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Abstract: Cancer is a generic term that encompasses a group of diseases characterized by an
uncontrolled proliferation of cells. There are over 200 different types of cancer, each of which
gains its nomenclature according to the type of tissue the cell originates in. Many patients who
succumb to cancer do not die as a result of the primary tumor, but because of the systemic effects
of metastases on other regions away from the original site. One of the aims of cancer therapy
is to prevent the metastatic process as early as possible. There are currently many therapies in
clinical use, and recent advances in biotechnology lend credence to the potential of nanotechnol-
ogy in the fight against cancer. Nanomaterials such as carbon nanotubes (CNTs), quantum dots,
and dendrimers have unique properties that can be exploited for diagnostic purposes, thermal
ablation, and drug delivery in cancer. CNTs are tubular materials with nanometer-sized diameters
and axial symmetry, giving them unique properties that can be exploited in the diagnosis and
treatment of cancer. In addition, CNTs have the potential to deliver drugs directly to targeted
cells and tissues. Alongside the rapid advances in the development of nanotechnology-based
materials, elucidating the toxicity of nanoparticles is also imperative. Hence, in this review, we
seek to explore the biomedical applications of CNTs, with particular emphasis on their use as
therapeutic platforms in oncology.
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Introduction
In the UK there are more than 293,000 newly diagnosed cases of cancer each year.
More than one in three people will develop some form of cancer in their lifetime.!
The most commonly diagnosed cancers among people in the UK are cancer of the
breast and lung and colorectal cancer. Lung and colorectal cancer are the most com-
mon causes of death from cancer. The current arsenal against cancer includes surgical
resection, chemotherapy, radiotherapy, or a combination of these three modalities.>
In spite of improvements in the efficiency of treatments over the last few decades, the
majority of conventional chemotherapeutic formulations (tablet, capsule, injection)
pose multiple problems, such as systemic toxicity and a destructive “bystander” effect to
neighboring cells. In addition, there are risks of nephrotoxicity, neurotoxicity, vascular
toxicity, infertility, and thromboembolic complications, as well as the more commonly
anticipated side effects, such as hair loss, nausea, and myocardial infarction.

Other problems incurred with conventional chemotherapy include the inability
of drugs to access tumor sites specifically, and difficulty in clinical administration of
drugs.? For these reasons, the two main areas that have been addressed by different

submit your manuscript
Dove

http:

International Journal of Nanomedicine 201 1:6 2963-2979 2963
© 2011 Madani et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.


www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S16923
mailto:a.seifalian@ucl.ac.uk

Madani et al

Dove

research groups are destruction of cancer cells with minimum
harm to normal body tissue* and delivery of high doses
of drug molecules to tumor sites for maximum treatment
efficacy.’ Due to the advances in synthetic chemistry over
the last few years, different biological nanomaterials® have
been developed, which can be used for a variety of biological
therapies, such as drug delivery, cancer diagnosis, treatment,
and imaging. This group of nanomaterials includes quantum
dots,” dendrimers, carbon nanotubes (CNTs), gold and silver
nanoparticles, liposomes,® and micelles.’

CNTs have attracted tremendous attention due to their
unique properties as one of the most promising nanomateri-
als for a variety of biomedical applications.'” In comparison
with other nanomaterials, CNTs appear to be more dynamic
in their biological application. For example, the main appli-
cation of quantum dots is cancer cell imaging alone, whilst
CNTs have the potential to be used not only in imaging but
also for drug delivery and thermal ablation.? Application
of CNTs for the delivery of drugs to their site of action has
become one of the main areas of interest for different research
groups. This is mainly because of the characteristics of these
materials, including their unique chemical, physical, and
biological properties, nanoneedle shape, hollow monolithic
structure, and their ability to obtain the desired functional
groups on their outer layers.'® The shape of the CNT would
allow these materials to enter the cell via different methods,
such as passive diffusion across the lipid bilayer, or endo-
cytosis, whereby the CNT attaches to the surface of the cell
and is subsequently engulfed by the cell membrane.!*!! The
hollow monolithic structure of CNTs and their ability to bind
desired functional groups make CNTs promising drug carri-
ers. They can be functionalized to be more water-soluble and
serum-stable, with low toxicity at the cellular level.!*!?

There has been great interest in the mechanism of cellular
uptake of CNTs in the literature, and different methods have
been investigated to elucidate this concept. Labeling CNTs
with fluorescent materials, such as quantum dots, enables
researchers to track the movement of CNTs.!* Additionally,
detection of CNTs by nonlabeling methods such as transmis-
sion electronic microscopy or atomic force microscopy has
also been undertaken.'®* The advantage of using atomic
force microscopy is that it can operate in liquid form, allow-
ing for measurement under near physiological conditions.!
Figure 1 illustrates the presence of CNTs inside the cell by
the aid of transmission electron microscopy.'* Labeling CNTs
with fluorescent agents and adding CNT-fluorescent agents
to the cells has shown that CNTs are easily internalized into
the nucleus.!®!” Kam et al reacted streptavidin-fluorescein

Figure | Transmission electronic microscopic imaging showing Hela cells treated
with functionalized multiwalled carbon nanotubes. As the white arrows illustrate,
the functionalized carbon nanotubes were distributed into the cytoplasm.'*
Reprinted from Curr Opin Chem Biol, Vol. 9, Bianco et al, Applications of carbon nanotubes
in drug delivery, pp. 674-679, Copyright (2005), with permission from Elsevier.

isothiocyanate with CNTs and added this complex to HeLa
cells. Their observation by confocal microscopy showed the
presence of streptavidin-CNT inside the cells.'®

The method of attaching biological molecules to CNTs
can vary. Drugs and biological molecules can either attach
to the surface through functional groups or be loaded inside
the CNTs. These methods are also called wrapping or filling
modes of binding, respectively.'” Another consideration whilst
functionalizing CNTs is to improve their hydrophilicity. This
can be achieved by reacting CNTs with strong acid, result-
ing in the formation of a carboxylic group on their surface,
which increases their dispersability in aqueous solutions.
Alternatively, hydrophilic materials can be covalently or
noncovalently attached to the surface of CNTs.'>?° Polyeth-
ylene glycol (PEG) coating can improve the hydrophilicity,
biocompatibility, and immunogenicity of CNTs.*?! The aim
of this review is to consider the biomedical applications of
CNTs in drug delivery and targeting of cancer cells for thermal
ablation. Furthermore, we seek to address issues related to
possible toxic effects of CNTs.

Carbon nanotubes

CNTs are well ordered, hollow, carbon graphitic nano-
materials with a range of properties. Some of these are a
high aspect ratio, high surface area, and ultralight weight.!°

submit your manuscript

2964

Dove

International Journal of Nanomedicine 201 I:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Carbon nanotubes for cancer drug delivery

Typically, CNTs are classified as single-walled (SWCNT)
or multiwalled (MWCNT). SWCNTSs consist of a single
cylindrical carbon layer with a diameter in the range of
0.4-2 nm,* depending on the temperature at which they have
been synthesized. It has been observed that a higher growth
temperature gives a larger diameter. In contrast, MWCNTs
are usually made from several cylindrical carbon layers with
diameters in the range of 1-3 nm for the inner tubes and
2-100 nm for the outer tubes.?

In terms of the structure of the two types of CNTs, it has
been proposed that the basic carbon arrangement of SWCNT's
is different from that of MWCNTs. The structure of SWCNTs
is organized according to armchair, zigzag, chiral, or helical
arrangements. On the other hand, the structure of MWCNTSs
can be divided into two types according to the arrangements
of the graphite sheets. One is a “Russian-doll”-like structure
where the graphite sheets are arranged in concentric layers
and the other is a parchment-like model where the single
sheet of graphite is rolled around itself.?*

CNTs can be synthesized by heating carbon black and
graphite in a controlled flame environment. The major problem
using this method is the irregularity in shape, size, mechanical
strength, quality, and purity of the CNTs obtained.'? To avoid
these problems, techniques such as electric arc discharge, laser
ablation, or catalytic decomposition of hydrocarbons have been
suggested. Depending on the type of synthesis, different types
of CNTs with different properties can be synthesized.?>? The
appropriate fabrication technique can be utilized according to
the intended application of the CNTs. For example, if CNTs
are required for electric transport, SWCNTs should be used
rather than MWCNTs. This is because SWCNT's can be either
semiconducting or metallic whereas MWCNTSs are semicon-
ducting.?? In drug delivery, SWCNTSs are known to be more
efficient than MWCNTs. This is due to the one-dimensional
structure of the SWCNT and efficient drug-loading capacity
because of its ultrahigh surface area.?® It has been shown that
a SWCNT-anticancer drug complex has a much longer blood
circulation time than the anticancer drug on its own, which can
lead to more prolonged and sustained uptake of the drug by
tumor cells via the enhanced permeability and retention effect.’
Various reports have suggested that once the functionalized
SWCNT releases the drug into a specific area, it is gradually
excreted from the body via the biliary pathway and finally in
the feces.?” This suggests that SWCNTSs are suitable candidates
for drug delivery and a promising nanoplatform for future
cancer therapeutics.

SWCNTs can also be used for imaging. Single-molecule
fluorescence spectroscopy and Raman spectroscopy

techniques can be used to analyze the fluorescence and
structural properties of SWCNTSs. Results show that,
unlike most single molecules or semiconductor nanopar-
ticles, there are no spectral or intensity fluctuations for
SCWNTs. Fluorescence spectra from individual nanotubes
with identical structures have different emission energies
and line widths that likely arise from defects in the local
environment.*®

MWCNTs are known to be more useful than SWCNTs for
thermal treatment of cancer.?” This is due to the fact that the
MWCNTs release substantial vibrational energy after expo-
sure to near infrared light. The release of this energy within a
tissue produces localized heating, which can be exploited to
destroy cancer cells. Because MWCNT's have more available
electrons per particle and also contain more metallic tubes
than SWCNTs, they tend to absorb near infrared radiation
at a faster rate.

CNT functionalization techniques
Despite the advantages of CNTs, there are limitations to their
biomedical use. Purification of CNTs is still tedious. CNTs
that are commercially available are severely contaminated
with metal catalysts and amorphous carbons, and are known
to be generally insoluble and not biocompatible. In order to
make these materials less toxic and more biocompatible, a
number of procedures have been designed to attach appropri-
ate molecules to the CNT surface, known as functionaliza-
tion* (see Table 1).

It has been shown that once the CNTs are appropriately
functionalized and intravenously injected into mice, they
are excreted via the biliary pathway without causing any
significant side effects.’! Generally CNTs can be either
covalently or noncovalently functionalized with different
chemical groups.*? In terms of CNT reactivity with functional
groups, researchers have divided CNTs into two zones, ie,
the tips and the side walls. It has been shown that CNT tips
have a higher affinity for binding functional groups than do
the side walls.*

Noncovalent functionalization

Noncovalent functionalization involves Van der Waals
interactions, m—m interactions, and hydrophobic interactions
of biocompatible functional groups with the surface of the
CNT. One of the main advantages of this type of bonding is
the minimal damage caused to the CNT surface. It has been
suggested that noncovalent attachment preserves the aromatic
structure and thus the electronic characteristics of CNTs.
On the other hand, because noncovalent bonding provides a
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Table | Summary of most common techniques used for functionalization of carbon nanotubes

CNT CNT amount  Functionalization = Summary of techniques Duration Outcome
MWCNT# NA 2.8 MHNO, Refluxing of MWCNT with 2.8 M nitric acid 72 hours MWCNT-COOH
MWCNT# 100 mg 20 mL HNO, Sonicated, diluted, centrifuged (50,000 g, Sonicated MWCNT-COOH
10 minutes) and washed 60 seconds
MWCNT® NA 14 M HNO, Refluxed in 14 M HNO, at 80°C for 18 hours MWCNT-COOH
18 hours, filtered with 0.1 mm PTFE
membrane in deionized water
MWCNT? 500 mg 25 mL H,SO /HNO,  Refluxed and diluted with icy water. Excess NA MWCNT-COOH
(3:1, viv) acid and water filtered. Solid washed with
NaOH and HCI to remove oxidation debris
and washed with distilled water. Dried
under vacuum
MWCNT® NA 5 M HNO, I em? of MWCNT/CC was placed in Total modification ~ MWCNT-COOH
a 100 mL Pyrex digestion tube time < | hour
— Heated to 210°C in 20 minutes
with 5 M HNO,
— The temperature was kept at 210°C
for 30 minutes (microwave power 100 W)
— Filtered with 0.1 mm PTFE membrane in
distilled water
MWCNT?® | mg G2-PAMAM MWCNT dispersed into N, N- MWCNT in EDC: G2 PAMAM/
dimethylformamide (with the aid of | hour MWCNT
ultrasonication). Dried under an infrared MWCNT-EDC
lamp. MWCNT-modified electrodes in G2-PAMAM
immersed into 10 mM EDC and 2 mg/mL 8 hours
G2-PAMAM aqueous solution. Rinsed with
PBS and distilled water
SWCNT® NA HNO,/H SO, Sonication in concentrated HNO,/H,SO, Sonication SWCNT-COOH
(1:3, v/v) (1:3 v/v) at 70°C then filtered, washed 4 hours
with water, and dried
SWCNT?® NA 2.5 M of HNO3 Refluxed, filtered, rinsed, and resuspended 2-36 hours SWCNT-COOH
in pure water with sonication. Centrifuged
(at 7000 rpm for 5 minutes), larger
unreacted impurities removed
SWCNT® NA 2 mg/L PL-PEG-NH,  Mixed, sonicated, centrifuged (13,000 rpm, Sonication: | hour ~ PEG-SWCNT
3—4 hours) and filtered
SWCNT® 6—10 mg 20 mL 70% HNO, Mixing performed in a microwave at 900 W,  Microwave SWCNT-COOH
then filtered, washed, and dried 10—15 minutes
SWCNT# 95 mg Piranha solution* SWCNT in Piranha solution heated at Stirring for SWCNT-COOH
45°C and stirred, cooled, filtered, 90 minutes
washed, and dried
MWCNT- 030¢g 3 g amino Mixing performed at 130°C under argon, Mixing for PEG-g-MWCNT
COOH monomethyl dispersed in distilled water, centrifuged one week
PEG-NH, (at 6000 rpm, 30 minutes)
SWCNT- NA FITC 13 mM, FITC was dissolved in DMSO, and mixed Mixture incubated SWCNT-
PL-PEG-NH2? 50 puL with | mL SWNT-PL-PEG-NH, overnight PL-PEG-FITC
solution. Incubated, filtered through
100 kDa filters
SWCNT- 5mg 30 mg EDC EDC and NHS mixed in 10 mL buffer Mixing for 2 hours ~ Ap-SWCNT
COOH * and 300 mg NHS solution of MES, shaken in a reciprocating
shaker. Filtered, rinsed, and redissolved
in 10 mL MES. | mL of anti-Pgp solution
(0.025 mg/mL) was added, and the mixture
shaken for 2 hours, filtered, and rinsed
with 2 mL of NaCl solution (0.1 M) until
no antibody detected
(Continued)
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Table | (Continued)

CNT CNT amount  Functionalization = Summary of techniques Duration Outcome
MWCNT- 400 mg 20 mL oxalyl 400 mg of MW-COOH in 20 mL of oxalyl Stirring for MWCNT-NH,
COOH"” MWCNT- chloride chloride was stirred at 62°C. Excess oxalyl 24 hours
COOH chloride was then eliminated in vacuo at Reflux for

60°C. The resulting solution of MWCNT- 48 hours

COCl and 20 mL of NH, (CH,CH,0)-

2-CH,CH,NH, in tetrahydrofuran refluxed,

cooled, filtered, and washed with methanol.

Air-dried at room temperature
SWCNT- 5mg 15-20 mg of Mixing performed in a microwave at 675 W.  Microwaved for Amidated
COOHs8 2,6-dinitroaniline Then cooled, filtered, and washed 15-20 minutes SWCNT

with DMF and THF

Note: *H SO, 96%, H,0, 30%, 4:1 v/v.

Abbreviations: SWCNT, single-walled carbon nanotubes; MWCNT, multiwalled carbon nanotubes; NA, not applicable; PAMAM, polyamidoamine; PTFE, polytetrafluoroethylene;
EDC, |-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; PBS, phosphate-buffered saline; PEG, polyethylene glycol; NHS, N-hydroxysulfosuccinimide; DMSO, dimethyl
sulfoxide; MES, 2-(N-morpholino)ethanesulfonic acid; FITC, fluorescein isothiocyanate; DMF, dimethylformamide; THF, tetrahydrofuran; Pgp, permeability glycoprotein.

weak force between the functional group and the CNT, it is
not suitable for targeted drug delivery applications.®

Covalent functionalization

Covalent binding of biocompatible groups to the surface of
the CNT is another method of functionalization. Using this
method, the surface of the CNT can be modified by different
techniques, creating a suitable platform on the surface of
these materials, enabling covalent attachment of biocom-
patible groups to the surface of CNTs. Oxidation of CNTs
using strong acids is a method commonly used for generat-
ing covalent functionalization.?? Briefly, concentrated nitric
acid, concentrated sulphuric acid, and CNTs are sonicated
and heated. This process allows for side-wall covalent
functionalization, and carboxylic acid groups would be
attached, rendering CNTs water-soluble. Figure 2 shows a
transmission electron microscopic CNT image before and
after oxidization using a combination of nitric and sulfuric
acid. These modifications would provide a suitable platform
for the covalent attachment of biocompatible functional
groups to the surface of the CNT, and the presence of a
carboxylic group can improve CNT biocompatibility. It has

100 nm
CNT after oxidization with acid

100 nm
CNT before oxidization with acid

Figure 2 Carbon nanotubes (CNT) before and after oxidization using a combination
of nitric and sulfuric acid. This method resulted in chemical modifications of carbon
nanotubes and formation of carboxylate groups on the surface.

been shown that a highly negative charge, developed as a
result of the carboxylic group on the surface of the CNT,
increases the hydrophilicity of these materials.?>?* Oxidized
CNTs can then be further coated with PEG, a hydrophilic
substance with the ability to make CNTs more biostable.?!
Covalent binding of a functional group to the CNT can
produce a stable functionalized CNT, making it more suit-
able for use as a vehicle for drug delivery. However, the side
wall of the CNT is damaged during this process, resulting in
alteration of other properties of the CNT.*** Hence, CNTs
functionalized by covalent bonding should not be used in
some applications, including imaging.’!

CNTs in drug delivery

Chemotherapeutic agents have some limitations due to their
toxic side effects. There is a niche in the pharmaceutical
market for drug delivery that does not elicit such toxicity,
whilst still having high therapeutic efficacy. Thus, there is an
unmet need to develop cell-targeting drug formulations with
a wide therapeutic index. CNTs have shown great promise
as nanoscaled vehicles for targeted drug delivery.'>* One
of the main advantages of the CNT is its ability to deliver
drugs directly to cancer cells.'>*¢ In the past, there have
been numerous experimental studies performed in vitro and
in vivo using antibody-functionalized CNTs loaded with
chemotherapeutic agents. Another application of CNTs for
drug delivery is intravenous injection. One of the issues with
injecting drugs into the body is the risk of blood vessels
becoming blocked because of the large size of the drugs,
which would lead to tissue toxicity. It has been suggested
that CNTs could be used as nanocarriers for delivering drugs
into the body via injectable routes.'? It is beyond the scope
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of this article to describe all of them in detail, but they have
been succinctly summarized in a series of recent reports
(see Table 2). Drugs can either attach to the outer surface of
the CNT via functional groups or be loaded inside the CNT.
Attachment of the anticancer drug to the outer surface of the

Table 2 Summary of drug delivery via carbon nanotubes

CNT can be through either covalent or noncovalent bond-
ing, including hydrophobic, n—r stacking, and electrostatic
interactions.>’3# Filling of the CNT with the anticancer drug
is another method of incorporating drugs to CNTs, which
will also be discussed in this review.

CNT

Type of cancer/disease

In vivolin vitro

Drug

Method of loading

SWCNTSs!'®
SWCNTs?!

Not specified*

SWCNTs®

MWCNTs*

SWCNTs*

Not specified®

MWCNTs*

SWCNTs*

SWCNTs*

MWCNs*'!

SWCNTs®

SWCNTs®

SWCNTs”

Ovarian cancer
Leukemia

Leishmania donovani

(parasite)

Breast cancer

Human

gastric carcinoma
Chorio- (JAR),
nasopharyngeal
epidermoid (KB),

testicular carcinoma

Bladder cancer

Breast cancer

Cervical cancer

Lymphoma

Breast cancer

Breast cancer

(4T 1 murine cell line)

Lymphoma

NA

NA
In vitro

In vitro and
in mice

In vitro and
in mice

In vitro and
in mice

In vitro

In vitro

In vitro

In vitro

In SCID mice

In vitro

In vitro

In vivo

In mice

Gemcitabine
Daunorubicin

Amphotericin B

Paclitaxel

HCPT

Platinum (IV)

Carboplatin

Doxorubicin

siRNA

Doxorubicin

Methotrexate

Paclitaxel

Doxorubicin

Metal halides
(Na IZSI

Use of external forces to particles in a selected direction
Daunorubicin incubated in phosphate-buffered saline

at 37°C for 16 hours with SWCNTs

Carboxylated CNTs were treated with [NH, (CH,), NH,],
forming amine groups on the CNT surface. Amino CNTs
were dispersed in distilled water. This solution was mixed
with f-CNT solution and sonicated in an ultrasonication
bath for 24 hours

Paclitaxel was modified by succinic anhydride, adding

a carboxyl group at the C-2-OH position

SWCNTs with branched PEG-NH, functionalization were
reacted with modified paclitaxel in the presence of EDC
and NHS

HCPT is linked to MWCNTs using diaminotriethylene
glycol (hydrophilic spacer) biocleavable ester linkage

The SWCNT-PL-PEG-NH, was initially formed.

The SWCNT coated with PEG was then reacted with

the platinum in the presence of coupling agents including
EDC and NHS

CNT suspension in carboplatin solution (10 mg/mL).
Sonication for |0 minutes and stirring for 24 hours

at various temperatures

MWCNT dispersion using 1% Pluronic® F127 solution
(IMWCNT] | mg/mL) by bath sonications for 30 minutes.
Doxorubicin and Pluronic-MWCNT were mixed in equal
volumes of doxorubicin hydrochloride with increasing
MWCNT aqueous dispersion concentrations

SWCNTs reacted with PL-PEG. For the incorporation

of disulfide bond, the amide group of PEG was attached
to a heterobifunctional crosslinker (sulfo-LC-SPDP). The
siRNA was then attached to SWCNTs via a disulfide bond
SWCNTSs were sonicated in a solution of PL-PEG followed
by centrifugation. Excess surfactant was removed by
filtration and washing. Doxorubicin loading onto
pegylated SWCNTSs was carried out by mixing
Amine-MWCNTs was generated through |,3-dipolar
cycloaddition reaction of azomethineylides. Methotrexate
was reacted with -MWCNTSs through coupling agents, ie,
HATU and DIEA

Paclitaxel conjugated to branched PEG chains on SWCNTs
via a cleavable ester bond to obtain a water soluble
SWCNT-paclitaxel

Supramolecular -7 stacking to load a cancer
chemotherapy agent doxorubicin onto branched
polyethylene glycol functionalized SWCNTs for

in vivo drug delivery applications

Metal halides were sealed inside SWCNTs to create
high-density radioemitting crystals

Abbreviations: CNTs, carbon nanotubes; SWCNTs, single-walled carbon nanotubes; MWCNTSs, multiwalled carbon nanotubes; NA, not applicable; EDC, |-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride; PEG, polyethylene glycol; NHS, N-hydroxysulfosuccinimide; HCPT, | 0-hydroxycamptothecin; siRNA, small interfering
RNA; PL, platinum; f-CNT, functionalized CNT; HATU, O-(7-azabenzotriazol- -yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate; DIEA, diisopropylethylamine.

2968

Dove

submit your manuscript

International Journal of Nanomedicine 201 1:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Carbon nanotubes for cancer drug delivery

Covalent drug attachment to CNTs
Different methods of drug loading and attachment to the CNT
suggest the need for use of a linker, with which both the drug
and CNT react to form covalent bonds.***° Researchers at
Stanford University have delivered paclitaxel to cancer cells
by covalent attachment of paclitaxel to the outer surface of
the SWCNT. In this experiment, paclitaxel was initially
reacted with succinic anhydride, which resulted in addition
of carboxylic acid groups on the surface of paclitaxel. Subse-
quently, SWCNTs were sonicated in a 0.2 mmol/L solution of
DSPE-PEG 5000-4-arm-(PEG-amine) for 30 minutes using
a cuphorn sonicator followed by centrifugation at 24,000 g
for 6 hours. This resulted in formation of SWCNTs nonco-
valently attached to PEG-NH.. The product was then reacted
with the carboxylic acid-coated paclitaxel, in the presence of
coupling agents, ie, 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC) 5 mmol/L and N-hydroxy-
sulfosuccinimide (NHS) 5 mmol/L. Unconjugated paclitaxel
was subsequently removed by filtration. Ultraviolet-visible
near infrared spectra of SWCNTSs before and after conjuga-
tion with paclitaxel were then obtained. The absorbance
peak of paclitaxel was used to demonstrate the loading of
paclitaxel onto the SWCNTs, and the result was confirmed
by radiolabel-based assay. In vitro delivery of paclitaxel
attached to SWCNTs showed higher efficacy in suppressing
tumor growth than delivery of paclitaxel alone. This suggests
that higher concentrations of paclitaxel were delivered to
breast cancer cells using SWCNT-paclitaxel conjugates in
comparison with delivery of paclitaxel alone.’

Another group of researcher have attempted to deliver
an antitumor agent, 10-hydroxy camptothecin (HCPT), by
covalent attachment to the outer surface of the MWCNT. In
the same way as above, the HCPT was reacted with succinic
anhydride in order to obtain carboxylic groups on its surface.
Amino groups were then introduced to the MWCNTs. CNTs
coated with amino groups and HCPT functionalized by car-
boxylic groups were then reacted together in the presence
of NHS and EDC as coupling agents. The excess HCPT was
then removed using a filtration technique. Ultraviolet-visible
near infrared spectrometry was then used to confirm linkage
of the MWCNTSs to HCPT.*’

Platinum (I'V) has also been delivered to cancer cells
by conjugation to SWCNTs. As in the aforementioned
studies, SWCNTSs were initially sonicated with platinum
(IV)-PEG-NH, for 1 hour. This was followed by centrifuga-
tion at 2.4 x 10* g for 6 hours to remove catalysts and large
aggregates, and ultrafiltration to remove excess free platinum
(IV)-PEG-NH,. The treated SWCNTs and the functionalized

platinum (IV) were then reacted together. Platinum (IV)
attached to SWCNTs, achieved higher rates of cell death
than when platinum alone was injected into the cancer cells.
The enhanced cytotoxicity obtained using the platinum (IV)-
SWCNT complex suggests that SWCNTSs can mediate the
delivery of platinum (IV) and hence improve cellular uptake
of the drug.*

Noncovalent drug attachment to CNTs

In addition to covalent attachment, anticancer drugs can also
attach to the surface of the CNT by noncovalent bonding.
This involves physical conjugation of the drug to CNT
via -7 stacking, hydrophobic interaction, or electrostatic
adsorption. Although covalent attachment is a very feasible
procedure, it has been suggested that this may cause chemical
changes in anticancer drugs, implying that their efficacy can
potentially be altered.’* However, one of the disadvantages
of noncovalent bonding is the lack of efficient attachment,
potentially resulting in release of the drug before it reaches
its site of action.?**! An example of noncovalent attachment
of an anticancer drug in this context is the attachment of
doxorubicin to MWCNTs. In one experiment, MWCNTSs
were dispersed in 1% Pluronic® F127 solution until a final
MWCNT concentration of 1 mg/mL was formed. The solu-
tion was then bath-sonicated for 30 minutes. Increasing
concentrations of Pluronic-MWCNT (10, 20, and 40 pg/mL)
were then reacted with doxorubicin 20 pg/mL. The interac-
tion between the MWCNTs and doxorubicin was studied
using luminescence spectrometry. The results showed that
the fluorescence intensity of doxorubicin decreased with
increasing concentrations of MWCNT. This suggests that
as the concentration of the MWCNT increases, more plat-
forms become available for noncovalent n—m interaction of
doxorubicin with the surface of the MWCNT.* In another
experiment, pegylated CNTs were reacted with doxorubicin,
resulting in doxorubicin becoming loaded onto the PEG that
was covering the surfaces of the CNTs. It was suggested
that, due to the aromatic nature of doxorubicin, noncova-
lent binding of this molecule onto the surface of the CNT
was most likely because of m—m stacking and hydrophobic
interactions.

SWCNTs attached noncovalently to doxorubicin
were then used for in vitro and in vivo experiments. The
SWCNT-doxorubicin complex showed greater toxicity
than doxorubicin alone to cancer cells in vitro, suggesting
doxorubicin release from the SWCNTs inside cell endosomes
and lysosomes. In one in vivo study, doxorubicin alone and
SWCNT-doxorubicin were injected into SCID mice bearing
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Raji lymphoma xenografts. The mice were sacrificed 6 hours
after injection, and the major organs were investigated for
doxorubicin content. A larger amount of doxorubicin was
found in the organs when the drug was conjugated to CNTs.
This study also showed that doxorubicin was successfully
delivered by SWCNTSs to target organs in mice.*

Loading CNTs with anticancer
drugs
Filling CNTs with an appropriate anticancer drug is another
method of delivering anticancer therapy. According to
Arsawang et al, a CNT with a diameter of 80 nm can hold
up to 5 million drug molecules.'® Several strategies have
been used to incorporate drugs into CNTs. One of these
methods is steered molecular dynamic simulation. The
general principle of steered molecular dynamics involves
applying an external force to particles in a specific direc-
tion by use of harmonic (spring-like) restraint in order to
create greater change of the particle coordinates. In an
experiment carried out by researchers in Thailand, gem-
citabine, an anticancer drug, was loaded onto SWCNTs
using a steered molecular dynamic technique. Following
application of force to the gemcitabine, it was shown that
the cytosine ring of gemcitabine formed —m stacking on
the internal surface of the CNT with 25 Angstrom far from
one end of the SWCNT.!®

The wet chemical technique is also commonly used.
An example of this method comes from a study in which a
1 mg/1 mL suspension of open-ended CNTs was placed in
a 10 mg/1 mL carboplatin solution, with sonication of the
mixture for 10 minutes, followed by stirring for 24 hours.
Optical investigations of the sample obtained was per-
formed using transmission electron microscopy (Figure 3),
energy dispersive X-ray analysis, electron energy loss
spectroscopy, and X-ray photoelectron spectroscopy, all of
which established the presence of carboplatin inside the
CNTs. The quantity of carboplatin was also determined by
inductively coupled plasma optical emission spectrometry.
After a considerable number of investigations at tempera-
tures of 30°C—90°C, researchers in Germany found that
the amount of drug loaded onto CNTs increases at higher
temperatures, and that when the temperature exceeded
70°C, the concentration of anticancer drug inside the CNT
increased dramatically (Figure 4). A disadvantage of load-
ing CNTs using the wet chemical technique is that some of
the drug binds to the exterior of the CNT. To avoid this, it
has been suggested to coat the CNTs prior to loading and
subsequently wash them with water and ethanol.®
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Figure 3 Loading anticancer drugs onto carbon nanotubes. A wet chemical approach
is applied in which the capillary is the driving force for incorporating the anticancer
drugs into the open-ended carbon nanotubes.*

Adapted from Nanomedicine (Lond), Hampel et al, Vol 3, Issue 2, pp. 175-182.
Copyright (2008) Future Medicine Ltd. Reproduced with permission.

To determine the release profile of carboplatin-loaded
CNTs, the conjugates were added to Dulbecco’s modified
Eagle’s medium at varying pH for 14 days. Atomic absorp-
tion spectrometry was then used to measure carboplatin
release into the culture medium. At day 0, only 3%—5%
of the carboplatin was released, whilst approximately 55%
and 68% (at pH 5 and pH 8, respectively) of the carboplatin
was released from the CNTs after 14 days. This indicates a
gradual and sustained release of carboplatin after loading
into CNTs and possibly enhanced carboplatin release from
carboplatin-loaded CNTs at higher pH values.*
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Figure 4 Relationship between temperature and anticancer drug loading. A larger
amount of drug can be loaded onto carbon nanotubes as temperature increases,
especially in the temperature range of 70°C-90°C.*

Adapted from Nanomedicine (Lond), Hampel et al, Vol 3, Issue 2, pp. 175-182.
Copyright (2008) Future Medicine Ltd. Reproduced with permission.
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Cellular targeting and uptake
of CNTs

The question arises as to how anticancer drug-loaded CNTs
can recognize their site of action and the routes by which
CNTs can be delivered to target cells. A number of methods
have been used by various research groups to investigate how
the anticancer drug-loaded CNT might recognize the cancer
cell. One of the major techniques used involves coating the
surface of the CNT with a particular antibody having affinity
for the target cancer cell.

According to the National Institute of Standards and Tech-
nology, all antibodies that have been used for cell targeting
have been monoclonal IgG antibodies. However, experiments
have recently been carried out using IgY as a substitute for
IgG. IgY has shown some biochemical, immunological, and
production-related advantages in comparison with 1gG.*¢
Other observations show that the attachment of antibodies to
the CNT surface does not lead to alteration of antibody specific-
ity for the target cell. It has been shown that the antibody can
successfully deliver anticancer drug-loaded CNTs to the site
of action. For example, Ashcroft et al found that more than 40
CNT-anti cancer drug complexes could be targeted as a result of
coating the CNT with ZME-108, a specific type of skin cancer
antibody.’ In another experiment, a SWCNT functionalized
by PEG and rituxan (the monoclonal antibody against CD20,
found primarily on B cells), selectively targeted the CD20 cell
surface receptor on B cells with little binding to T cells."?

In addition to coating CNT successfully with functional
groups, such as antibodies, to achieve cell specificity, another
important issue is being able to track the course of CNTs in

L-MWNTs S-MWNTs

the living organism. For this purpose, quantum dots, which
have the ability to generate fluorescence when exposed to
certain wavelengths of light,* and have been functionalized
to the walls of CNTs.

There is still debate about the exact mechanism by which
CNTs enter cells. However, two main routes have been described
in the literature. These are passive diffusion of CNTs through
the lipid bilayers of the cell membrane and attachment of CNTs
to the external cell membrane, resulting in its absorption by the
cell using an energy-dependent process, such as endocytosis.
The exact mechanism of CNT uptake is determined by vari-
ous factors, such as size, shape, degree of dispersion, and the
formation of supramolecular CNT complexes.

One group of researchers has reported that small CNTs
with a length of up to 400 nm are internalized by a diffusion
mechanism and that CNTs larger than 400 nm in length are
internalized by endocytosis.* It has also been suggested that
CNTs attached to large proteins, such as streptavidin, staphy-
lococcal protein A, or bovine serum albumin, are taken up
via endocytosis, whereas CNTs attached to small molecules,
such as ammonium, methotrexate, or amphotericin B, enter
cells by a diffusion process."

MWCNTs and SWCNTs differ in their mechanism of
cell penetration. Confocal microscopy imaging has shown
that SWCNTs have the ability to be internalized into cells,
whereas MWCNTs are excluded from the interior of the
cell. Size of the CNTs also influences their cellular uptake
and fate, because long SWCNTSs are shown to be localized
in the cytoplasm, whilst short SWCNTSs are transported into
the nucleus (Figure 5).%°

L-SWNTs S-SWNTs

20pm

Figure 5 Confocal microscopy shows that the single-walled carbon nanotubes have the ability to be internalized into the cells whereas the multiwalled carbon nanotubes
are excluded from the interior. Also in terms of the influence of the size it has been shown that the long single-walled carbon nanotubes are localized only in the cytoplasm

but the short single-walled carbon nanotubes are transported into the nucleus.*

Adapted from Kang et al: Cell response to carbon nanotubes: Size-dependent intracellular uptake mechanism and subcellular fate. Small. 2010. Vol. 6. pp. 2362-2366.

Copyright Wiley-VCH Verlag GmbH & Co KGaA. Reproduced with permission.
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Drug release from CNTs

An important aspect of CNT drug delivery systems is the
mechanism by which drug is released to target the cancer
cell upon entry of the CNT-drug conjugate into the cell.
Different modes of drug release from CNTs in the targeted
cell have been described in the literature. Substantial data
describing the rate and amount of drug release from CNTs
are lacking. Different reports have shown that once the drug
is loaded into the CNT, it will be excreted from the tube into
the cellular environment,'* but there is no accurate quanti-
fication of the amount of drug released.?! One of the novel
ideas is to load CNTs with drugs and seal the two ends of the
CNT with molecules that can be cleaved off intracellularly.
Alternatively, the drug can be attached to the CNT through
a linker, such as disulfide, which is susceptible to cleavage
under the influence of various factors, such as pH changes,
heat, and reducing agents.*'? It has been observed that, as
the environmental pH becomes acidotic, more doxorubicin
is released from the CNT-doxorubicin conjugate. At a pH of
5.5, the approximate release of doxorubicin from the CNT is
approximately 40% in 1 day. Because the microenvironment
of the extracellular tumor tissue and intracellular lysosomes
and endosomes is acidotic, release of doxorubicin in these
environments occurs with a higher magnitude.*

In a similar experiment, small interfering RNA (siRNA)
was attached to the CNT surface with the aid of disulfide
bonding and delivered to the targeted cell. The results of
this experiment showed that, on endocytotic entry of the
CNT-siRNA, the disulfide bond was cleaved off by the thiol-
reducing enzyme and siRNA was released. This process was
aided by the acidic pH in the lysosomes.>

Functionalization Drug loading
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Apart from an acidic environment, the element of heat can
also be useful for the release of drugs. CNT was initially reacted
with acid to form carboxyl groups at the open ends of the CNT
tube, and (2-aminopethylthiol)-2-thiopyridine was then reacted
with CNT-COOH to form thio-pyridine-functionalized CNT
ends. Following filling of the tube with fluorescein, the tube was
then sealed by the addition of silica nanospheres. The silica was
conjugated to the ends of the CNT by means of thiol groups.
CNTs were shown to reopen after exposure to heat as a result
of cleavage of the disulfide bonds. Once opened, the contents
were released. In other words, controlled cap ejection governs
the release of contents within the CNTs (Figure 6).3

CNTs in thermal ablation

of cancer cells

There is much interest into the use of CNTs in conjunction
with radiofrequency and laser therapy in cancer treatment.
Thermal ablation represents a potential form of cancer
therapy that is noninvasive and harmless to normal cells,
with high efficacy.

This section looks into the ways in which cancer cells
can be ablated using high temperature. Generally, the ther-
mal ablation method involves heating cells at temperatures
above 55°C, which results in coagulative necrosis and protein
denaturation of the cell, thus disabling functioning of the
targeted cells.?!**

Over the last 3 years, research has been conducted into
the development of nanostructures that produce heat on acti-
vation by near infrared optical excitation. These particular
nanostructures would be able to target the malignant tumor
site specifically and selectively ablate tumor cells, leaving

Sealing by silica
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Figure 6 The picture illustrates that the silica can be used to seal the two ends of the drug-loaded carbon nanotubes (CNT). This is used to allow the drugs to be released

in controlled manner.
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nearby healthy tissue relatively unharmed, providing a far
less invasive alternative to surgery.

Exposure to modalities, such as near infrared, leads to
cell death by irreversible protein denaturation or plasma
membrane damage as a result of temperatures reaching over
40°C. This form of therapy has been shown to be efficacious
for the treatment of numerous malignancies, including those
of the lung, liver, and prostate. Zavaleta et al observed that
a modest temperature increase of 3°C—5°C was sufficient to
cause protein denaturation in cells, leading to the death of
malignant cells.’® The transmission of laser beams could be
divided into two different types, ie, short laser nanosecond
exposure and long laser exposure. Nanosecond exposure
is usually used for the ablation of metastatic or individual
tumor cells. Although temperatures using this method
can reach a maximum of 300°C, its nanosecond exposure
ensures minimal damage to surrounding tissues.*® The
second method requires a few minutes of laser exposure and
is generally used for ablation of primary cancer cells that
are relatively large in size. The latter usually disables cell
function by thermal protein denaturation and, unlike short
laser exposure, may affect healthy cells as well as cancer
cells. The temperature range for this type of laser is typically
45°C-65°C. To overcome the risk of death of healthy cells,
researchers at Arkansas University produced a laser beam that
generates a higher temperature in the range of 80°C-95°C.
This is high enough to kill cancer cells but has a minimal
effect on surrounding healthy tissue due to the shorter
exposure time required.?’>” Targeted killing of cancer cells
using heat-generating lasers is performed in clinical practice
at present, but current techniques have problems, such as the
laser being a single point source of thermal energy that results
in uneven tumor heating, or production of tumor seeding
along the needle track that can result in tumor recurrence.?!
Various experiments have shown that CNT-mediated
thermal ablation can overcome such limitations and gener-
ate effective heating and thermal ablation of tumor cells.
Also, laser-stimulated CNT produces temperature gradients
that extend more deeply into the tissue than laser treatment
alone.*” Exposing CNTs to radiofrequency can also increase
the temperature of these materials. Gannon et al showed in
both in vitro and in vivo experiments that once CNTs are
exposed to radiofrequency they can thermally destroy cancer
cells® (Table 3).

One way of finding out more about the effects of
temperature changes in organs and of understanding whether
the tissues are affected by heat production is to conduct a
heat shock protein analysis. Heat shock protein works as

an endogenous marker of thermal stress and is induced by
elevated temperature (typically in excess of 43°C). Research-
ers have shown that when cancer cells are exposed to laser
alone, heat shock protein expression is induced proximal to
the incident laser and gradually diminishes more distal to
it. In contrast, when the laser is exposed to CNTs, the heat
generated from these materials is high enough to increase
the surface temperature of the cells and cause coagulative
necrosis. As a result, heat shock protein induction is seen in
deeper tissue, indicating that CNTs can be used to extend
the depth of thermal therapy.>

The temperature of CNTs can increase to over 60°C
within 2 minutes when they are exposed to near infrared
wavelengths of 700—1100 nm.?! At the same time, it has been
found that, because of the lack of specific chromophores,
normal cells and biological systems are highly transparent
to this range of wavelengths. This has led to recent interest
in the effect of near infrared light on CNTs used for thermal
treatment of cancer. Carrying out the experiments in vitro is
crucial, but there are critical issues in conducting the same
experiments in vivo. For example, it is imperative to delineate
the difference between using CNTs for thermal ablation of
cancer cells in vitro as opposed to in vivo.

In one experiment, a group of mice were injected with
human epidermoid cancer cells. Once the size of the tumor
reached 70 mm?, functionalized CNTs were injected into
the tumors which were then exposed to near infrared. The
results showed that the cancerous cells treated with CNTs and
near infrared light disappeared within 20 days (Figure 7).
It was also shown that a local rise in temperature increased
the permeability of the tumor vasculature which may be
advantageous for selective delivery of drugs to the tumor
site from the systemic circulation.>*?

In addition to CNT, magnetic nanoparticles can also be
used for thermal treatment of cancer. Magnetic nanoparticles
can be localized in deep tissue, an external magnetic field
can then fix them at a specific position, and alteration of
the AC field can be used to change the temperature of the
magnetic nanoparticles. However, toxicity and oxidation of
the magnetic nanoparticles in the biological setting must be
avoided.

Insertion of magnetic nanoparticles inside the CNTs
could be a way to overcome this issue. The CNT could act as a
shell, protecting the biological environment against oxidation
and toxicity of the magnetic nanoparticles. The other benefit
ofusing CNTs is the fact that the magnetic properties of these
materials are not altered by their insertion into CNTs, and so
they can still be used for thermal ablation of cancer.®
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Table 3 Thermal ablation using carbon nanotubes. Effect of various wavelengths and power of near infrared laser on temperature

change of different types of carbon nanotubes in an in vivo experiment

CNTs Cell type In vitro/in vivo  Cancer type )\ NIR/Power Antibody Outcome/comments
SWCNTs* HER2-expressing, In vitro Breast cancer 820 nm, 0.8 W/m?, Horseradish Increased cytotoxicity
SK-BR-3 cells 7 minutes peroxidase- with SWCNTs NIR radiation
labeled 1gG
SWCNTs* Daudi cells In vitro Burkitt’s 808 nm, 5 W/em?, anti-CD22 mAb;  Increased cytotoxicity
lymphoma 7 minutes CD22, CD25 P < 0.05
MWCNTs™ - In vitro - 650 nm/2.5 mW - Temperature increase
1064 nm/390 mW 7°C above controls
Temperature increase
of >100°C above controls
SWCNTs® KB cells In nude mice Human 808 nm, 3.8 W/ecm® - Intratumoral injection of PEG-
epidermoid SWCNTs and NIR irradiation
mouth cancer resulted in tumor death after
20 days
SWCNTs* CT26.WT cells In mice Colon 808 nm, 4 W/cm?, - Complete regression
carcinoma 3 minutes Mice remained healthy and
tumor-free > 90 days
after treatment
SWCNTs* Daudi cells In SCID mice Burkitt’s 805-81 | nm, Mouse IgG mADbs stably attach to CNTs,
lymphoma 9.5 W/em? antihuman mAb-CNTs are well dispersed;
CD22 (RFB4) mAb-CNTs bound specifically
and antihuman to target cells; resulting in
CD25 (RFT5) thermal ablation. P < 0.05
MWCNTs*  Kidney cells In vitro and - 1064 nm, 3 W/cm? - Treatment with MWCNTs
in vivo (single 30 s and NIR translated into
treatment) inhibition of tumor growth
and long-term survival
SWCNTs? Hela cells In vitro Cervical 808 nm, 3.5 W/cm? Folate receptor Selective internalization of
cancer tumor markers SWCNTs into cells with specific
tumor markers leading to
selective cell death after
NIR radiation
SWCNTs* HER2-expressing  In vitro Breast 808 nm, 5 W/cm? Anti-HER2 Increased cytotoxicity
cancer cells carcinoma for 2 minutes chicken IgY
antibody

Abbreviations: CNT, carbon nanotubes; NIR, near infrared; SWCNTSs, single-walled carbon nanotubes; MWCNTSs, multiwalled carbon nanotubes; mAb, monoclonal

antibody; A, wavelength.

CNTs in gene therapy

As mentioned in the previous section, drug delivery is one of
the main applications of CNTs for the treatment of cancer. It
has also been discovered that gene delivery, leading to gene
therapy and eventually the treatment of cancer, could also
be achieved using CNTS.%

As avery general definition, gene therapy involves transport
of the correct gene by viral or nonviral vectors to the affected
area. However, the problem with viral vectors is side effects
on the cells, such as inflammation and undesired immune
responses. Nonviral vectors, such as liposomes and micropar-
ticles, seem to be a safer option, but can also have problems
related to a poor pharmacokinetic profile of the administered
oligonucleotide and conjugated plasmid DNA.% In other words,
due to the lack of ability of nonviral vectors to reach and cross

the nuclear membrane, the efficiency of gene expression by
these vectors is lower compared with viral vectors.?>6463

CNTs seem to represent a very good nonviral vector
for gene therapy, because they can cross the cell membrane
by an endocytosis process, and also, because of the func-
tionalization of CNTs, the DNA can be transferred without
any degradation.®® One of the relevant experiments has
investigated delivery of siRNA for treatment of tumor cells
using functionalized MWCNTs and liposomes. The findings
showed that the siRNA delivered via MWCNTs achieved
significant inhibition of tumor growth.*”

Toxicity of CNT

From much research carried out over recent decades, mankind
has seen vital and beneficial changes in science, and one of
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Figure 7 Regression of tumor via thermal ablation. (I) Thermal ablation and subsequent regression of tumor was seen when near infrared was administered with single-walled
carbon nanotubes. There was an increase in size of tumor for untreated (ll), near infrared alone (lll), and carbon nanotubes alone (1V).
Reprinted with permission from ACS Nano, Moon et al, In vivo near-infrared mediated tumor destruction by photothermal effect of carbon nanotubes. Vol. 3, pp. 3707-3713.

Copyright (2009) American Chemical Society.

Abbreviations: PEG, polyethylene glycol; SWNT, single-walled cartoon nanotubes; PBS, phosphate-buffered saline.

the most important of these has been nanotechnology. With
its promising applications, nanotechnology has demonstrated
to scientists that it has the potential to revolutionize many
scientific disciplines. CNT is one of the interesting areas
of nanotechnology, due to its many physical and chemical
properties mentioned in the previous sections.®

There are many benefits of CNTs, but alongside the posi-
tives comes a few drawbacks. One of the main concerns for
researchers is the fact that nanoparticles, especially CNTs,
could be hazardous to human and environmental health.®
Therefore, this technology must be monitored in order to
assess the potential risk it may hold, and nanotoxicology
studies of CNT should be undertaken to investigate the safety
of these nanoparticles.

According to different investigations, various factors,
such as size of the nanoparticles, and their surface chemistry,
dosage, morphology, and chemical components, impact the
magnitude of their toxicity. Clearly, the toxicity of CNTs
has to be kept at a certain level in order for this technol-
ogy to be safe. Researchers are always interested in finding
new ways in which they can adjust toxicity levels to protect
human health.

Various factors impact the toxicity of nanoparticles.
It has been shown that, as the particle size decreases, the
surface area of the particles increases. This means that
there will be more area available for chemical interactions
to take place, which would enhance the toxicity of the
particles.®°

Various investigations have been carried out on sur-
face chemistry and chemical components of CNTs. These
investigations have shown that, despite the biological
advantages of these materials, there are also limitations to
their biomedical usage because their surfaces are severely
contaminated with metal catalysts and amorphous carbon.
One of the studies showed that when murine epidermal cells
were exposed to unpurified SWCNTS containing 30% iron,
significant dose-dependent activation of transcription factor
AP-1 occurred. However, when SWCNTs containing 0.23%
iron were added to the same epidermal cells, no significant
changes in AP-1 activation were detected. In other words,
when there is a large amount of iron present on the surface
of SWCNTs, changes in AP-1 are more easily detectable than
when there is hardly any iron present.”

The functionalization process refers to the attachment of
appropriate molecules to the CNT surface in order to make
these materials less toxic and more biocompatible.” Different
studies have shown that a high degree of functionalization
dramatically reduces the toxicity of CNTs. This is a desirable
feature, and needs further research to avoid the problem of
toxicity.” The amount of nanoparticles entering the body
also has a major impact on toxicity. Results have shown
that, regardless of the size of the particles, a high dose of
nanoparticles would be toxic to the body.

A number of studies have been done by different
research groups on toxicology of CNTs in vitro. The
results have suggested that, upon addition of CNTs to cells,
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genes involved in cellular transport, metabolism, cell cycle
regulation, stress response, inflammation, and the immune
response may be activated. It has also been suggested that
addition of CNT could activate genes enabling the cell death
program to commence. According to various researchers,
upon addition of CNTs to cells, CNTs could enter the cells
and be toxic to their functions.”™ This would have negative
implications for the genetic makeup of the cell. Therefore,
further research needs to be done in order to reach defini-
tive conclusions.

In another experiment, five concentrations ranging from
0.25 to 100 ug/mL of SWCNTs, MWCNTs, and carbon
black were added to RAW 264.7 cells obtained from mice.
Results of transmission electron microscopy showed that
CNT incubation can eventually induce cell necrosis and
apoptosis. Also, 24 hours after addition of CNTs to the RAW
264.7 cells, transmission electron microscopy indicated
more phagocytic activity in comparison with normal cells,
as shown by changes in nucleus morphology.”™ However , as
mentioned earlier, the functionalization technique used will
dramatically attenuate the toxicity of CNTs.”

Morphology of the particles also plays a major role in their
toxicity.” As an example, the CNTs are known to have a high
length to diameter (aspect) ratio, which means that they have
the characteristics of both nanoparticles and fibers. Given that
CNTs have fibrous characteristics, an extremely high aspect
ratio, and low solubility, their behavior can be likened to that
of asbestos.®” Fibers are defined as elongated structures with

125

an aspect ratio =1:3, a length >5 um, and diameter = 3 um.
The aspect ratios of CNTs have been found to be up to 100.”
The apparent similarities between CNTs and asbestos have led
to several groups spearheading investigations into the effects
of CNT exposure on the respiratory system. Due to the size
of the CNTs, these particles can easily become airborne and
inhaled.” It has been suggested that widespread distribution
of CNTs in the respiratory system could lead to symptoms
similar to those that develop after exposure to asbestos.”
Inhalation of asbestos fibers is known to induce chronic
inflammation, scarring of the lungs (asbestosis), and malig-
nant mesothelioma.® It has been reported that CNTs delivered
to the abdominal cavity of mice can induce a response similar
to that associated with exposure to asbestos fibers.”

In an experiment carried out in the US, mice were intra-
tracheally instilled with a single dose of CNTs 0, 0.1, or
0.5 mg, using carbon black as a negative control and quartz
as a positive control, and euthanized 7 or 90 days later for
histopathological study of the lungs. The results showed that
CNTs were much more toxic to the lungs at all concentrations
in comparison with carbon black and quartz. The CNTs also
induced epithelioid granulomas in a dose-dependent manner,
and, in some cases, caused interstitial inflammation. Peribron-
chial inflammation and, in some cases, necrosis extending
into the alveolar septa was also observed.

In a similar experiment carried out in guinea pigs
by a group of researchers at Peking University, various
concentrations of SWCNTs, MWCNTs, and C60 were added
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Figure 8 The biodistribution of carbon nanotubes in different organs. A high biodistribution of carbon nanotubes is seen in the liver, spleen, and lung.
Reprinted with permission from | Phys Chem B, Yang et al, Biodistribution of pristine single-walled carbon nanotubes in vivo. Vol. |1, pp. 17761-17764. Copyright (2007)

American Chemical Society.
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to alveolar macrophages. Cytotoxicity testing showed that,
as the CNTs dose increased, more cells became affected by
toxicity, demonstrating that necrosis occurs more frequently
with increasing CNT dosage. SWCNTs also produced
greater toxicity in comparison with MWCNTs at the same
doses. Unlike MWCNTs and SWCNTs, C60 did not show
any toxicity.”

Once nanoparticles are inhaled, they deposit on the
surface of the lungs and interact with lung surfactants.
Upon deposition, they either penetrate the lung tissues or get
phagocytosed.”” CNTs have been associated with defective
phagocytosis, leading to chronic inflammation,* most likely
because of their high aspect ratio, which is a property they
have in common with asbestos.®!

In another experiment, 50 ug of nonfunctionalized
MWCNTs of different lengths was dispersed in saline with
bovine serum albumin and injected into normal mice intrap-
eritoneally, MWCNTs with lengths >20 um accumulated in
significant amounts in the diaphragmatic mesothelium, unlike
entangled nanotube aggregates or negative control-containing
compounds with low aspect ratios and not needle-shaped.
This result would indicate that because the long-length CNTs
could not be engulfed by macrophages, they would have a
higher risk of toxicity.”® A major question that remains to be
answered is the fate of CNTs in biological systems (Figure 8).
There is evidence to suggest that the clearance rate of CNTs
in the body is rather low, which could lead to the formation
of granulomas.*

Conclusion and future directions

The advent of nanotechnology in biological systems heralds
a new chapter in the field of regenerative and translational
medicine.®® The novel properties of CNTs allow them to
be multifunctional therapeutic agents in cancer treatment.
However, one major hurdle that needs to be addressed is the
issue of toxicity. It is highly probable that functionalizing
CNTs would allow them to be biocompatible for clinical
applications. Despite this, the advances made in both in
vivo and in vitro animal models, however small, are very
real and are of great significance in our understanding of the
biological effects of nanoparticles. Therefore, more rigorous
in vitro and in vivo testing is not only worth pursuing, but
very necessary.
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