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Abstract

Carbon nanotubes (CNT) are cylinders of one or several
coaxial graphite layer(s) with a diameter on the nanome-
ter scale. CNT can be readily functionalized, and exciting
studies on the use of CNT as excipients for drug delivery
and imaging of disease processes have been reported.
Ontheotherhand, CNT were also shown to induce oxida-
tive stress, inflammation, and fibrosis, and animal studies
have suggested similarities between the pathogenic
properties of certain multiwalled CNT and those of as-
bestos fibers. Recent studies have disclosed that CNT are
susceptible to enzymatic biodegradation, and this ob-
servation could hold the key to the safe application of
these nanomaterials in biomedicine. Here, we provide a
brief overview of pertinent toxicological and biomedical
investigations of CNT including recent work on the inter-
action of CNT withimmune-competent cells, focusing on
cellular recognition of nanotubes and their enzymatic

degradation. Copyright © 2011 S. Karger AG, Basel

Nanotechnology presents many opportunities
and benefits for new materials with significantly
improved properties as well as revolutionary ap-
plications in the fields of energy, environment,
and medicine. Carbon nanotubes (CNT) are
among the most studied nanomaterials to date
and are currently of interest for a variety of uses
in technological as well as biomedical applica-
tions, including as drug delivery devices and con-
trast agents in medical imaging. At the same
time, there is considerable concern about the po-
tential adverse effects of these materials, and sev-
eral recent studies have pointed to asbestos-like
properties of CNT. It is important to note that
‘CNT’ come in many flavors, and careful physi-
cochemical characterization of each sample is re-
quired. Indeed, some CNT may very well be
harmful to human health, and exposure should
be avoided, whereas other CNT preparations
could be harnessed for biomedical use.



Fig. 1. CNT - engineered nanomate-
rials with Janus-like properties. CNT
have been reported to exert toxic ef-
fects in cell culture as well as in vivo.
This schematic diagram summarizes
some of the toxicities of CNT report-
ed to date. On the other hand, CNT
are readily functionalized and this
may result in enhanced dispersibili-
ty and improved biocompatibility,
making these materials versatile and
attractive for various biomedical
applications. Selected examples of
pharmaceutical and biomedical ap-
plications of functionalized CNT (f-
CNT) are depicted. Adapted from
Shvedova et al. [3] with permission
from Elsevier.
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Paradoxically, the novel characteristics of nano-
materials that are essential for successful and in-
novative applications might also lead to negative
health impacts [1, 2] (fig. 1). Therefore, toxicologi-
cal investigations are needed to determine the rela-
tionship between the physicochemical properties
of nanoparticles and their cellular interactions, re-
activity, and biological/systemic consequences. In
particular, it may be important to understand how
nanoparticles including CNT interact with or in-
terfere with immune-competent cells and whether
the immune system is capable of handling nano-
materials or nanomaterials simply ‘fly under the
radar’ and thus escape immune surveillance. This
could have considerable implications for the bio-
distribution of nanomaterials in the body. Fur-
thermore, studies on the biopersistence or biode-
gradability of nanomaterials, and in particular of
CNT, are also of importance. Nanomaterials in-
tended for biomedical use should be either excre-
table or degradable (or biologically inert, but few
materials are inert in the long term) as they may
otherwise accumulate in tissues and exert unde-
sirable effects.
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Toxicological Studies

Considerable attention has been focused on in vi-
tro (cell culture) assessment of CNT toxicity. Sev-
eral groups have reported that exposure to sin-
gle-walled CNT (SWCNT) or multiwalled CNT
(MWCNT) causes cytotoxicity in various cell
lines [for a review, see 3]. Importantly, we and oth-
ers have reported low cytotoxicity for purified
CNT (low iron content) versus raw, nonpurified
CNT which were found to induce oxidative stress
[4, 5], thus leading to the conclusion that metal
traces associated with the nanotube samples are
responsible for the toxicological effects. Recent-
ly, several investigators have cautioned that CNT
can interfere with commonly used dye-based via-
bility assays [6, 7]. These findings strongly suggest
verifying cytotoxicity data using independent test
systems. Moreover, evidence has been provided
that an increase in the agglomeration state of CNT
appears to be related to the cytotoxicity of these
materials [8]. Therefore, it may be prudent to con-
duct in vitro cytotoxicity testing of CNT using
well-dispersed suspensions. In sum, if one consid-
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ers interference with dye-based viability assays,
agglomeration issues related to the method of dis-
persion, and oxidative stress due to metal impuri-
ties, the available data favor the conclusion that
well-dispersed, purified CNT exhibit relatively
low cytotoxicity in vitro. When it comes to in vivo
studies, however, one has to also consider the con-
text of exposure: needless to say, for any material
that is intended for biomedical application (i.e. in-
tentional exposure), safety issues are of utmost im-
portance, and the materials to be administered
should be well defined in terms of composition,
dispersion, and so on. On the other hand, in the
case of unintentional exposure in the occupation-
al setting, the issue of whether CNT samples are
purified or nonpurified, or well dispersed versus
entangled, is somewhat academic: the material is
what it is, and exposure may or may not occur.
Hence, it may be argued that studies conducted on
as-produced CNT are as important as studies on
purified or functionalized samples. This distinc-
tion between safety assessment in the biomedical
setting versus the assessment of the potential risk
for workers or consumers accidentally exposed to
CNT (or, for that matter, any other class of engi-
neered nanomaterial) is often overlooked.
Pulmonary toxicity of SWCNT has been re-
ported in several studies [9-12]. The inflamma-
tory response to SWCNT delivered to the lung via
pharyngeal aspiration is characterized by a brisk
acute phase response followed by an early onset of
lung fibrosis [12]. Some argue that intratracheal
or pharyngeal aspiration of SWCNT in a single
bolus dose is an artificial exposure. Moreover,
aspiration/intratracheal studies reported thus far
have utilized relatively high dose exposures,
which may not be relevant to the chronic low dose
exposure occurring in an occupational setting.
Inhalation of SWCNT more closely mimics occu-
pational and environmental scenarios. The recent
application of a specially designed aerosolization
technology resulted in the ability to obtain stable
SWCNT aerosols and has enabled studies of the
inhalation of nonpurified SWCNT (iron content
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of 17.7% by weight) at 5 mg/m?, 5 h/day, for 4 days
versus pharyngeal aspiration of varying doses (5-
20 pg/mouse) of the same SWCNT. The chain of
pathological events in both exposure routes was
realized through interactions of an early inflam-
matory response and oxidative stress culminating
in the development of multifocal granulomatous
pneumonia and interstitial fibrosis [13]. SWCNT
inhalation was more effective than aspiration in
causing inflammatory response, oxidative stress,
collagen deposition, and fibrosis as well as muta-
genic effects in the lungs of C57BL/6 mice [13].
The observed toxic outcomes of exposure of
C57BL/6 mice to aerosolized respirable SWCNT
(5 mg/m?, 5 h/day, 4 days) resulted in a calculated
lung burden of 5 pg/mouse. This lung burden
would be achieved by workers exposed for less
than 1 year at the peak airborne concentrations
measured in an occupational setting [14].

The pathogenic fiber paradigm predicts that
fibers that are long and thin (high aspect ratio)
and biopersistent are more pathogenic than short
fibers [15]. Interestingly, in a recent study so-
called nanoscale dispersions of SWCNT were
produced using a biocompatible block copolymer,
Pluronic F 108NF (Pluronic) [16]. The well-dis-
persed CNT did not induce granulomas or fibro-
sis in the airways of mice, and the authors con-
cluded that the toxicity of SWCNT is attributable
to aggregation of the nanomaterial rather than
the high aspect ratio of the individual nanotubes.

Animal studies of MWCNT have not pro-
duced consistent results. The pulmonary toxici-
ty of MWCNT in rats exposed by intratracheal in-
stillation to intact or ground (short) MWCNT
showed that both MWCNT samples caused acute
pulmonary inflammation at 3 and 15 days postex-
posure and pulmonary fibrosis at 60 days postex-
posure [17]. Others have reported that inhalation
exposure to MWCNT does not induce significant
lung toxicity but does cause immunosuppression
[18]. These discrepancies may be attributed to dif-
ferences in the CNT samples tested and rodent
species used and differences in observation period
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in the two different studies. Even more controver-
sial is the question of whether CNT may possess
asbestos-like pathogenic properties [15]. Poland et
al. [19] reported that abdominal injection of long
but not short MWCNT caused an inflammatory
reaction of the abdominal lining in mice which
was similar to that seen after exposure of mice to
asbestos. Takagi et al. [20] reported that MWCNT
trigger mesothelioma formation when adminis-
tered intraperitoneally to p53 heterozygous mice
that have been reported to be sensitive to asbestos.
However, high (nonrealistic) doses were used.
Others have reported that MWCNT do not elicit
any carcinogenic response in a 2-year bioassay in
the peritoneal cavity of the rat [21]. The length of
the CNT samples tested was suggested to be an
important factor in determining the pathogenic
potential of these materials.

Recent, important studies have provided evi-
dence that MWCNT reach the subpleura in mice
after a single inhalation exposure of 30 mg/m? for
6 h. Nanotubes were embedded in the subpleural
wall and within subpleural macrophages. Sub-
pleural fibrosis increased after 2 and 6 weeks fol-
lowing inhalation. None of these effects was seen
in mice that inhaled carbon black nanoparticles
or a lower dose of CNT (1 mg/m?®) [22]. Notwith-
standing, an issue which remains is whether the
acute responses to MWCNT would persist and
progress to mesothelioma (there is a lag time of
up to 30 years for mesothelioma formation in hu-
mans exposed to pathogenic asbestos fibers).

Cellular Uptake of Carbon Nanotubes

Cellular uptake is an important factor in deter-
mining the toxicity of engineered nanomaterials.
Long CNT may induce ‘frustrated phagocytosis’
in macrophages, while short CNT appear to be
handled much more effectively by the immune
system [19]. Internalization of CNT by cells is also
a critical determinant in different biomedical ap-
plications such as the delivery of therapeutical-
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ly active molecules, including proteins, peptides,
and genes. Functionalization of SWCNT and
MWCNT using the 1,3-dipolar cycloaddition re-
action, thus rendering the CNT water soluble, al-
lows for the internalization of CNT by a wide
range of cell types [23]. Porter et al. [24] reported
that human monocyte-derived macrophages are
able to internalize SWCNT; however, the process
apparently took between 2 and 4 days, a long time
for a macrophage to ingest a meal. Nevertheless,
careful imaging revealed that the majority of
SWCNT were located within phagosomes and ly-
sosomes, suggestive of active, phagocytic uptake
of the nanotubes. Some SWCNT were also found
to translocate across the membrane into the cyto-
plasm [24]. Indeed, it has been proposed that CNT
could penetrate the lipid bilayer by virtue of their
‘needle-like’ structure. The notion of spontane-
ous piercing through the membrane induced only
by thermal motion was tested in a recent study in
which the energy cost associated with the inser-
tion of a CNT into a model phospholipid bilayer
was calculated using the single-chain mean field
theory [25]. The authors arrived at the conclusion
that the energy cost of the bilayer rupture is high
compared to that of the energy of thermal mo-
tion, which may support other energy-dependent
translocation mechanisms, such as endocytosis.
In a recent study, Neves et al. [26] reported that
oxidized double-walled CNTs wrapped in RNA
are taken up by prostate and cervical cancer cell
lines in vitro but are then released after 24 h with-
out discernable cellular stress. The mechanism of
exocytosis of CNT remains to be understood.
Cells that are programmed to die by apoptosis
typically expose the anionic phospholipid, phos-
phatidylserine (PS) on their surface and this
serves as a specific recognition signal for neigh-
boring phagocytes. Utilizing the same principle,
we have recently shown that coating of SWCNT
with PS makes the nanotubes recognizable in vi-
tro by primary monocyte-derived human macro-
phages and dendritic cells [27]. Cellular uptake
was suppressed by the PS-binding protein An-
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nexin V, demonstrating that uptake was specific.
In line with this, in vivo aspiration of PS-coated
SWCNT stimulated their uptake by lung alveolar
macrophages in mice, while SWCNT coated with
the phospholipid phosphatidylcholine, which is
not specifically recognized by phagocytes, were
not as effectively taken up. Furthermore, Dutta et
al. [28] reported that CNT avidly adsorb albumin
when suspended in serum-containing medium.
Upon binding to the surface of CNT, albumin is
structurally altered and is recognized by scaven-
ger receptors, which could facilitate the cellular
uptake of CNT. Taken together, it seems apparent
that the presence or absence of specialized signals
determines the recognition and subsequent in-
teractions of CNT with cells. Overall, pristine
CNT are poorly recognized, whereas chemically
modified CNT or CNT with a corona of adsorbed
macromolecules (e.g. proteins and lipids) are
more readily recognized and engulfed by cells.

Biodegradation of Carbon Nanotubes

Nondegradable nanomaterials can accumulate in
cells and tissues where they can exert detrimental
effects. Indeed, it has been shown that intra-
venously injected pristine (nonfunctionalized)
SWCNT are highly enriched in the liver, lung, and
spleen in mice and remain in the body over an ex-
tended period of time [29]. Controlling the bio-
distribution of CNT through surface functional-
ization will be instrumental in transforming
these materials into candidates for drug delivery
and in vivo imaging. Enzymatic degradation of
SWCNT was recently demonstrated by incubat-
ing SWCNT in a cell-free system with horseradish
peroxidase (HRP) and low amounts of H,O, [30].
Others have reported that SWCNT with carbox-
ylated surfaces undergo a 90-day degradation in
a phagolysosomal simulant [31]. Unmodified,
ozone-treated, and aryl-sulfonated nanotubes did
not degrade under the same conditions. Oxida-
tive HRP-dependent degradation was also report-
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ed recently for MWCNT after 2 months, although
not to completeness [32]. In contrast, we have
demonstrated complete biodegradation of CNT
by human myeloperoxidase (hMPO) [33]. Biodeg-
radation was shown in a cell-free system but we
also provided evidence for hMPO-driven biodeg-
radation in neutrophils isolated from normal
healthy donors (fig. 2). Degradation occurred
within 12 h. Macrophages were less proficient at
biodegrading SWCNT, in line with the fact that
these cells express much lower amounts of hMPO
when compared to neutrophils. Importantly,
SWCNT fully biodegraded by hMPO in vitro did
not elicit typical inflammatory and oxidative
stress responses characteristic of CNT after pha-
ryngeal aspiration in mice [33]. These results
open new opportunities for controlled regulation
of CNT in an occupational or biomedical setting
through natural (enzymatic) degradation by im-
mune-competent cells (neutrophils).

Biomedical Applications of Carbon Nanotubes

Several recent developments, particularly in the
synthesis of chemically modified CNT resulting
in their enhanced ‘solubilization” (dispersibility)
and improved biocompatibility, make them more
versatile and show potential pathways for their
utilization in medicine [34]. Due to their strong
optical absorbance, CNT have become candidates
for biophysical approaches to destroy cancer cells
using, for instance, hyperthermia. In principle,
functionalization of CN'T with tumor-specific ep-
itopes followed by uptake only by cancerous cells
affords an opportunity to locally heat the CNT
using infrared laser radiation, resulting in ther-
mal destruction of cancer cells without harm to
surrounding cells. Using this approach, Kam et al.
[35] showed that SWCNT functionalized with fo-
lic acid were specifically internalized by cancer
cells expressing folic acid receptors on their sur-
face. Hyperthermic treatment resulted in the kill-
ing of cancer cells in vitro without harm to by-
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Fig. 2. Biodegradation of CNT. Recent studies have provided evidence of enzymatic degradation of SWCNT following
incubation with HRP or hMPO. Detailed analysis of the biodegradation products showed that biodegradation pro-
duces CO,. a Photograph showing carboxylated SWCNT (left) which were biodegraded upon 10 days of incubation
with HRP and H,0, (right). b Schematic of the biodegradation of SWCNT by neutrophil-derived hMPO. The chemical
formulas depict short-chained tri-, di-, and monocarboxylated alkanes and alkenes. Reprinted from Kagan et al. [40]
with permission from the American College of Occupational and Environmental Medicine.

stander cells. Similarly, Chakravarty et al. [36]
used a combination of antibody-directed target-
ing and thermal ablation to demonstrate that
SWCNT can be used for selective killing of human
B lymphoma cells in vitro. Podesta et al. [37] re-
ported that amino-functionalized MWCNT could
be used to deliver therapeutic siRNA sequences in
mice bearing a human lung carcinoma xenograft.

CNT have a tunable near-infrared emission
that responds to changes in the local dielectric
function but remains stable to permanent photo-
bleaching. Barone et al. [38] reported the synthe-
sis of solution phase, near-infrared sensors, with
glucose sensing as a model system, using SWCNT
that modulate their emission in response to the
adsorption of specific biomolecules. By inserting
a capillary tube containing such functionalized
CNT into human epidermal tissue ex vivo, they
could show that the CNT senses glucose concen-
trations in the range commonly found in the
blood of diabetic patients. CNT could thus po-
tentially serve as biosensors as they emit fluores-
cence in the near-infrared, a region of the spec-
trum not occupied by other organic molecules
and where tissue is transparent.

Carbon Nanotubes and the Immune System

Photoacoustic imaging has the potential to
image organs in vivo with simultaneous high
contrast and high spatial resolution, and De la
Zerda et al. [39] have provided recent evidence
that SWCNT conjugated with arginine-glycine-
aspartic acid-containing peptides can be used as
a contrast agent for photoacoustic imaging in tu-
mor-bearing mice. Importantly, a greater spatial
resolution was achieved by photoacoustic imag-
ing using CNT as compared with fluorescence
imaging using tumor-targeted quantum dots.
These elegant preclinical studies suggest new ap-
proaches to noninvasive imaging and monitoring
of disease processes, taking advantage of the spe-
cific physicochemical properties of CNT.

Concluding Remarks

CNT have been ascribed various toxic effects in
vitro and in vivo, and some studies have even in-
dicated similarities between certain CN'T (multi-
walled, high aspect ratio) and asbestos fibers. On
the other hand, recent studies have also demon-
strated that CNT could potentially be harnessed
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for biomedical purposes, as vectors for drug de-
livery, and for imaging. The important task that
lies ahead will thus be to determine which physi-
cochemical characteristics of CNT drive the tox-
ic responses and to utilize this knowledge in the
design of CNT that are biocompatible and safe.
Furthermore, some of the unwanted responses of
CNT may, in fact, lead to desirable outcomes de-
pending on the specific context. For instance, the
induction of CNT-dependent cellular toxicity
could serve as a novel and effective approach to
combat cancer cells, provided that the excretion
or biodegradation of CNT can be controlled.
Overall, a detailed understanding of the pharma-
cological and toxicological properties of CNT
and a critical and balanced evaluation of risk/
benefit ratios is required when considering the
medical applications of these novel materials.
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