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Abstract

Carbon nanotubes (CNTs) have recently emerged as a new option for possible use in methodologies of cancer treatment, bioengineering,
and gene therapy. This review analyzes the potential, through possible toxicologic implications, of CNTs in nanomedicine. Generally, proven
success in other fields may not translate to the use of CNTs in medicine for reasons including inconsistent data on cytotoxicity and limited
control over functionalized-CNT behavior, both of which restrict predictability. Additionally, the lack of a centralized toxicity database limits
comparison between research results. To better understand these problems, we seek insight from currently published toxicity studies, with
data suggesting postexposure regeneration, resistance, and mechanisms of injury in cells, due to CNTs.

From the Clinical Editor: Carbon nanotubes (CNTs) have recently emerged as a new option for cancer treatment, bioengineering, and
gene therapy. Inconsistent data on cytotoxicity and limited control over functionalized-CNT behavior currently restrict predictability of

such applications.
© 2010 Elsevier Inc. All rights reserved.
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Carbon nanotubes (CNTs), in both the single-walled and
multi-walled (SWCNT and MWCNT) forms, are widely
considered to be the wonder materials of the 21st century and
bring new paradigms to diverse fields including electronics,’
structural integrity,” biomedical engineering,*>" tissue engi-
neering,” drug delivery,’ nanoinjectors,” mneuroengineering,®
gene therapy,” and biosensor technology.'® Several reviews of
CNTs regarding their methods of synthesis''"'> and their
superior mechanical, chemical, and electrical properties exist in
the literature.'""'*"!' In this article, we focus on the attributes
relevant for the practical application of CNTs in biomedicine.

An example of the utility of CNTs in biomedicine is their
relatively large length-to-diameter aspect ratio (which can exceed
10°, with an average length of 1 mm and diameter ~1 nm) with a
very large surface area, which makes CNTs amenable for high-
sensitivity molecular detection and recognition. Consequently, a
large fraction of the CNT surface can be modified with functional
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groups of various complexities, which would modulate its in vivo
and in vitro behavior.

In spite of such attractive features, the toxicity of CNTs is a
prime concern, with several groups pointing to their similarity to
asbestos fibers.'® CNT toxicity in both in vivo and in vitro
studies has been attributed to various factors, for instance,
length, type of functionalization, concentration, duration of
exposure, method of exposure, and even the dispersant used to
solubilize the nanotubes. Yet many studies also seem to suggest
that such attributes for CNT toxicity are unfounded. These
inconsistencies seem to arise largely due to differences in
experimental protocol, and whereas some points of view have
been reconciled, most aspects of CNT toxicity remain uncertain.
This review then aims to synthesize and further analyze
representative data on toxicity by first considering how CNTs
are designed for biomedical purposes, how this process itself can
promote toxicity, and the behaviors of these CNTs when in
clinical use, which all combine to explain the current toxicity
profile of CNTs. A fresh evaluation of these studies yields new
insight into CNT toxicity, with emphasis on issues such as cell-
specific tolerance, rates of toxic events, mechanism of cell
injury, and organ-specific biodistribution. Additionally, we
hope that this review will stimulate further research into the
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Figure 1. A diversity of functionalization schemes, either at the ends or sidewalls, can be used for engineering the solubility and dispersion of carbon nanotubes
(CNTs). This includes (/) acid refluxing to open CNT ends, (2) addition of reactive species, such as fluorination, which could be further followed by (3)
amidization and (4) attachment of biologically relevant groups such as amino acids and proteins.

fundamental aspects relevant for nanotube application, such as
intrinsic defects, methods of synthesis, nature of the functional
group, and so forth, all of which underlie biocompatibility issues
and eventual widespread application.

Modifying CNTs for use in medicine

As CNTs are intrinsically not water soluble, modification
through chemical functionalization using suitable dispersants and
surfactants can enhance solubility to the range of g/mL* and is
essential for their controlled dispersion. For example, constituent
polar molecules can render CNTs soluble, whereas nonpolar
moieties make CNTs immiscible. Such processes have proved
especially important in that nonsolubilized CNTs have been
found to cause cell death in culture.'”"

Additionally, the tubular, vesicle-like character of CNTs has
been used for drug containment®>?! and focused drug delivery in
clinical trials (eg, for the dispersal of cancer drugs for localized
tumor treatment®”). Consequently, CNTs are also amenable for
nano-sized platforms, whereby functional groups that would
normally not coincide (eg, like antibodies,” polyethylene
glycol,>* and cancer medication®) can be brought together.
Functionalization, through the attachment of different functional
groups, has also made it possible to create nanotube-based

moieties with complex behavior (eg, a drug-delivery vehicle that
can traverse the plasma membrane, and release the drug in a
target organelle®®).

The underlying process of functionalization involves the
selective breaking of C = C bonds in the CNT and is often done
through oxidation (eg, refluxing in nitric acid or through
electrochemical modification) resulting in carboxyl groups that
could then be used as subsidiary sites for addition reactions.
Whereas CNTs synthesized through arc discharge and laser
ablation have closed ends, chemical vapor deposition (CVD)
synthesized nanotubes have open ends with dangling bonds that
are highly susceptible' to chemical reaction. These defect sites
are often constituted by carboxyl and hydroxyl groups in
aqueous solution.* A few examples of such functionalization
schemes are illustrated in Figure 1 and representative toxicology
studies depicted in Table 1. In addition to oxidative mechanisms,
other means of modifying CNTs include substitution reactions
with reactive species (eg, yielding fluorinated nanotubes®’).

Most functionalization schemes depend on the presence of
defects (both neutral and charged) along the CNT morphology,
which determines the supporting reactions.”®>° Figure 2
provides a schematic overview of the role of defects vis-a-vis
their understood toxicity influence. Vacancies, nonhexagonal
ring members (eg, pentagon-heptagon pairs constituting Stone-
Wales type defects), interstitials, and rehybridization defects



Table 1

Toxicity study of various carbon nanotube solubilization/functionalization
schemes of biologic interest

Solubilizing agent Toxicity Reference

Tetrahydrofuran Tumorigen, mutagen Hu et al [94]

Dichlorobenzene Very harmful to Hu et al [94]
aquatic organisms

Dichlorocarbene Harmful Hu et al [94]

Anthracene
Chitosan
Pyrene

Polyethylene glycol

Lysozyme (ie, chicken
egg white)
Peroxidase
(horseradish)
Taurine

Helical amylase
Barbituric acid

Sodium cholate
Zn-porphyrin

Poly

(phenyleneethynylene)

Poly(aminobenzene
sulfonic acid)
Poly(acrylic acid)

Possible tumor promoter

Mostly safe
Carcinogenic,
mutagenic

Acute oral and dermal
toxicity, mutagenic
Unknown

Unknown

Safe up to

~28.57 mg/mL
Unknown

Not pharmacologically
active

Unknown

Unknown but more
toward the safe side
Possible antimicrobial
properties

Hazardous to blood,
nervous system, liver
Severely irritating
and corrosive

Hedderman et al [95]
Tkac et al [96]
Guldi et al [97]
Zhao et al [98]
Asuri et al [99]
Asuri et al [99]

Wang et al [100]

Kim et al [101]
Tkeda et al [102]

Ishibashi et al [103]
Cheng et al [104]

Mao et al [105]
Zhao et al [98]

Liu et al [106]

Thiolated organosilane ~ Unknown Bottini et al [107]
Phenyl ethyl alcohol Topical irritant Dumonteil et-al [108]
n-octyl-beta-d-glucoside ~ Unknown Ishibashi et al [103]
n-decanoyl- Unknown Ishibashi et al [103]
N-methylglucamide
Triaminopyrimidine Unknown Roberts et al [109]
Lysophophatidylcholine ~ Unknown Roberts et al [109]
Sulfonated polyaniline Unknown Zhang et al [110]

have been considered in terms of CNT electrochemistry,’' as
well as potential sites for bonding with biologics such as
peptides and enzymes.* Electron transfer between the CNTs and
the solution can also be used to generate highly reactive species
in situ and for tailoring local polarity and/or hydrophobic/
hydrophilic character. This can be done simply through the
application of a constant current to a CNT-based electrode. As an
example, polyurethanes can be coated onto amino-functiona-
lized CNTs by in situ polycondensation of diisocyanate [4,4'-
methylenebis(phenylisocyanate)] and 1,6-diaminohexane, fol-
lowed by the removal of free polymer via repeated filtering and
solvent washing.*> In this case, the covalent attachment of
molecules onto the CNT surface only relies on the exchange of
electrons between the molecule and the CNT carbon bonds and
less on the presence of defects.

Toxicity at the level of fabrication and functionalization

Each CNT could be intrinsically different due to limitations on
the fabrication of structurally identical CNTs with minimal
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Figure 2. Defects and associated intrinsic/extrinsic charge on CNTs play a
major role in their interaction with the environment and can be implicated in
toxicity. As an example, Fe catalyst residue from CNT growth can catalyze
generation of superoxide species that can damage cell components.

impurities.”® Subtle variations in local and overall charge,
catalyst residue (typically Fe, Co, and Ni), and length of
individual nanotubes are three representative issues that preclude
precise use of CNTs in the biomedical sciences.

Uncontrolled binding of CNTs to charged biologics

It has been estimated that there is a 1% to 3% chance of
finding nonhexagonal (seven- or five-membered) rings randomly
distributed along a CNT surface over a length of 4 um.** It has
then been postulated that either deficit or excess charge may be
present around the odd-membered rings, which causes deviations
from neutrality. Although such charge modulation has been
exploited for interesting applications,*>* studies have shown
that the type of charge and charge density on a functionalized
nanotube can affect cellular interaction.’’** For example, the
amount of DNA, and the strength, with which DNA strands bind
onto a CNT depends on nanotube charge density, which varies
with fabrication.”® Such effects can limit predictability (eg, if
CNTs are used for gene therapy).

Inorganic residues act as catalysts in vivo

Extrinsic defects, such as catalyst residue, could also be
harmful to biomedical application. As Fe and Ni catalysts used
for CNT production can constitute 25% to 40% of the CNT by
weight,* these embedded metals can catalyze oxidative species
in cells and tissue through free radical generation.'”***' The
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oxidative species generated during a natural inflammatory
response can interact with these transition metals to trigger
redox-cycling cascades that deplete endogenous antioxidants
and cause oxidative damage to tissue.*'** Such processes can
occur after the CNTs are engulfed by macrophages; for
example, when the enzyme nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH oxidase) is activated inside the cell
to produce superoxide O species—a highly reactive radical
capable of killing bacteria and fungi. The Fe-based catalyst
residue can then react with the superoxide to form highly
reactive hydroxyl (OH") radicals (Figure 2), with the resulting
oxidative stress damaging cell proteins, lipids, and DNA. CNTs
with residual Co have noticeably caused chromosome damage at
4 pg/mL.* However, it was interesting to note that negligible
cellular damage was found to be caused by Ni,*** the reasons
for which need further study.

Toxicity of chemicals used to increase solubility

It is generally agreed that functionalized CNTs (f-~CNTs)
constitute a major improvement over unmodified, nonfunctio-
nalized (pristine) CNTs, as the latter are often reported to cause
adverse reactions from living tissue, whereas the former could be
much less toxic due to more biocompatible functional
groups.>*** Consequently, using f-CNTs allows for experi-
mentation with living cells through miscibility in cell culture,
adequate distribution in solution, along with the prevention of
aggregates. Whereas the lower toxicity of f-CNTs could make
them more practical, some studies have shown that the chemical
properties of some solubilizers and certain functional groups on a
CNT can also cause toxicity, with the possibility of altered
functionality. A representative compilation of the toxicity of
various CNT solubilization/functionalization schemes of biolog-
ic interest is shown in Table 1.

In this regard, it was observed'® that cytotoxicity was
diminished as SWCNT sidewall functionalization increased, for
example, using phenyl-SO3;H and phenyl-SO3;Na additives, and
that even at high concentrations (>2. mg/mL) there was
insignificant damage to cells. Further analysis indicates a
greater decrease of toxicity for functionalization with phenyl-
SO3;Na compared with functionalization with phenyl-SO;H.
However, SWCNTs with attached phenyl-(COOH), groups
manifested toxicity even at the 80 ug/mL level. The relative
rate of increase/decrease in toxicity is important in indicating
the extent to which the functionalization and safe dosage can
be regulated.

One also needs to understand whether the underlying cause of
toxicity in a certain f-CNT is due to the functional group, the
CNT, or due to the combination. As an example, poly-ethylene
glycol (PEG)—which by itself has been recognized to promote
spinal cord recovery in guinea pigs*’—when coupled to a CNT
(ie, PEG-functionalized CNTs) activates*® primary immune cells
(macrophages) and increases proinflammatory cytokines in
culture.?* In an associated study,49 100% mortality was observed
at ~12 hours in fat-head minnows after dosing of fullerenes
solubilized in tetrahydrofuran (THF) where the primary cause of
death was ascribed to the THF. Conversely, polyoxylethylene
sorbitan monooleate (PS80) dispersed CNTs were used with
human lung mesothelium (MSTO-211-H) cells with no toxicity

due to the surfactant.*® It is imperative to understand and catalog
such instances for the insight they may provide into nanotube/
tissue interactions so as to prevent accidental confounding of
data due to dispersant toxicity.>”

The size of the functional group also seems to matter. For
example, it was indicated that SWCNTs functionalized with
relatively large molecules (molecular weight >60 kDa) can
increase toxicity.”' Additionally, the uptake of large protein-
SWCNT conjugates was found to be extremely poor, whereas
the binding and intracellular transport of small to medium-sized
conjugates (mostly <80 kDa) yields higher levels of uptake, as
verified through cell cytometry.

Physical properties of the nanotube affect toxicity

The length and shape of the CNTs influence how well they
traverse the membrane of macrophages and determine the
resulting immunologic response.’>>® For example, shorter
CNTs (~0.22 um in length) were found to be better integrated
into macrophages and phagocytes than were the longer
(>0.8 pm) CNTs.>* It was found that most of the short CNTs
injected into subcutaneous tissue in rats were in the cytosol of
macrophages after 4 weeks, whereas the longer CNTs were still
free floating and causing inflammation.>* A complementary
study arrived at similar conclusions after intraperitoneal
injection of long- and short-length CNTs in mice.'® However,
through comparison, we see that the nontoxic length asserted in
the later study16 was ~10 pm, and the possible influence of
defects along the CNT length and its influence on toxicity would
be pertinent. In a related context, a lower concentration of larger-
diameter amphotericin B (AmB) conjugated MWCNTs were
found to be necessary to eliminate Candida albicans in a fungal
infection test compared with that of smaller-diameter AmB
conjugated SWCNTs.>”

A major source of discrepancy could again arise from the
differences from the defect and charge densities of the various
CNTs used in the experiments. It would then be prudent to
isolate CNTs with similar charge densities and lengths (eg,
through using an electrophoresis-based process prior to testing).

Mechanisms of interaction

Although much progress has been made in understanding
how CNTs traverse the lipid membrane of a given cell type, the
details of the proposed mechanisms are still debated. Such
considerations are important in that the failure to understand the
uptake mechanisms of nanoscale materials and their influence on
toxicity could create another level of unpredictability.45 To date,
two major mechanisms have been widely considered: (1)
endocytosis/phagocytosis™® and (2) nanopenetration (Figure 3).

Endocytosis’® represents the engulfing of an extracellular
particle by the cell, for example, viruses (~100 nm in size),
through the creation of a vesicle that is then integrated into the
cell. Phagocytosis is similar to endocytosis but usually involves
uptake of larger particles, such as bacteria (~1 pm), and is
characteristic to a subset of immune cells/phagocytes (eg,
neutrophils, macrophages, dendritic cells). These processes
are energy dependent and are hindered at low temperatures
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Figure 3. Either receptor-mediated endocytosis or nanopenetration, which is
functionalization dependent, are suggested as possible mechanisms for CNT
interactions with cells. Although preliminary studies have probed targeting
capability of CNTs vis-a-vis distinct organelles, the mechanism of excretion
is yet unknown.

and in low ATP environments.”” -Several studies implicate
endocytosis/phagocytosis as the cellular uptake mechanism of
CNTs.51:60-62

Nanopenetration is an energy-independent passive process,
where the nanotubes diffuse across the cellular membrane.*” In
this respect, it is similar to passive diffusion of nano-needles
from extracellular to intracellular space.>®*** It was also
posited that CNTs could behave similarly to cell penetrating
peptides (CPPs), which represent poly-cationic sequences that
enhance uptake of proteins into mammalian cells. An
interesting study® in this context was the passive penetration
of water-solubilized fluorescein isothiocyanate—attached CNTs
and G-protein—functionalized CNTs into fibroblasts and
keratinocytes at 37°C. Such investigations hint that f-CNTs
that resemble CPPs in morphology and possess an overall
charge may more likely penetrate the plasma membrane rather
than undergo endocytosis. Further experimental testing is

crucial in that the type of functionalization could ultimately
determine the precise mechanism.

How do CNTs cause toxicity?

In cases where CNTs have a toxic interaction with cells, the
mechanisms of toxicity are coming into focus. Results suggest
CNTs may cause harm to cells by activating many pathways at
once, mostly involving DNA damage.®® In one study,
mesothelial cells exposed to SWCNTs at concentrations
~25 pg/em’ activated DNA recovery along with changes in
the cell cycle and generation of apoptotic signals. Another
approach®” showed that most cells incubated with CNTs halt at
the G1 phase of the cell cycle. It was also observed that CNT/
DNA interaction was the preferred route of toxicity in a 3-hour
incubation study with 96 g SWCNT/cm?, which induced DNA
damage (through micronucleus generation) in lung fibroblasts.®®
It should be possible, through the observation of specific toxic
events that result from incubations with different types of
f-CNTs, to test for functional groups that reduce the severity of
such events.

Differential sensitivity of tissue to CNTs

In another study® aimed at understanding cytotoxicity of
pristine SWCNTSs in the liver, spleen, and lungs, it was observed
that indicators for oxidative stress due to SWCNTs [eg,
malondialdehyde (MDA) and glutathione (GSH) levels] in-
creased in a dose-dependent manner in the liver and lung,
whereas the stress remained relatively constant in the spleen as
nanotube dosage increased. If certain organs are sensitive to
CNTs in different ways, this creates another facet to consider
during the search for safe in vivo dosage.

Another area of research indicates that tumor cells interact
differently with CNTs than do wild-type cells.®® It was seen that
malignant mesothelial cells were able to maintain a dose-
dependent increase of stress-response proteins [activator protein
1 (AP-1) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB)] as a reaction to increasing toxicity
due to longer incubation with CNTs in culture, whereas normal
mesothelial cells had higher sensitivity (ie, produced a higher
level of similar proteins initially) but were unable to maintain
production under longer incubation. The latter are also more
sensitive to DNA damage by CNTs as confirmed by significantly
higher levels of the DNA repair protein poly(ADP-ribose)
polymerase (PARP). These studies suggest that cancer cells
could be bioactively prepared for an assault by CNTs and caution
our understanding of correct dosage.

In vitro toxicity: Dosage, tolerance, and regeneration

As with most biomedical research, in vitro tests for toxicity
pave the way for future applications in vivo. However, for CNT
application, it seems that in vivo studies have been attempted
while many questions from in vitro studies have been left
unanswered (eg, issues on overall safe CNT dosage for a
particular task and the sensitivity of particular cell lines). The
probing of such issues is relevant as there may not be a linear
relationship between mass and toxicity tolerance.
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Figure 4. Toxicity studies using different cell types remain inconsistent
because all studies used different nanotubes and did not compare CNT
toxicity between cell types. The illustration presents a possible intravenous
route of CNT circulation after injection: (/) Contact with flowing red blood
cells and plasma, and with vascular endothelium; (2) interaction with
contractile fibers of the heart wall; (3) ingestion into alveolar capillaries
(lung) and travel through the arteries via the heart; (4) localization to the
kidneys for excretion in urine; (5) interaction with cells of the ureter and
urethra; and (6) delivery close to tumor sites for CNT action (ie, drug and
gene delivery). As CNTs move into the interstitial space of tissue, excess
fluids, along with CNTs, are collected into the (7) lymphatic system and
recycled back into the blood to complete the circuit,- The effect of CNT
interactions at the (8) blood-brain arrier is still unknown.

Tests for a safe dosage

Table 2 presents a representative compilation from the
literature of cell viability subsequent to interaction with various
types and concentrations of f-CNTs. A few representative results
will now be discussed. Bianco et al® observed death in 50% of
HeLa (Henrietta Lacks) cells in culture, after a 6-hour incubation
with increasing doses of f-SWNTs and f-MWNTs at a
concentration of 5 to 10 mg/mL. This dosage was shown to be
excessively high by Pantarotto et al.”” On the other hand, a safe
concentration’' of CNTSs seems to be around 40 pg/mL as was
suggested through tests on T lymphocytes. Such a concentration
translates to approximately 10 individual CNTs per cell, based
on a mean length of 1 um and diameter of 40 nm.

Intrinsic cellular tolerance to toxicity

According to the published literature, toxicity and resistance
can occur within a CNT concentration range spanning six orders
of magnitude (ie, from 5 ng CNT/mL** to 10 mg CNT/mL'®)!
While differences in experimental methods are commonly

blamed for these inconsistencies, the reasons could be simpler:
CNTs used for experimentation span a large range of lengths
from nanometers to micrometers, with a corresponding range of
toxicity.54 An interesting issue in such studies is whether all the
CNTs were indeed in contact with the cell types.

Whereas a few in vitro studies assert that oxidative stress from
CNTs is a major result of toxicity, others suggest that certain
cells may have a tolerance level that can be directly measured.
For example,”” fibroblast cell cultures had an exponential
increase in reactive oxidative particles and DNA damage after
incubation in concentrations above 5 pg CNT/mL culture, but
any uptrend in toxicity before and up to the 5 ug CNT/mL point
was low. Other data’® shows a trend of lactate dehydrogenase
(LDH) release with low variability as CNT incubation
concentrations increased up to a concentration of 50 ug CNT/
mL at which point a strong uptrend in LDH release was
observed. Similar trends of negligible toxicity in the liver and
lung after intravenous exposure to CNTs of increasing
concentration were indicated’* through constant MDA levels
except in one condition (between the 200 pg/mouse and 1 mg/
mouse condition) when MDA significantly increased. The same
sudden upward inflection of MDA levels in primary mouse
embryonic fibroblast (PMEF) cells, after a steady level of low
toxicity that did not change with increasing CNT dosage, were
also observed in another study.”? Such a drastic relationship
between toxicity and CNT concentration could imply a distinct
boundary between low toxicity and a major toxic event when a
critical concentration specific to each cell type is reached,
indicating an innate degree of CNT tolerance.

Regeneration of cells postexposure

More fascinating than CNT tolerance is data revealing what
seems to be cellular regeneration postexposure. For example, in
one study,’’” mutant lung epithelial cell line (FE1-MML type)
cells were exposed to 100 pg CNT/mL concentrations in media
incrementally, where the CNTs were refreshed every 3 days.
Between 3 and 69 days, the number of viable cells were on
average 48% less than control, but in the final 3 days of the study
(days 69 to 72), cell count returned to the control level. It was not
mentioned whether stabilization was ultimately achieved.
Complementary data also show’” increasing numbers of viable
albino BALB/c mouse macrophage-like cells (J774.1) after an
initial downtrend, but this was plausibly due to changes in
concentration as the cell count was higher when incubated in a 1
mg CNT/mL culture condition compared with that in the 100 pg
CNT/mL media condition. Other studies’® reinforce the
possibility that cells incubated with CNTs in culture can lead
to cycles of initial senescence with subsequent proliferation after
a certain critical concentration is reached. These findings give
rise the possibility that cells have reaction cascades that can resist
toxicity induced by CNTs, and are environmentally dependent.
However, the detailed mechanisms still remain elusive. It was
also recently observed that CNTs can be actively ingested and
excreted from cells without any observable toxicity effects
(eg, as in the Tetrahymena thermophila bacteria).”’

Further insight into CNT-cell interactions may benefit
through an analysis of the trends and rates of toxicity. The
fourth column of Table 2 presents data on dosage concentrations
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Table 2
A compilation of cellular and tissue toxicity studies of pristine or functionalized CNTs
Nanotube Biological System Dosage Toxicity Reference
Plasmid DNA-SWCNT and f~CNTs: HeLa cell lines in vitro 10 mg/mL 50% survival of HeLa cells Pantarotto et al [70]
Plasmid DNA-MWCNT
Fluorescein isothiocyanate-SWCNT ~ f~SWCNT and -MWCNT: 5-10 mg/mL 50% survival of HeLa cells Bianco et al [3]

and fluorescein isothiocyanate-
MWCNT
Pristine SWCNT

Ammonium chloride-SWCNT,

and poly(ethylene glycol)-SWCNT

RNA-polymer SWCNT conjugate

['"'In] DTPA-SWCNT and
['"'In] DTPA-MWCNT

Pristine MWCNT

Pristine SWCNT

I25L.SWCNT (OH)

Glucosamine-MWCNT

PEGFP-c1 plasmid DNA-SWCNT

6-Aminohexanoic
acid—derivatized SWCNT

DNA-Cy3 (fluorescent label)-
SWCNT

Streptavidin-SWCNT

SWCNTs dispersed in DMEM with
5% (vol/vol) fetal bovine serum

0.5 DMSO pristine SWCNT

HeLa cell lines in vitro

SWCNT: Mesothelioma cell
line MSTO-211H in vitro
Macrophages, B and

T lymphocytes from BALB/c
mice spleen and

lymph nodes in vitro

MCEF-7 breast cancer cells

in vitro

Intravenous injection, systemic,
female BALB/c mice in vivo
Human T lymphocytes in vitro

Intravenous injection,
systemic, rabbit in vivo
Intraperitoneal, intravenous,
subcutaneous, in male

KM mice in vivo
Intraperitoneally into

female Kunming mice in vivo

Mouse B-cells and

cortical neurons in vitro
Human epidermal keratinocytes
(HEK) in vitro

HeLa cell line in vitro

HL60 and Jurkat cells in vitro
Human epithelial-like

HeLa cells in vitro

Human embryo kidney

7.5 pg/mL water

10 pg/mL water

1 mg/mL

20 pg/ul PBS

40 pg/mL

7.5 mL of 20 pg/kg

body mass
1.5 pg/mouse

300 pL single dose,
suspension

concentration unknown

0.1 pM/10 mL
serum-free medium
Multiple tests from
0.00000005 to
0.05 mg/mL

2.5-5 mg/L water

0.025 mg/mL
100 pg/mL

25 pg/mL

10% decrease in cell proliferation
and activity

5% decrease in viability of

B lymphocytes, but no adverse
effects on T lymphocytes

and macrophages

No significant cell damage

No acute toxicity after single
200 pL dose

Should have no toxicity

on human T lymphocytes
No toxicity

Accumulate in bone, but
good biocompatibility

Good biocompatibility

~10% of cells were no

longer viable

Highest concentration that

can interact with HEKs

without toxicity, 0.000005 mg/mL
for 24 hr

No toxic effects, after six pulses
of 10-s, 808-nm laser radiations
at 1.4 W cm?

No adverse effects

No effect on growth rate

G1 cell arrest and apoptosis

Wick et al [45]

Dumortier et al [24]

Luetal [18]

Singh et al [38]
Bottini et al [71]
Cherukuri et al [78]

Wang et al [91]

Guo et al [82]

Cai et al [63]

Zhang et al [17]

Kam et al [22]

Kam et al [60]

Yehia et al [92]

Cui et al [93]

(HEK 293) cells in vitro

that may be useful in further testing functionalized-CNT toxicity
through examples of lethal and safe dosage.

In vivo toxicity: new insights

Currently, insights into how CNTs behave in the human
body (Figure 4) are obtained through recent studies of systemic
toxicity, as representatively illustrated in Table 2. To date, the
number of studies suggesting CNTs to be nontoxic in vivo
outnumbers those proposing otherwise. For example, doses of
20 pg diethylene triamine pentaacetic acid (DTPA)-MWCNT/
pL phosphate buffer saline (PBS) and 20 pg DTPA-SWCNT/uL
PBS were administered in different mice intravenously with no
acute toxicity observed.’® As yet another example, an
intravenous injection of a ~20 pg SWCNT/kg body weight
concentration into specimens confirmed safety of this dosage
after a 24-hour period.”®

Laboratories around the world are tackling salient issues
involving CNTs such as chronic toxicity and organ localization.

As new research continues to support a positive outlook, other
promising routes may be found through a careful look at data. A
recent update’® expanded our understanding of chronic toxicity
of CNTs by asserting negligible toxicity in a sample of mice after
4 months of treatment. New insight arises from the observation
that the changes in neutrophil count for mice treated with
PEGylated oxidized SWCNTs were larger than counts from
those mice treated with PEGylated SWCNT, which suggests that
varying functionalization can modify toxicity. A recent in vivo
cancer therapy study using CNTs originally designed as drug-
delivery enhancers was able to demonstrate® that tumor cells
respond to toxicity differently than do wild-type cells. In this
study, SWCNTs conjugated with paclitaxel (a common
chemotherapy drug) markedly decreased breast cancer tumors
in mice, far more than by using paclitaxel alone. However, the
data also shows that under some conditions, a few tumor-bearing
mice treated with nonfunctionalized SWCNTSs had a similar rate
of tumor growth as that of the untreated control. This study then
suggests that cancer cells may have a resistance mechanism
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against CNTs. If this was indeed correct, effective chemotherapy
dosages, using CNTs, may have to be higher than what is
currently known to be safe in order to be useful in drug delivery.
This is of particular relevance as on average, SWCNT-paclitaxel
causes more liver damage than does paclitaxel alone. Concom-
itantly, no psychological stress (ie, aggressive behavior, weight
gain/loss) was observed in animals injected with SWCNTs, even
during the process of liver damage.”>"*"°

Prospects for CNT use in vivo have recently become
concrete, but nanotubes are no exception to the pitfalls inherent
in the field of nanomedicine. Although experiments carried out
in small animals in vivo suggest the efficacy of CNTs for drug-
delivery vehicles, it is not clear whether such processes can be
scaled up to larger organisms. A case in point is a study® where
drug-carrying CNTs injected into a tumor site are manipulated by
a system of magnets to penetrate tumor cells in vivo. When
similar procedures are adapted for larger systems, sites further
from the external magnet are more difficult to target, as also
observed in other nanoscale drug-delivery schemes.*® Potential-
ly, the simple increase in total body mass that is obvious between
small and large animals may practically demand higher
quantities of f-CNTs.

Pharmacokinetic profile

The map of CNT pharmacokinetics and biodistribution
seems to be developing rapidly. The majority of intravenously
injected CNTs in mice mainly seem to be emptied in the urine,
with far less found in the liver, spleen, and lungs.74 However,
other studies indicate the liver and spleen to be the main sites of
CNT accumulation.”” Studies have also found CNT 'deposits
mostly in the excretory systems like the bladder, kidneys, and
intestines, in feces,®' and again in the kidneys.®’ A contributing
factor to this tendency is that SWCNTSs can often be trapped in
capillaries, a mechanical cause of toxicity that may. explain
distribution of residual CNTs.**"87%#! For example, the liver
might be a preferred site for CNT accumulation due to its
greater vascularity.

Functional groups modify site of CNT deposits

Studies indicate that f-CNTs interact differently with cells
depending on the conjugated moiety. In fact, the biodistribution
of most functional compounds can be modified due to their
attachment with a CNT, for example, paclitaxel conjugated with
SWCNTs seems to localize more in intestines and liver, whereas
when conjugated with PEG, localization occurs more frequently
in the lung.”> Similarly, higher concentrations of rituximab-
conjugated CNTs were found in the liver compared with that
when only rituximab was used.? It is to be noted that in all the
biodistribution studies mentioned, the concentration of CNTs
remaining in an injected host never reached 0%, even in chronic
studies. The consequent implications on drug delivery where
repeated exposure is necessary would then have to be thoroughly
understood, especially due to the fast rate of f~-CNT clearance
from intravenous and intraperitoneal injections®®’*** along with
the minimum dosage of drug-carrying f-CNTs that need to be
circulated in order to yield a positive result.

Testing protocol: An unforeseen obstacle

The crux of the experimental method is the process of testing,
but what implications will it have on our current understanding
of CNT toxicity if some results could arise from internally
invalid tests? The argument for increasing testing confidence
stems from an in vitro study® where it was revealed that
common amino acids and vitamins (eg, phenylalanine and folate)
passively adsorb onto CNTs. Concentrations of SWCNTSs as low
as 0.01 to 0.1 mg/mL culture was able to deplete 2 nM of folic
acid from solution. Future research should take caution from
such findings.

Additionally, results from imaging assays and biochemical
tests also require skepticism. A chronic toxicity study claimed
that image interpretations of SWCNTs in the spleen can be
obfuscated by other compounds endogenous to cells like the
hemosiderin in splenic macrophages. Raman spectroscopy
mapping can also be considered inadequate because signals
below background do not necessarily imply an absence of
SWCNT.” The aceuracy of the LDH assay often used in CNT
toxicity studies is also debatable. The amount of LDH release in
culture is-used to measure cell death®>’>7* after exposure to
CNTs, but such a test does not discriminate necrosis from
apoptosis, leaving the specific mechanism and any trends in
toxicity difficult to establish. A number of biochemical markers
for toxicity after long-term intravenous exposure to CNTs in
mice have been measured, and while tests for liver damage
[alanine transaminase (ALT) and aspartate transaminase (AST)
indices] showed dose-dependent toxicity, the LDH-based test
had no such dependency.”

Future testing would then benefit by using mutually
exclusive assays in order to reconcile variations in toxicity. A
major complication is the chance that in vivo toxicity may
not always be realized as just a pronounced inflammatory
response.”’ Other reactions like white blood cell buildup and
fibrinogenesis may also occur, and tests must be configured to
consider these changes.

Conclusions

CNTs have been proposed for use in medicine chiefly for (1)
their ability to be functionalized, both covalently and noncova-
lently, with various moieties, and (2) their aspect ratio and
geometry, which enables penetration into the cell. In our survey
of existing work and methods, we have found that considerably
more fundamental and applied research must be carried out
before the viability of CNTs can be realized. One of the major
issues affecting nanotube biomedical application is that of charge
control for enabling predictable interactions with the environ-
ment. In addition to variable geometries,> the inevitable
presence of impurities [both intrinsic (vacancies, charged
defects, etc.) and extrinsic (catalyst residue, etc.)] has to be
controlled and understood—only then can one artificially
introduce defects into the nanotubes so as to achieve
predictability.”® CNT length has also been implicated in toxicity
studies many times over, implying a need for reliable techniques
to produce CNTs with consistent properties. Additionally, the
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Figure 5. The long and winding path for CNT applications to drug delivery.
The fundamental issues that must be resolved should include the unique
aspects of nanotubes for drug delivery and a cataloging of their physiologic
interactions (toxicity, administration, etc.) to enable pharmaceutical selection.

lack of a comprehensive catalog of each different f~CNT and its
toxicity profile (ie, cellular interaction, pharmacokinetics, etc.)
will translate to stalled deployment to the public and missed
opportunities for patient care.

From an applied perspective, an important question that
should be probed is why CNTs would be efficacious at all. For
example, rituximab-antibody conjugates have been used in
conjunction with other cancer drugs to target and effectively
destroy non—Hodgkin’s lymphoma with great success, and such
a method may not need replacing. What then would be the niche
areas for CNTs? What are the relative advantages of CNTs for
drug delivery compared with, for example, those of nanospheres
from biodegradable polymers®*®> or even nanotubes made of
other materials, like silica, peptides, or lipids?***’

The primary purpose of CNT biomedical research should then
be to first determine the tasks for which CNTs are particularly
valuable. A strong case must be made for CNTs in medicine to

enable pharmaceutical selection (Figure 5). To date, CNT drug-
delivery research may fall short of the election criteria for funded
research and development by pharmaceutical companies.
Alternative paths toward development can bypass this issue
but will nevertheless face scrutiny by not just the Center for Drug
Evaluation and Research (CDER), but also tracking agencies
such as the Environmental Protection Agency (EPA), Interna-
tional Center for Technology Assessment (ICTA), and the
Project on Emerging Nanotechnologies (PEN).

However, we think the safety concerns regarding CNTs can
be ameliorated. In this context, it is important to put the known
hazards of CNTs into perspective. The average person consumes
an estimated 5000 to 3,000,000 particles/cm® daily due to
incidental nanoparticles from the ambient environment.”® The
safe systemic dose of CNTs, if it can be made to conform to such
numbers, would then make current toxicity reports on biological
risk seem overestimated. Only through a relative comparison can
one understand the dangers of functionalized CNT administra-
tion against other treatment options. If the queries raised to date
can be satisfactorily answered in its favor, then the use of CNTs
in biomedicine may indeed be feasible.

References

1. Bandaru PR: Electrical properties and applications of carbon nanotube
structures. J Nanosci Nanotechnol 2007;7:1239-67.

2. LiuJZ, Zheng QS, Wang LF, Jiang Q. Mechanical properties of single-
walled carbon nanotube bundles as bulk materials. J Mech Phys Solids
2005;53:123-42.

3. Bianco A, Kostarelos K, Partidos CD, Prato M. Biomedical applica-
tions of functionalized carbon nanotubes. Chem Commun 2005;5:571.

4. Balasubramanian K, Burghard M. Chemically functionalized carbon
nanotubes. Small 2005;2:180-92.

5. Harrison BS, Atala A. Carbon nanotube applications for tissue
engineering. Biomaterials 2007;28:344-53.

6. Bianco A. Carbon nanotubes for the delivery of therapeutic molecules.
Expert Opin Drug Delivery 2004;1:57-65.

7. Chen X, Kis A, Zettl A, Bertozzi CR. A cell nanoinjector based on
carbon nanotubes. Proc Natl Acad Sci U S A 2007;104:8218-22.

8. Malarkey EB, Parpura V. Applications of carbon nanotubes in
neurobiology. Neurodegenerative Dis 2007;4:292-9.

9. Yang R, Yang X, Zhang Z, Zhang Y, Wang S, Cai Z, et al. Single-
walled carbon nanotubes-mediated in vivo and in vitro delivery of
siRNA into antigen-presenting cells. Gene Ther 2006;13:1714-23.

10. Star A, Gabriel JCP, Bradley K, Gruner G. Electronic Detection of specific
protein binding using nanotube FET devices. Nanoletters 2003;3:459-63.

11. Ajayan PM. Nanotubes from carbon. Chem Rev 1999;99:1787-99.

12. Teo KBK, Singh C, Chhowalla M, Milne WI. Catalytic synthesis of
carbon nanotubes and nanofibers. In: Nalwa HS, editor. Encyclopedia
of nanoscience and nanotechnology. Stevenson Ranch, CA: American
Scientific Publishers; 2003. p. 1-22.

13. Collins PG, Avouris P. Nanotubes for electronics. Scientific American
2000;December:62-9.

14. Dresselhaus MS, Dresselhaus G, Jorio J. Unusual properties and
structure of carbon nanotubes. Annu Rev Mater Res 2004;34:247-78.

15. Hollingsworth JP, Bandaru P. Carbon-nanotube based non volatile
memory. Appl Phys Lett 2005;87:23315.

16. Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, Seaton A, et al.
Carbon nanotubes introduced into the abdominal cavity of mice show
asbestos-like pathogenicity in a pilot study. Nat Nanotechnol 2008;3:423-8.

17. Zhang LW, Zeng L, Barron AR, Montiero-Riviere NA. Biological
interactions of functionalized single-wall carbon nanotubes in human
epidermal keratinocytes. Int J Toxicol 2007;26:103.



254

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

C.P. Firme III, P.R. Bandaru / Nanomedicine: Nanotechnology, Biology, and Medicine 6 (2010) 245-256

. Lu Q, Moore JM, Huang G, Mount AS, Rao AM, Larcom LL, et al.
RNA polymer translocation with single-walled carbon nanotubes.
Nanoletters 2004;4:2473.

Sayes CM, Liang F, Hudson JL, Mendez J, Guo W, Beach JM, et al.
Functionalization density dependence of single-walled carbon nano-
tubes cytotoxicity in vitro. Toxicol Lett 2006;161:135-42.
Venkatesan N, Yoshimitsu J, Ito Y, Shibata N, Takada K. Liquid filled
nanoparticles as a drug delivery tool for protein therapeutics.
Biomaterials 2005;26:7154-63.

Murakami T, Ajima K, Miyawaki J, Yudasaka M, Iijima S, Shiba K.
Drug-loaded carbon nanohorns: adsorption and release of dexameth-
asone in vitro. Mol Pharmacol 2004;1:399-405.

Kam NWS, O’Connell MJ, Wisdom JA, Dai H. Carbon nanotubes as
multifunctional biological transporters and near-infrared agents for
selective cancer cell destruction. Proc Natl Acad Sci U S A
2005;102:11600-5.

McDevitt MR, Chattopadhyay D, Kappel BJ, Schiffman SR, Jaggi JS,
Antczak C, et al. Tumor targeting with antibody-functionalized,
radiolabeled carbon nanotubes. J Nucl Med 2007;48:1180-9.
Dumortier H, Lacotte S, Pastorin G, Marega R, Wu W, Bonifazi D, et al.
Functionalized carbon nanotubes are non-cytotoxic and preserve the
functionality of primary immune cells. Nanoletters 2006;6:1522-8.
Liu Z, Chen K, Davis C, Sherlock S, Cao Q, Chen X, et al. Drug
delivery with carbon nanotubes for in vivo cancer treatment. Cancer
Res 2008;68:6652-60.

Ferrari M. Cancer nanotechnology: opportunities and challenges. Nat
Rev Cancer 2005;5:161-71.

Khabashesku VN, Billups WE, Margrave JL. Fluorination of single-
wall carbon nanotubes and subsequent derivatization reactions.
Accounts Chem Res 2002;35:1087.

Nichols JA, Saito H, Deck C, Bandaru PR. Artificial introduction of
defects into vertically aligned multiwall carbon nanotube ensembles:
Application to electrochemical sensors. J Appl Phys 2007;
064306:102.

Charlier JC. Defects in carbon nanotubes. Accounts Chem Res
2002;35:1063-9.

Zhou O, Fleming RM, Murphy DW, Chen CH, Haddon RC, Ramirez
AP, et al. Defects in carbon nanostructures. Science 1994;263:1744-7.
Nichols JA, Saito H, Hoefer M, Bandaru PR. Tailoring the
electrochemical behavior of multiwalled carbon nanotubes through
argon and hydrogen ion irradiation. Electrochem Solid State Lett
2008;11:K35-9.

Gao C, Jin YZ, Kong H, Whitby RLD, Acquah SFA, Chen GY, et al.
Polyurea-functionalized multiwalled -carbon nanotubes: synthesis,
morphology, and Raman spectroscopy. J Phys Chem B 2005;109
(24):11925-32.

Lacerda L, Bianco A, Prato M, Kostarelos K. Carbon nanotubes as
nanomedicines: from toxicology to pharmacology. Adv Drug Deliv
Rev 2006;58:1460-70.

Hu H, Bhowmik P, Zhao B, Hamon MA, Itkis ME, Haddon RC.
Determination of the acidic sites of purified single-walled carbon
nanotubes by acid—base titration. Chem Phys Lett 2001;345:25.
Bandaru PR, Daraio C, Yang K, Rao AM. A plausible mechanism for
the evolution of helical forms in nanostructure growth. J Appl Phys
2007;094307:101.

Bandaru PR, Daraio C, Kin S, Rao AM. Novel electrical switching
behavior and logic in carbon nanotube Y-junctions. Nat Mater
2005;4:663-6.

Singh R, Pantarotto D, McCarthy D, Chaloin O, Hoebeke J, Partidos
CD, et al. Binding and condensation of plasmid DNA onto
functionalized carbon nanotubes: toward the construction of nano-
tube-based gene delivery vectors. ] Am Chem Soc 2005;127:4388-96.
Singh R, Pantarotto D, Lacerda L, Pastorin G, Klumpp C, Prato M, et al.
Tissue biodistribution and blood clearance rates of intravenously
administered carbon nanotube radiotracers. Proc Natl Acad Sci U S A
2006;103:3357.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Pagona G, Tagmatarchis N. Carbon nanotubes: materials for
medicinal chemistry and biotechnological applications. Curr Med
Chem 2006;13:1789.

Shvedova AA, Castranova V, Kisin ER, Schwegler-Berry D, Murray
AR, Gandelsman VZ, et al. Exposure to carbon nanotube material:
assessment of nanotube cytotoxicity using human keratinocyte cells.
J Toxicol Environ Health 2003;66:1909-26.

Kagan VE, Bayir H, Shvedova AA. Nanomedicine and nanotoxico-
logy: two sides of the same coin. Biol Med 2005;4:313-6.

Balavoine F, Schultz P, Richard C, Mallouh V, Ebbesen TW,
Mioskowski C. Helical crystallization of proteins on carbon nanotubes:
a first step towards the development of new biosensors. Angew Chem
Intl Ed 1999;38:1912-5.

Muller J, Decordier I, Hoet PH, Lombaert N, Thomassen L, Huaux
F, et al. Clastogenic and aneugenic effects of mutilwall carbon
nanotubes in epithelial cells. Carcinogenesis (London) 2008;29:
427-33.

Lam CW, James JT, McCluskey R, Hunter RL. Pulmonary toxicity of
single-wall carbon nanotubes in mice 7 and 90 days after intratracheal
instillation. Toxicol Sei 2004;77:126-34.

Wick P, Manser P, Limbach LK, Dettlaff-Weglikowska U, Krumeich
F, Roth S, et al. The degree and kind of agglomeration affect carbon
nanotube cytotoxicity. Toxicol Lett 2007;168:121.

Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G, et al.
Carbon nanotubes: a review of their properties in relation to pulmonary
toxicology and workplace safety. Toxicol Sci 2006;92:5-22.

Borgens RB, Bohnert D. Rapid recovery from spinal cord injury after
subcutaneously 'administered polyethylene glycol. J Neurosci Res
2001;66:1179-86.

Portney: NG, Ozkan M. Nano-oncology: drug delivery, imaging, and
sensing. Anal Bioanal Chem 2006;384:620.

Zhu S, Obersdorster F, Haasch ML. Toxicity of an engineered
nanoparticle (fullerene, C60) in two aquatic species, Daphnia and
fathead minnow. Marine Environ Res 2006;62:S5-9.

Smith CJ, Shaw BJ, Handy RD. Toxicity of single walled carbon
nanotubes to rainbow trout (Oncorhynchus mykiss): respiratory
toxicity, organ pathologies, and other physiological effects. Aquatic
Toxicol 2007;82:94-109.

Kam NWS, Dai H. Carbon nanotubes as intracellular protein
transporters: generality and biological functionality. J Am Chem Soc
2005;127:6021-6.

Kostarelos K. Rational design and engineering of delivery systems for
therapeutics: biomedical exercises in colloid and surface science. Adv
Colloid Interface Sci 2003;106:147-68.

Nel A, Xia T, Maedler L, Li N. Toxic potential of materials at the nano-
level. Science 2006;311:622-7.

Sato Y, Yokoyama A, Shibata K, Akimoto Y, Ogino S, Nodasaka Y,
et al. Influence of length on cytotoxicity of multiwalled carbon
nanotubes against human acute monocytic leukemia cell line THP-1
in vitro and subcutaneous tissue of rats in vivo. Mol Biosystems
2005;1:176-82.

Klumpp C, Kostarelos K, Prato M, Bianco A. Functionalized carbon
nanotubes as emerging nanovectors for the delivery of therapeutics.
Biochim Biophys Acta 2006;3:404-12.

Cherukuri P, Bachilo SM, Litovsky SH, Weisman RB. Near-infrared
fluorescence microscopy of single-walled carbon nanotubes in phagocytic
cells. J Am Chem Soc 2004;126:15638.

Marsh M, McMahon HT. The structural era of endocytosis. Science
1999;285:215.

Mukherjee S, Ghosh RN, Maxfield FR. Endocytosis. Physiol Rev
1997;77:759.

Schmid SL, Carter LL. ATP is required for receptor-mediated
endocytosis in intact cells. J Cell Biol 1990;111:2307.

Kam NWS, Liu Z, Dai H. Carbon nanotubes as intracellular
transporters for proteins and DNA: an investigation of the uptake
mechanism and pathway. Angew Chem 2006;45:577.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

C.P. Firme IllI, P.R. Bandaru / Nanomedicine: Nanotechnology, Biology, and Medicine 6 (2010) 245-256

Kam NWS, Jessop TC, Wender PA, Dai H. Nanotube molecular
transporters: internalization of carbon nanotube— protein conjugates
into mammalian cells. J] Am Chem Soc 2004;126:6850-1.

Liu Y, Wu DC, Zhang WD, Jiang X, He CB, Chung TS, et al.
Polyethylenimine-grafted multiwalled carbon nanotubes for secure
noncovalent immobilization and efficient delivery of DNA. Angew
Chem 2005;44:4782.

Cai D, Mataraza JM, Qin ZH, Huang ZP, Huang J, Chiles TC, et al.
Highly efficient molecular delivery into mammalian cells using carbon
nanotube spearing. Nat Methods 2005;2:449.

Pantarotto D, Briand JP, Prato M, Bianco A. Translocation of bioactive
peptides across cell membranes by carbon nanotubes. Chem Commun
2004;1:16.

Pantarotto D, Partidos CD, Hoebeke J, Brownn F, Kramer E, Briand JP,
et al. Immunization with peptide-functionalized carbon nanotubes
enhances virus-specific neutralizing antibody responses. Chem Biol
2003;10:961-6.

Pacurari M, Yin XJ, Zhao J, Ding M, Leonard S, Schwegler-Berry
D, et al. Raw single-wall carbon nanotubes induce oxidative stress
and activate MAPKs, AP-1, NF-kB, and Akt in normal and
malignant human mesothelial cells. Environ Health Perspect
2008;116:1211-7.

Jacobsen NR, Pojana G, White P, Moller P, Cohn CA, Korsholm
KS, et al. Genotoxicity, cytotoxicity, and reactive oxygen species
induced by single-walled carbon nanotubes and C60 fullerenes in the
FE1-Muta mouse lung epithelial cells. Environm Mol Mutagen 2008;
49:476-87.

Ulrich KE, Cannizzaro SM, Langer RS, Shakeshelf KM. Polymeric
systems for controlled drug release. Chem Rev 1999;99:3181-98.
Lacerda L, Soundararajan A, Singh R, Pastorin G, Al-Jamal KT, Turton
J, et al. Dynamic Imaging of Functionalized Multi-Walled Carbon
Nanotube Systemic Circulation and Urinary Excretion. Adv Mater
2008;20:225-30.

Pantarotto D, Singh R, McCarthy D, Erhardt M, Briand JP, Prato M,
et al. Functionalized carbon nanotubes for plasmid DNA. gene
delivery. Angew Chem 2004;43:5242-6.

Bottini M, Bruckner S, Nika K, Bottini N, Bellucci S, Magrini A, et al.
Multi-walled carbon nanotubes induce T-lymphocyte apoptosis.
Toxicol Lett 2006;160:121-6.

Yang H, Liu C, Yang D, Zhang H, Xi Z. Comparative study of
cytotoxicity, oxidative stress and genotoxicity induced by four typical
nanomaterials: the role of particle size, shape and composition. J Appl
Toxicol 2008;29:69-78.

Simon-Deckers A, Gouget B, Mayne-L’Hermite M, Herlin-Boime N,
Reynaud C, Carriere M. In vitro investigation of oxide nanoparticle and
carbon nanotube toxicity and. intracellular accumulation in A549
human pneumocytes. Toxicology 2008;253:137-46.

Yang ST, Wang X, Jia G, Gu Y, Wang T, Nie H, et al. Long-term
accumulation and low toxicity of single-walled carbon nanotubes in
intravenously exposed mice. Toxicol Lett 2008;181:182-9.

Hirano S, Kanno S, Furuyama A. Multi-walled carbon nanotubes injure
the plasma membrane of macrophages. Toxicol Appl Pharmacol
2008;232:244-51.

Raja PM, Connolley J, Ganesan GP, Ci L, Ajayan PM, Nalamasu O,
et al. Impact of carbon nanotube exposure, dosage and aggregation
on smooth muscle cells. Toxicol Lett 2007;169:51-63.

Ghafari P, St-Denis CH, Power ME, Jin X, Tsou V, Mandal HS, et al.
Impact of carbon nanotubes on the ingestion and digestion of bacteria
by ciliated protozoa. Nat Nano 2008;3(6):347-51.

Cherukuri P, Gannon CJ, Leeuw TK, Schmidt HK, Smalley RE, Curley
SA, et al. Mammalian pharmacokinetics of carbon nanotubes using
intrinsic near-infrared fluorescence. Proc Natl Acad Sci U S A
2006;103:18882-6.

Schipper ML, Nakayama-Ratchford N, Davis CR, Kam NWS, Chu P,
Liu Z, et al. A pilot toxicology study of single-walled carbon nanotubes
in a small sample of mice. Nat Nano 2008;3(4):216-21.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

255

Dobson J. Gene therapy progress and prospects: magnetic nanoparticle-
based gene delivery. Gene Ther 2006;13:283.

Liu Z, Davis C, Cai W, He L, Chen X, Dai H. Circulation and long-term
fate of functionalized, biocompatibile single-walled carbon nanotubes
in mice probed by Raman spectroscopy. Proc Natl Acad Sci U S A
2008;105:1410-5.

Guo J, Zhang X, Li Q, Li W. Biodistribution of functionalized
multiwalled carbon nanotubes in mice. Nucl Med Biol 2007;34:579-83.
Guo L, Bussche AVD, Buechner M, Yan A, Kane AB, Hurt RH.
Adsorption of essential micronutrients by carbon nanotubes and the
implications for nanotoxicity testing. Small 2008;4(6):721-7.

Murthy N, Thng YX, Schuck S, Xu MC, Frechet J]M. A novel
strategy for encapsulation and release of proteins: hydrogels and
microgels with acid-labile acetal cross-linkers. J Am Chem Soc 2002;
124:12398-9.

Martin CR, Kohli P. The emerging field of nanotube biotechnology.
Nature 2003;2:29-36.

Mitchell DT. Smart nanotubes for bioseparations and biocatalysis. J
Am Chem Soc 2002;124:11864-5.

Lee SB. Antibody-based bio-/nano-tube membranes for enantiomeric
drug separations. Science 2002;296:2198-200.

Price R, Patchan M. Controlled release from cylindrical macrostruc-
tures. J Microencapsulation 1991;8:301-6.

Goldstein AS. Testosterone delivery using glutamide-based complex
high axial ratio microstructures. Bioorg Med Chem 2001;9:2819-25.
Stern S, McNeil SE. Nanotechnology safety concerns revisited. Toxicol
Sci 2008;101:4-21.

Wang HF, Wang J, Deng XY, Sun HF, Shi ZJ, Gu ZN, et al.
Biodistribution of carbon single-wall carbon nanotubes in mice. J
Nanosci Nanotechnol 2004;4:1019-24.

Yehia HN, Draper RK, Mikoryak C, Walker EK, Bajaj P, Musselman
TH, et al. Single-walled carbon nanotube interactions with HeLa cells.
Journal of Nanobiotechnology 2007;5:8(1-17).

Cui D, Tian F, Ozkan CS, Wang M, Gao H. Effect of single wall carbon
nanotubes on human HEK293 cells. Toxicol Lett 2005;155:73-85.

Hu H, Zhao B, Hamon MA, Kamaras K, Itkis ME, Haddon RC.
Sidewall functionalization of single-walled carbon nanotubes by
addition of dichlorocarbene. ] Am Chem Soc 2003;125:14893-900.
Hedderman TG, Keogh SM, Chambers G, Byrne HJ. In-depth study
into the interaction of single walled carbon nanotubes with anthracene
and p-terphenyl. J Phys Chem B 2006;110:3895-901.

Tkac J, Whittaker JW, Ruzgas T. The use of single walled carbon
nanotubes dispersed in a chitosan matrix for preparation of a galactose
biosensor. Biosens Bioelectron 2007;22:1820-4.

Guldi DM, Rahman GM, Jux N, Balbinot D, Hartnagel U,
Tagmatarchis N, et al. Functional single-wall carbon nanotube
nanohybrids—associating SWNTs with water-soluble enzyme model
systems. Am Chem Soc 2005;127:9830-8.

Zhao B, Hu H, Yu A, Perea D, Haddon RC. Synthesis and
characterization of water soluble single-walled carbon nanotube graft
copolymers. ] Am Chem Soc 2005;127:8197-203.

Asuri P, Bale SS, Pangule RC, Shah DA, Kane RS, Dordick JS.
Structure, function, and stability of enzymes covalently attached to
single-walled carbon nanotubes. Langmuir 2007;23:12318-21.

Wang X, Deng XY, Wang HF, Liu YF, Wang TC, Gu YQ, et al.
Bio-effects of water soluble taurine multi-wall carbon nanotubes on
lungs of mice. Chinese Journal of Preventive Medicine 2007;41:
85-90.

Kim OK, Je J, Baldwin JW, Kooi S, Pehrsson PE, Buckley LJ.
Solubilization of single-wall carbon nanotubes by supramolecular
encapsulation of helical amylose. J] Am Chem Soc 2003;125:4426-7.
Ikeda A, Tanaka Y, Nobusawa K, Kikuchi J. Solubilization of single-
walled carbon nanotubes by supramolecular complexes of barbituric
acid and triaminopyrimidines. Langmuir 2007;23:10913-5.

Ishibashi A, Nakashima N. Individual dissolution of single-walled
carbon nanotubes in aqueous solutions of steroid or sugar compounds



256

104.

105.

106.

C.P. Firme IIlI, P.R. Bandaru / Nanomedicine: Nanotechnology, Biology, and Medicine 6 (2010) 245-256

and their Raman and near-IR spectral properties. Chemistry 2006;12:
7595-602.

Cheng F, Adronov A. Noncovalent functionalization and solubilization
of carbon nanotubes by using a conjugated Zn-porphyrin polymer.
Chemistry 2006;12:5053-9.

Mao J, Liu Q, Lu X, Liu Z, Huang Y, Ma Y, et al. A water-soluble
hybrid material of single-walled carbon nanotubes with an amphi-
philic poly(phenyleneethynylene): preparation, characterization, and
photovoltaic properties. J Nanosci Nanotechnol 2007;7:2709-18.
Liu A, Watanabe T, Honma I, Wang J, Zhou H. Effect of solution
pH and ionic strength on the stability of poly(acrylic acid)-
encapsulated multiwalled carbon nanotubes aqueous dispersion and
its application for NADH sensor. Biosens Bioelectron 2006;22:694-9.

107.

108.

109.

110.

Bottini M, Magrini A, Rosato N, Bergamaschi A, Mustelin T.
Dispersion of pristine single-walled carbon nanotubes in water by a
thiolated organosilane: application in supramolecular nanoassemblies. J
Phys Chem B 2006;110:13685-8.

Dumonteil S, Demortier A, Detriche S, Raes C, Fonseca A, Riihle M,
et al. Dispersion of carbon nanotubes using organic solvent. J
Nanosci Nanotechnol 2006;6:1315-8.

Roberts AP, Mount AS, Seda B, Souther J, Qiao R, Lin S, et al. In vivo
biomodification of lipid-coated carbon nanotubes by Daphnia magna.
Environ Sci Technol 2007;41:3025-9.

Zhang H, Li HX, Cheng HM. Water-soluble multiwalled carbon
nanotubes functionalized with sulfonated polyaniline. J Phys Chem B
2006;110:9095-9.



	Toxicity issues in the application of carbon nanotubes to biological�systems
	Modifying CNTs for use in medicine
	Toxicity at the level of fabrication and functionalization
	Uncontrolled binding of CNTs to charged biologics
	Inorganic residues act as catalysts in vivo
	Toxicity of chemicals used to increase solubility
	Physical properties of the nanotube affect toxicity

	Mechanisms of interaction
	How do CNTs cause toxicity?
	Differential sensitivity of tissue to CNTs

	In vitro toxicity: Dosage, tolerance, and regeneration
	Tests for a safe dosage
	Intrinsic cellular tolerance to toxicity
	Regeneration of cells postexposure

	In vivo toxicity: new insights
	Pharmacokinetic profile
	Functional groups modify site of CNT deposits

	Testing protocol: An unforeseen obstacle
	Conclusions
	References




