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B ecause of their unique physical, chemical, electrical, and mechanical properties, carbon nanotubes (CNTSs) have attracted a

great deal of research interest and have many potential applications. As large-scale production and application of CNTs
increases, the general population is more likely to be exposed to CNTs either directly or indirectly, which has prompted
considerable attention about human health and safety issues related to CNTs. Although considerable experimental data related to
CNT toxicity at the molecular, cellular, and whole animal levels have been published, the results are often conflicting. Therefore, a
systematic understanding of CNT toxicity is needed but has not yet been developed.

In this Account, we highlight recent investigations into the basis of CNT toxicity carried out by our team and by other laboratories. We
focus on several important factors that explain the disparities in the experimental results of nanotoxicity, such as impurities, amorphous
arbon, surface charge, shape, length, agglomeration, and layer numbers. The exposure routes, induding inhalation, intravenous
injection, or dermal or oral exposure, can also influence the in vivo behavior and fate of CNTs. The underlying mechanisms of CNT toxicity
indude oxidative stress, inflammatory responses, malignant transformation, DNA damage and mutation (errors in chromosome number
as well as disruption of the mitotic spindle), the formation of granulomas, and interstitial fibrosis. These findings provide useful insights
for de novo design and safe application of carbon nanotubes and their risk assessment to human health.

To obtain reproducible and accurate results, researchers must establish standards and reliable detection methods, use standard
CNT samples as a reference control, and study the impact of various factors systematically. In addition, researchers need to
examine multiple types of CNTs, different cell lines and animal species, multidimensional evaluation methods, and exposure
conditions. To make results comparable among different institutions and countries, researchers need to standardize choices in
toxicity testing such as that of cell line, animal species, and exposure conditions. The knowledge presented here should lead to a
better understanding of the key factors that can influence CNT toxicity so that their unwanted toxicity might be avoided.

Introduction

Carbon is one of the elements that was discovered early and is
readily available. Its allotropes incdude diamond, graphite,
amorphous carbon, carbon nanotubes (CNTs),' ~° graphene,”®
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and fullerenes.'° Since their accidental discovery and fabri-
cation in 1991, CNTs have received considerable attention
from scientific, industrial, and public communities because of
their unique physical, chemical, electrical, and mechanical
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FIGURE 1. TEM images of (A) aligned MWCNTSs,” (B) long carboxyl
MWGCNTSs,? (O short MWCNTS,” (D) short carboxyl MWCNTS,” (E) high Fe and
Mo carboxyl MWCNTSs,® (F) high Ni MWCNTSs,® (G) high Fe and Mo SWCNTSs,®
(H) high Fe and Mo MWCNTSs,? () high Fe, Yb, Ni, and Ce SWCNTs.*
Reproduced from ref 4. Copyright 2008 American Chemical Society. Re-
produced from refs 5 and 6. Copyright 2011 American Scientific Publishers.
properties. CNTs are classified in two main categories, single-
wall carbon nanotubes (SWCNTSs) and multiwall carbon nano-
tubes (MWCNTS), according to the number of layers. They all
have an enormous potential for applications in nanotechnol-
ogy, optics, electronics, materials science, biology, and med-
icine. CNTs have been widely used as biosensors, in antigen
recognition, in enzyme reactions, and in DNA—DNA hybrid-
ization.! CNTs can induce proliferation and differentiation of
neurons and osteoblasts and serve as drug and vaccine
delivery vehidles for cancer treatment.

With the development of potential applications and
maturation of preparation technology, the production of
CNTs has been increasing year after year. People have
increasing opportunities to contact CNTs directly or indir-
ectly. The extremely small size, fiber-like shape, large surface
area, and unique surface modification of CNTs determine
their distinctive chemical and physical characteristics and
raise their potential hazards to humans. Therefore, the
health and safety issues of CNTs have also attracted wide-
spread attention.'"'? However, there are a number of con-
flicting reports: some investigations have reported toxic
effects following the exposure of several cell types to both
SWCNTs and MWCNTSs, while others demonstrate very low
or insignificant cellular responses. This inconsistency could
be explained by many external and intrinsic factors such as
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surface charge and modification, shape, length, agglomera-
tion, or layer numbers, which can influence CNT toxicity.'>'*

Among all the potentially influential factors, what is the
crudial basis of CNT toxicity? At present there is no consen-
sus. In order to better understand how to design safe CNTs
for biomedical applications, this Account highlights the ex-
isting knowledge regarding the origin of CNT toxicity. More
information and details are summarized in Table 1. We
focus on a number of factors such as impurities, surface
modification, structure, and exposure routes that may influ-
ence the toxicity of CNTSs.

CNT Toxicity Derived from Impurities

More and more researchers have demonstrated that one of
the most important factors leading to CNT toxicity is impu-
rities, especially catalyst metal contaminants, such as the
transitional metals Fe, Y, Ni, Mo, and Co, introduced during
preparation and purification procedures. Other impurities,
such as amorphous carbon and other carbon nanomaterials,
might also contribute to the toxicity of CNTs. However,
current results are inconsistent, and further research is
needed for more accurate conclusions.

The presence of metal impurities could lead to conflicting
data about the biocompatibility, toxicity, and risk assess-
ment of CNTs and may limit their further industrial applica-
tions. Contamination of CNTs by catalyst residues is un-
avoidable during large-scale production by chemical vapor
deposition techniques.'> Moreover, it is impossible to en-
tirely remove the metal impurities without destroying the
structural integrity of CNTs because some metal particles are
protected by graphitic shells.*'> However, in cell culture and
human or animal bodies, the metal impurities may be
released from the CNT structure to enhance their toxicity.'®

Commercial SWCNTs and MWCNTSs (with high contents
of Fe, Co, Mo, and Ni), as well as acid-treated SWCNTs
with reduced metal impurities, were able to cross the cell
membrane.'” Commercial CNTs had a dose- and time-
dependent increase in intracellular reactive oxygen species
(ROS) and a decrease in mitochondrial membrane potential,
whereas purified CNTs had no effect. Nickel oxide in
SWCNTSs could affect the redox propetties of the regulatory
peptide L-glutathione, which is a powerful antioxidant pro-
tecting cells from oxidative stress."' Kagan et al. showed that
neither purified nor nonpurified SWCNTSs containing signifi-
cant amounts of iron were able to generate intracellular
production of superoxide radicals or nitric oxide in RAW
264.7 macrophages. Iron-rich SWCNTs were more effective
than purified SWCNTSs.'® Metal in CNTs that acts as a catalyst
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FIGURE 2. Respiratory exposure to SWCNTSs could induce acute pulmonary and cardiovascular responses. (A) The schematic illustration of SWCNT
exposure; (B) light micrographs of lung (b, ¢, f, g) and heart (d, h) tissue from male spontaneously hypertensive (SH) rats exposed to SWCNTs. TEM
images of Fe-poor SWCNTSs (a) and Fe-rich SWCNTs (e); (b, ¢, d) Fe-poor SWCNT groups after 24 and 72 h; (f, g, h) Fe-rich SWCNT groups after 24 and 72

h. Reproduced with permission from ref 3. Copyright 2012 Informa Plc.

of oxidative stress may be important in determining redox-
dependent responses.

Our previous study indicated that respiratory exposure to
SWCNTs containing different metal contents (Figure 1) could
induce acute pulmonary and cardiovascular responses. The
coexistence of metal residues in SWCNTs aggravated the
adverse effects (Figure 2). Biomarkers of inflammation,
oxidative stress, and cell damage in the bronchoalveolar
lavage fluid (BALF) were increased significantly 24 h post-
exposure to SWCNTSs. The increased endothelin-1 levels in
the BALF and plasma and angiotensin I-converting enzyme
in plasma suggested endothelial dysfunction in the pulmon-
ary circulation and peripheral vascular thrombosis.>® Lam et
al. also demonstrated that CNTs containing different types
and amounts of metals induced dose-dependent lesions
(such as epithelioid granulomas, interstitial inflammation,
peribronchial inflammation, and necrosis) and a higher
mortality rate.'®

At present, metallic impurities in CNTs can be detected
quantitatively using several analytical methods, such as
neutron activation analysis and inductively coupled plasma
mass spectrometry (Figure 1).%2° The constituent species

and amounts of metal impurities in CNTs are quite different
in materials obtained from different vendors, which makes it
more complex to evaluate the toxicity of CNTs as influenced
by impurities.

CNT Toxicity Derived from Their Chemical
and Structural Characteristics

Surface Charge and Modification. For medical applica-
tions, it is a primary concern to remove impurities as cleanly
as possible and disperse the CNTs well in water. In order to
improve hydrophilicity, functional sidewall groups (such as
hydroxyl and carboxyl) have inevitably been introduced
onto the surface of the CNTs (Figure 1).*° These groups
can be also efficiently used to attach specific biomolecules to
CNTs for delivery or therapeutic purposes via covalent
binding.

Specific surface area and functional groups are highly
related to pharmacokinetics, fate, and toxicity of CNTSs.
Hydroxylated SWCNTs (*2°-SWCNTols) are quickly distrib-
uted throughout the entire body and accumulate in the bone
for a long time. Taurine covalently functionalized MWCNTSs
("*C-tau-MWCNTSs) predominantly accumulated in the liver
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FIGURE 3. Distinct biodistribution of CNTSs in vivo resulting from differ-
ent surface modifications. (A) CNTs could arrive at almost all organs,
including heart, lungs, liver, kidneys, spleen, stomach, and intestine; (B)
TEM images of SWCNTols?! and tau-MWCNTs??; (C) TEM images of
MWCNTSs in digested solutions of liver, lung, and feces after tail
intravenous injection, intratracheal injection and gavage, respec-
tively;?? (D) '2°I-SWCNTols were distributed throughout the entire body
quickly after intraperitoneal injection (ip), except brain, accumulated in
the bone for a long time.?" Reproduced from refs 21 and 22. Copyright
2004 American Scientific Publishers and Copyright 2007 by Elsevier
B.V., respectively.

over a period of 3 months with low liver toxicity
(Figure 3).2'*? """In-labeled diethylentriaminepentaacetic
(DTPA) functionalized SWCNTs were not retained in any of
the reticuloendothelial system organs (liver or spleen) and
rapidly cleared from systemic blood circulation through the
renal excretion route within 3 h.?3 Surface modification was
able to change the interaction process of CNTs with the
cellular lipid bilayer, which further changed the cell uptake
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and viability.>* However, contrasting results were obtained
that unpurified and acid-treated SWCNTs were frequently
found inside lysosomes and cytoplasm of human mono-
cyte-derived macrophages (HMMs) with no significant
changes in cell viability or structure.®> All pristine and
functionalized SWCNTSs had limited toxicity to endothelial
cells in vitro as measured by growth, migration morphogen-
esis, and survival assays."’

Shape. CNTs are single-cylinder or multicylindrical struc-
tures that have a thin and elongated shape analogous to a
fiber, according to the WHO fiber definition of a particle with
an aspect ratio (length/diameter) greater than three.?® So,
CNTs might fit the “fiber toxicological paradigm”; namely,
their toxic properties may be analogous to those observed
with other fibrous particles such as asbestos. Poland et al.
warned that CNTs introduced into the abdominal cavity had
asbestos-like pathogenicity because of their needle-like
fiber shape, including inflammation and the formation of
granulomas.?’ Later, long and needle-like CNTs were re-
ported to activate secretion of IL-1a and IL-15 from LPS-
primed macrophages through activation of NLRP3, which
depended on ROS production, cathepsin B activity, P2X(7)
receptor, and Src and Syk tyrosine kinases.?® It is of con-
siderable importance to investigate the influence of the
shape of CNTs further and to use great caution before
introducing needle-like fiber-shaped products into the mar-
ket if long-term harm is to be avoided.

Length. CNTs of different lengths caused various degrees
of toxicity.?*3° The degree of inflammation induced by
825 nm-long CNTs was stronger than that induced by 220
nm-long CNTs in vivo because macrophages could envelop
220 nm-long CNTs more readily.?® Yamashita et al. con-
cluded that long MWCNTSs induced the strongest DNA da-
mage and increased the total cell number in abdominal
lavage fluid, while similar SWCNTSs or short MWCNTS caused
less effect.® MWCNTs of different lengths caused different
degrees of granuloma formation, and injection of MWCNTSs
longer than 20 um was significantly more serious than low-
aspect-ratio, tangled nanotube aggregates because macro-
phages cannot completely engulf longer fibers (Figure 4).272°

Agglomeration. The aggregation state can affect the
shape and surface area of CNTs and is one of the essential
factors in determining the toxic potential of CNTs. The effect
of highly agglomerated SWCNTs was more pronounced in
decreasing overall DNA content than better-dispersed
SWCNT bundles.' Wick et al. also reported that suspended
CNT bundles were less toxic than asbestos, while rope-
like agglomerates of CNTs induced more pronounced
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FIGURE 4. Physiochemical properties of CNTs can influence cell uptake and responses. (A) The varying types of CNTs can affect phagocytosis and
cytotoxicity; (B) (a,b) long MWCNTSs can lead to frustrated phagocytosis, while short MWCNTSs are readily phagocytosed. (c) foreign body giant cells
(FBGCs) are present after injection of long MWCNTSs (PMN, polymorphonuclear leukocyte; L, lymphocyte); (D) diaphragms show the presence of
granulomatous inflammation (GI) in mice exposed to long MWCNTSs, while (C) a small granuloma response is seen in mice treated with tangled
MW(CNTSs. Reproduced from ref 27. Copyright 2008 Nature Publishing Group.

cytotoxicity than asbestos fiber at the same concentrations.
The level of toxicity was at least partially dependent on the
agglomeration state of the tubes.3? Agglomerated CNTs
showed higher stiffness and rigidity, while the well-dis-
persed SWCNT bundles were softer and more flexible.
Layer Number. CNTs are manufactured to be either
single- or multiwalled. Some reports show that more pro-
found toxicity stems from SWCNTs than MWCNTSs. SWCNTs
significantly impaired phagocytosis of alveolar macro-
phages at a low dose of 0.38 mg/cm?, whereas MWCNTSs
did so only at the higher dose of 3.06 mg/cm?. The macro-
phages exposed to SWCNTs or MWCNTSs showed character-
istic features of necrosis and degeneration.®®> Our group
found that pristine graphene sheets induced cytotoxicity

through the depletion of the mitochondrial membrane
potential and increase of intracellular ROS and then trig-
gered apoptosis by activation of the mitogen activated
protein kinase (MAPK) and TGF-f pathways (Figure 5).” Pris-
tine graphene can also stimulate naive macrophages to
produce cytokines/chemokines via TLR- and NF-«B-related
signaling pathways and further alter their adhesion and
phagocytosis.®

Otherfactors, such as diameter and rigidity, could influence
the potential toxicity.>* Thin MWCNTSs (diameter 50 nm) with
high crystallinity showed cytotoxicity in vitro and subsequent
inflammogenicity and mesotheliomagenicity in vivo, while thick
(diameter 150 nm) or tangled (diameter 2—20 nm) MWCNTSs
were less toxic, inflammogenic, and carcinogenic.

Vol. 46, No. 3 = 2013 = 702-713 = ACCOUNTS OF CHEMICAL RESEARCH = 707
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FIGURE 5. Pristine graphene caused cell apoptosis through ROS-activated MAPKs and TGF-$ pathways. (A) The SEM image of pristine graphene. (B)
Typical apoptotic cells with large phagocytic vesicles could be observed in pristine graphene-treated cells at higher concentrations: (left) control;
(middle and right) graphene exposure. (C) Pristine graphene exhibited dose-dependent mitochondrial membrane depolarization. The mitochondrion-
specific dye JC-1 was used to detect changes in mitochondrial membrane potential. Apoptotic cells mainly show green fluorescence, while healthy
cells show red (yellow when merged). (D) Pristine graphene significantly increased phosphor-JNK (P-JNK), phosphor-Erk (P-Erk), and phosphor-p38
(P-p38). (E) The mechanisms of pristine graphene to induce cell damage. TNFj R represents TNF-3 receptor. Reproduced from ref 7. Copyright 2012

Elsevier B.V.

CNT Toxicity Derived from Surrounding Mi-
croenvironment and Analytical Methods

In addition to intrinsic physiochemical properties of CNTs,
many external factors like cell types, experimental condi-
tions, and assays can influence their apparent toxicity. First, it
is known that CNT toxicity varies among different cell lines,
702-713 = 2013
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which show cell-specific responses to the same CNTSs.
Among A549, the human bronchial epithelial cell line
BEAS-2B, and HaCaT, SWCNTs inhibited cell prolifera-
tion effectively in all three cell lines, whereas only HaCaT
and BEAS-2B cells showed decreased cell viability.>> Gen-
erally, CNTs affect cell proliferation and adhesive ability in a
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FIGURE 6. The competitive binding of blood proteins on the SWCNT surface could greatly alter their cellular interaction pathways and reduce the
cytotoxicity of SWCNTs. (A) The schematic diagram of interactions between SWCNTs and human blood cells and proteins. (B—E, left) AFM images of
proteins after incubation with SWCNTS for 5 h, including BFG (B), Ig (O), Tf (D), BSA (E). The interactions were estimated using both experimental (B—E,
right) and theoretical (B—E middle) approaches. Abbreviations: BFG, bovine fibrinogen; Ig, gamma globulin; Tf, transferrin; BSA, bovine serum
albumin. Reproduced from ref 2. Copyright 2011 National Academy of Sciences.

dose- and time-dependent manner. However, Tutak et al.
observed that most primary calvariae osteoblastic cells died
even when incubated with SWCNTSs for a short time (at 24 h).
But the proliferation ability of cells showed gradual recovery
after 3 weeks.>®

The surrounding environment is another important fac-
tor for evaluating CNT toxicity, for example, culture media
and body fluids. Because of their huge specific surface area,
CNTs easily adsorb proteins and small molecules onto their
surface, which not only changes the surface features but also
affects their toxicity. Meanwhile, cells lose some activity
when the medium's nutritive value has been damaged.
Casey et al. dispersed SWCNTSs in commercial medium and
subsequently removed them by centrifugation and filtration
to obtain depleted medium, which was toxic to A549 cells.

The removal of the nanotubes altered the composition of
the medium to different degrees.3” Our recent results de-
monstrated the interaction processes between SWCNTs and
human blood proteins, fibrinogen, immunoglobulin, albu-
min, transferrin, and ferritin, using both experimental and
theoretical approaches.>>® We found that proteins bound to
the SWCNT surface with different adsorption capacities and
packing modes. Additional cellular toxicity assays with a
human acute monocytic leukemia cell line and human
umbilical vein endothelial cells revealed that the competitive
binding of blood proteins on the SWCNT surface could greatly
alter their cellular interaction pathways and result in much
reduced cytotoxicity (Figure 6). These findings are crucial to
the design of safe CNTSs, allowing comprehensive preconsi-
deration of their interactions with human serum proteins.

Vol. 46, No. 3 = 2013 = 702-713 = ACCOUNTS OF CHEMICAL RESEARCH = 709
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Another important factor is the accuracy and reliability of
analytical methods. Cell viability is commonly assessed by
(1) trypan blue staining, (2) MTT, WST, and CCK-8, (3) lactate
dehydrogenase, (4) cell counting as detected by flow cyto-
metry, or (5) Bradford measurements of protein concentra-
tions. However, CNTs were found to interfere with the dyes
causing variable results.>® Thus, these methods might be
not suitable for assessing CNT toxicity. Other evaluation
methods without dyes have been used, such as a clone-
forming method.?>3” Therefore, more than one assay
should be required to analyze CNT toxicity for hazard
identification. It is important to establish a more standard
and effective system for the accurate evaluation of CNT
toxicity.

Mechanisms of CNT-Induced Toxicity

After CNTs enter the body via inhalation or dermal or oral
routes, the underlying mechanisms of CNT toxicity are
manifested as oxidative stress, inflammatory responses,
malignant transformation, DNA damage and mutation, for-
mation of granuloma, and interstitial fibrosis.

CNT-induced oxidative stress has been regarded as the
most acceptable mechanism. Increased intracellular ROS can
react with cellular macromolecules including DNA, proteins,
and lipids and disturb the homeostasis of the intracellular
milieu. Numerous studies have documented that transition
metals released from CNTs have the potential to cause the
conversion of cellular oxygen metabolic products such as
H>0, and superoxide anions to hydroxyl radicals. However,
highly purified MWCNTS also caused cells to generate ROS,
which was promoted by the high surface area.*® CNTs could
activate the specific molecular signaling associated with
oxidative stress, including activator protein-1 (AP-1) and
nuclear factor «B (NF-«B) and MAPK, which leads to the release
of proinflammatory cytokines together with the depletion of
antioxidant defenses, poly(ADP-ribose) polymerase 1 (PARP-1),
protein p38, and protein serine-threonine Kinase (Akt).*'
However, CNTs could be vety efficient as free-radical scaven-
gers. Watts et al.** first reported that MWCNTSs and boron-
doped CNTs can act as antioxidants, and the acceptor-like
electronic properties of CNTs were mainly responsible for the
radical termination. Incorporation of boron could further
enhance the radical-accepting capacity of the CNTs. Fenoglio
et al.*? also demonstrated that MWCNTSs exhibited a remark-
able scavenging capacity against an external source of hydro-
xyl or superoxide radicals. Howevet, this research is still in its
initial stage and much more work should be done before
practical applications.

710 = ACCOUNTS OF CHEMICAL RESEARCH
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When MWCNTs were injected intraperitoneally into
mice, inflammation was observed.?” In vitro, MWCNTs were
also able to activate the NF-«B signaling pathway to increase
the secretion of cytokines and chemokines (TNF-a, IL-15,
IL-6, IL-10, and MCP1) that promote inflammation.*" In vivo,
neutrophils accumulated and pro-inflammatory cytokines
(TNF-o, IL-1p) were secreted, followed by the appearance of
lymphocyte and macrophage and elevation of fibrogenic
transforming growth factor TGF-3.** Moreover, CNTs devel-
oped a robust pulmonary inflammatory response culminating
in the development of multifocal granulomatous pneumonia
and interstitial fibrosis.** Exposure of lung fibroblasts to
SWCNTSs resulted in an increase in cell proliferation and colla-
gen production without producing cell damage. One of the
major matrix metalloproteinases, MMP-9, was involved in the
fibrogenic process both in vitro and in vivo.*® The mechanisms
by which CNTs induce cell damage and inflammation are
depicted as shown in Figure 7.

Carcinogenicity of CNTs is also a major concern but has
not been well addressed. Chronic exposure to SWCNTSs
caused malignant transformation of human lung epithelial
cells and induced tumorigenesis in mice.*> Furthermore,
recent studies supported the observation that mesothelial
cells were sensitive to CNTs*' and mesothelioma was in-
duced 6 months after intraperitoneal injection in MWCNTSs-
exposed mice.*® These findings are striking, and more
research should focus on the issues of whether acute in-
flammatory responses would persist and progress to me-
sothelioma after human exposure to CNTs and whether
inhaled CNTs would be able to migrate to other organs
and affect the mesothelium.

Genotoxicity is the deadliest cause of cytotoxicity. CNTs
not only entered the cytoplasm but also localized within the
cell nucleus®>*? and caused cell mortality by activating the
tumor suppressor protein p53, enhancing the expression of
8-oxoguanine-DNA glycosylase 1 (0OGG1) and double-strand
break repair protein Rad 51, the phosphorylation of H2AX
histone at serine 139, and the SUMO modification of XRCC4.*7
High-purity SWCNT induced DNA strand breakage and some
but not significant micronucleus induction. However, the un-
derlying mechanism has not been studied and remains un-
known. If small enough, CNTs may pass through cellular
membrane and nucear membrane and interact directly with
DNA. CNTs may still come into contact with DNA when nuclear
membrane breaks down during mitosis if they accumulate in
cells but do not necessarily gain access to the nucleus. On the
other hand, they may cause DNA damage indirectly by pro-
moting oxidative stress and inflammatory responses.
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FIGURE 7. The mechanisms by which CNTs induce cell damage and inflammation.

Conclusions and Perspectives

With the rapid development of nanotechnology, humans will
be exposed to nanoparticles through inhalation, ingestion,
skin uptake, and vein injection. Although CNTs are highly
promising nanomaterials, their health impact on humans is
poorly understood. Moreover, conflicting results have been
noticed because of the use of varying types of CNTs, different
evaluation methods, and even different exposure conditions.

Though the diversity of CNT materials themselves makes it
difficult to evaluate their toxicity, in this Account we prelimi-
narily clarified the experimental contradictions of CNT toxicity
coming from different factors. We showed how the surface
charge, shape, length, diameter, agglomeration, and purity,
which are hard to keep consistent due to different preparation
and purification procedures of CNTs, influence their toxicity.
To make experimental results comparable, we first need to
establish a recognized standard CNT samples in toxicity
testing, because it seems that impurities and not CNTs them-
selves are responsible for the toxicity. Second, the traditional
methods of cell biology are not always suitable for detecting
CNT toxicity. For example, CNTs can interfere with the dyes to
cause many variables in results.® Thus, to establish standard-
ized and reliable methods for evaluating CNT toxicity is the
key foundation of accurate and reproducible measurements
of CNT toxicity. Third, because of the low solubility, CNTs
usually deposit on the cell surface without proper dispersion
in the culture medium, which makes that the exact concen-
tration of CNTs interacting with the biological system difficult
to know. Therefore, it is of profound significance to establish
appropriate dosimetry for CNTSs in toxicity research. Fourth, a

thorough understanding of the toxicology Kinetics of CNTs is
necessary for risk assessment and for minimizing any un-
wanted impact to human health and the environment.
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