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High aspect ratio, unique optical property and the likeness as small molecule

make carbon nanotubes an unusual allotrope of element carbon.

Eele After functionalization, carbon nanotubes display potentials for a variety
ELSEVIER

of medicinal applications, including the diagnosis and treatment of cancer,

infectious diseases and central nervous system disorders, and applications in
tissue engineering. These potential applications are particularly encouraged by
their ability to penetrate biological membranes and relatively low toxicity.
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Functionalized carbon nanotubes display unique properties that enable a
variety of medicinal applications, including the diagnosis and treatment
of cancer, infectious diseases and central nervous system disorders, and
applications in tissue engineering. These potential applications are
particularly encouraged by their ability to penetrate biological membranes
and relatively low toxicity.

Nanomaterials possess fundamentally new properties and functions resulting from their small
dimensions [1]. According to some estimates, nanotechnology could exceed the impact of the
Industrial Revolution on society and is projected to become a $2.6 trillion business in 2014 [2].
Carbon nanotubes (CNTs) were described in 1991 by Iijima [3]. There are two classes of CNTs
(Fig. 1): single-walled nanotubes (SWCNTs), which consist of a single graphite sheet seamlessly
wrapped into a cylindrical tube with a diameter between 0.4 and 2.5 nm, and multiwalled carbon
nanotubes (MWCNTs), which comprise more layers of graphite sheet with different diameters of
up to 100 nm. The length of the tubes ranges from a few nanometers to a few micrometers. Their
unique structure offers CNTs excellent physical and chemical properties [4] that enable wide
industrial applications.

Applications of nanotechnology in medicine have prompted the development of nanoparti-
cles, nanostructured surfaces and nanoanalytical techniques for rapid and early diagnostics,
smart drug delivery and real-time assessments of therapeutic and surgical efficacy. These
technologies are highly promising for the mitigation of patient risk and disease progression
and the realization of personalized medicine (theranostics) [5]. Until now, two families of
therapeutic nanocarriers — liposomes and albumin nanoparticles — have already been used in
clinical practice worldwide, and many other therapeutic agents are in preclinical phases of
development and clinical trials.

Being able to readily penetrate plasma membrane [6], CNTs possess a large loading capability to
carry various bioactive agents, such as drugs. Their intrinsic spectroscopic properties, including
Raman scattering and photoluminescence, can provide valuable means for tracking, detecting
and imaging diseases. They can also help monitor in vivo therapy status, pharmacodynamical
behavior and drug delivery efficiency. In addition, their unique optical and thermodynamic
properties can be used directly in medical diagnostics and therapy.
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FIGURE 1
Molecular structure of SWCNT and MWCNT.

Poor dispersibility of CNTs has been the greatest obstacle to
their use in nanomedicine. Many functionalization routes have
been developed in recent years to solubilize CNTs and improve
their biocompatibility [4,7-10].

In the past decade, we have witnessed the rapid development
of nanotechnology in many fields. For example, the applications
of CNTs in medicine have been highlighted in several review
papers with a focus on cancer treatment. In this review, we
summarize several medical applications in addition to drug
delivery and in treatments of several diseases. Our focus is on
the progress of the functionalizations of CNTs, which are the
preconditions for CNT applications in medicine, the potential
applications of CNTs in the treatment of intractable issues in
medicine and the associated potential risks of CNT applications
in nanomedicine.

Functionalizations of CNTs

Smooth surfaces without any hanging bonds make pristine CNTs
chemically inert and incompatible with nearly all organic and
inorganic solvents; thus, a solution-based CNT process is difficult
to achieve, and this has formed a major drawback for CNTs’
applications in nanomedicine. Recently, researches have found
that carbon atoms in both SWCNTs and MWCNTSs can to some
extent exhibit chemical reactivity toward many reagents and so
both CNTs can be considered as new macromolecular form of
carbon. For the knowledge of general chemistry of CNTs, readers
can refer to Niyogi’s and Tasis’s reviews [4,11]. After modifications,
CNTs show increased solubility [12].

Functionalizations of CNTs can increase their water miscibility
and improve biocompatibility. Covalent functionalizations and
non-covalent functionalizations are two main strategies to
increase their water miscibility. Covalent functionalizations have
been nicknamed ‘defect functionalizations’ because only defective
carbon atoms on the sidewall or at the end of CNTs can be oxidized
by strong oxidants to generate carboxylic acid groups or carboxy-
lated fractions, which can be chemically modified via amidation or
esterification (see Ref. [13] for a review on these two modifica-
tions). Various polymers [13], metals [14] and biological molecules
[15] can be grafted to the surface of carboxylated CNTs. Addition
reactions were also used in covalent modifications of CNTs, which
derived from those traditionally for graphite surfaces or estab-
lished for fullerenes [4,16]. By addition reactions, systematic and
predictable chemistry on nanotube surface is achieved. For exam-
ple, azomethine ylides generated by 1,3-dipolar cycloaddition [17]

are very reactive in generating pyrrolidine rings on the sidewall of
CNTs. The potential as a drug delivery system is an attractive
aspect of CNTs’ applications. Because covalent functionalizations
of CNTs are robust and easy to control, they also offer the possi-
bility of introducing multiple functionalities, which are particu-
larly crucial to enable the functionalized CNTs to be used as a drug
delivery system. Covalent functionalizations can also diversify
CNTs’ surface properties, from which favorable CNTs can be
selected. With some informatics platforms (e.g. Pipeline Pilot),
the properties of molecules (made from building blocks) such as
similarities, hydrophobicity, solubility and topological and stereo-
chemical properties can be calculated and those building blocks
that can result in diverse properties are selected. This computa-
tion-guided diversity design and techniques for combinatorial
library synthesis can effectively modify CNTs’ surfaces to modu-
late their biological properties. Our group applied this strategy to
construct a MWCNT library containing 80 members. Through
multiple biological screenings, functionalized MWCNTs with
reduced cytotoxicity and immune responses were discovered. This
study indicated that the covalent surface modification combined
with biological screening was a promising approach to reducing
the potential toxicity of CNTs [18].

Non-covalent functionalizations are also highlighted in medi-
cal applications of CNTs. The conjugated electronic structure of
nanotubes will not be impaired and some intrinsic physical prop-
erties of CNTs, such as near-infrared fluorescence and Raman
scattering, can be reserved [19,20]. Two approaches have been
taken for non-covalent functionalizations of CNTs. One is to wrap
polymers around the CNT sidewall [8] and the other is through w—
« stacking interaction between aromatic rings of the loaded
materials and m-electrons of graphite sheets on the surface of CNTs
[21-23]. Such non-covalent coatings will disrupt the van der Waals
interactions that cause SWCNTSs to aggregate into bundles [24,25]
and might also improve their water miscibility. CNTs have a high
affinity for single-stranded DNA and RNA and form an electrostatic
complex with the polynucleotide molecules, which can not only
impart aqueous solubility but also deliver genes into cells
[6,26,27].

Owing to its biocompatibility and good solubility under various
physiological conditions, poly(ethylene glycol) (PEG) is heavily
used for various purposes in biomedical applications [28-32].
PEGylated CNTs are able to extend the blood circulating time
[33], reduce the uptake by the reticuloendothelial system and
block the nonspecific binding of serum proteins in mice [29]. It
has been reported that when the molecular weight of the PEG
chain was less than 2000, the PEGylation did not prevent cell
uptake of SWCNTs, whereas longer chains could reduce the non-
specific cell uptake in vivo [29,34]. PEG grafted to lipidophilic
polymers has better biological biocompatibility. SWCNT functio-
nalized with PEG grafted to poly(y-glutamic acid) and poly(maleic
anhydride-alt-octadecene) exhibited a long blood circulation (¢,
2=22.1 hours) [35]. Oligothiophene-terminated PEG synthesized
by Lee et al. [23] was another PEG-based amphiphilic molecule,
which could effectively disperse CNTs in aqueous solution with
less PEG.

The encapsulation of materials in CNTs has attracted interest.
Some metals and compounds have been placed into CNTs via
physical and chemical processes [36-40]. One application of the

www.drugdiscoverytoday.com 429

=
=
>
w
o
=
[]
=
>
w
x
@
2
(]
>
]
o




X
(]
<3
D
=
wv
A
m
=<
3
1
m
=
m
=
m
=

REVIEWS

Drug Discovery Today * Volume 15, Numbers 11/12 ¢ June 2010

technique is to drive metal-embedded CNTs using magnetic fields
to target cells more efficiently [41].

After suitable modifications, CNTs can exhibit increased water
miscibility and reduced toxicity [42]. As different bioactive agents
are conjugated to CNTs, multi-functionalized drug delivery sys-
tems and theranostics that integrate imaging, drug delivery and
targeting functions can be realized.

Potential clinical applications of CNTs

Cancer therapy

Cancer is one of the deadliest diseases in the world. Efficacy and
specificity are two basic requirements for cancer therapy. The
application of nanomaterials as drug carriers can improve anti-
cancer therapeutic efficacy by both passive and active targeting
mechanisms. In this regard, CNTs might provide new directions
for cancer treatment.

Antitumor chemotherapy. Chemotherapy is currently an indis-
pensable method of treating advanced tumors, besides surgical
intervention and radiation. Traditional chemotherapy has been
hindered because of two main roadblocks: low specificity of che-
motherapeutic drugs, which leads to severe systemic toxicity, and
drug resistance (whether acquired or intrinsic to cancerous cells)
leading to low efficacy. CNTs have been explored as novel drug
delivery vehicles with low toxicity and immunogenicity. Different
types of therapeutic molecules have been reported to be delivered
by CNTs, and some better outcomes than with traditional vehicles
have been achieved. Readers can refer to Refs. [43-45] for reviews
on this subject. When used in antitumor chemotherapy, the high
surface area of CNTs allows for efficient loading of chemotherapy
drugs [46]. Because the enhanced permeability and retention effect
are universal in solid tumors [47], CNTs loaded with drugs (which
can be regarded as macromolecular agents) can extravasate in
tumor tissues over time; the concentration in tumor will reach
several folds higher than that of the plasma. An accumulation of
13% of the injected PEGylated SWCNTs in tumor was reported by
Dai’s group [29]. The same group also conjugated paclitaxel to

SWCNTs and delivered SWCNT-paclitaxel conjugate in vivo to
achieve higher efficacy in suppressing tumor growth and avoided
obvious toxic effects to normal organs in a murine 4T1 breast
cancer model [33]. The higher therapeutic efficacy and lower side-
effects could be attributed to prolonged blood circulation, higher
tumor uptake (tenfold higher than Taxol) and slower release of
drug from SWCNTs. Another widely used anticancer drug, cispla-
tin, has also been processed with SWCNT as ‘longboat delivery
system’ and achieves increased uptake in cancerous cells [48].

CNTs functionalized with antibodies of antigens overexpressed
on the cancerous cell surface or ligands recognizing specific recep-
tors on the cancerous cell can be directed to the cancerous cell
surface (Fig. 2). By virtue of endocytosis, the CNTs can be taken up
by the cell before the chemotherapeutic drugs are cleaved off
CNTs; thus, targeting delivery is realized. Folic acid [48,49], integ-
rin antagonist [29], epidermal growth factor [50] and Herceptin
(which can recognize the HER2/neu receptor on some breast
cancer cells) [51] have been reported to be used as such targeting
molecules.

Antitumor immunotherapy. As an adjuvant anti-tumor treatment,
antitumor immunotherapy is usually highlighted for fewer
adverse effects, better patient tolerance and the potential to
improve prognosis notably [52]. Although several clinical trials
of immunotherapy have achieved promising results in treating
malignancies [53,54], low treatment efficacy of immunotherapy
remains a pressing issue [S5]. Properties such as lower immuno-
genicity than common protein carriers, the ability to translocate
across the cell membrane without causing toxicity and enhanced
immune response when attached to an antigen have validated the
use of CNTs as vaccine delivery tools [56]. In a pilot research by
Yang's group [57], the conjugate of MWCNTs and tumor lysate
protein (tumor cell vaccine) can considerably and specifically
enhance the efficacy of antitumor immunotherapy in a mouse
model bearing the H22 liver tumor. In vitro, CNTs conjugated to
tumor immunogens can play a similar part as professional antigen-
presenting cells (such as mature dendritic cells) to efficiently bring
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One example of CNT used as a drug carrier. Cisplatin is covalently ligated to surficially oxidized CNTs as an effective anti-tumor agent, and a folic acid molecule is
further coupled to the cisplatin as a targeting molecule. The large surface area of CNTs makes it possible to carry more cisplatins into tumor cells. Reproduced, with

permission, from Ref. [48]. Copyright 2008 American Chemical Society.
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SWNT bundles can present antibody with a higher local density to stimulate T cells to release Interleukin-2 (IL-2). Left: schematic representation of anti-CD3-
adsorbed SWNT scaffolds inducing T-cell (B3Z cells) stimulation (not to scale). The SWNT scaffold is labeled as (SWNT), anti-CD3 as (Ab). Right: stimulating ability
comparison of anti-CD3 absorbed by SWNT and soluble anti-CD3 to T cells. Nitric acid treatment followed by lithium borohydride reduction is to increase the
suitable surface area for protein absorption. The amount of secreted IL-2 is used to quantify the response of T cells to anti-CD3. All groups were treated with the
same amount of anti-CD3. Reproduced, with permission, from Ref. [58]. Copyright 2008 American Chemical Society.

tumor antigens to immune effector T cells, owing to the high
avidity of antigen on the surface and the negative charge [58]
(Fig. 3). Adjuvant effects and complement system activation
effects of CNTs have also been assumed as possibilities [59,60];
however, the mechanism remains unknown.

Antitumor hyperthermia therapy. SWCNTs exhibit strong absor-
bance in the near-infrared region (NIR; 700-1100 nm) [61]. Coin-
cidentally, biological systems are known to be highly transparent
to the same spectral window. This can be used for optical imaging
of nanotubes inside living cells, therefore, because of the low auto-
fluorescence background of cells and tissues [51]. For example, it
can be used to detect the pharmacokinetics of SWCNTs in vivo and
is favorable compared with traditional fluorophores or radioactive
labels for its simplicity and stability [62]. NIR radiation with laser
pulse under controlled conditions could rupture the endosome
and help the release of DNA carried by SWCNTs [49]. A related
application of the NIR absorbance is the local thermal ablation of
tumor cells by excessive heating of SWCNTs shackled in tumor
cells (Fig. 4). Some progress in the technique has been achieved in
recent years, and it has shown feasibility in clinical application
[49,63,64].

Other cancer treatment strategies. SWCNTs bind to the major
groove of human telomeric i-motif, and the resultant electrostatic
interactions between the positively charged C-C* base pairs and
the carboxyl groups on SWCNTSs can increase i-motif stability [65].

SWCNTs can drive i-motif formation under cell-mimic crowd-
ing conditions and cause more water to be released, thereby
driving i-motif formation [66]. In view of the significance of
telomere, SWCNTs might have the potential to modulate the
structure of human telomeric DNA in vivo, such as DNA B-A
transitions and B-Z changes on SWCNTs in live cells, which could
conceivably be used in cancer therapy in the future. Modulation of

cellular signal transduction by nanoparticles can be achieved
through interactions between nanoparticle and membrane-bound
or cellular proteins. Our group found SWCNT-COOH was able to
suppress the Smad-dependent bone morphogenetic protein sig-
naling pathway and downregulate Id proteins via a non-apoptotic
mechanism. This finding might have potential therapeutic appli-
cations in the treatment of cancers related to Id proteins or bone
morphogenetic protein signaling, such as breast cancer [67].

Treatment of infectious diseases

Recent breakouts of SARS, avian flu and swine flu have indicated
that infectious disease has become a critical public health issue
with global concerns. Some infectious diseases, such as AIDS, have
turned out to be deadly, and no effective therapies have been
available to date. The medicinal application of nanotechnology
has shed light on the quick diagnosis and effective therapy of
infectious diseases. According to Kang et al. [68,69], pristine
SWCNTs exhibited an antimicrobial effect in a size-dependent
manner, indicating that they might be useful as building blocks
for antimicrobial therapeutics. Organic modification on the sur-
face of CNTs can generate sites for the attachment of bioactive
molecules, the secondary structure of which can be preserved [70]
and, hence, elicit specific anti-epitope antibodies [71,72]. The
antibody recognition to the conjugates was facilitated by this
coupling.

CNTs can also play a part in viral disease therapy by providing
high-sensitive detecting devices. For example, a coordinated bio-
sensor [73] made of Au nanoparticles and SWCNTs has been
studied for detecting the nanomolar scale of HIV-1 PR, an aspartic
protease responsible for virion assembly and maturation [74]. The
realization of high-sensitive detection of this protease was promis-
ing to expedite development of effective HIV-1 PR inhibitors.
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SWNT can absorb NIR radiation energy and cause local heating, which can lead to Hela cell destruction. (a) Temperature evolution of a DNA-SWNT solution
(approximately 25 mg/l) during continuous radiation by an 808 nm laser at 1.4 W/cm? for two minutes. (b) Image of HeLa cells without internalized SWNTs after
continuous 808 nm laser radiation at 3.5 W/cm? for 5 min. No cell death was observed. (c) Image of dead and aggregated cells after internalization of DNA-SWNT
and laser radiation at 1.4 W/cm? for 2 min. The dead cells showed rounded and aggregated. Reproduced, with permission, from Ref. [49]. Copyright 2005 National

Academy of Sciences, USA.

Another example in viral disease diagnosis is the electrical detec-
tion of hepatitis C virus RNA [75]. A large surface-to-volume ratio
and unique electronic properties made CNTs a welcome compo-
nent for fabricating high-sensitive biodetectors, which were cru-
cially needed in the diagnosis of viral diseases and the
development of new anti-viral drugs. It was predictable, therefore,
that CNTs might contribute considerably to the treatment of
infectious diseases in the future.

Treatment of central nervous system disorders

Central nervous system (CNS) disorders consist of neurodegenera-
tive diseases and brain tumors. Because of the unique and com-
plicated environment and the restricted anatomical access (blood-
brain barrier) of the CNS, it is more difficult to diagnose and treat
CNS disorders than any other diseases. Nanotechnology is promis-
ing to revolutionize the status quo in this field. Because of their
tiny dimensions and accessible external or exterior modifications,
nanomaterials are able to cross the blood-brain barrier by various
targeting mechanisms and, thus, they can act as effective delivery
carriers for targeting brain. Many nanomaterials have been used
successfully as suitable delivery systems for treating neurodegen-
erative diseases or brain tumors [76-79]. As a promising biomedi-
cal material, CNTs have been used in neurosciences [80-82]. The
results of these studies have indicated that both pristine and
chemically functionalized CNTs have positive effects on neuronal
growth, although they also demonstrate cytotoxicity. One study
has reported that the charge on the nanotubes could be manipu-
lated to control neurite outgrowth [83], and it has been reported
that CNTs functionalized with nerve growth factor or brain-
derived neurotrophic factor could stimulate growth of neurons
on the nanotube scaffold [84]. Keefer et al. [85] proved that
conventional tungsten and stainless steel wire electrodes coated
with CNTs could enhance both recording and electrical stimula-
tion of neurons in culture, rats and monkeys. The benefits can be
attributed to the capacity of CNTs to decrease electrode impedance

and increase charge transfer. CNT-coated electrodes are expected
to improve current electrophysiological techniques and to pro-
mote the development of long-lasting brain-machine interfacing
devices, both of which will aid the diagnosis and treatment of CNS
disorders.

Recent studies have also suggested that the nanoparticle-based
formulations of some chemotherapeutic agents (e.g. doxorubicin
[86]) have potential for the systemic chemotherapy of brain
tumors with higher efficacy than the free agents. MWCNTs (p-
MWCNTs or MWCNTs functionalized with DNA and siRNA) were
found to be internalized by brain microglia (macrophage derived
from migratory monocytes in brain that are believed to be an
effective target for brain cancer treatment) in vitro and in vivo
without inducing proliferative and cytokine changes [87,88].
These results indicated that MWCNTSs could act as a safe nano-
vector delivery system for immunotherapies of brain cancers (e.g.
gliomas). This field is still in its early infancy, and additional
research is needed.

Applications in tissue engineering

The goal of tissue engineering is to replace diseased or damaged
tissue with biologic substitutes that can restore and maintain
normal functions [89,90]. Major advances in the knowledge of
cell and organ transplantation and of chemistry of CNTs in recent
years have aided in the sustained development of CNT-based tissue
engineering and regenerative medicine. In this field, CNTs can be
used as additives to reinforce the mechanical strength of tissue
scaffolding [91] and conductivity by dispersing a small fraction of
CNTs into a polymer [92] or to improve the benefits of native
extracellular matrix (Fig. 5). For example, hybrid hyaluronic acid
hydrogels with 2 wt% SWCNTs cross-linked by divinyl sulfone
produced 300% enhancement in the storage modulus compared
with hyaluronic acid [91]. To fully offer the mechanical and
electrical properties compared with pure CNTs, CNT-based scaf-
folds have been developed [93,94]. These scaffolds can be used as

432 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 15, Numbers 11/12+June 2010

REVIEWS

=P <

—

—_—=10 Nm

Schematic of CNT incorporation into collagen matrices:

Procollagen Tropocollagen Collagen fibril
+ CNT assembly assembly
\
#EING —>

) N\
'_""- \ iy —
", _pH>._ ';‘:‘ ’,—'v-\‘-““;?—. ]\,:\?\/ /‘;‘:—_;T\_b/

Random collagen
fiber matrix

Aligned collagen
fiber matrix

B

T

R TP e
Cyclic
—=1pm strain

Drug Discovery Today

FIGURE 5

Application of CNTs in tissue engineering. In this example, the self-assembly features of the structural protein collagen are combined with CNTs to produce a new
class of mechanically robust and electrically conductive biomaterials. It harnesses the biochemical process of collagen fibrillogenesis and the biological process of
cell-mediated collagen remodeling to induce alignment of CNTs in collagen matrices. Such CNT-collagen biomaterials can be used to develop nerve guidance

materials for neural repair. Courtesy of J. Stegemann, University of Michigan.

molecular-level building blocks for the complex and miniaturized
medical devices, which have enormous applications in biomedi-
cine [935]. Research had shown that matrix containing CNTs had
positive impacts on cell proliferation and differentiation [93,96-
99]. In one such study, CNTs/chitosan scaffold absorbing recom-
binant human bone morphogenetic protein-2 could promote
ectopic bone formation and most of the disassembled scaffold
structures could, ultimately, be eliminated through the renal
excretion route [98], which validated the safe application of CNTs
in the artificial tissue. Until now, substrates prepared from CNTs
(MWCNTs and SWCNTs) have been consistently reported to be
biocompatible platforms for neuronal growth and differentiation
[81,100,101] and directing bone formation [98,102].

: Procollagen, tropocollagen and collagen fiber as indicated in
diagrams

VaVa e in

Other applications of CNTs concerning tissue engineering
include cell tracking and labeling, sensing cellular behavior, aug-
menting cellular behavior, and enhancing tissue matrices. For a
panorama of the field, see Ref. [103].

Potential risks

The applications of nano-scale materials in nanomedicine are still in
their infancy and facing some challenges [5]. Although intensive
study of biodistribution and in vitro and in vivo toxicity of CNTs has
been performed almost at the same time as their applications have
been developed, our knowledge about their in vivo fates and poten-
tial health risks after exposure through various routes is still limited
by the insufficient data and discrepancies of these results. Before the
nature of CNTs is fully addressed, their promise in medicinal appli-
cations will be impaired by the issue of their potential risks. Most
of the reported toxicological data are based on in vitro experiments
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