. Short SWCNTSs, non-covalently
functionalized with PL-PEG, were used. Inthiscase, a
cleavable bond was introduced, linking by disulfide
bond the PLPEG unit and the delivering siRNA [148].
The siRNA functionality obtained in this model
resulted to be more potent than lipofectamine used as
control transfection agent.
Oxidized SWCNTS, bearing positive charges able to
interact with fluorescein-labeled dsDNA (dsDNA-
FAM), were also coated with folic acid-modified
phospholipids (PL-PEG-NH,), by wrapping the alkyl
chains. The multifunctional system was selectively
uptaken by tumor cells, in which folic receptors are
overexpressed, driving the oligonucleotide into cells,
as demonstrated by fluorescence imaging [149].
SWCNTs were utilized as carriers for sSDNA probe
into cells, demonstrating an increased resistance of
the oligonucleotides toward nuclease digestion. In fact
the ssDNA is protected from enzymatic cleavage and
interference from nucleic acid binding proteins, still
exerting its function of targeting mRNA [150]. This
increases the potentiality of CNTs as oligonucleotide
vectors, as already hypothesized by Kateb et al. [136].
They studied the possibility of using CNTsas DNA or
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RNA delivery systems in brain tumors, thus
demonstrating the ability of microglia to efficiently
internalize MWCNTSs coated with Pluronic F108 as
compared to gliomacells.

Anticancer Approaches

Thepotential of CNTsasagenetic material delivery
system is great, with application in gene therapy,
considering the general biocompatibility of CNTs
themselves. As mentioned aready, nanotubes easily
bind macromolecules, such as nucleic acids. Li et al.
found that oxidized SWCNTscan inhibit DNA duplex
association [151, 152]. Moreover, it has been
demonstrated that they selectively induce human
telomeric i-motif DNA formation, binding to the 5’-
endmajor groove and directly stabilizing the charged
CC* base pairs. These findings can be utilized in
designing new compounds for cancer therapy, where
the modulation of human telomeric DNA can play a
fundamental role, although the biological effects of i-
motif structure induction is not yet clear.
A polyadenylic acid [poly (rA)] tail is present in
eukaryotic cellsand human poly (rA) polymerase (PAP)
and can be considered a tumor-specific target, and
compounds interfering with this structure have
interesting potential in the therapy. Zhao et al. studied
oxidized SWCNTs and reported that CNTs induce
single-stranded poly (rA) to self-structure into duplex
but the mechanism is not understood and should
involve the characteristics of the oxidized CNTs
considering that amino-derivative SWCNTSs,
surprisingly, do not induce self-structuration [153].
Antitumor immunotherapy is actually not very
effective. Inthe past, Pantarotto et al. [154] have found
that viral peptides conjugated to CNTs can improve
the anti-peptide immune response. Meng et al. paved
the way to improve immunotherapy. Tumor lysate
protein, readily obtainable from most solid tumors, has
beenlinked to MWCNTsand administered asapossible
tumor-cell vaccine in amouse model bearing the H22
liver cancer, with positive effects on the cure rate and
cellular antitumor immune reaction [155].
Phospholipid—polyethylene glycol chains linked to a
folic acid residue were linked by means of hydrophobic
interactions to CNTs. The presence of folate should
drive toward a selective uptake of the complex into
cells overexpressing folate receptors, asit happensin
some cancer cells. After internalization, cell death was
induced irradiating with near-infrared (NIR) light. This

action proved to be selective because the presence of
CNTs in cells increases the temperature, thereby
inducing thermal ablation whenirradiated [21].
Analogously, CNTs bearing two specific monoclonal
antibodies (insulin-like growth factor 1 receptor, IGF1R
and human endothelial receptor 2, HER?2), prepared by
supra-molecular approach with properly functionalized
pyrene units, have been used to kill breast cancer cells
with NIR irradiation [156]. The main problem of near
infrared irradiation application isduetoits poor tissue
penetration capacity, which allowsthe treatment of only
superficia cancer lesions. Radiofrequency waves, on
the contrary, penetrate more into tissues, and their
interaction with internalized CNTs produces an
increase in temperature of cells, thereby inducing cell
death. Gannon et al. proposed the use of these waves,
but in the reported case the limitation is due to the
direct injectioninto tumor of SWCNT coated with poly
phenylene-ethynylene polymer [157].

Another atypical approach to cancer treatment is
related to angiogenesis. In fact, its inhibition by
interfering in the growth factor balance can obstacle
the insurgence of diseases, among which tumors can
be mentioned. A good model to study angiogenesisis
the chick chorio allantoic membrane (CAM). A study
performed by Murugesan et al. employed carbon
materials (such as CNTs, fullerene, and graphite) to
test their capability to inhibit FGF2- or VEGF-induced
vessel formation in the CAM model. All the materials
showed significant effects in the induced
angiogenesis, acting more efficiently in comparison to
VEGF, while they did not exert any effect on the basal
process in absence of the already mentioned growth
factors. The mechanism involved in this processis not
yet clarified but it isclear that thisanti-antigenic action
could be exploited in cancer treatment [158].

CNTsand Neuron Interactions

Few yearsago, Lovat et al. reported the possibility
of improving the neural signal transfer by growing
neuronal circuits on CNT substrates, relating this
activity to the high electrical conductivity of CNTs
[159]. Later on, the same authors developed an
integrated SWCNT-neuron system to test whether
electrical stimulation delivered viaSWCNTscaninduce
neuronal signaling. The patch clamped hippocampal
cells, cultured on SWCNT substrates, have shown that
they can be stimulated via the SWCNT layers. Any
resistive coupling between bio membranes and
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SWCNTSs was qualitatively distinguishable from a
coupling between SWCNTs and the patch pipette
through the patch seal path to ground [160]. Using
single-cell electrophysiology techniques, electron
microscopy analysis, and theoretical modeling, the
same authors demonstrated that CNTs enhance the
responsiveness of neurons, due to the formation of
tight contacts between CNTs and the cell membranes.
These could favor electrical shortcuts between the
proximal and distal compartments of the neuron [161].
Whilein the already mentioned works, the CNTswere
deposed on glass coverslips for growing cells, a
different approach hasbeen used by Keefer et al. using
CNTsto electrochemically coat tungsten and stainless
steel wire electrodes. Thistreatment led to anincrease
in recording and electrical stimulation of neuronal
cultures [162]. Kotov and coworkers also prepared a
layer-by-layer composite with SWCNTs and laminin,
an essential glycoprotein of human extracellular matrix.
The use of this surface for cellular culture induced
neural stem cells(NSC) differentiation and the creation
of functional neural network. Also in this case, the
application of current through CNTs stimulated the
action potentials [163]. Carbon nanotubes have also
been arranged in vertical alignment to the gate insul ator
of an ion-sensitive field-effect transistor to act as
electrical interfaces to neurons, to study the
interactions with them, and an enhance efficiency has
been recorded in neuronal electrical activity [164].
Water-soluble SWCNTs grafted to polyethylene glycol
have been used in the culturing medium for neural
growth. These derivatives demonstrated their ability
to block the stimulated membrane endocytosis in
neurons and this could justify the evidenced extended
neurite length [165], while MWCNTSs coated with
pluronic F127 (PF127) injected in mouse cerebral cortex
do not induce degeneration of the neurons close to
the injection site, while PF127 itself can induce
apoptosis of mouse primary cortical neurons, implying
that the presence of MWCNTsinhibits PF127-induced
apoptosis[166].

All these successful works performed on neuronal
growth and stimulation led to the hope of using CNTs
as material for the reconstruction of neural injured
tissues in the near future, paving the way for an
application in spinal cord disease resolution and
neurodegeneration restoration.

CNTs and antioxidant
CNTs, wheningtilled in lungs, induced inflammatory
and fibrotic response, which was supposed to be due

to oxidative stress derived fromfreeradical s, although
no real evidence of ROS generation from CNTs was
observed. Moreover Fenoglio et al. reported that
MWCNTSs do not generate oxygen or carbon-based
free radicals in the presence of H,O, or formatted,
respectively, but, on the contrary, when radicals were
induced, CNTs act as radical scavengers [167]. Very
recently the antioxidant properties of CNTs have been
reported by Tour and coworkers. SWCNTs and ultra-
short SWCNTs (US-SWCNTSs) were derivatized with
butyrate hydroxyl toluene (BHT) using two different
approaches as covalent attachment of triazene to the
sidewalls of pluronic-wrapped SWCNT or amidation
of carboxylic residues in the case of US-SWCNT
derivatives. The oxygen radical scavenging ability of
the different compounds has been evaluated leading
to really interesting results, although the different
compounds react differently. In the first case, the
pluronic-coated SWCNTswere more efficient than the
corresponding BHT derivatives, while in the case of
oxidized US-SWCNTSs, higher the loading of BHT
residues, better was the antioxidant activity. This new
finding pavestheway for SWCNT application as novel
medical therapeutics in the antioxidant field [168].
However, it is necessary to remember that a recent
report presents contradictory results indicating
MWCNT toxicity in A549 cells, which can be reduced
by pretreatment with antioxidants to decrease ROS
production and interleukin-8 gene expression [ 169].

CNTsand imaging

SWCNTSs are endowed of fluorescent properties
that can be exploited in in vitro and in vivo imaging,
and that have been used to determine the uptake of
nanotubesin macrophages[170], the CNT elimination
inrabbits[171], and their toxicity infruit fly larvae[172].
This surprising use of CNTs for imaging purposes is
only possible when some properties of the nanotubes
arepreserved, that is, at least 100nm of the tubes must
be unmodified and the CNTs should not bein bundles,
conditions in which the fluorescence is quenched.
More recently, Welsher et al. used semiconducting
SWCNTs wrapped with polyethylene glycol as near-
infrared fluorescent tags. T he polyethylene glycol was
conjugated to antibodies for the selective recognition
for CD20 cell surface receptor on B cellsor for HER2/
neu positive breast cancer cells. The intrinsic NIR
photoluminescence allowed the detection of the
binding to the cells, in spite of the presence of low
auto fluorescencein different cells[173]. MRI isanother
important imaging technique used in medicine. After
the discovery of the great performances of Gd@C,_,
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Gd@C,, and their derivatives as contrast agents[174-
176], the evolution toward the analogous use of CNT
has been done by Wilson and coworkers [177]. The
tubes, shortened by fluorination down to 20-80 nm,
were loaded with GdCI,. The obtained results
demonstrated that these CNTshavearelaxivity (rl1) 40
times greater than any current Gd** ion-based clinical
agents. The aggregation, that in the case of fullerene
endohedrals can vary the relaxivity, does not affect
this parameter in the case of CNTs. However, more
soluble compounds have been prepared by Ashcroft
et a.[178]. The same authors demonstrated the stability
of gadonanotubesin buffers, serum, at variation of pH
and temperature. Moreover they discovered a great
dependence of rl on the pH, with ultra-sensitivity ina
range of pH 7.0-7.4. This suggests the possibility of
using the gadonanotubes for the early detection of
cancer cellsin which the pH can dramatically decrease
[179]. A novel study on the bio-distribution and the
effect of SWCNTs (raw and super-purified, raw-
SWCNT and SP-SWCNT, respectively) after in vivo
exposure has been recently reported. The combination
of 3He and *Hmagnetic resonance imaging (MRI) was
used in arat model. Hyperpolarized gases such as*He
acting a contrast agent diffuses rapidly in lungs,
permitting the determination of ventilated air waysand
alveolar spaces. The presence of metal impurity inthe
raw- SWCNTs was sufficient to induce a drop in
magnetic field homogeneity detected in*He MRI, while
no significant variation was observed after SP-SWCNT
exposition [180]. Proton MRI was used to foll ow raw-
SWCNTSs after intravenous injection, finding them in
spleen and kidneys. The absence of metal nanoparticles
inthe SP-SWCNT excluded signa modifications. When
this technique was used to determine the fate of CNT
after pulmonary instillation, no signal changesin liver,
spleen, and kidney were detected, implying the absence
of systemic circulation of CNTs after inhalation. This
result was also confirmed by histological analysis,
establishing the possibility of using noninvasive
methodology to detect CNT presence, if associated
with a proper iron impurity concentration.

A different approach has been reported by Richard et
al. Theauthors, instead of filling the CNTswith the Gd
derivative, used an amphiphilic gadolinium (111) chel ate,
absorbed on MWCNT external surface, in different
concentrations.

The obtained suspension resulted to be stable and rl
was measured in different conditions, finding a
dependence on the Gd-chelate concentration. On the
contrary, the transversal water proton relaxivity (T2)

was independent from Gd concentration and frequency
[181].

Various applications of CNTs

CNTsareincredible sorbent materialsfor different
compoundsdueto their large surfaceareas (BET value
is about e”600m?/g, depending onthe CNT typestaken
into account). They have been already used as
contaminant remover for water pollutionin laboratory
experiments[182, 183] and also for dioxin [184]. Chen
et al. studied the sorption of americium and thoriumon
CNT surface, their kinetics and pH dependence [185,
186] but different efficiency probably dueto different
pretreatment of CNTs, found by other authors [187],
and the possibility to use this new form of carbon in
nuclear waste management cannot be excluded. CNTSs,
both single- and multiwalled, were also used to capture
bacteria, as Sreptococcus mutans. The simple mixture
of CNT bundleswith bacterialeadsto the formation of
a precipitate, which shows bacterial adhesion to
nanotubes, that depends on the CNT diameters [188].

Toxicity of CNTs

A big debate and many concerns about CNTs
toxicity arouse some years ago and up to now the
information are fragmentary and apparently
contradictory. Actualy itisrather difficult to stigmatize
definitive assumptions, considering that the performed
studies cover awide spectrum of derivatives presenting
different characteristics. In general it is possible to
affirm that toxicity decreases proportionally with the
increase in dispersion and/or solubility degree, but it
is necessary to go much further in this field [189]. A
systematic study on the effect of structural defects of
the MWCNT carbon cages on lung toxicity has been
performed by Fenoglio et al., who examined CNTs (i)
with introduced structural defects, (ii) with reduced
oxygenated carbon functionalitiesand metallic oxides,
(iii) in a purified annealed sample, and (iv)in metal-
deprived carbon framework with introduced structural
defects [190]. The hydroxyl radical scavenging
activities of modified CNTs were studied by EPR
demonstrating that the original ground material
exhibited an activity toward hydroxyl radicals, which
disappeared in the purified annealed sample, but was
detected againin metal-deprived carbon framework with
introduced structural defects. In vitro experiments on
rat lung epithelia cells were performed to assess the
genotoxic potential of the different CNT preparations.
Acute pulmonary toxicity and the genotoxicity of CNTs
were reduced upon heating but restored upon grinding,
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indicating that the intrinsic toxicity of CNTsismainly
mediated by the presence of defective sites in their
carbon framework [191]. The scavenging activity is
related to the presence of defects and seems to go
paired with the genotoxic and inflammatory potential
of CNT. Tabet et a. used dispersions of MWCNT in
dipalmitoyl lecithin, ethanol, and phosphate-buffered
saline (PBS), to study the CNT toxicity on human
epithelial cell line A549. The presence of PBSinduces
agglomerate formation on top of the cells, but in all
cases MWCNTSs decrease the cellular metabolism
without permeabilization of the cell membrane or
apoptosis, while asbestosfibers penetrateinto the cells
and increase apoptosis [192]. Wick et a. investigated
CNTswith different agglomeration degreesto determine
their cytotoxicity on human MSTO-211H cells. Well-
dispersed CNTs (obtained by using polyoxyethylene
sorbitan monool eate) were lesstoxic than asbestos and
rope-like agglomeratesinduced higher cytotoxic effects
than ashestosfibers[193]. Recently, Guo et . reported
the modification of MWCNTSs with glucosamine and
decylamine by c-ray irradiation (-MWCNT and d-
MWCNT), and they used these derivativesto perform
cytotoxicity test on Tetrahymena pyriformis. The
decylamine derivative exhibitsadose-dependent grown
inhibition, attributed to the amine toxicity, driven into
cells by the nanotubes. The comparison between
purified MWCNTs and g-MWCNTs demonstrated
growth stimulation by the latter. It seems that the
hydrophilic compound is able to complex peptone,
present in the medium, and to transfer it into cells. This
means that any nonspecific interaction between CNTs
and components of the culture medium must be
considered in evaluating the cytotoxicity of CNTs(194).
Considering that almost nothing is known about CNT
impact on natural ecosystems, the ciliated protozoan
Tetrahymena thermophile has been also studied
because of its role in the regulation of microbial
populations through the ingestion and digestion of
bacteria. It is, in fact, an important organism in
wastewater treatment and, moreover an indicator of
sewage effluent quality. SWCNTSs have been found in
these microorganisms, inducing protozoaaggregations
with a consequent inability to interact with bacteria
[195]. Salmonella typhimurium and Escherichia coli
strains were used to perform mutagenicity test with
MWCNTSs. The mutagenic activity did not appear, even
in presence of the metabolic activators[196].

Different tests devoted to establish the genotoxic
potential of MWCNTs has been performed both in vivo
inratsandinvitroonrat lung epithelial cellsor human

epithelial cells. Three days after carbon nanotube
intratracheal administration, type Il pneumocytes
present micronuclel with a dose-dependent increase.
The same behavior was reported for the in vitro
experiments, proving the possibility of MWCNTSs to
induce clastogenic and aneugenic events (respectively
increasetherate of genetic mutation dueto DNA breaks
and loss or gain of whole chromosomes) [197]. Often
the clastogenic is related to ROS generation and the
possible presence of metallic nanoparticles (Fe or Co)
would justify thisaction, but the MWCNT antioxidant
behavior suggests different pathways and indicates
the necessity to explore these systems morein details.

CONCLUSIONS

CNTshave exhibited diverse physical, chemical and
mechanical properties suitable for a variety of
applications. In last decade, medical applications of
CNTs have undergone rapid progress. Their unique
properties such as ultrahigh surface area, high aspect
ratio and distinct optical properties have been applied
to develop innovative, multi-functional CNT-based
nanodevices for broad applications. This review has
described the chemical and physical methods to
prepare CNTsfor used in medicine. With these methods,
targeting molecules are attached onto CNTs for
targeted drug delivery, selective imaging, and other
therapies. As a new type of nanomaterial, the toxicity
of CNTs has been extensively investigated. To date,
tremendous toxicity studies on CNTs have been
published. However, the published data are
inconsistent. The reason is that CNTs used in these
studies vary in dispersion status, size and length of
tubes, metal impurities and functionalization methods
etc. Moreover, different analysis methods used in the
evaluation CNTstoxicity studies also cause disparities.
Despite these disparities, there is a broad agreement
that well-dispersed CNTs havelittle or no toxicity both
invitroand invivo, and therefore are useful for medical
applications. Finally, an urgent need has been proposed
for long-term studies on the absorption, deposition,
metabolism and excretion (ADME) of CNTs. Only after
the uncertainty on CNTstoxicity isresolved, the CNT-
based therapeutics can be possible applied clinically.
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