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good dispersion in water, a specially prepared CNTEC® pro-
duced by Kuraray Living Co., Ltd., (Tokyo, Japan) was used as
described in Section 2.2.

2.2.  Preparation of mixtures and ESR-DMPO method
The measuring mixture consisted of MWCNTSs, hydrogen per-

oxide, ferrous chloride, and 5,5-dimethyl-1-pyrroline-1-oxide
(DMPO). Hydrogen peroxide (hydrogen peroxide 30.0-35.5

were conducted within 5 min after mixing all of the solutions.
The details were reported in a previous article [26].

ESR spectra were normalized using Mixture B in Table 1
with 0.1 ml CNT solution for all of the CS-MWCNT measure-
ments. With Nanocyl NC-7000, Mixture A in Table 1 without
surfactant was used. The ESR measurement results were
obtained as relative values to a reference. In the present work,
the radical concentration in a reference solution or specified
MWCNT mixture was described using the normalized form:

Scavenging ratio = [ESR signal of a sample/ESR signal of a reference]

= [radical concentration of a sample /radical concentration of a reference]

mass%, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
was diluted to 0.1 M with ultrapure water. The 0.1 M solution
was diluted to 1 mM with ultrapure water before use. Ferrous
chloride (iron (II) chloride tetrahydrate, Wako Pure Chemical
Industries, Ltd., Osaka, Japan) was dissolved in ultrapure
water to 15.7 mM. This solution was also diluted 100 times
before use. Frozen DMPO (Dojindo Laboratories, Kumamoto,
Japan) was thawed at room temperature and diluted to
100 mM with ultrapure water. The DMPO solution was pre-
pared each time and disposed within 24 h after preparation.
The surfactant for CS-MWCNTs was sodium dodecyl benzen-
sulfonate (SDBS) (Kanto Chemical Co., Inc., Tokyo, Japan) and
was diluted to 45.9 mM with ultrapure water.

CNTEC® was made of polyester fibers coated with 12 wt%
Nanocyl NC-7000 in dry condition. The weight ratio of the
concentration of the surfactant to MWCNTs of CNTECS®,
which was specially prepared, was fixed at 26.2:100 in dry
condition. In 50 g of ultrapure water, 0.1 g CNTEC fibers were
dispersed, which was sonicated for 30 min in a ultrasonic
bath. The mixture was filtered with a Whatman filter paper
(Whatman 42 with pore size at 2.5 ym) to remove polyester
fibers and large agglomerates of MWCNTs. This solution
was named as Solution A, which included 0.13 wt% of
MWCNTs after drying the solution. Solution A was filtered
with a Whatman filter paper (GF/F with pore size 0.7 pm)
and then a Milipore filter (MF-Milipore GSWP 09000 m with
pore size at 0.22 pm). This solution, named Solution B,
included 0.036 wt% of MWCNTs. The procedure gave an
advantage to balancing the surfactant interference despite
alterations in MWCNT concentration. These solutions were
used instead of CS-MWCNTs that were dispersed in the sur-
factant solution.

In all measurements, the peroxide concentration was in
excess.

2.3.  Electron spin resonance measurement

All solutions were mixed and measured at room temperature
with electron spin resonance (ESR) (JES-FA100, JEOL). The ESR
settings were as follows: frequency 9415.404 MHz, power
0.998 mW, field center 335 mT, sweep time 2 min, width+5
mT, and modulation frequency 100 kHz. All measurements

As the ratio is 1 at MWCNT = 0, radical concentration with
a change of CNT concentration was expressed as radical
concentration ratio to the reference. On the other hand, the
radical scavenging rate is described as:

Scavenging rate = {1 — (Scavenging ratio)}

ESR spectra were normalized using Mixture B in Table 1
with 0.1 ml CNT solution for all of the CS-MWCNT measure-
ments. With Nanocyl NC-7000, Mixture A in Table 1 without
surfactant was used. Thus, the scavenging ratio and rate rep-
resent the normalized hydroxyl radical concentration relative
to the reference and the normalized hydroxyl radical concen-
tration amount scavenged in a solution, respectively. All of
the samples were measured at least five times and arithmet-
ically averaged except the lowest and highest values. In the
present work, a buffer to control solution pH was not added
because the buffer apparently affects the reaction and the
reactive components were in the aqueous solution. pH mea-
surement was not conducted during ESR-DMPO measure-
ment because it cannot be physically measured during the
ESR spectrum measurements.

3. Results and discussion
3.1.  Reaction kinetics hypothesized

According to recent findings, MWCNTSs scavenge ROS [23-26].
All of these reports hinted that the reaction occurs at dangling
bonds on CNT surfaces and MWCNTs supposedly act as
electron donors or, at least, charge is transferred from those
dangling bonds to radicals. Petersen et al. reported that
SWCNTs also scavenge hydroxyl radicals by electron transfer
[27]. Peng et al. found that MWCNTs attached with cadmium
sulfide (CdS) were electron acceptors and catalyzed the
conversion of water to hydrogen (and inevitably oxygen) in a
photoreaction as a simulated photosynthetic reaction, where
radical formation and degeneration were implicitly included
[28]. This indicates that MWCNTs can be both electron
acceptors and donators in redox reactions depending on their
relative chemical potentials. If the redox potential is
hypothesized for MWCNTSs, they may decrease oxidant-
induced inflammation of tissues, though the actual condition
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Table 1 - Solution mixture components for CS-MWCNTs.

Amount of solutions taken (ml)

Solutions FeCl, CNTs in surfactant DMPO Surfactant H,0, Ultrapure water Total volume
Mixture A 0.4 None 0.4 0.4-0.8 0.4 Balance 2.0
Mixture B 0.4 0-0.4 0.4 Balance 0.4 0.4 2.0

Fig. 2 - A schematic diagram to illustrate hypothesized
reaction Kinetics of hydroxyl radicals at a reaction site of
MWCNTs. For easy visualization of the assumed concept, it
is illustrated as if the reaction takes place at a dangling
bond. Reaction sites donate electrons to hydroxyl radicals
and result in hydrogen and oxygen as denoted in Eq. (6). (A
color version of this figure can be viewed online.)

surrounding MWCNTs is complicated. One would be able to
stoichiometrically predict oxidant stress once the redox
potential of MWCNTs is determined in a reaction system. To
conduct and specify CNT behavior in aqueous solution, it is
necessary to model it using a simple first-order reaction profile
for CNTs as the first step.

We hypothesize the following chemical reaction equations
with MWCNTSs and hydrogen peroxide (Fig. 2). First, in the
light of the fact that a description of the Fenton reaction
has not been agreed upon completely, a simple system
consisting of hydrogen peroxide and Fe(lI) can be written to
characterize the present experimental system specifically as
follows [29,30]:

Fe’* + H,0, — Fe** + HO™ + HO' 1)
Fe** + H,0, — Fe** +H' + HOO (2)
Fe** + HOO' — Fe** +H' 4+ 0, (3)

These equations can be summarized as follows:
3H,0; — 2H,0 + Oy + 2HO' (4)

According to previous reports [12,20,22-25], it is agreed
that CNTs scavenge hydroxyl radicals in an aqueous solution
with hydrogen peroxide experimentally. The assumed
reaction sites on the CNT surface including dangling bonds

are denoted as Dn that acts as if they were single molecules.
As long as Eq. (4) is true, a necessary condition to satisfy it
with radical scavenging must become an equation as follows:

2Dn + 2HO' — 2Dn* + Hj + 0, (5)
Accordingly, Egs. (4) and (5) give the following equation:
3H,0, 4+ 2Dn — 2Dn' + 2H,0 + H, + 20, (6)

Eq. (5) indicates that the reaction sites donate electrons to
hydroxyl radicals finitely. This agrees with the assumption of
H+ or OH radical generation by electron acceptance on CNTs
by Peng et al. [28] In Eq. (6), the reaction rate constant should
become “1” if the concentration of Dn is large enough and
dominates compared to that of H,O, from Egs. (S5) to (S6) in
the Supplemental. This suggests that this experimental con-
dition must be avoided. Furthermore, the equations predict
that the CNT amount, or mole equivalent of the number of
reaction sites, is necessarily smaller than that of hydrogen
peroxide. Thus, while the mole equivalent of CNTs or reaction
sites has not been determined, a concentration ratio of hydro-
gen peroxide to CNTs should be sought in an experiment.

Eq. (5) requires one to measure the concentrations of
hydrogen and oxygen in a scavenging reaction in order to ver-
ify the Fenton reactions. However, it is experimentally impos-
sible to measure these concentrations in situ because of the
measuring system of the ESR equipment and its measuring
cell structure. Fortunately, Eq. (5) is a fictitious reaction to
deduce Eq. (6) so that Eq. (5) is regarded as an intermediate
reaction. Although the Fenton reaction gives many routes of
reaction steps, it can be simplified in such a manner.

3.2.  Influences of chemicals in a reaction system

Before conducting chemical tests to investigate whether Eq.
(6) is appropriate to describe the present chemical reaction,
it is necessary to investigate influences by chemicals in an
ROS measurement. This has not been pursued previously,
because the present approach with chemical kinetics had
not been proposed nor systematically explored. In addition,
it was reported that chemicals in similar systems significantly
affect ESR-DMPO measurement [31]. We conducted a series of
tests using CS-MWCNTs (Fig. 1), because they have many
edges of graphene that are relatively reactive in comparison
with highly crystallized CNTs [26]. Fig. 3a shows that the rad-
ical scavenging rate varies with a concentration change of the
surfactant without CS-MWCNTSs, where Mixture A in Table 1
was used. A reference solution was at 0 mM of the surfactant
of Mixture A in Table 1. The results show that hydroxyl
radicals are scavenged proportional to a surfactant concen-
tration. Fig. 3a apparently indicates that the surfactant
scavenges radicals. Fig. 3b shows the radical scavenging rate
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Fig. 3 - Influences of chemical components in the
scavenging reaction system. Vertical axis shows the
scavenging rate of hydroxyl radicals that were generated by
the Fenton reaction with hydrogen peroxide. (a) Influence of
surfactant without CS-MWCNTSs. The scavenging rate is
proportional to surfactant concentration. (b) A scavenging
rate change with a change of CS-MWCNT concentration ata
fixed surfactant concentration of 0.918 mM. Scavenging rate
proportionally corresponds to the MWCNT concentration
change. (c) The scavenging ratio with a change of hydrogen
peroxide concentration in fixed concentrations of FeCl, and
surfactant in Mixture B without CS-MWCNTS in Table 1. It is
apparent that the radical concentration is constant at the
measuring time in the solution.

with a concentration change of MWCNTs in a fixed concen-
tration of surfactant at 0.918 mM in a solution, where Mixture
B was used in Table 1. Likewise, the reference solution was at

0 wt% of MWCNTSs of Mixture B in Table 1. As the scavenging
rate of hydroxyl radicals proportionally corresponds to the
surfactant concentration according to Fig. 3a, Fig. 3b indicates
that the scavenging rate is proportional to the concentration
change of CS-MWCNTs at a fixed surfactant concentration,
where the surfactant contribution is relatively low. This
suggests that the ESR-DMPO method can measure radical
concentration changes corresponding to a CS-MWCNT
concentration change. However, an intrinsic CS-MWCNT
scavenging performance cannot be measured using this
method because the respective contributions of CS-MWCNTs
and surfactant are not distinguished individually. Fig. 3c
demonstrates the scavenging ratio with a change of hydrogen
peroxide concentration at a fixed concentration of surfactant
without CS-MWCNTSs. The scavenging ratio does not change
with a change in hydrogen peroxide concentration, which
indicates that hydroxyl radical generation depends on the
duration of time after mixing these chemicals rather than
the hydrogen peroxide concentration under the proposed
experimental condition. It is in agreement with the previous
literature [29,30]. Therefore, the surfactant is specifically a
major influence factor in the present chemical reaction sys-
tem. It is necessary to minimize the surfactant concentration
to determine the intrinsic MWCNT radical scavenging
performance.

In our radical scavenging tests with MWCNTSs, pH mea-
surements were omitted. On the one hand, there is physical
obstruction in which the DMPO adduct has a very short life-
time and the measuring cell cannot be equipped with a pH
cell inside due to physical constraints. It did not allow the
measurement of pH in situ. On the other hand, the interac-
tion among the buffer chemicals, MWCNTs, and DMPO is
complicated and cannot be predicted. The reaction sites on
MWCNTs might react with phosphate and DMPO could attach
on the CNT surface [32]. It is noted that the pH of the solution
mixture just before ESR measurement was approximately 6.5;
this was almost equal to that of ultrapure water used. It is
regarded that water stabilized pH due to the very low concen-
tration. It would be optimal to estimate or measure the solu-
tion pH during ESR-DMPO spectra measurement.

3.3.  Scavenging performance measurements with the
minimal amount of surfactant and intrinsic redox potential
of MWCNTSs

As mentioned above, because of the influence of surfactant
scavenging, performance measurements were conducted
using a minimal amount of surfactant with MWCNTs to
determine the intrinsic contribution of MWCNTs to radical
scavenging. Fig. 4 shows a change in scavenging rate with a
change of MWCNT solution volume, where Solution A or B
was added into water. This figure clearly shows that the rad-
ical scavenging depends on MWCNT concentration. In this
procedure, the surfactant concentration in Solutions A and
B was identical. Because these solutions were diluted further
with ultrapure water and hydrogen peroxide in the measure-
ment, surfactant concentration was two to three digits lower
than that of Mixture A or B, which were prepared using a con-
ventional method with surfactant. As the surfactant amount
was proportional to the MWCNT concentration which was
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Fig. 4 - Radical scavenging rate with a volume change of
MW(GCNT solutions A and B. Solutions A and B are filtered at
2.5 and 0.22 pm, respectively, to control MWCNT weight
concentration. These fitting curves are binominal for
Solution A and section three approximations for Solution B,
respectively. From these fitting curves, the equilibrium
points of Solutions A and B are found to be at 0.78 and 0.38,
respectively. (A color version of this figure can be viewed
online.)

low, the influence of the surfactant was believed to be
negligible in Solutions A and B according to Fig. 3a. Fig. 4
demonstrates that the maximum of the hydroxyl radical
scavenging rate depends on MWCNT concentration and
shows their plateau points. This result suggests that the
number of reaction sites was significantly different between
these solutions.

In comparison with the experimental results discussed in
the previous section, the curvature in Fig. 4 is apparently
different from that in Fig. 3b. Although it was true that the
size distributions of MWCNTs in Solutions A and B were not
identical after passing through those filters, the tendency of
these curves was alike. The results are consistent with a pre-
vious report in which the size difference of particular
MWCNTs did not significantly affect the scavenging charac-
teristics though the surface morphological difference did
[26]. Another report used MWCNT weight concentration in
the horizontal axis instead of volumetric concentration used
in Fig. 4. A single smooth line resulted when these results
were plotted against each other [31]. From these facts, it is
suggested that the scavenging reaction is proportional to
the surface area of MWCNTSs or the number of reaction sites.
Besides, Fig. 4 indicates that the scavenging rate does not
increase in a straight line as in Fig. 3a, or the first-order reac-
tion to CNT concentration. Even though peroxide was exces-
sive in quantity, radicals were generated but not so rapidly.
Therefore, the scavenging rate exhibits a plateau. It indicates
that there is an equilibrium point by an unknown mecha-
nism. However, this is not the target of the present study.
Thus, Eq. (5) is an intermediate reaction simply given to
derive Eq. (6) with the Fenton reactions.

In Fig. 5, all plots measured with Solutions A and B are
summarized together. The solid line is calculated by Eq. (7) as:

Srad = ~q In|Cpn + 5[+ q(Cpn +8) + 1 (7)

o o
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Fig. 5 - A change of hydroxyl radical concentration S;.q4 in
the solution with a change of MWCNT weight
concentrations Cpy,. The solid line is calculated using Eq. (7).
Standard deviations of these plots by measurement are
indicated with vertical bars. (A color version of this figure
can be viewed online.)

where S,,4 and Cp, are the scavenging ratio and the MWCNT
concentration in a mixture. Detailed definitions are given in
the Supplemental. Note that Eq. (7) is equivalent to Eq. (S8')
in the Supplemental. In Eq. (7), q, 1, and s are arbitrary con-
stants and were calculated using the “Solver” function of
Microsoft Excel (Microsoft® Excel® for Mac 2011, Version
14.3.9) to be 0.14936, 0.00000, and 0.00105, respectively. Fig. 5
clearly shows that the scavenging reaction ratio or the hydro-
xyl radical concentration ratio measured agrees with the solid
line practically, which indicates that the hypothesis in Eq. (6)
is appropriate to denote the reaction system.

Fig. 5 evidently shows that the experimental result agrees
with Eq. (7). In Fig. 4, on the one hand, the results are individ-
ually plotted based on these prepared MWCNT solutions in
order to show CNT concentration dependency. In Fig. 5, on
the other hand, all plots are processed together with a change
of CNT weight concentration. The former sets forth the radi-
cal scavenging reaction depending on the MWCNT surface
amount. It is regarded as a technique to detect the reaction
rates at very low concentrations of MWCNTs without a
change of the other ingredients in the solution. The latter is
used to analyze the reaction kinetics. These measurement
standard deviations tend to be small at the lower MWCNT
concentrations. It is probable that radical scavenging by the
surfactant may become significant at higher MWCNT concen-
trations as the surfactant concentration is proportional to the
MWCNT concentration. It is necessary to look for a method to
determine the reaction rates of hydroxyl radicals-DMPO and
hydroxyl radicals-surfactant to verify the point.

The plateau point is supposed as a pseudo-equilibrium
point in this particular reaction system, and may be related
to the number of reaction sites of MWCNTs. However, when
Eq. (7) is expanded using the Taylor expansion, it is rewritten,
if Cpy, is large enough, as:

Gy G
Srad =—q{2<CDn+—3—+---+2n+1+-~-)} +qCp, +T1

B
2n+1 )

=—q(Con) +--- +
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Thus, S,.q is to be the infinite number and does not have
an equilibrium point at large Cpy,, while it has an inflection
point. It is considered that Eq. (7) may hold true for a condi-
tion at low MWCNT or reaction site concentration having a
pseudo-plateau point. It means that the scavenging ratio
becomes large at a high MWCNT concentration. At present,
as mentioned above, this cannot be practically verified as
the higher MWCNT concentration brings a greater influence
of surfactant, and consequently the surfactant conceals the
intrinsic scavenging activity by MWCNTs. It is necessary to
develop a technique to disperse a large amount of MWCNTSs
at a very low concentration of surfactant. However, the intrin-
sic behavior of MWCNTSs can be sought at very low concentra-
tions of components. Differentiating Eq. (7) and setting to
zero, it gives a pseudo-equilibrium point at which a slope of
Eq. (7) is horizontal. To solve the equation, Cp, =5 =0.9985,
and S,aq = q = 0.14936. This result gives an answer to Eq. (52);
however, it does not specify the pseudo-equilibrium con-
stants of K; or K, because the actual peroxide concentration
in the chemical reaction system is not dynamically deter-
mined in the present procedure. It is necessary to seek and
develop a measuring method for hydrogen peroxide in the
solution in situ and obtain these constants. Even in view of
them, Eq. (7) should be applied to the radical scavenging abil-
ity of MWCNTs and their bioavailability evaluations. Here, it
has to be determined whether the given nano-carbons are
to be electron acceptors or donators. Krusic et al. specified
that fullerenes were endohedral and electron acceptors [33].
On the other hand, the physical properties of CNTs are signif-
icantly different from that of fullerenes, and particularly
energy bands and density of state DOS) of CNTs are unique
because of the cylindrical structure and chirality [34]. In addi-
tion, Ullah et al. proposed a concept of “charge carrier trans-
port mechanism” and discussed that the electron transfer of
semiconductive materials is relative [35]. Furthermore, Shi
et al. pointed out that CNTs can either donate or accept elec-
trons based on an electron transfer mechanism [36]. As the
results of the present work correspond to the previous reports
[23-27] and are not inconsistent with those discussions, the
assumption of electron donation is reasonable. Thus, Eq. (7)
is deemed to be appreciable to those evaluations. Figs. 4 and
5 show that the reaction kinetics between MWCNTs and
hydroxyl radicals agree with Eq. (6); that is, MWCNTs donate
electrons to those radicals.

Eq. (7) implies that a high concentration of MWCNTs infi-
nitely scavenge hydroxyl radicals, but the scavenging ability
by MWCNTs is obviously not proportional to their concentra-
tion. Considering these points with the CNT surface structure,
the results support our hypothesis semiquantitatively though
a pseudo-equilibrium constant is not specified uniquely. One
should consider calculating the constant if a CNT chirality
gives a particular electron energy distribution and density of
state specifically in the case of a thinner diameter [37]. As
the electron energy distribution and DOS for thicker-diameter
MWCNTs indicate no significant differences [38], a relation-
ship between the redox potential of MWCNTs and chirality
has to be clarified with thinner MWCNTSs. Furthermore, it is
necessary to investigate if Eq. (6) is reversible or kinetically
represents an equilibrium condition. Eq. (6), for example, in
a biological reaction, predicts that the induction of tissue

inflammation after exposure to MWCNTSs increases in a
long-period test in which the electrons in MWCNTs are
depleted, unless the living body can supply electrons to
MWCNTSs. It has been shown that pulmonary inflammation
rapidly increases in the week after exposure to MWCNTs
and gradually decreases to a normal condition within a
month [39]. The present report suggests that the inflamma-
tion decrease may be related to the redox potential. Of
interest is whether long-period exposures show a rebound
of inflammation. With regard to the electron supply to CNTs,
Petersen et al. imply that particular biological reactions give
electrons to CNTs [27]. To investigate the biological reaction
kinetically, it is necessary to elucidate the Fenton reaction
and reactions of biological molecules in the living body. Thus,
MWCNTs may have redox potential, while their reactivity as
electron acceptors must be proved using an alternative way
[40]. Once the redox potential of MWCNTs is determined,
MWCNT intrinsic toxicity via ROS can be estimated in tissues
chemically using their physicochemical properties and sur-
rounding conditions. Thus, it may be possible that the redox
potential of MWCNTSs can predict biological responses if the
reaction conditions around MWCNTSs are determined.

4, Conclusion

A chemical kinetics scheme to explain the hydroxyl radical
scavenging mechanism with MWCNTs is proposed and
proven by experiments in a simple chemical system with
MWCNTs. Theoretical calculations agree with the experimen-
tal results. The surfactant was specified as an interfering fac-
tor in the present reaction system. Minimizing surfactant
concentration allowed demonstration of the intrinsic behav-
ior of MWCNTSs in the system. MWCNTs behave as electron
donors through their reaction sites, which is a reason why
MWCNTSs are ROS scavengers. While it is predicted that the
surface morphology of MWCNTSs can be characterized using
chemical reactions on the surface, the present work clearly
shows that experimental results agree with chemical kinetics
assumed and previous reports. It suggests that this new
approach may allow one to estimate toxic reactions based
on chemical kinetics using the physicochemical properties
of MWCNTSs. Although it is necessary to determine the mole
equivalent number of MWCNTs to calculate the absolute
reaction and equilibrium constants, a model using redox
potential and chemical kinetics may predict the intrinsic
chemical reactivity of the MWCNT surface and, therefore,
be applied to design safer CNT structures.
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Bronchial epithelial cells and mesothelial cells are crucial targets for the safety assessment of inhalation of carbon nanotubes
(CNTs), which resemble asbestos particles in shape. Intrinsic properties of multiwalled CNTs (MWCNTs) are known to cause
potentially hazardous effects on intracellular and extracellular pathways. These interactions alter cellular signaling and aftect
major cell functions, resulting in cell death, lysosome injury, reactive oxygen species production, apoptosis, and cytokine release.
Furthermore, CNTs are emerging as a novel class of autophagy inducers. Thus, in this study, we focused on the mechanisms
of MWCNT uptake into the human bronchial epithelial cells (HBECs) and human mesothelial cells (HMCs). We verified that
MWCNTs are actively internalized into HBECs and HMCs and were accumulated in the lysosomes of the cells after 24-hour
treatment. Next, we determined which endocytosis pathways (clathrin-mediated, caveolae-mediated, and macropinocytosis) were
associated with MWCNT internalization by using corresponding endocytosis inhibitors, in two nonphagocytic cell lines derived
from bronchial epithelial cells and mesothelioma cells. Clathrin-mediated endocytosis inhibitors significantly suppressed MWCNT
uptake, whereas caveolae-mediated endocytosis and macropinocytosis were also found to be involved in MWCNT uptake. Thus,
MWCNTs were positively taken up by nonphagocytic cells, and their cytotoxicity was closely related to these three endocytosis
pathways.

1. Introduction

Carbon nanotubes (CNTs) were first discovered by Oberlin
et al. [1], and they have attracted increasing attention since
the end of 20th century. Owing to their unique physical,
mechanical, and electronic properties, CNTs serve as valuable
reinforcements or enhance the properties and introduce
novel functionalities of various materials in a number of
fields, including chemistry, electronics, energy, and materials
science [2, 3]. The unique properties of CNTs have also
garnered considerable attention from the fields of medicine

and biology, and they have potential applications as biomate-
rials for biosensors, drug and vaccine delivery vehicles, and
scaffold materials [4-6].

However, the potential adverse effects of CN'Ts on human
health are of great concern, considering their increasing use
in composite biomaterials and exploration as innovative solu-
tions for biomedical applications or in nanomedicine as well
as the potential workplace exposure [7-9]. CNTs possess
asbestos-like morphological characteristics (i.e., a nanoscale
size and a high aspect ratio) and persist in the human body
for a long time [10-12]. In 2008, Takagi et al. reported that



transgenic mice intraperitoneally injected with MWCNTSs
exhibited mesothelioma similar to that in mice exposed to
asbestos [13]. Subsequently, induction of mesothelioma was
also reported after intraperitoneal or intrascrotal injection of
CNTs in rodents [14-16]. Moreover, some evidence suggests
that CNT causes cancer upon inhalation or intratracheal
administration [17-20], although there is no direct evidence
that CNTs induce pleural mesothelioma and lung cancer
[17, 21-24].

Previous studies have clarified the carcinogenic mecha-
nisms of CNTs in vitro. The number of micronuclei in lung
epithelial cells increases upon exposure to MWCNTSs, which
is indicative of genotoxicity such as chromosomal damage
or mitotic spindle disruption [20]. Sargent et al. showed that
CNTs induce mitotic spindle disruption that results in errors
in chromosome number [8, 25-27]. CNTs must be internal-
ized by cells for such phenomena to occur. We have previously
reported that it is important for multiwalled CNTs (MWC-
NTs) to be internalized for cytotoxic effects to be observed
in a human mesothelioma cell line (MESO-1) and a human
bronchial epithelial cell line (BEAS-2B) [28-30]. However,
the internalization mechanism of CNTs is not well known.

In this study, we demonstrated the mechanism underly-
ing CNT internalization in human primary bronchial epithe-
lial cells and mesothelium cells. Moreover, we also demon-
strated the internalization mechanism of CNTs in nonphago-
cytic cells by using various endocytosis inhibitors.

2. Materials and Methods

2.1. Carbon Nanotubes. MWCNTs manufactured by a chemi-
cal vapor deposition method [31] were provided by Hodogaya
Chemical (MWNT-7; Tokyo, Japan); their properties have
been reported previously [32]. The sterilization conditions
were autoclaving at 121°C for 15 min. MWCNTs were vortexed
for 1 min in 0.1% gelatin (MediGelatin; Nippi, Tokyo, Japan)
or 2% fetal bovine serum (FBS; Life Technologies, Grand
Island, NY, USA) in phosphate-buffered saline (PBS) and
sonicated for 30 min. MWNT-7 was diluted if required, and
a volume of 1/100 was added to the cell culture fluid in the
following exposure experiments.

2.2. Endocytosis Inhibitors. The endocytosis inhibitors used
were previously described by Yumoto et al. [33]. Phenylar-
sine oxide, indomethacin, nystatin, and 5-(N-ethyl-N-isopro-
pylDamiloride were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chlorpromazine was purchased from Nacalai
Tesque (Kyoto, Japan). Phenylarsine oxide was dissolved in
dimethy] sulfoxide (DMSO) and diluted to 0.2-5mM. Indo-
methacin was dissolved in ethanol at 50°C and diluted to 5-
100 mM. Nystatin was dissolved in DMSO and diluted to 1-
20 mM. 5-(N-Ethyl-N-isopropyl)amiloride was dissolved in
DMSO and diluted to 5-80 mM. Chlorpromazine was dis-
solved in PBS and diluted to 2-50 mM.

2.3. Cell Culture. Normal human bronchial epithelial cells
(HBECs) were purchased from Lonza (Walkersville, MD,

BioMed Research International

USA). Normal human mesothelial cells (HMCs) were pur-
chased from Zen-Bio, Inc. (Research Triangle Park, NC,
USA). The BEAS-2B human bronchial epithelial cell line was
purchased from American Type Culture Collection (Manas-
sas, VA, USA). The ACC-MESO-1 human malignant pleural
mesothelioma cell line [34] was purchased from RIKEN
(Ibaraki, Japan). HBECs were cultured in bronchial/tracheal
epithelial cell serum-free growth medium kit with 0.1 ug/mL
retinoic acid (Cell Application, San Diego, CA, USA) and pas-
saged every 4 d, with the medium exchanged every alternate
day. HMCs were cultured in mesothelial cell growth medium
(Zen-Bio, Inc.) and passaged twice a week. Both types of
normal cell were used within 5 passages. BEAS-2B cells were
cultured in Ham’s nutrient mixture F-12 (Nacalai Tesque)
with 10% FBS and passaged twice a week. MESO-1 cells were
cultured in RPMI 1640 (Nacalai Tesque) with 10% FBS and
passaged twice a week. For each experiment, the cells were
seeded at a density of 2 x 10° cells/cm® and allowed to adhere
for 24 h.

2.4. Cell Viability. The cell viability assay was performed as
described previously [35]. We performed an Alamar Blue
assay (alamarBlue cell viability reagent; Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Cells were
plated in 96-well plates and incubated for 24 h at 37°C in the
culture medium containing MWCNTs in a dispersant or in a
control medium containing only dispersant without MWC-
NTs. Viable cells metabolized the dye, resulting in increased
fluorescence detected by excitation/emission at 530/590 nm
using a fluorescence multiplate reader (PowerScan 4; DS
Pharma Biomedical, Osaka, Japan). Cell viability was calcu-
lated as follows: percent cytotoxicity = 100 x experimental
value/control value. The test media were assayed six times for
each treatment condition.

2.5. Imaging of MWNT-7 Uptake by Fluorescence Microscopy.
Cells were cultured on ibiTreat y-Slide (ibidi GmbH, Martin-
sried, Germany) for snapshot imaging and ibiTreat y-dish for
time-lapse imaging for 24 h in a 5% CO, incubator. The cells
were prestained with bisbenzimide H33342 fluorochrome
trihydrochloride (H33342, 1 yg/mL; Nacalai) and CytoPainter
Lysosomal Staining Kit (Abcam, Tokyo, Japan) for 2h.
Then, the cells were washed once and exposed to MWNT-
7 (10 pug/mL). MWNT-7 uptake was snapshot-imaged at 2, 6,
and 24 h, and time-lapse imaging was performed at 10 min
intervals for 24 h by using differential interference contrast
(DIC) and fluorescence imaging by fluorescence microscopy
with cell culture equipment (AxioObserver Z1, Zeiss, Jena,
Germany) using a 40x objective.

2.6. Assessment of MWNT-7 Uptake by Flow Cytometry. Cells
were cultured on a 12-well plate for 24 h in a 5% CO, incu-
bator. Endocytosis inhibitors were pretreated 15 min before
CNT exposure. Then, the cells were exposed to MWNT-7
(10 pg/mL) and incubated for 2h. The evaluation of cellular
uptake for MWNT-7 followed the method reported that
we reported previously [28]. In brief, the cells treated with
or without MWNT-7 were washed twice and trypsinized.
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FI1GURE 1: HBECs were exposed to MWNT-7. (a) Viability of HBECs exposed to various concentrations of MWNT-7 in 0.1% gelatin or 2%
FBS for 24 h. HMCs were compared with HBECs exposed to MWNT-7 in each type of dispersant and to the control. Mean + SD. n = 6,
*P <0.05,*"P < 0.01,and *** P < 0.001. Image of HBECs exposed to 10 yg/mL MWNT-7 in 0.1% gelatin at 2h (b), 6 h (c), and 24 h (d) and
in 2% FBS at 2 h (e), 6 h (f), and 24 h (g). DIC and fluorescence images were merged. Nuclei were stained blue with H33342 and lysosomes

were stained red with CytoPainter.

The cells suspended in PBS containing 10% FBS were filtered
through a nylon mesh. Then, the cells were assayed for side
scatter (SSC) by light scattering analysis using a flow cytome-
ter (FCM; FACSCalibur, Becton Dickinson, San Jose, CA,
USA). The SSC ratio was calculated by dividing the MWNT-7
value with the control value.

2.7 Statistical Analysis. Data are presented as the mean +
standard deviation (SD). Statistical significance was deter-
mined by analysis of variance (ANOVA) followed by Student’s
t-test,and P < 0.05 was considered to be significant.

3. Results and Discussion

3.1 Cellular Uptake by HBECs and HMCs. First, we deter-
mined whether CNTs could be internalized in normal human
bronchial epithelial and mesothelial cells, for which potential
carcinogenicity of CNTs is of concern. Although we had
already shown that human mesothelioma cells and commer-
cialized normal HBECs from Cell Application internalized
CNTs [28, 32, 36], Nagai et al. reported that normal human
primary cultured mesothelium cells did not internalize CNTs
[16]. We used HBECs purchased from a different company
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F1GURE 2: HMCs were exposed to MWNT-7. (a) Viability of HMCs exposed to variety concentration of MWNT-7 in 0.1% gelatin for 24 h. P
values were compared to HMCs exposed to MWNT-7 in dispersant control. Mean + S.D.n = 6, *P < 0.05, **P < 0.001. Image of HMCs
exposed to 10 pug/mL MWNT-7 in 0.1% gelatin at 2h (b), 6 h (c), and 24 h (d). DIC and fluorescence images were merged. Nuclei were stained

blue with H33342 and lysosome were stained red with CytoPainter.

from that used in the previous paper to evaluate the influence
of supplier on cellular uptake of CNTs. Moreover, we com-
pared FBS as a dispersant for CNTs with gelatin in HBECs
because the dispersion of CN'Ts by 2% FBS was recommended
by the ENPRA [37]. The viability of HBECs from Lonza
at 10 pg/mL MWNT-7 for 24 h was approximately 85.5% in
FBS and 64.7% in gelatin, and the cell viability decreased
at higher concentrations (100 ug/mL) in both dispersants
in a concentration-dependent manner (69.9% versus 47.7%;
Figure 1(a)). We observed cells dyed with fluorescence to
determine whether CNTs were internalized in the cells. The
visualized cells began to internalize MWNT-7 dispersed in
not only gelatin but also FBS within 2h in some cells,
and uptake of MWNT-7 was observed in most cells within
6h (Figures 1(b), 1(c), 1(e), and 1(f)). At 24h, MWNT-7
appeared to accumulate in lysosomes (Figures 1(d) and 1(g)).
Because the purpose of this paper was to elucidate the mecha-
nisms underlying the endocytosis of CNTs, the CNTs used
in subsequent experiments were dispersed with gelatin to
prevent the influence of unknown factors.

Although the viability of HMCs exposed to MWNT-7
dispersed in gelatin decreased in a concentration-dependent
manner (Figure 2(a)) the cell viability was still higher than
that of HBECs. HMCs also began to internalize MWNT-
7 within 2h, and the internalization of MWNT-7 increased

over time (Figures 2(b)-2(d)). We previously reported that
BEAS-2B cells derived from human bronchial epithelium
and MESO-1 cells derived from human malignant mesothe-
lioma showed cytotoxicity arising from lysosomal injury
[35]. Human normal bronchial epithelial and mesothelial
cells also showed MWNT-7 internalization and cytotoxicity
dependent on MWNT-7, which accumulated in the lysosome
in excessive concentrations. Although Nagai et al. found that
human primary mesothelium cells exposed to MWCNTs
did not internalize the MWCNTs based on the SSC ratio,
transmission electron microscopy, confocal microscopy, and
time-lapse microscopy, they evaluated the results at 3 h after
exposure to the materials [16]. We speculate that these results
were obtained because it is difficult for CNTs to sink in the
solution owing to their very light weight. In fact, our results
showed that uptake of MWNT-7 observed by DIC increased
over time, and only a few cells internalized MWNT-7 in 2 h. It
has also been reported that the quantity of CNTs that undergo
cellular uptake increases until approximately 12 h [38]. More-
over, although previous studies have evaluated the uptake of
CNTs in comparison with asbestos, such a comparison under
the same conditions is not effective because cellular uptake of
different materials depends on their physicochemical prop-
erties. Another study showed that MWCNT exerted adverse
effects without CNT uptake in a human mesothelial cell line



