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3.1
Introduction

Administration of drugs is very often limited by problems of insolubility, ineffi-
cient distribution, lack of selectivity and side-effects raising health concerns. Cur-
rently, most of these problems are the subject of very intense studies, aiming to
improve efficiency, availability and toxicity profiles. In addition, cell membranes
that act as barriers can pose a problem in drug delivery by selectively allowing
only certain structures to pass based on hydrophilicity:hydrophobicity ratios.
Among the currently available delivery systems, which include liposomes, emul-
sions, polymers and microparticles [1-3], carbon nanotubes (CNTs) have recently
gained high popularity as potential drug carriers, therapeutic agents and for appli-
cations in diagnosis [4-10].

CNTs possess a unique and fascinating one-dimensional nanostructure, which
imparts intriguing properties to the nanomaterial, such as tremendous strength
[11], high thermal conductivity [12] and amazing electronic properties ranging
from metallic to semiconducting [13-16]. These all-carbon hollow graphitic tubes
with high aspect and nanoscale diameter [17] can be classified by their structure
into two main types: single-walled CNTs (SWNTs), which consist of a single layer
of graphene sheet seamlessly rolled into a cylindrical tube, and multiwalled CNTs
(MWNTSs), which comprise multiple layers of concentric cylinders with a space of
about 0.34 nm between the adjacent layers (Fig. 3.1) [18].

Several techniques, e.g. arc-discharge [19], laser ablation [20], chemical vapor de-
position (CVD) [21] or the gas-phase catalytic process (HiPCO) [22], have been
used to synthesize CNTs. However, up to now, the CNTs prepared by all currently
known methods are mixtures of different tubes with a broad distribution in
diameter and chirality, and often contaminated by impurities (mainly including
amorphous carbon and catalyst particles). Various methods have been developed
to purify CNTs, such as oxidation of contaminants [23-28], microfiltration [29],
chromatographic procedures [30, 31] and microwave irradiation [32-34].
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Figure 3.1.  Molecular structures of defect-free SWNTs (left)
and MWNTs (right) with open ends.

One important feature of CNTs is that this material is practically insoluble in
both aqueous and polar/nonpolar organic solvents. Although this characteristic
has hindered their chemical manipulation and potential applications in many
fields, it has stimulated research in their chemical and physical functionalization.

A great effort has been invested in the search for new ways to chemically deriva-
tize the CNTs. Although their tips are very reactive, similar to fullerenes, their side-
walls are much more inert toward chemical reagents. For this reason, there are not
so many methods exhibiting general applicability.

Both covalent and noncovalent functionalization approaches are currently
known that are very helpful in disentangling the CNT bundles, but which have dif-
ferent impacts on their electronic properties.

3.2
Chemical Functionalization of CNTs

3.2.1
Noncovalent Functionalization

The methods of functionalization of CNTs based on noncovalent interaction can be
performed without destroying the intrinsic sp2-hybridized structure of the nano-
tube sidewall, so that the original electronic structure and properties of CNTs can
be preserved. Different kinds of noncovalent functionalization have been explored.

3.2.1.1 z—= Stacking Interactions

The noncovalent functionalization of CNTs could be achieved by n—= stacking in-
teractions between conjugated molecules and the graphitic sidewall of CNTs. Com-
pounds with the pyrene moiety, e.g. N-succinimidyl-1-pyrenebutanoate (Fig. 3.2),
could be adsorbed irreversibly onto the surface of SWNTs through n—z interaction
[35]. Furthermore, via the succinimidyl ester group on this bifunctional anchor,
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Figure 3.2. Typical molecules that can noncovalently modify CNTs via 7—n stacking interaction.

various molecules with primary or secondary amines [such as ferritin, streptavidin
(SA) or biotin—polyethyleneoxide-amine| were covalently attached to the activated
pyrene by nucleophilic attack of the amino group [35]. Using a similar strategy,
some other biomolecules (e.g. protein and DNA) [36-38] and gold nanoparticles
[39] were also coupled to CNTs.

Through the n—=n stacking interactions, other classes of molecules, including
phthalocyanines [40-42], porphyrins [43-53] and their derivatives, have been im-
mobilized onto the surface of CNTs (Fig. 3.2). It was demonstrated that this kind
of composite could display photoinduced charge transfer from the dye molecules
to CNTs [42, 45]. The selective interaction between the porphyrin derivative and
CNTs was also discovered [46]. 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 semiconductive CNTs from metallic
CNTs.

Polymers with conjugated structures could also be coupled to CNTs by n—=
forces (Fig. 3.2) [54-75]. The strong interaction between the conjugated polymer
and the nanotube remarkably increased CNT dispersibilty [54, 61, 66—68]. Some
conjugated polymers have been used to purify CNTs by efficient phase separation
from the main impurity, consisting of amorphous graphitic shells [62, 64, 65]. In
this way, 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 [55-60, 63, 66, 69-75].
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Figure 3.3. Typical molecules that can noncovalently modify CNTs via hydrophobic interactions.

3.2.1.2  Hydrophobic Interactions

Another method of noncovalent functionalization of CNTs involves association of
CNTs with amphiphilic molecules through hydrophobic interactions in aqueous
media. In this system, the amphiphilic molecules interact noncovalently with the
aromatic surface of CNTs using their hydrophobic parts, while exposing the hydro-
philic parts to the aqueous solution to minimize the hydrophobic interface be-
tween the nanotubes and their polar environment.

Through hydrophobic interactions, water-soluble polymers polyvinylpyrrolidone
(PVP) and polystyrenesulfonate (PSS) (Fig. 3.3) wrapped helically around the sur-
face of SWNTs helped to dissolve the nanotubes in water [76]. The association
between the polymer and SWNTs, which is reversible by changing the solvent sys-
tem, was very robust, independent of the presence of excess of polymer in solution
and uniform along 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
CNTs in aqueous medium (Fig. 3.3) [77-81]. Among them, bile salt surfactants
such as deoxycholic acid (DOC) and taurodeoxycholic acid (TDOC) have been
found to be very efficient in solubilizing SWNTs. This is because the aggregation
was further prevented by the coulombic repulsion between surfactant-coated
SWNTs [81]. 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 addi-
tional n—r stacking between the aromatic part of the molecule and the graphitic
sidewalls of CNTs while exposing the hydrophilic groups to the aqueous solution.
As an example, sodium dodecylbenzene sulfonate (SDBS) presented an increased
ability in suspending CNTs in water [80]. Some of the surfactants including so-
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dium dodecyl sulfate (SDS), SDBS, DOC or TDOC were found to be very effective
in dispersing individually SWNTs [79-81]. This provided the possibility to study
the properties of individual SWNTs and further manipulate single tubes [82-86].

Hydrophobic interactions were also used to couple biomolecules to CNTs. In
particular, an amphiphilic peptide was wrapped around the SWNT surface. The
peptide was able to adopt an a-helical structure in aqueous solution, exposing the
hydrophobic face of the helix to the nanotube surface [87, 88]. Atomic force mi-
croscopy (AFM), transmission electronic microscopy (TEM), and absorption and
Raman spectroscopy proved that the SWNTs were debundled by the peptide. The
peptide-coated nanotubes were assembled into macromolecular structure through
charged peptide—peptide interactions between adjacent peptide-wrapped nano-
tubes. The size and morphology of the supermolecular structure can be regulated
by controlling the factors that affect peptide—peptide interactions. It was also dem-
onstrated that the ability to disperse individual SWNTs increased with increasing
the amount of aromatic residues inside the peptide sequence [89]. In a similar
manner, different proteins have also been adsorbed onto the surface of SWNTs
and uptaken by mammalian cells (see Section 3.4) [90].

Another interesting approach involved the conjugation of single-stranded DNA
with SWNTs resulting in helical wrapping around the surface of the tube exposing
the hydrophilic sugar-phosphate backbone towards the exterior [91, 92]. Using this
strategy, individually dispersed nanotubes in solution were obtained. CNT wrap-
ping by single-stranded DNA was strongly dependent on the DNA sequence. More-
over, 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 at-
tached to SWNTs via amphiphilic molecules as a bifunctional linker. For instance,
phospholipid molecules with phospholipid (PL)-poly(ethylene glycol) (PEG)
chains and terminal amine (PL-PEG-NH;) were noncovalently conjugated to
SWNTs. PL alkyl chains were adsorbed to the surface of SWNTs via hydrophobic
interactions while the PEG chain extended into the aqueous phase for SWNTs dis-
persion. After incorporation of a heterobifunctional crosslinker sulfosuccinimidyl
6-(3'-[2-pyridyldithio]propionamido)hexanoate (sulfo-LC-SPDP), the functionalized
SWNTs (f-SWNTs) were coupled with DNA and RNA via disulfide linkage. The
complexes were subsequently delivered to cells (see Section 3.7) [93].

322
Covalent Functionalization

The characteristics of CNTs such as low curvature, low solubility and bundling ten-
dency make these carbon nanomaterials relatively inert to chemical treatment. So
far, a number of routes to covalent functionalization of CNTs have been developed.
According to the location of the functional groups, the strategies to covalently func-
tionalize CNTs can be classified into two main types: (i) defect functionalization,
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and (ii) sidewall functionalization. The covalent functionalization of nanotubes
is more robust and better controllable compared to functionalization based on non-
covalent methods.

3.2.2.1 Defect Functionalization

CNTs synthesized by any available method are not free of defects. The intrinsic
defects include five- or seven-membered rings called Stone—Wales defects, sp3-
hybridized defects and vacancies in the sp2-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 [96—
98]. In addition, the tips of the tubes, forming a hemispherical fullerene, have
stronger reactivity than the sidewalls because of their higher curvature [99, 100].
When treated with strong oxidizing agents such as nitric acid, KMnO4/H; SOy,
0,3, K;Cr,07/H;S04 or OsO4, CNTs could be opened and cut into short tubes. In
the meantime defects were introduced around the CNT surface [28, 95, 100, 101].
Moreover, oxygenated functional groups such as carboxylic acid, ketone, alcohol
and ester groups were generated by the oxidization process to the ends and the de-
fect sites of the nanotubes [102]. 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 [103-106].

Using the nanotube-bound carboxylic acid groups introduced by oxidization
treatment, further functionalization was performed via amidation, esterification
or the zwitterionic COO NH;" formation. Before covalent modification, the
carboxylic acids are often activated by thionyl chloride, carbodiimide [e.g. N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) or N,N’-dicyclohexylcarbodii-
mide (DCC)] or N-hydroxysuccinimide (NHS), to get highly reactive intermediate
groups (Scheme 3.1). Esterification was achieved by the nucleophilic substitution
reaction of nanotube carboxylate salt with alkyl halides [107]. 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 [102, 108].

The first shortened soluble SWNTs were obtained through carboxylic amidation
using octadecylamine [102]. Since then, various lipophilic and hydrophilic den-
drons have been attached to CNTs via amide or ester linkages, which signifi-
cantly improved the solubility of CNTs in organic or aqueous solvents [109]. These
groups could be subsequently removed under basic or acidic hydrolysis conditions
[110]. In addition, following this functionalization process, CNT bundles were
largely exfoliated into individual nanotubes [96]. This enabled further manipula-
tion and investigation of the spectroscopic properties of individual SWNTs.

Via amidation or esterification, polymers like poly-propionyl-ethylenimine-co-
ethylenimine (PPEI-EI), poly-n-vinylcarbazole (PVK-PS) and PEG were grafted to
the surface of CNTs [111]. Another approach called “graft from” was developed to
attach polymer to CNTs. The polymerization initiators were first covalently bound
to CNTs and then the nanotube-based macroinitiators were exposed to monomers
to accomplish the polymerization. In particular, polymer poly-n-butyl methacry-
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Scheme 3.1.  Typical CNT carboxylic acid derivatization routes.

late (PnBMA), poly-methyl methacrylate (PMMA) and copolymer PMMA-b-poly-
hydroxyethyl methacrylate (PHEMA) have been coupled to CNTs via atom transfer
radical polymerization (ATRP) [112, 113].

Defect functionalization was used to link biological molecules to CNTs via stable
covalent bonds. For example, f-SWNTs and f-MWNTs with bovine serum albumin
(BSA) were synthesized via diimide-activated amidation at ambient condition. It
was found that the protein bound to nanotubes remained active [114]. SA (a pro-
tein with potential clinical applications in anticancer therapy) was complexed to
SWNTs prefunctionalized with biotin through EDC activated amidation [115]. Sim-
ilarly, using the biotin—SA interaction, a biotinylated DNAzyme was covalently at-
tached to MWNTs prefunctionalized with SA via amide linkage. The nanotube-
bound DNAzymes displayed highly active and classical enzymatic behavior [116].

DNA was also bound to CNTs via amide linkage [117, 118]. DNA-CNT conju-
gates were hybridized with their complementary sequences and this hybridization
was apparently reversible upon a denaturation process. The derived 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-SWNTs, in which
PNA was attached to SWNTs via NHS activated SWNTs [119].

3.2.2.2 Sidewall Functionalization
The sidewalls of CNTs have an aromatic, six-membered ring structure. So far,
various kinds of reactions of the sidewall have been developed such as fluorina-
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tion, radical addition, nucleophilic addition, electrophilic addition and cycloaddi-
tion [120]. There are two principal sources of molecular strain that affect the reac-
tivity in nonplanar conjugated molecules: (i) pyramidalization of the conjugated
carbon atom and (ii) n-orbital misalignment between adjacent pairs of conjugate
carbon atoms. Unlike fullerene, in which the strain is primarily from pyramidali-
zation, n-orbital misalignment is the main source of the strain for the sidewalls of
CNTs. Since r-orbital misalignment, as well as pyramidalization, scales inversely
with nanotube diameter, nanotubes with a smaller diameter display a higher chem-
ical reactivity [99]. 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 SWNTs, three main characteristic modes were
disclosed: (i) the radial breathing (w,) below 350 cm™!, (ii) the tangential (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 [121]. The relative intensity of the disorder mode was re-
lated to the amount of sp3-hybridized carbon atoms in the SWNTs and thus pro-
vided direct information of the extent of sidewall functionalization, in which the
carbons linked to functional groups were converted from sp2-hybridized into sp3-
hybridized carbon [122]. The absorption spectrum reflected the sidewall covalent
modification of SWNTs. The disruption of the conjugated structure caused by
the reaction led to the loss of optical transitions between van Hove singularities in
the electronic density of state (DOS) of CNTs, which was detected as the loss of the
structure of the absorption spectrum [123].

3.2.2.2.1 Fluorination The fluorination of SWNTs was accomplished through the
reaction of SWNTs with elemental fluorine at temperatures ranging from 150
to 600 °C [124]. 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 (see Scheme 3.3). The investigation of absorption and Raman spectra
indicated the electronic perturbation of fluorinated SWNTs. The fluorination al-
lowed exfoliation of SWNTs bundles into individual nanotubes and remarkably
improved the solubility of SWNTs in tetrahydrofuran (THF), dimethylformamide
(DMF) and various alcohols [125]. The C-F bonds were very sensitive to the treat-
ment with hydrazine, which allowed almost complete recovery of the conduc-
tivity and the spectroscopic properties of the pristine SWNTs [124]. It was demon-
strated that the Fermi energy level of fluorinated SWNTSs, as well as the conduction
band energy, were significantly shifted to lower values compared to those of the
pristine SWNTs. This revealed that fluorinated CNTs were better electron accep-
tors than pristine nanotubes, and thus displayed higher chemical reactivity to
strong nucleophilic reagents like Grignard, alkyllithium reagents and metal alkox-
ides (Scheme 3.2). The same result was reached by exploiting the eclipsing
strain effect that weakened the C—F bonds in fluorinated CNTs relative to the
C—F bond in alkyl fluorides [126, 127]. It was proposed that the substitution of
fluorine by nucleophilic reagents proceeds via a concerted allylic displacement
[126].
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Scheme 3.2. Fluorination of CNTs and further modification routes.

3.2.2.2.2 Radical Addition The addition of radicals to SWNTs was carried out us-
ing different radical sources including perfluorinated alkyl radicals photoinduced
from perfluoroalkyl iodide [128], aryl radicals generated by one-electron reduction
of the diazonium salt [129-131], radicals produced by decomposition of benzoyl
peroxide in the presence of alkyl iodides [132], or directly produced by decomposi-
tion of benzoyl or lauroyl peroxide [133].

The functionalization of SWNTs with diazonium reagents was achieved by three
different methods: electrochemical reaction [119], thermochemical reaction in sol-
vent [130] and using a solvent-free system [131] (Scheme 3.3). The resultant
SWNTs displayed very high degree of functionalization. It was also demonstrated
that metallic SWNTs showed higher reactivity in these types of reactions than
semiconductive SWNTs, which would allow CNT separation [134].

O,N
_ /\/O\/\O/\/O\

Scheme 3.3.  Example of a strategy to functionalize SWNTs
with diazonium compounds. ODCB = orthodichlorobenze.

93



94

3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs

3.2.2.2.3  Nucleophilic and Electrophilic Addition Due to the high electron affinity
imparted by the curvature of sidewall [135], CNTs were reacted with strong nucle-
ophilic reagents such as nucleophilic carbene [128], sec-butyllithium [136], poly-
meric carbanions [137] and Birch reduction reagents (lithium/1,2-diaminoethane
[108] or lithium/ammonia [138]) to form various f-CNTs (Scheme 3.4).

Scheme 3.4. Reaction of SWNTs with nucleophilic carbene.

In addition, the electrophilic addition was also achieved by the reaction of
chloroform with the sidewall of CNTs in the presence of Lewis acid [139].

3.2.2.2.4 Cycloaddition Various cycloaddition reactions to CNTs have been devel-
oped, including [2 + 1] cycloaddition of dichlorocarbene [108], nitrenes [128] and
bromomalonates under Bingel reaction conditions [140], [4 + 2] Diels—Alder
cycloaddition of o-quinodimethane performed under microwave irradiation [141],
[3 + 2] cycloaddition of azido groups under ultraviolet (UV) irradiation [142], and
azomethine ylides [143]. The 1,3-dipolar addition of azomethine ylides is particu-
larly versatile for the functionalization of CNTs [143-145]. This strategy is suitable
for different types of CNTs (e.g. pristine and purified SWNTs or MWNTs), and
involves the in situ generation of an azomethine ylide through the decarboxylation
of an immonium salt derived from condensation of a a-amino acid and an alde-
hyde in the presence of CNTs. This afforded functionalization of CNTs with the 2-
substituted pyrrolidine (Scheme 3.5).

R;-NHCH,COOH
Rp-CHO, DMF, 130 <C

R1 =-(CH2CH20)3CH3

Ro=H, OOCHS Ogg

Scheme 3.5. 1,3-Dipolar cycloaddition reaction of azomethine ylides to SWNTs.
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The CNTs modified by this method possessed a very high degree of func-
tionalization and improved solubility in organic or aqueous solvents [143, 146].
The disruption of the aromatic structure of the sidewalls of the f-SWNTs was
proven by absorption spectroscopy [143]. This functionalization technique was
also used to purify CNTs [147]. Protected amino groups were introduced onto the
surface of CNTs via 1,3-dipolar cycloaddition of azomethine ylides [143, 148]. For
instance, f-CNTs with 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 (see Section 3.5) [148,
149).

3.2.2.2.5 Multifunctionalization of CNTs  The first multifunctionalization of CNTs
was achieved using a vertically aligned MWNT 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
MWNT membranes functionalized with carboxylic acid groups at the terminal
parts were obtained. Thereafter, bifunctional CNTs with 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
[150]. Another approach was carried out by floating directly one side of an aligned
MWNTs membrane on 3’-azido-3’-deoxythymidine (AZT) solution in 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, bifunc-
tionalized MWNTs with AZT molecules and perfluorooctyl chains were obtained
[151].

These two methods of CNT bifunctionalization are quite complicated and lim-
ited to aligned MWNTs. Using a different method, Wu and coworkers introduced
an orthogonal protecting methodology into the chemical modification of nanotube
to achieve the multifunctionalization of CNTs [152]. In particular, diaminotriethy-
lene glycol chains mono-protected by phthalimide were linked to the carboxylic
acids of oxidized MWNTS. 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 (Scheme 3.6). Since the phthalimide
is stable to harsh acidic conditions and orthogonal to the Boc, the selection and
control of attachment of different molecules was possible [152]. In this case,
CNTs containing both fluorescein and amphotericin B (AmB) were prepared, and
bioactivity of the conjugates was studied (see Section 3.6) [152]. This method of
bifunctionalization is general and suitable for different types of CNTs.

In summary, the functionalization and consequent applications of CNTs
have been dramatically increased in the last few years. The chemical modifi-
cation of CNTs cannot only endow these intriguing nanomaterials with vari-
ous functions, but also extend their potential applications to different fields of
research.
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Scheme 3.6. One of the routes to the
bifunctionalization of CNTs. (a) Neat (COCl),;

(f) Fmoc-AmB, HOBt/EDC x HCI/DIPEA,
DMF; 25% piperidine in DMF. Boc = tert-

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;

(c) hydrated NHz-NH,, EtOH, reflux;

butyloxycarbonyl; DIPEA = diisopropylethyl-
amine; FMOC = fluorenyl-methyloxycarbonyl;
FITC = fluorescein isothiocyanate; HOBt =
1-hydroxybenzo-triazole; Pht = phthalimide.

(d) FITC, DMF; (e) HCl 4 M in dioxane;

33
CNTs in Diagnosis

A biosensor can be defined as the spatial combination of a biological recognition
element and a transduction process into an electrical signal [153]. One of the
most used recognition element, due to its high chemical specificity and inherent
biocalalytic signal amplification, is an enzyme. Other elements like antibodies, nu-
cleic acid and aptamers are also commonly incorporated into biosensing devices.
An important issue in the elaboration of new sensors for application in living sys-
tems is to avoid invasive tools, which may cause trauma [154]. In this context, the
development of electrical instrumentations has paved the way for miniaturization
of noninvasive biosensors. This type of device requires an electronic conductor and
a binding agent for recognition [155]. Due to their particular structure [156, 157],
CNTs are very promising for the development of new alternative biosensors. The
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aromatic carbon structure of CNTs is characterized by a (m, n) lattice vector in the
graphene plane. The two indices determine the diameter and chirality of the nano-
tubes. When n = m, the rolling process leads to an armchair tube with a metallic
behavior. When n — m = 3i, where i is an integer, the nanotubes adopt a zigzag
conformation and behave as semimetallic species. Finally, when n — m # 3i, the
resulting nanotubes are chiral and semiconductor. Semiconducting nanotubes
represent about two-thirds of the SWNTs, whereas metallic tubes represent about
one-third. These properties could be exploited for the fabrication of new electronic
devices containing CNTs such as field-effect transistors (FETs), nanoelectrode
arrays (NEAs), nanoelectrode ensembles (NEEs) or screen-printed electrodes
(SPEs) [158-167]. FET devices need semiconductor-type nanotubes. Currently,
no method of production permits us to obtain a specific type of nanotubes. Some
studies were carried out on the separation or selection of semiconducting and me-
tallic nanotubes [168—171].

This section will describe the utilization of CNTs in FETs and in modified
electrodes (NEAs, NEEs and SPEs). Initially, the methods of preparation of the de-
vices will be addressed and then their applications in the field of biosensing will be
illustrated.

3.3.1
CNTs in FETs

The FET is a transistor that relies on an electric field to control the shape and
hence the conductivity of a channel in a semiconductor material. Basically, two
metal electrodes called the source and drain are connected by the channel, and a
third component (the gate) is separated from the channel by a thin insulator film.
The latter, usually made up of Si, is replaced by semiconducting SWNTs in CNT-
based FETs [158, 164]. There are two types of FETs: (i) p-type and (ii) n-type. If a
negative charge is placed on the gate and the applied voltage exceeds a certain
threshold, then a hole current flows in a p-type system. For a n-type FET, the cur-
rent flows when a positive charge is present on the gate and the voltage exceeds the
threshold [166].

3.3.1.1 Fabrication

As CNTs are still emerging in the field of electronic devices, the protocols for their
preparation are not yet optimized. A CNT-based FET was built by positioning a
semiconducting SWNT between two metal electrodes. Typically, as-prepared
SWNTs were purified by acid treatment to remove metal particles, which can in-
terfere with the electronic properties of the nanotubes. Other, more elaborate
techniques to obtain highly pure nanotubes (up to 95% wt) consisted of heating
as-grown HiPCO SWNTs in wet air in the presence of H,O,, followed by acid treat-
ment, magnetic fractionation and vacuum annealing [168]. Subsequently, the nano-
tubes were dispersed in an organic (dichloromethane) or aqueous solution with a
surfactant like sodium dodecyl benzene sulfonate [164, 168]. The suspension was
then deposited on a substrate constituted of a degenerately doped, oxidized silicon
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Nanotube

2

Source
Silicon dioxide

Silicon wafer (gate)

Figure 3.4. A typical CNT-based FET. The nanotube serves as a
semiconductor between the source and the drain electrode. The
silicon wafer in this case is used as a back gate.

wafer. An alternative technique consisted on the growth of SWNTs directly on the
SiO,/Si water by chemical vapor deposition (CVD) [36, 172—176]. Once the SWNTs
were deposited, the electrodes were fabricated with electron beam lithography, fol-
lowed by thermal evaporation and lift-off. The degenerately doped silicon was used
as back gate electrode. At this stage, the channel was composed of a simple SWNTs
or a small bundle with properties ranging from semiconducting to metallic behav-
ior (Fig. 3.4). To select only semiconducting SWNTs, a source-drain current [ was
applied at different bias voltage V;, and gate voltage V. Typically, the I-V, curve at
low voltage bias shows a low source—drain resistance and almost no gate response
for metallic nanotubes [168]. These types of CNT FET devices behave as p-type
FETs with holes as dominant carriers. However, by using a network of SWNTs be-
tween the drain and the source, the network exhibited a semiconductor-like con-
ductance as semiconducting SWNTs represented about two-thirds of the tubes
[176]. Efforts have been made to improve them, thus now they can be built with a
g transconductance of 2300 uS pm~! whereas a g, of 650 uS pm~! was obtained
for the same device based on silicon. Moreover, the parasitic contact resistance
changed from more than 1 to 100 kQ or above [166]. In addition, a method to
select semiconducting SWNTs by current-induced electrical breakdown was devel-
oped. This technique permitted a direct current-induced oxidation only at the me-
tallic SWNT component of the CNT bundle by previously depleting semiconducting
SWNTs with the gate [177].

Even at this early stage of development, CNT-based FETs have been shown to
outperform the corresponding Si-based devices. Their applications in sensing can
therefore offer considerable improvements.

3.3.1.2 FET Biosensors

CNTs have already been successfully employed for sensing chemical species. In
fact, molecules were adsorbed onto the surface of nanotubes. The fringing electric
field radiating from the CNT surface polarized the molecules, increasing the capac-
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ity of the system. Different chemical vapors including NO, and NHj3, and a wide
range of chemicals were detected [35, 160, 178-181]. A more sophisticated system
based on a single-strand DNA-SWNT-FET was designed. The source—drain current
was a function of the chemical environment and was modulated by the DNA
sequence. In fact, depending on the DNA sequence covering the nanotube, the
response for a same gas can be different in both sign and magnitude. Thus, the
selection of a DNA sequence can enhance the detection of a specific gas and can
serve for the design of “molecular noses” able to detect one molecule in a strong
and variable background. The sensor had a rapid response and was also self-
regenerating as it could undergo 50 gas exposure cycles [174].

In the field of biosensing, CNT-based FETSs appeared as promising devices. Glu-
cose biosensors are particularly requested. In industrialized countries, about 4% of
the population is prone to diabetes. Thus, the selective determination of blood glu-
cose is of crucial importance. In vivo monitoring requires a biosensor with long-
term stability, selectivity and sensitivity in the millimolar range. Usually, the sensor
for this type of application requires to couple the enzyme glucose oxidase to the
electrochemical transducer. In the case of a CNT-based FET, it was possible to link
noncovalently the enzyme via a pyrene moiety [35]. 1-Pyrenebutanoic acid succini-
midyl ester was adsorbed onto the nanotube surface by strong van der Waals inter-
actions. The enzyme was subsequently reacted with the active ester, thus forming a
covalent linkage. The quantity of enzyme deposited on the CNT support was about
one enzyme molecule every 12 nm of nanotube. Such FET allowed the detection of
pH changes down to 0.1, by measuring the difference of conductance. Similarly,
the CNT sensor could detect the activity of the enzyme in the presence of glucose
down to 0.03 mM [36]. This technique was also applied to the recognition of pro-
teins by using biomimetic sensors. One example concerned the sensing of throm-
bin via an aptamer [172]. An aptamer is an artificial oligonucleotide that can bind
any kind of entity (e.g. metal ions, small organic molecules, proteins and/or cells).
The affinity, selectivity and specificity are equal or superior to those of antibodies.
Practically, the immobilization of thrombin aptamer was achieved by first covering
the nanotube in the FET with carbodiimidazole (CDI)-Tween. Tween possess a
hydrophobic part, which bound noncovalently to the tube, while the CDI moiety
allowed covalent fixation of the aptamer. The measurement of the conductance per-
mitted the detection of thrombin in the millimolar range. The selectivity appeared
very high in comparison to elastase. Elastase is another serine protease with an iso-
electric point (pI) and molecular weight similar to thrombin. However, no changes
in the conductance were observed in its presence. Although the specificity and
selectivity could be very high, the mechanism of electrical conductance changes
is still not well understood. Dai and coworkers fabricated three different types of
devices to better comprehend this phenomenon [175]. The first device consisted
of a system with unmodified CNTs and Pd/Au electrodes. The second had a
methoxy(PEG)thiol covering the metal electrodes to block nonspecific protein ad-
sorption. The third tool was modified at the electrode and the nanotube was coated
with Tween 20. The conductance measurements were performed in the presence
of different proteins including BSA, human serum albumin (HAS), human cho-
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rionic gonadotropin (hCG), «-hCG, human immunoglobulin G (hIgG) and avidin.
Unspecific binding led to a decrease of conductance on the first device, a change
was detected only for avidin on the second and any change at all was observed on
the third. All the proteins used have a pI around 5-7, meaning that at physiologi-
cal pH they are neutral or slightly charged. Avidin was an exception, because its
pl is between 10 and 11, highlighting the importance of the positive charges. The
advanced hypothesis for the mechanism of conductance modifications was that
the variation originated from the metal-tube contact. These p-type devices always
exhibit a decrease upon protein adsorption. This behavior was similar to a reduc-
tion of the work function of a metal. In the case of Pd electrodes, the Schottky bar-
rier to the valence band of the nanotubes is mainly zero. The biomolecular adsorp-
tion increased this barrier. However, in the case of avidin, the charges on the CNT
surface exerted gating effects or charge transfer causing variations in the electrical
conductance.

The CNT-based FETs have also been used in an antibody-based sensor [175]. For
example, the hCG—-a-hCG antigen—antibody system is currently used for clinical
pregnancy tests. The hCG protein could be adsorbed and detected onto the nano-
tube FET. A signal was observed upon the addition of «-hCG. This biosensor was
capable of detecting species in the nanomolar range. The same comparison was
done by using antibody-specific binding onto the tubes [176]. CNTs were first
covered by Tween. Then U1A RNA splicing factor was linked to the Tween after
activation with 1,1-carbonydiimidazole. U1A is a prominent autoantigen target in
systemic lupus erythematosus. The measurements revealed the binding of the
monoclonal antibody 10E3, which recognizes U1A specifically, at a concentration
of 1 nM or below. CNT-based FETs were also functionalized with hemagglutinins
(HAs) [173]. Instead of binding the proteins directly to the nanotubes, they were
attached on the reverse side of the silicon wafer (Fig. 3.5). The silicon wafer was
oxidized with H,SO, for the fixation of a dithiothreitol linker. Next, the introduc-
tion of a maleimide linker permitted the coupling of HA. The I-V, curves mea-
sured in the presence of various concentrations of an antibody anti-HA showed a
detection limit of approximately of 5 x 1078 mg mL~!. Comparing these results to
the same experiment with an enzyme-linked immunoadsorbent assay (ELISA), the
FET increased the limit of detection by three orders of magnitude.

Therefore, the preliminary results on CNT-based FETs displayed an increase in
the sensitivity as well as better detection limits. The great advantage of these new
FETs stems from their small size, because miniaturization is an important param-
eter for the development of biosensors able to work at the single-cell level.

3.3.2
CNT-based Electrodes

The construction of nanoelectrodes is a great challenge to create miniaturized sen-
sors. Reducing the size will enable us to detect species in microenvironments with
high sensitivity. Thus, the utilization of nanomaterials is highly recommended.
CNTs can be considered ideal candidates.
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Nanotube

Silicon wafer Silicon dicxide

Hemagglutinin

Back gate

Figure 3.5. CNT-based FET functionalized on its reverse side.
The silicon wafer is oxidized on the reverse side to allow the
linkage with HA. The current is measured in air by applying a
voltage to the back gate facing the reverse side.

3.3.2.1 Fabrication

Several techniques were used to prepare CNT-modified electrodes. One approach
consisted on the covalent linkage of oxidized nanotubes to a metal electrode (usu-
ally Au) [182, 183]. The purification of nanotubes by acid treatment shortened the
nanotubes leading to free carboxylic functions mainly at the tips. An Au electrode
was functionalized with a mixture of cysteamine and 2-thioethanol. The CNT cou-
pling reaction was performed in the presence of an activator of the carboxylic
groups (EDC or DCC). 2-Thioethanol was used to avoid nonspecific adsorption of
the nanotubes onto the electrode surface as well as to prevent accumulation of
the nanotubes on it. The obtained CNT array was further functionalized with any
biological species to finalize the elaboration of the electrode (Fig. 3.6).

Another technique was based on the deposition of a metal film (usually Pt or Cr)
on a Si wafer to serve as an electrical contact for the nanotubes. Then, a Ni catalyst
was deposited on the top of the metal film and the nanotubes were grown by CVD
[165, 184]. The forest-like vertically aligned nanotube array was encapsulated by a
dielectric film (SiO; or Epon 828 epoxy-based polymer), dramatically increasing the
mechanical strength of the nanotube array, so that a chemical mechanical polish-
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Oxidized
Nanotube array

Figure 3.6. Nanoelectrode made of CNT arrays. The CNTs are
disposed in a forest-like structure. The carboxylic groups on
their tips are not hindered and can be easily functionalized.

ing process could be applied. This treatment oxidized the exposed end of the tubes
and allowed control of the quantity of available nanotubes. Again, the nanotubes
were ready to be further functionalized to create the nanoelectrode sensor (Fig.
3.7). A third approach to fabricate the electrodes was based on the utilization of
the SPE technique [185, 186]. The working and the reference electrodes were
made of carbon paste. Three masks were used to form: (i) sliver conducting
lead wires, (ii) the carbon film for electrochemical reactions and (iii) the insulating
film. In the reaction compartment, the carbon paste film was modified by CNTs.
Oxidized CNTs were dropped with a solution of N-cyclohexyl-N’-(f-| N-methylmor-
pholino]ethyl)carbodiimide p-toluenesulfonate (CMC) to afford a hydrophilic poly-
mer layer after drying in hot air. Alternatively, oxidized CNTs were dispersed in
DMF and then incubated with EDC and NHS to be activated for the coupling of
the bioactive molecule.

3.3.2.2 Nanoelectrode Biosensors

As mentioned for CNT-based FETs, the environment around the tubes changes
their conductance. The measurement of the current will give direct information
of the medium. A modified glassy carbon electrode was constructed to detect
hydrogen peroxide. Nanotubes were first suspended in Nafion, which possess ion-
exchange, discriminative and biocompatibility properties [187]. The suspension
was then simply deposited onto the electrode. In this case, cyclic voltammograms
displayed oxidation and reduction currents, whereas in comparison no redox activ-
ity was observed for a simple glassy carbon electrode. Nevertheless, the preparation
of biosensor required the immobilization of a biological entity. This can be done by
linking the molecule to the free carboxylic groups of the nanotube tips. To control
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Oxidized tip

Nanotube

Dielectric film

Metal film
Silicon wafer

Figure 3.7. A nanoelectrode ensemble. The tips present on the surface can be selected by
nanotubes are grown directly on the metal film  polishing. A weak polishing lets only the

via a catalyst (usually nickel). After deposition  longest tubes appear with a low-density

of the dielectric film, the number of nanotubes nanoelectrode array.

the specificity of the binding location, it is crucial to avoid any nonspecific absorp-
tion. Some reports described the interaction of proteins with nanotubes [188, 189].
For example, SA strongly bound to nanotubes [188]. Hence, the protection of the
sidewall of the tube can be performed by wrapping a polymer like Triton X co-
adsorbed with PEG [189]. This provided an efficient barrier against protein adsorp-
tions. As a consequence, specific immobilization of glucose oxidase at one tip of
the nanotube was achieved via reconstitution of the apo-flavoenzyme glucose oxi-
dase with the flavin adenine dinucleotide (FAD) cofactor [183]. The free amine of
the FAD was coupled to the carboxylic end by activation with EDC. After addition
of the apo-glucose oxidase, the glucose enzyme was reconstituted at the top of the
tubes. The turnover rate of electrons transferred to the electrodes was 6-fold higher
than for the active site of the glucose oxidase to its natural O, electron acceptor. By
controlling the length of the tubes in the array, the measurements of the current
revealed that the electrons could be transported along distances greater than
150 nm. Evidently, a shorter length enhances the electrocatalytic current. Another
method used the nanoelectrode ensembles where the carboxylic end-groups of the
nanotubes were directly coupled to the glucose oxidase [184]. This glucose sensor
showed high selectivity towards the substrate. Indeed, a negligible signal was ob-
served for ascorbic, uric acid and acetaminophen. The nanoelectrode gave a linear
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response up to 30 mM glucose. For practical use, the required linear response
is 15 mM. The detection limit of the system was 0.08 mM. These types of sensors
could be extended to other enzymes, like microperoxidase MP-11 [182].

The utilization of nanotubes also permitted the development of nucleic acid
sensors [165, 185]. The free carboxylic functions on the carbon nanoelectrode
were used to covalently link different 5’-amine modified oligonucleotides. In this
manner, the oxidation of guanine bases could be monitored to detect DNA hybrid-
ization. Several ways were explored to construct this type of sensor. Initially, the
sensors exploited the utilization of oligonucleotide probes in which guanines were
replaced by nonelectroactive inosines to eliminate the redox background [165]. The
complementary DNA sequence was instead modified with a 10-base polyguanine
at the 3’ position. However, the background noise remained high because of the
low oxidative current resulting from the small number of guanines. To circumvent
this problem, a Ru(bpy),>" mediator was introduced to transfer the electrons from
the base to the electrode. Polymerase chain reaction (PCR) amplicons were then
detected. An improvement of at least 30 times was obtained in comparison to the
use of the same kind of technique with a silane-modified electrode. In a similar
approach, hybridization was observed with the single-strand binding (SSB) protein,
which plays an important role in DNA replication [185]. The SSB protein binds
specifically to the single-strand DNA, while it has almost no affinity toward
double-strand DNA. The protein sequence comprises four tyrosines and four tryp-
tophans. The electrochemical oxidation of these residues was measured when the
protein was immobilized onto the electrode. Then, specific detection of single-
strand DNA in the medium was monitored by signal changes upon binding. At
this stage of development, the performances of the biosensor remained constant
for 1 week, but decreased 10-fold after 1 month and vanished after 2 months. A
third technique of fabrication was applied to carbon nanoelectrodes for monitoring
total cholesterol in blood [186]. Cholesterol oxidase, peroxidase, potassium ferro-
cyanide and threhalose dissolved in a buffer were deposited onto the reaction area
of the electrode. Then, a hydrophilic polymer was applied to coat the rest of the
electrode. Finally, cholesterol esterase, threhalose and Triton X in a phosphate
buffer were deposited. The enzymatic cascade led to the formation of hydrogen
peroxide, which was reduced by the ferrocyanide. The resulting current was re-
corded at various concentrations of cholesterol. While a nonlinear relationship
was obtained between the cholesterol concentration and the current response
for an unmodified electrode, an almost linear response was observed for a CNT-
modified electrode. Moreover, the CNTs provided almost double the sensitivity, an
acceptable repeatability over three consecutive assays, no interference effect from
ascorbic and uric acids, and a stability at room temperature over 2 months.

In summary, CNTs are endowed with appropriate characteristics for the elabora-
tion of biosensors. They possess high electronic conductivity and nanometric size.
Miniaturization is an important parameter in the conception of more efficient sen-
sors, which could be used to control biochemicals at the single-cell level. The cur-
rent performance of nanotube-based biosensors has already overtaken the other
sensors, but optimization still needs to be reached. Glucose biosensors are very
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Figure 3.8. Molecular structure of FITC- (left) and fluorescent peptide-CNT (right) conjugates.

promising. However, numerous other oxidases exist and can be employed for the
design of novel CNT-based biosensors. A bright future awaits these new sensors
for pharmaceutical and clinical use.

3.4
CNT Cell Uptake

CNTs started to develop as new drug delivery systems because of their capacity to
penetrate cell membranes and distribute into the cytoplasm and/or the nucleus.

Figure 3.9. Confocal image of Hela cells incubated with the
fluorescent peptide—CNT conjugate.
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This behavior was observed for the first time in 2004 by Pantarotto and coworkers
[190]. The amino groups of f-CNTs were coupled either to fluorescein isothiocya-
nate (FITC) or to a peptide bearing FITC on the side-chain of a lysine (Fig. 3.8).

Subsequently, fibroblasts were incubated with the fluorescent nanotubes. It was
found that these tubes were easily internalized by the cells and could be detected
in the cytoplasm and the nucleus using epifluorescence and confocal micro-
scopy [190]. This penetrating capacity was also observed in other types of cells
(Fig. 3.9).

The mechanism of uptake of this type of f-CNTs was energy independent and
nonendocytotic. Indeed, the incubation of the fluorescent tubes with different
types of cells in the presence of sodium azide or 2,4-dinitrophenol, well-known
endocytosis inhibitors, did not block the penetration capacity of the tubes. The re-
duction of the temperature of incubation from 37 to 4 °C again did not affect cell
uptake to a significant extent.

When the CNTs were devoid of the fluorescent moiety, they could be detected in
the cells using transmission electron microscopy (TEM) [191]. Ammonium f-
CNTs were incubated with HeLa cells. After washing, staining and fixing, the cells
were embedded into a polymer that was cut into thin slices of 90 nm thicknesses
using a diamond microtome. Each slice was deposited on a TEM grid and observed
under the microscope. Functionalized nanotubes were visible in the cytoplasm and
the nucleus. The tubes were also identified at the level of the cellular membrane
in the process of crossing this barrier [191]. The shape of the tube was elongated,
suggesting a behavior as a nanoneedle, capable of piercing the lipid bilayer of the
membrane without provoking cell death. This mechanism, which can be defined
as nanopenetration, was observed by Cai and coworkers, who developed an effi-
cient molecular delivery technique called nanotube spearing [192]. In this case,
CNTs filled with magnetic particles were cultured with MCF-7 cells. Under the
action of a magnetic field, the suspended tubes were put in rotation to spear the
cells. A second static magnetic field was applied under the plate where the cells
were grown to pull the tubes through the cell membrane into the cytoplasm. Scan-
ning electron microscopy showed the nanotubes crossing the cell membrane like
tiny needles.

NIR fluorescence microscopy could be also used to detect CNTs in the cells
[193]. Macrophages were able to phagocyte pristine CNTs without apparent toxic
effects. Subsequently, the tubes were tracked into the cells by irradiation at 1100
nm and recovery of a fluorescence signal. This technique seems very promising
since it could be extended to the visualization of CNT5 in the tissue and the organs.
However, only non-f-CNTs were used in this study and concerns are emerging
about their toxicity once injected into a body (see Section 3.8).

An alternative pathway of penetration of CNTs into the cells was reported by Dai
and coworkers. Oxidized CNTs were initially functionalized with biotin and then
complexed to a fluorescent SA [115]. The protein—nanotube conjugates were taken
up in an endocytosis-mediated mechanism, as they were localized into the endo-
somes. This behavior was also confirmed by complexing different proteins or nu-
cleic acids to the nanotubes via noncovalent interactions [90, 194]. HeLa and HL-60
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cell lines were treated with fluorescent BSA or SA, and a fluorescent 15-mer oligo-
nucleotide at low temperature and in a adenosine triphosphate (ATP)-depleted
environment [194]. Preincubation of the cells with sodium azide or cell culture per-
formed at 4 °C clearly influenced nanotube uptake. In addition, it has been demon-
strated that the endocytosis was clathrin dependent. To assess the role of clathrin,
experiments were carried out in the presence of sucrose and potassium-depleted
medium to disrupt the clathrin-coated vesicles. Under these conditions, the level
of nanotube cellular uptake was drastically reduced. In parallel, it has also been
demonstrated that the nanotubes were not internalized through the caveolae or
lipid-raft pathway. In this case the cells were treated with filipin and nystatin,
known to perturb the cholesterol distribution on the cell membrane, which is im-
plicated in the lipid-raft mechanism. The two drugs did not hamper the uptake of
the CNTs. Therefore, it could be concluded that f-CNTs complexed to proteins and
nucleic acids penetrate following a clathrin-dependent endocytotoxic process. Elu-
cidation of the different mechanism of cellular entry is crucial for the development
of CNTs as delivery system for therapeutic molecules.

3.5
CNTs as Delivery Devices for Antigens and Adjuvants

The development of new delivery systems for the successful and effective adminis-
tration of vaccines and immunotherapeutics still remains a great challenge. The
listing of “delivery” among the top 10 biotechnologies required for improving
global health has recently reinforced this view [195]. Among the novel delivery op-
tions, CNTs have emerged as a promising option for biomedical applications. This
is because CNTs can enter into the cells and can be functionalized (see Section
3.4) [148, 190]. The later property makes them soluble, nontoxic and permits mod-
ification of their surface [7]. Moreover, these molecules in the nanometer size
range offer the control that modern drug delivery and targeting demands — control
of the chemical nature of the carrier, control of the surface and, important in
targeting, control of dimensions. CNTs can serve as vaccine delivery and adjuvant
vehicles by virtue of their nanoparticulate nature. The hydrophobic nature of CNTs
contributes to vaccine delivery capability by facilitating the interaction of CNTs
with antigens or immunostimulatory molecules and uptake of the vaccine particles
by immunocompetent cells.

3.5.1
Interaction of f-CNTs with CpG Motifs and Potentiation of their Immunostimulatory
Activity

Immune responses to vaccine antigens are normally enhanced by immunostimu-
lants called adjuvants. Recently, synthetic oligodeoxynucleotides (ODN) containing
immunostimulatory CpG motifs (ODN CpG) have been considered as candidate
adjuvants for vaccines or immunomodulators for therapeutic applications against

107



108 | 3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs

tumors, allergy or to combat bioterrorist threats [196-199]. CpG motifs are unme-
thylated sequences that derive from bacterial DNA. The activation of the immune
system by CpG motifs is a highly evolved defense mechanism, whose actual aim
is to detect the microbial nucleic acid [200]. This can be achieved through the
Toll-like receptor 9 [201], which belongs to the Toll family of pattern recognition
receptors, conserved during the evolution in species from insects to humans
[202]. CpG motifs induce B cell proliferation, antibody secretion and activate
antigen-presenting cells (APCs) to express costimulatory molecules and secrete cy-
tokines including, interleukin (IL)-12 and tumor necrosis factor (TNF)-o [200, 203].
In particular, the increased production of IL-12 promotes interferon (IFN)-y pro-
duction by natural killer (NK) cells and T cells, and enhances the antigen-specific
T cell proliferation and differentiation of naive T cells towards the T helper (T},) 1
phenotype [200, 203]. The triggering of the Toll-like receptor 9 by the ODN CpG is
a critical event for the activation of innate immune system [203]. This requires the
entry of ODN CpG into the cell for recognition by its receptor, which is expressed
in endosomal compartments. Despite the potent immunostimulatory properties of
ODN CpGs, their effect is short-lived because of their low uptake by the cells. In
order to increase their biological properties, delivery of CpG using CNTs was ex-
plored. Therefore, ODN CpGs were first complexed with f-CNTs and their interac-
tion analyzed [204], and then the immunostimulatory properties of the complexes
were tested in vitro [204].

Cationic CNTs lend themselves as vectors for delivery because of their ability to
form complexes with ODN CpG. Surface plasmon resonance (SPR) help in the un-
derstanding of the interaction that occurred between a f-CNT and ODN CpG to
form complexes in real time, and gave an insight of how these molecules were
bound [204]. Three types of f-CNTs were selected in the first series of experiments
(Fig. 3.10).

Each f-CNT was attached onto the sensor chip by forming a stable amide bond
between the amino groups on the tubes and the carboxylic functions on the chip’s
carboxylated dextran matrix, activated in turn with EDC and NHS. Following at-
tachment, the increase in mass due to the interaction of f-CNTs with the ODN
CpG 1668 present in the fluid phase was measured using the Biacore 3000 system.

SWNT-NH,* MWNT-NHg* SWNT-Lys-NH,*

Figure 3.10. Molecular structures of ammonium f-CNTs for ODN CpG complexation.
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Although there were no significant differences between the affinity of binding be-
tween the two SWNT preparations and the ODN CpG 1668, the ODN CpG 1668
bound to the MWNT-NH;* formulation with much lower affinity. This difference
was probably due to the relative dimensions and charge distributions of the two
types of f-CNTs. Both SWNT-Lys-NH3" and MWNT-NH3" displayed the same
amount of positive charges. However, there must be an avidity effect, resulting
from a double electrostatic interaction per ODN CpG molecule after their binding
to SWNT-Lys-NH;3;" where the two ammonium groups on each lysine residue are
in close proximity with respect to the single ammonium on the MWNT-NH; ™.

Following the demonstration of complexation of the ODN CpGs with f-CNTs,
their immunopotentiating effect was tested [204]. SWNTs were the CNTs of choice
since they bound to ODN CpG 1668 with higher affinity than the MWNTs. After
incubating the SWNT-Lys-NH;3 ™ at various excess ratios with a minimal immuno-
stimulatory dose of the ODN CpG 1668, the complexes were added to a culture of
naive mouse splenocytes. Complexes of SWNT-Lys-NH3;" at 18:1 and 9:1 ratios
over the ODN CpG 1668 increased its immunostimulatory properties by 58 and
45%, respectively. There was no significant effect on immunostimulation when
lower ratios of SWNT-Lys-NH3"/ODN CpG were tested. Although the mechanism
of this immunopotentiating effect is not quite clear, it could be argued that the
high excess of SWNT-Lys-NH3 " over the ODN CpG 1668 had a neutralizing effect
of its negative charge. As a consequence, the repulsion forces by the negatively
charged cell membrane were presumably reduced and therefore, the cellular up-
take of ODN CpG 1668 was increased.

These preliminary findings pave the way for future in vivo experiments using
animal models of disease or vaccination protocols to test the therapeutic or adju-
vant potential of such complexes. Moreover, further studies will need to address
whether serum proteins can alter the surface potential of CNTs, their size, the sta-
bility of complexes and the formation of aggregates.

352
Presentation and Immunogenic Potential of Peptide Antigens Attached onto f-CNTs

Peptides representing selected regions from the amino acid sequence of a protein
antigen (epitopes) can be used as immunogens to induce peptide- and pathogen-
specific B cell and CD4" (Ty,) or cytotoxic CD8" [cytotoxic T lymphocyte (CTL)] T
cell responses. Activated CD4" T cells help B cells to produce antibodies that neu-
tralize viruses and bacterial toxins [205], enhance the magnitude of cytotoxic T cell
responses to clear virus-infected cells [206], and regulate the immune responses
to foreign antigens on the basis of the cytokine profile they secrete [207]. CD8" T
cells are the main effector cells responsible for the clearance of viral infections
[208]. The development of such peptide vaccines requires a basic knowledge of
the role of the various antigens of the pathogen in infection and immunity, the
use of a cocktail of epitopes able to induce a broad range of protective antibody
and T cell responses, and a delivery system for presentation of these epitopes to
immunocompetent cells.
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B cell epitopes are mainly located on the surface of a protein antigen. Therefore,
the native structure of the antigen is critical for recognition by antibodies. Immu-
nization with flexible peptides normally induces a diverse set of antibody specific-
ities that bind several different conformations of the peptide [209]. However, a sub-
set of these antibodies can cross-react with the native protein, presumably because
these peptides adopt a conformation similar to the native epitope [209]. Therefore,
for a synthetic peptide vaccine to elicit a protective antibody response it is impor-
tant the B cell epitope to be presented to the immune system at a conformation
mimicking the native structure. The ability of f-CNTs to present a covalently
linked synthetic peptide representing a neutralizing and protective B cell epitope
from the foot-and-mouth disease virus (FMDV) corresponding to the 141-159
region of the VP1 viral envelope protein was tested [210]. SWNTs-NH3;™ and
SWNTs-Lys-NH; ™ modified with a maleimido group were used. This functional-
ity allowed linking the FMDV peptide bearing an additional cysteine at the N-
terminus necessary for a selective chemical ligation (Fig. 3.11).

To elucidate the structural and functional relationship between f-CNTs-linked
peptide and peptide-specific polyclonal and monoclonal antibodies, the ELISA test
and SPR were used. Both methods demonstrated that the SWNTs-linked peptide
retained the structural features required for recognition by anti-FMDV peptide
monoclonal and polyclonal antibodies [148, 211].

Since the FMDV peptide was not immunogenic (i.e. not capable of eliciting an
immune response) in BALB/c mice (T cell help is required) [212] an immunization
protocol that has been previously shown to overcome the requirement of coupling
nonimmunogenic peptides to carrier proteins or T}, epitopes was employed [213].
To this end, the SWNT-linked FMDV peptide was coimmunized with a protein an-
tigen that provided T cell help, like ovalbumin (OVA) in a Freund’s emulsion. After
two injections, strong antipeptide antibody responses were induced that had signif-
icantly higher virus neutralizing capacity than the antibodies elicited after co-
immunizing the free peptide with OVA [211]. This finding highlights the potential
of f-CNTs to act as a delivery system capable of presenting critical epitopes at an
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Figure 3.11.  Molecular structures of FMDV peptide f-CNTs.
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appropriate conformation to elicit antibodies with the right specificity. Moreover,
no antibody responses were induced against the f-CNTs, which could potentially
hamper the successful outcome of the immunization procedure, particularly
when several administrations are required [214].

Although the application of CNTs in the field of vaccine delivery is in its infancy,
CNTs offer several attractive features, including the control one has over the pri-
mary nature of the system. They provide a platform for the attachment of adju-
vants and antigens. Their potential use as vaccine delivery and adjuvant vehicles
is likely to have a significant impact on the route that vaccines will be administered
in the future and the required dose, conferring a competitive advantage in the
market place. Obviously, their immunogenicity, toxicity, biodegradability, stability,
biocompatibility, cost and consistent GMP manufacturing with readily scalable
production processes has to be studied for each system and each application. These
challenging issues should not inhibit research in examining the potential of CNTs
to deliver vaccines since the most interesting and valuable delivery systems are yet
to come.

3.6
CNTs for Drug Delivery

Drug delivery systems are necessary to improve the pharmacological profile and
the therapeutic properties of administered drugs [1]. Among the wide variety of
available delivery systems, CNTs may represent a promising alternative [215]. The
application of f-CNTs as new nanovectors for drug delivery became possible soon
after the demonstration of cellular uptake of this new material. However, only a
few examples of delivery of therapeutic agents using CNTs are currently reported
in the literature. Dai and coworkers have shown the potential of CNTs to transport
proteins into the cells [90]. Single-walled CNTs were shortened to a length between
20 and 100 nm using strong acid conditions. This treatment also allowed the gen-
eration of carboxylic groups at the terminal parts of the tubes and at their defect
sites. The carboxylated tubes were complexed with different types of proteins in-
cluding SA, protein A, BSA and cytochrome c¢ (Fig. 3.12).

Mammalian cell lines were incubated with the complexes to study the capacity of
CNTs to drive the adsorbed proteins into the cells. The complexes were localized in
the endosomes and released into the cytoplasm by addition of chloroquine (a mol-
ecule able to destroy the endosomes). In the case of cytochrome ¢, it was verified
that the protein exerted its biological function after liberation from the endosomal
trap. Indeed, the cells entered into apoptosis. At the same time, it was shown that
CNT-protein complexes were biocompatible by measuring cell proliferation.

In a different approach, Wu and coworkers used f-CNTs with AmB — one of the
most effective antimycotic molecules for the treatment of chronic fungal infections
(Fig. 3.13) [152].

MWNTs were treated with strong acid conditioned to reduce their length to
about 180-940 nm. The carboxylic groups were coupled with a phthalimide

1
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Figure 3.12.  Molecular model of the complex between a shortened CNTs and SA.

mono-protected triethylene glycol diamine. Subsequently, the tubes underwent the
1,3-dipolar cycloaddition reaction to introduce a N-functionalized pyrrolidine ring
on the external walls of the tubes. A second Boc-protected amino group was there-
fore introduced on the nanotubes. The two protecting groups are orthogonal and
permitted to modify the tubes with a fluorescent probe to follow the cell internal-
ization of the conjugate and the active drug AmB to exert its antifungal activity. It

Figure 3.13.  Molecular structure of CNTs functionalized with FITC and AmB.
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has been shown that AmB—CNTs were rapidly internalized into Jurkat cells in a
dose-dependent manner. The process was nonendocytotoxic since the incubation
of the cells at 4 °C or in the presence of sodium azide did not completely block
the uptake. The drug was internalized into mammalian cells with a remarkable re-
duction of toxicity. Indeed, AmB is widely used, but it suffers from high toxicity. At
the highest dose, more than 40% of cells died by the effect of free AmB, while all
cells remained alive following the treatment with AmB covalently conjugated to
CNTs. Very interestingly, AmB preserved its high antifungal activity once linked
to the nanotubes. Different types of pathogens including Candida albicans, Candida
paropsilosis and Cryptococcus neoformans were treated with AmB—CNT conjugates,
and the activity was in some cases higher that the drug alone. Although only
some hypotheses on the action of the AmB linked to the tubes could be formulated
(increase of the solubility of the drug, multipresentation of the drug by CNTs that
favor interaction with the fungal membrane), the conjugation of AmB to the tubes
modulated its therapeutic effect by decreasing mammalian toxicity and increasing
the antifungal activity.

Using another strategy, Hosmane and coworkers prepared SWNTs with a car-
borane cage for boron neutron capture therapy (BNCT) [216]. CNTs were func-
tionalized with a substituted C,Bqo carborane derivative via nitrene cycloaddition.
Following treatment with sodium hydroxide, a water-soluble CNT conjugate was
obtained (Fig. 3.14).

Then, the biodistribution study on different tissues showed that carborane nano-
tubes were concentrated more in tumor cells than in blood, liver, lung or spleen
when administered intravenously. However, the mechanism for this it is not yet
understood. The results are preliminary, although promising for future applica-
tions of CNTs on delivery of boron-based agents for effective BNCT treatment of
cancer, provided that cytotoxicity and more complete biodistribution studies prove
the biocompatibility of this system. Another application of CNTs in cancer therapy
was shown by Kam and coworkers [217]. The property of CNTs to adsorb NIR irra-
diation was exploited to kill cancer cells. Pristine SWNTs were wrapped with PEG
modified with a PL moiety on one side and folic acid (FA) on the other side. As

Figure 3.14. Molecular structure of CNTs functionalized with a carborane cage.
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Figure 3.15.  Molecular structure of CNTs functionalized with FITC and methotrexate.

tumor cells are known to overexpress folate receptors, the PL-PEG-FA/SWNT
construct was mainly taken up by cancer cells, which were then destroyed by using
a laser wavelength of 808 nm. Laser pulses induced local heating and consequently
death only of those tumor cells that had internalized the CNTs.

Pastorin and coworkers have developed an alternative method to exploit CNTs in
cancer [218]. CNTs were doubly functionalized using 1,3-dipolar cycloaddition reac-
tion. Two orthogonally protected amino groups were introduced on the sidewalls
and the tips of the tubes. After selective deprotection, an anticancer molecule
[methotrexate (MTX)] and a fluorescent probe (FITC) were linked to the tubes
(Fig. 3.15).

MTX is a drug widely used against cancer, but it displays a reduced cellular up-
take. Therefore, the limited capacity of MTX to cross the cell membrane could be
overcome by its conjugation to CNTs, which are able to enhance cell uptake of
linked moieties. The presence of fluorescein provided the optical signal for imag-
ing CNT-drug into the cells. Jurkat cells were incubated with different doses of
MTX-CNT and the fluorescent tubes were localized around the nuclear membrane
in a dose-dependent manner. Preliminary studies have shown that MTX conju-
gated to the CNTs had the same cytotoxic activity of the drug alone.

Another class of carbon nanomaterials very similar to CNTs called carbon nano-
horns were found to be effective systems for delivery of anticancer agents. Single-
walled carbon nanohorns (SWCHs) are spherical aggregates of graphitic tubes with
dimensions in the nanorange scale. These nanostructures were loaded with dexa-
methasone [219]. Binding and release of the drug were subsequently evaluated
using two types of nanohorns. It was found that oxidized nanohorns were able to
adsorb more dexamethasone than as-grown horns. The analysis of activation of
glucocorticoid response in mouse bone marrow cells and induction of alkaline
phosphatase in mouse osteoblasts confirmed the biological activity of the drug re-
leased from the carbon support. Similarly, carbon nanohorns were used to encap-
sulate cisplatin (another anticancer agent) [220]. Again, the structure of the drug
was preserved into the aggregates. Cisplatin was slowly liberated into water and it
was effective in blocking the growth of human lung cancer cells. Unloaded oxi-
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dized carbon nanohorns were instead not active. Therefore, this type of carbon ma-
terial is potentially useful as a carrier of anticancer agents.

In view of the overall results, functionalized carbon nanostructures represent an
emerging and new class of delivery tools for the transport, encapsulation and re-
lease of molecules into mammalian cells. However, it will be important in the
near future to assess the metabolism, biodistribution and clearance form the body
of nanotubes for further development and complete integration in living systems.

3.7
CNTs for Gene Transfer

3.7.1
Interaction with DNA and RNA

In the quest for a useful nonviral gene transfer system, the interaction between a
cationic component (liposome, polymer, nanoparticle) and the negatively charged
nucleic acids to be delivered is critical for the eventual effectiveness of the gene
transfer construct. CNTs have very recently been explored for the first time as novel
materials for the complexation and delivery of gene-encoding nucleic acids [191,
221]. However, the physicochemical interactions between CNTs and DNA have
been studied under different contexts for much longer, particularly in attempts to
disperse non- f-CNTs, and for the construction of sensors, nanocircuits, nanocom-
posites and gene delivery vectors.

Theoretical predictions of DNA interactions with CNTs by molecular dynamics
simulations have shown that single-stranded DNA spontaneously inserts into
non-f-CNTs through a combination of van der Waals and hydrophobic forces
[222]. However, a recent molecular modeling simulation has demonstrated that
double-stranded DNA can also wrap around non-f-CNTs or, the in case of posi-
tively charged CNTs in an aqueous environment, DNA molecules could electro-
statically adhere onto the CNTs surface [223].

Experimentally, a range of different techniques has been used to understand the
CNT-DNA interactions and the ensuing supramolecular structures between the
two components. However, most studies agree that the nature and mechanism of
such interactions will be highly dependent on the type of CNTs surface functional-
ization and the characteristics of the nucleic acids.

UV and IR spectroscopy have both been used to show that non-f-SWNTs and
double-stranded DNA interact through hydrogen bonds [224, 225]. Changes in
the electronic levels in the nucleotide bases of the DNA molecule were found in
these studies and the DNA acquired a chaotic sphere conformation upon interac-
tion with CNTs. z—r interactions between the CNT sidewalls and the nucleic acid
bases have been proposed as the mechanistic basis for this wrapping effect. More-
over, the ability of DNA to wrap around the CNT surface has been described
for both double-stranded DNA [226, 227] and single-stranded DNA [91], and has
been utilized to disperse CNTs in solvents of varying polarity.
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As described earlier in this chapter, CNT surface characteristics can be altered
through organic and defect functionalization. By strong oxidation, OH and C=0
defects are introduced at the tips and sidewalls of CNTs. Several studies describe
that these oxidized CNTs (CNT-ox) covalently bond DNA-NH; in a controllable as-
sembling process [38, 118, 228, 229] or are helically wrapped (z—= interactions) by
double-stranded DNA and single-stranded DNA [230-232]. An alternative func-
tionalization reaction described by Georgakilas and coworkers produces positively
charged ammonium-f-CNTs (CNT-NH;") [146]. The interaction of CNT-NH;*
with plasmid DNA (pDNA) was studied in detail in our laboratories [221, 233].
We have found that these f-CNTs interact with pDNA to form complexes primarily
through electrostatic forces and that the pDNA was condensed around the CNT-
NH;3". Moreover, these studies have indicated that the total available surface area
and the surface charge density of CNTs were critical parameters in the interaction
and complexation of pDNA.

With regard to interactions between RNA and CNTs, to our knowledge there has
only been one published report describing the interaction between non- f-SWNTs
and RNA polymer poly(rU) [234]. In this study the RNA polymer poly(rU) was ob-
served in a blob-like conformation when bound at the surface of CNTs as imaged
by scanning electron microscopy, resembling the condensation of pDNA strands.
These authors suggested that the binding occurs through z-stacking and hydropho-
bic interactions; however, no detailed mechanistic study has been published so far
describing how the CNT-RNA interactions occur.

3.7.2
Delivery and Expression of Gene-encoding DNA and RNA

The development of water-soluble CNTs automatically renders them compatible
with the biological fluids and milieu. The complex formation between CNTs and
nucleic acids in combination with the improved CNT biocompatibility recently
achieved allowed for exploration of the hypothesis that CNTs can be used as gene-
delivery systems. So far, the intracellular translocation and expression of gene-
encoding nucleic acids (DNA and RNA) involving CNTs have been shown for
mammalian cells to bacteria in vitro. The following is a comparative description of
the different techniques used to deliver nucleic acids to cells through CNTs.

The first ever study to demonstrate CNT-mediated gene delivery and expression
of marker gene-encoding nucleic acids was carried out in our laboratories. Pantar-
otto and coworkers reported that CNTs covalently functionalized with ammonium
groups (CNT-NH; ") were able to associate with pDNA through electrostatic inter-
actions [191]. Transmission electron microscopy images of the supramolecular
complexes showed the pDNA attaining a condensed globular conformation at the
surface of the CNT-NH3". The delivery of pDNA and expression of f-galactosidase
(a marker gene) in CHO cells was found to be approximately 10 times higher than
naked pDNA. An endosome-independent penetration mechanism was proposed
for the complex uptake based on evidence of spontaneous cellular uptake of the
f-CNTs alone. Similar to other nonviral gene delivery systems based on the elec-
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trostatic supramolecular complex formation between a cationic macromolecule or
nanoparticle and nucleic acids, the charge ratio (+/—) CNT-NH3;":pDNA was
found to be a critically important factor determining the level of gene expression.

A similar approach was later followed by Liu and coworkers, which reported a
noncovalent association of pDNA onto the surface of CNTs functionalized with
polyethylenimine (PEI) — a polymer with high density of terminal amine groups
[235]. The complexes were tested at different charge ratios in different cell lines
(293, COS7 and HepG2 cells) and the level of gene (pCMV-Luc) expression was
found to be much higher than those of DNA alone. This study suggested that
the uptake mechanism of the CNT-PEI-pDNA conjugates was took place by
endocytosis.

Kam and coworkers later used two distinct methods to deliver nucleic acids via
CNTs into Hela cells. In a first study [217], CNTs functionalized with Cy3-labeled
single-stranded DNA through noncovalent adsorption were used. These CNTs were
excited with NIR light. The release and nuclear translocation of the single-stranded
DNA was reported by confocal microscopy only in the case of NIR treatment.
In the absence of cell illumination by NIR, the Cy3-DNA was seen by Kam and
coworkers to remain in the cytoplasm. This group also suggested an endosome-
mediated cellular uptake.

In a subsequent study by the same group [93], CNTs were functionalized by non-
covalent adsorption of PL molecules, which contained a PEG chain terminating in
an amine (CNT-PL-PEG-NH;) or maleimide (CNT-PL-PEG-maleimide) group.
Then a thiol-containing SH-DNA-Cy3 was covalently linked to the CNTs via a di-
sulfide bond by a heterobifunctional cross-linker. In this way, a complicated CNT—
PL-PEG-single-stranded DNA-Cy3 complex was formed, sensitive to enzymatic
cleavage upon endocytosis and translocation to the lysosomal compartments. It
was reported in that study that nuclear localization of Cy3—-DNA was possible only
in the presence of the disulfide linkage. However, in this study gene-encoding
nucleic acids were not used therefore no gene expression was reported at all.

A very different strategy to introduce exogenous pDNA into mammalian cells
was described recently by Cai and coworkers [192]. The pDNA was immobilized
on the CNTs, which contained Ni particles (CNT-Ni) enclosed and suspended with
the surfactant Nanosperse AQ. Then, with a magnetic spearing technique (expo-
sure to an external magnetic field followed by centrifugation) the complexes were
added to Bal 17 cells, mouse splenic cells and a primary culture of mice cortical
neurons. The expression of the enhanced green fluorescent protein (EGFP) gene
was evaluated by fluorescence microscopy and flow cytometry. Gene delivery
through CNT-Ni produced 80-100% fluorescent cells, while CNTs deprived of Ni
particles did not produce any fluorescence signal. In this way, another illustration
of the possibility to use CNTs to transport intracellularly gene expressing nucleic
acids was seen. However, such techniques are only appropriate for in vitro or ex
vivo gene transfer.

The delivery of exogenous genes by CNTs has been shown to be also possible in
bacterial cultures. Rojas-Chapana and coworkers have demonstrated that oxidized,
water-dispersible CNTs deliver pDNA into Escherichia coli through temporary nano-
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channels across the cell envelope [236]. The pUC19-transformed bacteria were ex-
amined by optical microscopy, and an efficient transformation between 9 and 32
transformants was observed. The authors achieved that by an electroporation tech-
nique using microwave-activated CNTs, which apparently orient their tips in a con-
formation perpendicular to the bacterial cell membrane.

CNTs have also been shown to transport RNA into mammalian cells. Lu and
coworkers have studied the cellular uptake of CNT-RNA polymer poly(rU) hybrids
formed through nonspecific binding. MCF7 cells were examined by confocal mi-
croscopy after addition of the hybrids, and their translocation in cellular and
nuclear membranes reported [237]. In agreement with these findings, Kam and
coworkers, in more a recent report, used a complex CNT-small interfering RNA
(siRNA) conjugate linked with disulfide bonds (as described above for single-
stranded DNA) and have shown preliminary observations of siRNA-mediated
gene silencing [93].

All of these studies have been initiated by our initial observations that it was in-
deed feasible to use f-CNTs to complex, deliver and express gene-encoding nucleic
acids. The most recent study in this exploratory exercise has been very recently
published using GFP-encoding pDNA condensed with f-CNTs carrying positive
charges [238]. In this way our initial reports and observations were indeed substan-
tiated and reproduced in an independent study. The development of CNTs as
delivery systems for nucleic acids is still in its exploratory stage, and many more
studies are needed to determine the advantages and limitations offered by these
novel materials.

3.8
Health Impact of CNTs

Nanotechnology has been rapidly developing due to the possibility of engineering
at nanometer scales. The resulting nanoproducts display physicochemical charac-
teristics that confer electrochemical, mechanical and thermal properties that are
very useful in the medical, scientific, commercial and environmental fields. How-
ever, it is too early to say whether the “nanostructures” will wean the world from
dirty technologies or if they will definitely backfire, basically because the laws of
chemistry or physics are different when particles get down to the nanoscale. Even
substances that are normally innocuous can trigger intense chemical reactions and
biological anomalies as nanospecies [239].

For this reason, there is a heated debate between the desire of introducing nano-
materials in everyday life and the moralistic tendency of blocking the nanotech fac-
tory until the risks will be better understood. Currently, available information con-
cerning the relative environmental and health risks of manufactured nanoparticles
or nanomaterials is severely absent and defective. In fact, most of nanomaterials
(fullerenes, nanoparticles, nanofibers and nanotubes) are made of carbon atoms,
with distinct geometries, different surface areas, and diverse physical and chemical
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properties. The existence of such variables produced a lot of contrasting evidence.
Doses, effects and cell viability of different carbon nanomaterials are summarized
in Tab. 3.1. For example, Adelmann and coworkers have studied the in vitro effect
of fullerenes on alveolar macrophages, prepared in an arc between two graphite
electrodes [240]. A 60% reduction in macrophage viability and increased levels of
some inflammatory cytokines were found, suggesting that such structures had
similar toxicity to quartz particles. Moreover, it was discovered that stable solutions
of Cgp nanoparticles (nano-Cep) displayed a high toxicity against bacteria at a con-
centration of 0.4 pg mL~! [241]. Other highly water-soluble nanofullerenes (13—
100 mg mL~1) showed also a remarkable cytotoxicity both in fibroblasts and in
liver carcinoma cells at very low concentrations (50 pg mL~!) [242]. It could be
deduced that such behavior conveys a common toxicity of all Cqy materials [243].
On the contrary, it was observed that the lethal doses varied by seven orders of
magnitude, strongly depending on the functionalization of the fullerene surface
[242]. Therefore, the further modification at the surface deeply influenced the tox-
icological profile of the nanomaterials [244].

In contrast, some in vivo studies on fullerene showed that intraperitoneal injec-
tions of amounts of Cgo up to 2.5 g kg~! in mice and rats had neither lethal effects
nor acute toxicity [245, 246]. What was evident was only a hypertrophy of livers and
spleens, which could be ascribed to the high amount of compound injected that
had exceeded the absorption capacity of the animal. Similarly, mice subcutaneously
implanted with Hat-stacked carbon nanofibers did not show severe inflammatory
responses such as necrosis or degeneration after 4 weeks of incubation [247]. How-
ever, these encouraging results are not exhaustive in representing the reduced
harmfulness of all the different nanomaterials.

3.8.1
Parameters of CNTs Related to Health Impact

The data reported above suggest that, in general, carbon nanoparticles can be
considered as dangerous as quartz, only on the basis of the common “starting
material”, i.e. carbon. In particular, CNTs represent a class of substances which
are, at the same time, intriguing (for their characteristics) and doubtful. In fact,
they revealed unusual toxicological properties, because their shapes can be both fi-
bers and nanoparticles, and they are often characterized by the presence of metallic
components even after their purification. CNTs, both single and multiwalled, are
classified as “synthetic graphite” by the National Occupational Safety and Health
Administration, on the basis of the same hexagonal/honeycomb pattern. However,
such extrapolation might not be protective for exposure to CNTs, because they
show physicochemical properties that are often influenced by several variables.

3.8.1.1 Purity
CNTs generally show different levels of purity, which are strictly dependent on the
methods employed for their production. The impurities are essentially made up of
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Tab. 3.1. Doses, effects and cell viability of different carbon nanomaterials.
Type of Amount/ Cell/animal Effect Possible causes Ref.
nanomaterial concentration target
Fullerenes not specified alveolar 60% reduction on intrinsic toxicity 240
macrophages cell viability;
inflammatory
cytokines (IL-6,
IL-8)
Nano Ceo 0.4 pg mL™! bacteria growth inhibition 241
Nano Cgo 50 pg mL™! fibroblast; liver ~ decreasing oxidative stress; 242
carcinoma cells  cytotoxicity with surface effect
increasing
functionalization
and solubility
Functionalized gold ~ 250 pM leukemia cells ~ no remarkable cell 244
nanoparticles death; rapid
internalization
Ceo 2.5 gkg! mice and rats no acute toxicity; too high amount 245,
hypertrophy 246
Hat-stacked carbon  not specified rats no toxicity 247
nanofibers (H-CNF)
SWNTs, MWNTs, >1.41 pg cm2 alveolar 20% reduction on low purity 248
fullerenes macrophages cell viability
(SWN'Ts)
Pristine SWNTs 0.1-10 pg mL~? HaCaT cells increased cell death  oxidative stress 249
or solvent (DMF)
f-SWNTs 3pgml'- HDF cell death 50% or 252
30 mg mL™! below
MWNTs (220 and 50-500 ng mL™'  leukemia cells  inflammation length 253
825 nm) (in vitro) THP-1 (especially with
825-nm samples)
0.1 mg mL™! mice granulomatous 253
(in vivo) inflammation
HiPCO, CVD- 0.62-2.5 mg red blood cells  complement C1q activation 254
SWNTs and CVD- activation
double-walled CNTs
Arc-SWNTs and 10 pg mL~? leukemia cells ~ immune response Induction of 255

CVD-H-CNF

THP-1; mouse
spleen cells

TNF-o
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Type of Amount/ Cell/animal Effect Possible causes Ref.
nanomaterial concentration target
f-SWNTs <5 uM fibroblasts no remarkable cell 190
death (90%); rapid
internalization
f-SWNTs and f- 1 mg mL™! Hela cells no remarkable cell 191
MWNTs + plasmid death; efficient
DNA delivery
MWNT-PEI + DNA <5 pg mL™! HEK293 cells below 40% increased PEI 235
reduction on cell weight
viability
SWNT-CpG ODN 5 ng-5 pg mouse no remarkable cell 204
splenocytes death
SWNT-RNA <1 mg mL~! breast cancer efficient delivery 237
cells (MCF7)
SWNTs 1-250 pg mL™! embryo kidney  apoptosis; 20/30- downregulation 256
cells (HEK293  kDa protein of genes for
cells) secretion adhesion;
upregulation of
genes involved in
apoptosis
Pristine MWNTS 0.1-0.4 mg mL™!  embryo kidney  inflammation production of 257
cells (HEK293) IL-8
Pristine and 400 pg mL~? T lymphocytes ~ 40% reduction on better dispersion 258
oxidized MWNTs cell viability of oxidized tubes
(pristine) 80%
reduction on cell
viability (oxidation)
MWNTs 0.5,2 0or 5 mg rats upregulation of pro-  biopersistence in 259
inflammatory and the lung
profibrotic
mediators
Raw, HiPCO and 0.1 or 0.5 mg per  mice granulomas intrinsic toxicity 260
arc-SWNTs mouse
Pristine SWNTs lor5mgkg! rats pulmonary blockage of 261

inflammation, with
non-dose-dependent
granulomas

upper airways



122| 3 Carbon Nanotube-based Vectors for Delivering Immunotherapeutics and Drugs

Tab. 3.1 (continued)

Type of Amount/ Cell/animal Effect Possible causes Ref.
nanomaterial concentration target
Fullerenes and 0.2 mL (not four albino no remarkable skin 262
CNTs specified) rabbits and 40  irritation or 263
human allergen risks
volunteers
Carbon fiber not specified 341 workers contact dermatitis exposure to 264
particles organic 265
solvents or to
carbonaceous
particles
Pristine HiPCO- 0.06, 0.12 or HaCaT cells alteration of cell transition metal 266
SWNTs 0.24 mg mL™! morphology and catalysts
surface integrity
Pristine HiPCO or 15.5 mg cotton gloves deposition on ultrafine powders 267

laser ablation
SWNTs (aerosol)

individual gloves
ranged from 217 to

6020 pg (aerosol
below 53 pg m=3)

residual catalysts and amorphous carbon. Their high amount might enhance the
toxicity. In this context, Jia and coworkers investigated the cytotoxicity caused by
nanostructures such as SWNTs, MWNTs and fullerenes on alveolar macrophages
(AM) [248]. The different carbon particles, all with a purity superior than 90%,
were suspended in RPMI medium using a Dounce homogenizer and sonicated
for 20 min. In this way, a stable suspension was obtained and immediately used
to measure the phagocytic ability of AM after a 6-h exposure to carbon materials.
The amount of materials used was expressed as pg cm~2, because CNTs are char-
acterized by a wide length distribution. As expected, the tested samples exhibited
different cytotoxicity to AM. At low doses (1.41 pg cm~2) SWNTs showed a high
cytotoxic effect, corresponding to above 20% inhibition of cell growth with a dose-
dependent trend. MWNTs and fullerene were instead much less toxic. One possi-
ble reason for such a major difference could be attributed to the purity level of
SWNTs that was lower than the other samples. Indeed, residual amorphous carbon
and trace amounts of metallic catalysts, such as Fe, Ni and Y, were present in
SWNT samples. These impurities, even at a low level, can influence cell viability,
so ultrapure material should be employed; in any case, human and environ-
mental heath evaluations of different carbon nanomaterials must be considered
individually.
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3.8.1.2 Solvents

Any kind of cell evaluation needs a medium to dissolve the sample. Physiological
solutions, with the addition of nutritional elements, are the most appropriate, but
sometimes the low solubility of the carbon material requires the use of polar,
organic solvents. Manna and coworkers investigated the essential mechanism in-
volved in the toxicity of SWNTs [249]. Human keratinocytes (HaCaT cells) were
exposed to concentrations between 0.1 and 10 pg mL™! of nanotubes, displaying
increased cell death. This observation was attributed to the excess of oxidative
stress within the cells and to the associated activation of transcription factor NF-
xB. However, DMF was used to dissolve the samples and might have induced
some alterations of the results. In fact, DMF is a solvent known to be toxic and
thus it should be avoided in cell manipulation.

3.8.1.3 Surface of CNTs

Until now, the size cut-off below which particles are surely toxic has not been dem-
onstrated. However, there are at least two main reasons that render CNTs poten-
tially harmful: (i) their large surface area and (ii) the reactivity or intrinsic toxicity
of the surface [250, 251]. The smaller the particles, the more toxic they become.
This is due to the fact that there is more surface area per mass unit. As a conse-
quence, any intrinsic toxicity of the surface will deeply influence the toxicological
profile of the samples. For example, Sayes and Ausman investigated the effect on
human fibroblasts (HDF) of some water-dispersible SWNTs [252]. It was found
that cytotoxicity of compounds decreased significantly with the increased degree
of functionalization on the surface. In addition, although a dose-response relation-
ship of toxicity in the considered range of concentrations (0.003-30 mg mL~!) was
observed, cell death did not exceed 50%, apart from in one case in which 1% sur-
factant was employed. This could be justified by the fact that surfactant was coated
on the surface of the nanotubes in a noncovalent, reversible way, whereas the func-
tional groups were covalently bound and were not removed in the conditions of the
biological tests.

3.8.1.4 Length

Another parameter that was found to influence the toxicity profile of CNTs is their
length. Sato and coworkers separated MWNTs of 220 and 825 nm using controlled
strong acid conditions [253]. During a short incubation time, clusters of both
samples were shown to be surrounded by macrophages as a consequence of the
activation of innate immunity. The shorter tubes displayed a lower inflammatory
response. In both cases, no severe effects, such as necrosis or degeneration, were
observed around CNTs throughout the experimental period of 4 weeks.

382
In Vitro Effect of CNTs

SWNTs were investigated to verify if they affected the immune system through
the activation of complement [254]. For this purpose, SWNTs in concentrations be-
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tween 0.62 and 2.5 mg were tested in rabbit red blood cells. They displayed a dose-
dependent potency in complement activation comparable to that of the known, po-
tent activator zymosan. In particular, it seemed that such activation followed the
classical pathway, but with high selectivity. This was confirmed by the demonstra-
tion of a direct binding of CNTS to the main complement subunit C1q. On the con-
trary, chemical modifications at the surface of CNTs reduced or even eliminated
the complement activation, but further investigations are necessary to confirm
this observation.

In a parallel study, SWNTs were evaluated in terms of their capacity to activate
mouse spleen cells [255]. Since different cell types (monocytic leukemia THP-1
and spleen cells) and incubation times were employed, it was difficult to compare
the obtained results. It has been confirmed that SWNTs induced an immune re-
sponse, although the stimulating activity resulted to be lower than that of microbial
systems.

The effect of functionalized, water-soluble CNTs on cell viability was also ana-
lyzed by Pantarotto and coworkers during the study of translocation of bioactive
peptides across the cell membrane [190]. 3T6 and 3T3 fibroblasts were treated
with 1-10 uM concentration of fluorescent SWNTs. The cytotoxicity was evaluated
by flow cytometry, using the markers Annexin V and propidium iodide as indica-
tors of apoptosis and necrosis, respectively. It was observed that below 5 uM almost
90% of the cell population remained alive, indicating a nontoxic behavior of f-
CNTs. Low toxicity was not only a characteristic of SWNTs functionalized with pep-
tides. Both f-SWNTs and f-MWNTSs, regardless of cell subtypes, are nontoxic on
their own [90, 220]. Hela cells, incubated for several hours with about 1 mg mL™!
of CNTs mixed with plasmid DNA in different charge ratios, did not demonstrate
signs of apoptosis [191]. In addition, f-CNTs complexed to different types of
nucleic acids including plasmid DNA, RNA and oligodeoxynucleotides CpG se-
quences were not toxic for cells like breast cancer cells (MCF7) or splenocytes
[204, 235, 237).

Apart from the investigation of the effect of CNTs on cells, it is also important to
understand the mechanism involved in their interaction with biological systems.
Cui and coworkers evaluated the activity of human embryo kidney cells (HEK293)
during 5 days treatment with SWNTSs in concentrations between 1 and 250 pg mL~!
[256]. It was found that SWNTs were able to inhibit the proliferation of HEK293,
and to induce apoptosis in a dose- and time-dependent way. The most interesting
finding was that cells actively responded to SWNTTs, secreting a series of 20- to 30-
kDa proteins able to aggregate and wrap this unknown material, regardless of the
uniformity of the starting samples. The possible mechanism for this phenomenon
was attributed to a stimuli induced by SWNTs attached at the cell surface, followed
by a downregulation of the genes responsible for adhesion. It was also envisaged
that SWNTs could determine an upregulation of the genes associated with apopto-
sis and secretion of small proteins as protection for cells that were preserved from
the contact with the tubes. This phenomenon presents a double advantage, since it
allows us to investigate the rules at the basis of this interaction and, at the same
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time, it offers the possibility to consider these secreted proteins as potential targets
in future medical therapy.

The same type of cells was also used to verify if bigger material, like MWNTTSs,
was able to cross the external membrane and to affect the cell functions. It was
shown that unmodified MWNTs were able to enter HEK293 cells and to induce
the release of the pro-inflammatory cytokine IL-8 [257]. In addition, it was demon-
strated that they were less toxic towards T lymphocytes than chemically functional-
ized tubes [258]. This was attributed to the fact that oxidized MWNTs were better
dispersed in aqueous solution, determining higher weight/volume concentrations
and, thus, a deeper impact on toxicity. At the dose of 400 pg mL~!, oxidized tubes
killed more than 80% of cells in 5 days, while pristine MWNTs decreased the cell
viability of less than 40%. However, although it is obvious that CNTs toxicity does
not depend only on concentration, the dose used in this study was very high and
the same experiments with concentrations below 40 pg mL~! did not affect the
function of T cells [258].

3.8.3
In Vivo Effects of CNTs

Apart from in vitro experiments, some CNTs were implanted at the subcutaneous
level in rats to study their effects in vivo. Sato and coworkers demonstrated that
coagulated MWNTSs of 825 nm determined granulomas, since they were not easily
phagocytosed by macrophages in comparison to MWNTs of 220 nm length [253].

MWNTs were also administrated intratracheally to rats to evaluate their respira-
tory toxicity due to their biopersistence in the lungs [259]. The results clearly
showed that, once they reach the lung, MWNTs have the capacity to induce an
overexpression of pro-inflammatory and profibrotic mediators. However, there
might be some artifacts on the experimental strategy, since the method of admin-
istration presents several limitations, such as the formation of big aggregates that
could remain entrapped in the airways. A different mode of administration (e.g.
inhalation) and the real ability of these materials to translocate from the respiratory
system to other organs would give more reliable data.

Other in vivo studies were conducted by Lam and coworkers [260] and Warheit
and coworkers [261] to investigate the pulmonary toxicity of SWNTs in rodents. In
particular, Lam and coworkers evaluated histopathological alterations in mice at 7
and 90 days after exposure to three differently manufactured SWNTs that con-
tained varying amounts of residual catalytic metals: (i) raw nanotubes (RNT) and
(ii) purified nanotubes (PNT), both iron-containing HiPCO products from Rice
University, and (iii) CarboLex’s Ni-containing electric-arc nanotubes (CNTs). Car-
bon black and quartz were employed as low and high pulmonary toxicity controls,
respectively [260]. The experiments indicated that the three types of tubes induced
dose-dependent lung lesions characterized by interstitial granulomas, regardless of
the amount of metal impurities inside the samples. Even the product containing
very low quantities (2% by weight) of iron produced granulomas, suggesting that
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CNTs themselves are toxic. However, the methods employed for this study were
somehow ambiguous, since the suspension was obtained by briefly shearing and
short sonication to avoid any alteration of the nature of SWNTs, but the instillation
was performed through a plastic catheter placed in the trachea. Thus, further
studies would be needed to elucidate the cause of death. However, it was clear
that mice treated with 0.5 mg of nanotubes showed the formation of granulomas,
containing macrophages laden with black particles, few lymphocytes, neutrophils,
eosinophils and other inflammatory cells. Interestingly, it was encouraging to ob-
serve that the lowest dose (0.1 mg per 30 kg) determined no evident clinical signs.
The same (5 mg kg™1), or even a lower (1 mg kg™!), amount of SWNTs was em-
ployed in the study of Warheit and coworkers, in which histopathological evalua-
tion of lung tissue was conducted after 24 h, 1 week and 3 months postinstillation
[261]. In these experiments, SWNTs and graphite particles, together with the corre-
sponding controls (carbonyl iron and quartz particles) were prepared in a volume
of 1% Tween 80 surfactant and phosphate saline buffer subjected to polytron dis-
persion. Rats, intratracheally instilled with carbonyl iron or graphite, did not pres-
ent adverse effects, while no dose-dependent multifocal granulomas where visible
after exposure to SWNTs, even if they did not progress beyond 1 month. In 15% of
the rats, the highest dose induced mortality, but the main reason for that was due
to mechanical blockage of the upper airways and not to the inner toxicity of
SWNTs particulate. The death index was somehow incorrect, because the nano-
tubes tended to form nanoropes instead of being individually dispersed. A proof
was the observation that the surviving animals appeared normal through the whole
3 months. In addition, studies on chemotaxis concerning quartz treatment showed
a reduced motility as a consequence of a deficiency in macrophages after 1 week.
This phenomenon was not observed in the case of SWNTs, which differed from
quartz also in the formation of granulomas in a non-dose-dependent manner.

Additional studies by Huczko and coworkers have contributed to understanding
further the impact of nanomaterials on health. They tested the effect of fullerenes
and CNTs on skin irritation and allergen risks [262, 263]. There is only some evi-
dence of contact dermatitis caused by exposure to carbon fibers [264, 265]. The au-
thors applied two protocols that are commonly employed for testing skin irritation,
i.e. a patch and a Draize rabbit eye test. In the first case, 40 people showing predis-
position to irritation and allergy were treated with a patch of Whatman filter paper
saturated with a water suspension of CNTs, and then they were examined for 96 h.
In the second method, four albino rabbits were administered with 0.2 mL of CNT
aqueous suspension, and observed after 24, 48 and 72 h. The absence of adverse
effects seemed not to be dependent on the time of exposure nor on the type of
material used, since there were no differences in comparison with the reference
material (which did not contain CNTs). On the whole, the encouraging results in
all experiments on skin irritation suggested that no specific precautions should be
adopted while handling such nanomaterial [262, 263].

In general, the manufacturing of carbon nanomaterial is based on the use of
transition metal catalysts. Therefore, the eventual health hazards are potentially
connected with carbon and metals. In fact, free iron or nickel and transition metal
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complexes are known to produce reactive radicals, which could induce radical oxi-
dation and enhance oxidative stress. In order to investigate this aspect, Shvedova
and coworkers identified and quantified the reactive species that were produced
during the manipulation and evaluated the effects of pristine SWNTs on human
epidermal keratinocytes (HaCaT) [266]. SEM and TEM allowed us to verify that
oxidative stress, caused by treatment with SWNTs, caused a change in the mor-
phology of cells, besides altering surface integrity. These unwanted effects were
reduced by the subsequent use of an iron chelator that displayed a protecting role
towards HaCaT cells and, thus, confirmed that cytotoxicity of SWNTs was mainly
correlated with iron catalytic effects.

A parallel study investigated the adverse effects recorded by aerosol release ob-
tained through mechanical collisions of as-produced SWNTs with bronze beads
[267]. The results were somehow ambiguous, since the production of ultrafine
powders was not very efficient and it was not possible to discriminate if such par-
ticles were made up mainly of nanotubes or of catalyst. Moreover, although nano-
tubes tended to agglomerate into nanoropes, thus reducing the formation of an ap-
preciable respirable aerosol, it was possible that such nanoparticles remained in
the mouth and nasopharyngeal region, causing a potential health risk.

On the whole, CNTs have shown uncommon and interesting physicochemical
properties, which increase their possible biomedical applications; however, at the
same time, they might persist in biological systems and, consequently, be respon-
sible for adverse health effects and environmental safety. It is imperative that a
clear understanding of what really happens to nanoparticles months and years
after their release in needed, since some encouraging evidence is not exhaustive
in guaranteeing complete innocuous behavior. For all these very important rea-
sons, further studies are required to investigate if CNTs can be widely used for
their useful characteristics as well as if they safely represent a promising beginning
of the so-called “next industrial revolution”.

39
General Conclusions

Although still debatable, the use of CNTs in drug delivery and biosensing is acquir-
ing more and more substantiating evidence for efficient development. It is clear
that many important issues have to be faced before CNTs can be proposed for clin-
ical trials. However, CNTs show unusual carrier properties, with a very strong ten-
dency to pass cell membranes and seem to perfectly fit into the new discipline of
nanobiotechnology. Although the first toxicological reports on pristine CNTs were
very discouraging, labeling CNTs as very dangerous species, it is becoming widely
accepted that f-CNTs are by far less toxic than non- f-CNTs. Therefore, the combi-
nation of penetration ability with high loading achievable with CNTs makes these
new carbon species promising candidates for innovative therapies. Another aspect
that should not be disregarded is that other functions can be introduced on CNTs
by using different functionalization methods.
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In conclusion, we do hope that, in a few years, f-CNTs will be considered as
valuable building blocks for pharmaceutical uses.
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