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N
anomaterials such as functionalized
carbon nanotubes (CNTs) have a
wide range of promising applica-

tions in drug delivery,1�3 therapy4,5 and
biomedical imaging.6 However, a crucial
step toward the application of CNTs in the
human body is to regulate their impacts on
immune systems. Human immune systems
safeguard the host from infection and ma-
lignancy. They may be perturbed at differ-
ent levels, resulting in their suppression or
overstimulation leading to pathological
conditions.
Macrophages, also known as phagocytes,

are abundant in organs like liver, lungs, and
spleen and they are the primary and most
important cells responding to external sti-
muli and fighting against foreign sub-
stances. Macrophages respond to foreign
substances by triggering inflammatory re-
sponses such as the secretion of cytokines
to attract more cells to respond to the
foreign invasion. It is well-known that
macrophages recognize the foreign sub-
stances by surface receptors that internalize
foreign substances and activate the signal-
ing pathways as key immune responses.
CNTs (both single andmultiwalled CNTs)

have been reported to cause perturbations
of the immune system in vitro7�9 and
in vivo.10�13 Such adverse effects severely
limit the applications of CNTs in biomedi-
cine. Although there have been reports on

the perturbations of CNTs on cellular
signaling events such as NFκB14,15 and
AP-1,16,17 the associated mechanism is not
understood. Even more critical is the com-
plete lack of strategy to remediate immu-
notoxicity of CNTs and other nanomaterials
targeted for biomedical applications. To
elucidate the upstream mechanisms of
CNT-induced NFκB pathway activation and
develop a strategy to modulate and reduce
the immunotoxicity of CNTs, we carried
out a series of investigations on surface-
modified MWCNTs and the molecular
and cellular events they perturbed in
macrophages.
Here we demonstrate that THP-1 macro-

phage's recognition of CNTs can be modu-
lated by their surface chemistry modifi-
cations. The increased proportional binding
of modified CNTs to scavenger receptor
steered CNTs away from mannose receptor
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ABSTRACT Carbon nanotubes (CNTs) cause perturbations in immune systems and limit the

application of CNTs in biomedicine. Here we demonstrate that a surface chemistry modification on

multiwalled CNTs (MWCNTs) reduces their immune perturbations in mice and in macrophages. The

modified MWCNTs change their preferred binding pattern from mannose receptor to scavenger

receptor. This switch significantly alleviates NFκB activation and reduces immunotoxicity of

MWCNTs.
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binding, alleviated NFκB activation, and reduced their
immunotoxicity both in vitro and in vivo.

RESULTS AND DISCUSSION

Surface Chemistry Modifications on MWCNTs Reduces Its
Immune Perturbation. To test whether surface chemistry
modification can modulate the immune perturbation
of CNTs, we previously designed and synthesized an
80-member combinatorial MWCNTs library by placing
the most diverse molecules on the nanotubes surface
(Figure 1).18 The screening of MWCNTs in this combi-
natorial library for the immune responsive nitric oxide
(NO) generation showed that the reduction of immune
perturbation was achieved by surface chemistry mod-
ifications. The reduced cell immune response by sur-
face chemistry modification poses some challenging
questions: can this reduction be replicated in vivo?
What is themechanistic explanation of themodulation
of immunotoxicity? To address these questions,
MWCNTs 1 and 2 were selected for a series of investi-
gations. They were selected on the basis of their
markedly different immune responses inmacrophages
(NO production). Therefore they represent high- and

low-toxicity materials for us to elucidate the associated
mechanisms. Physicochemical characterization of
MWCNTs is crucial for understanding their biological
perturbations. We characterized MWCNT 1 and 2 by a
wide range of analytical methods and the results are
summarized in Table 1.

To clarify the possible association between the
molecular properties such as hydrophobicity and steric
hindrance of the ligands, we analyzed the data in terms
of correlations between these physicochemical prop-
erties and the NO release. The MWCNTs' molecule
properties, MlogP and steric properties such as Verloop L,
B1 and B3, were calculated and compared to NO
release responses. No correlation was found between
NO release and MlogP or steric properties. The results
indicated that the different perturbations were not due
to physicochemical or steric properties of ligands
(Supporting Information, Figure S1). Their sizes, shapes,
densities of functional groups, and uniform suspen-
sions in plasma were all similar, and they also have
comparable length distribution (Table 1). It is likely that
ligand's interactions with cell membrane receptors
may play a role in such a difference. To confirm our

Figure 1. Heat map for NO generation of MWCNT 1 and an 80-member combinatorial MWCNT library and the molecular
structures of selected MWCNTs for this study. Colors from light blue to dark blue are for lower NO to higher NO generations
(μmol/L, NO < 7.5, 7.5 < NO< 10 (light blue), 10 < NO< 15 (blue), 15 < NO< 20 (mediumblue), NO > 20 (dark blue)). MWCNTs 1
and 2 were selected for investigation of their immune perturbations.
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results in vitro, we went on to test whether this result
can be replicated in vivo.

MWCNTs Accumulated in Lungs, Liver and Spleen in which
TNF-r and IL-1β Levels Elicited by MWCNT 2 Were Reduced. To
assess the effect of MWCNTs on immune systems in
mice, we first investigated their body distribution in
mice. Owing to the lack of quantitative analysis

methods for MWCNTs, we labeled MWCNT 1 with a
specific ligand that chelates 64Cu as a radioactive label,
which was named MWCNT 3. The accumulations of
MWCNTs in various organs were measured 10 min,
60 min, and 24 h after tail vein injection. Results
showed that MWCNTs were mostly accumulated in
lungs, liver, and spleen in 24 h (Figure 2A). This result

TABLE 1. Characterization of Multiwalled Carbon Nanotubes (MWCNTs)
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was similar to that of the previous work.19�21 Carbon
nanoparticles also have been reported to induce the
inflammation in vivo. TNF-R and IL-1 in lungs bronch-
oalveolar lavage induced by C60 exposure were eval-
uated at day 1, 7, 14, and 28 after intratracheal in-
stillation, and the maximum response was at day 1.22

Pulmonary inflammation caused by MWCNTs was also
examined at day 1, 28, and 56, and the maximum
inflammation was also found at day 1.23 The main goal
of our investigation is to compare the altered inflam-
matory reponses caused by the surface chemistry
modification of the MWCNTs. Therefore, we assessed
the inflammation reponses in organs generated by
MWCNT 1 and MWCNT 2 at 24 h, when the effect
was the highest.

To investigate the immune perturbation elicited by
MWCNT 1 and 2 in mice, we quantified inflammation
cytokines, TNF-R and IL-1β in the tissue homogenates
of mouse lungs, liver, and spleen 24 h after injection
(Figure 2B,C). MWCNT 1 elicited an elevated response
of TNF-R and IL-1β in lung and liver compared to
vehicle control. However MWCNT 2 did not induce
evident immune response as measured by these
cytokines.

It was reported that CNTs caused inflammation in
mice11,24 and rat.10 CNTs predominantly accumulate in
the lungs after the intratracheal instillation exposures.25

Here we found that lung accumulation was also domi-
nant after i.v. injection. CNT stimulation of alveolar
macrophages in the lung or the phagocytes in the
reticuloendothelial system (RES) strongly induce inflam-
mation responses.20,26 CNTs promoted allergic responses
with sharply increased numbers of inflammatory cells
and cytokine levels.27 MWCNTs significantly increased
the IL-1β and TNF-R level in bronchoalveolar lavage fluid
and caused pulmonary damage in three days.28,29 Inhala-
tion of MWCNTs caused systemic immune function
alterations which was characterized by reduced T-cell-
dependent antibody response and T-cell proliferation.24

However, here we discovered that a surface chemistry
modification reduced the immune perturbations of the
MWCNTs both in vitro and in vivo. It is well-known that
macrophages are abundant in liver and lungs andplay an
important role in the first line defense against foreign
particles. To elucidate the mechanism of action of the
modified MWCNTs, we carried out further investigations
using macrophages.

Define the Effective MWCNTs Concentration in Cell Culture.
Since CNTs intrinsically tend to aggregate, the actual
effective concentration of CNTs may be different from
the amount of CNTs used to prepare the suspension. To
get an accurate account of the effective MWCNT
concentration, we sonicated the suspensions for
5 min to disperse the nanomaterials, removed the

Figure 2. The distribution ofMWCNTs inmice and the effect of MWCNT 1 and 2 on inflammatory cytokines inmice lung, liver,
and spleen in vivo. (A) MWCNT 1 was modified by linking a specific Cu2þ ligand and chelating 64Cu2þ to make MWCNT 3.
Suspension of MWCNT 3 was injected into CD-1 female mice (4 mice per group) via tail vein. For 10min, 60min, and 24 h, the
accumulation of MWCNTs in the tissues was measured. (B and C) Suspensions of MWCNT 1 and 2 in PBS solution in the
presence of 0.1% Tween 80was injected in to female BALB/cmice (5mice per group) via tail vein with a dose of 14mg/kg. For
24 h, TNF-R and IL-1β in the tissue homogenate were determined by ELISA (*p < 0.05).
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heavily aggregatedparticles by centrifugation (1500 rpm,
5 min) and then determined the concentration of well-
suspendedMWCNTs 1 and 2 byUV spectroscopy using a
calibration curve prepared separately. Concentrations of
MWCNT 1 were determined to be 9.88, 48.8, 97.6, 192,
and 379 μg/mL and those of MWCNT 2 were 9.89, 48.1,
95.9, 189, and374μg/mLwhen10, 50, 100, 200, 400μg/mL
of MWCNTs were dissolved in cell culture medium (see
the Supporting Information, Figure S2 and Table S1).

MWCNT 2 Caused Less Immune Perturbations in Macrophages
Compared to MWCNT 1. Previous studies have shown that
CNTs induced nitric oxide (NO) and pro-inflammatory
cytokines, such as tumor necrosis factor (TNF)-R,
interleukin (IL)-8, and IL-1β in macrophages and
monocytes.8,24,30 The induction of nitric oxide (NO)
and cytokine (TNF-R) production has been suggested
to be molecular markers for immunotoxicity of en-
gineered nanoparticle.31,32 To elucidate the mechan-
isms of MWCNT's perturbation on macrophages, we
first investigated the effect of MWCNTs on the gen-
eration of NO, TNF-R, and reactive oxygen species
(ROS).

TNF-R and IL-1 in lungs bronchoalveolar lavage
induced by C60 exposure were evaluated at days 1,
7, 14, and 28 after intratracheal instillation, and the

maximum response was at day 1.22 Pulmonary inflam-
mation caused by MWCNTs was also examined at days
1, 28, and 56, and themaximum inflammation was also
found at day 1.23 The main goal of our investigation is
to compare the altered inflammatory responses
caused by MWCNT surface chemistry modifications.
Therefore, we assessed the inflammation responses in
organs generated by MWCNT 1 and MWCNT 2 at 24 h.

The bacterial endotoxin LPS (as a control) is known
to induce the release of inflammatory factors in macro-
phages as an innate immune response. MWCNT
1-induced NO release was less than that of LPS at
lower doses, but this value exceed LPS at higher doses.
Compared to MWCNT 1, MWCNT 2 elicited lower NO
release (Figure 3A). Similarly, treatment with MWCNT 1
and 2 elicited different amounts of TNF-R release after
24 h. MWCNT 1 induced a significant TNF-R release
especially at the high dose which was comparable to
the LPS-induced response. However, TNF-R release
triggered by MWCNT 2 was less than 27% of the LPS
response at the highest dose tested (374 μg/mL)
(Figure 3B).

ROS generation is a part of the primary immune
defense inmacrophages against foreign materials. The
induction of oxidative stress has also been suggested

Figure 3. Immune perturbations of MWCNTs in macrophages. (A and B) Macrophages were treated with different concentra-
tions of MWCNTs for 24 h and the nitrite concentration (A) and TNF-R (B) in the culture supernatant was analyzed by Griess
reaction and ELISA separately. LPS (20 ng/mL) was used as control. (C) Reactive oxygen species in macrophages was
determined through increases in fluorescence intensity of dichlorofluorescin (DCF) after incubation with MWCNTs for 24 h.
(D) The loweredmitochondrialmembrane potentials elicited byMWCNTs (97.6 μg/mL forMWCNT 1 or 95.9 μg/mL forMWCNT
2, 24 h) were measured by JC-1 fluorescence. Mitochondria depolarization is specifically indicated by a decrease in the red
(610( 10 nm) to green (525( 10 nm) fluorescence intensity ratio. The fluorescence wasmeasured by confocal laser scanning
microscopy.

A
RTIC

LE



GAO ET AL . VOL. 5 ’ NO. 6 ’ 4581–4591 ’ 2011

www.acsnano.org

4586

to be a major toxicological paradigm for engineered
nanoparticles.33�35 Nanoparticles were reported to
cause pulmonary diseases by generating oxidative
injury.35 In vitro studies have shown that CNTs induced
oxidative stress in rat alveolar macrophages and
monocytic cells,30,36 and SWCNTs also showed an
adverse effect on keratinocytes through an oxidative
mechanism.15

The MWCNT-induced intracellular ROS was assayed
by monitoring the increase of fluorescence intensity of
dichlorofluorescein (DCF) in cells (Figure 3C). 20,70-
Dichlorofluorescein diacetate (H2DCF) is a nonfluores-
cent compound that accumulates in cells. It reacts with
ROS to form the fluorescent compound dichlorofluor-
escein (DCF). In our experiments, cells were treated
with different concentrations of MWCNTs for 24 h, and
the increase in fluorescence was determined in the
presence of DCF by a fluorometer. The results showed a
dose-dependent generation of ROS by both MWCNTs.
The intracellular ROS generated by MWCNTs 1 and 2
was negligible at the lowest concentration, which was
similar to the previous study results where SWCNT-COOH
did not induce the ROS generation below 20 μg/mL.37

However the increased intracellular ROS generated by
MWCNT 1 was sharper than that by MWCNT 2. The
behavior of MWCNT 1 is consistent with previous
findings.15 The MWCNT 2-induced increase in intracel-
lular ROS at the highest concentration (374 μg/mL) was
only 36% of that induced by MWCNT 1 at 379 μg/mL in
comparison to untreated cells.

Loss of mitochondrial membrane potential also
leads to oxidative stress. The mitochondrial membrane
potential was assessed using the fluorescent dye JC-1
(Figure 3D). This cationic dye exhibits potential depen-
dent accumulation in mitochondria indicated by a
fluorescence emission shift from green (525 ( 10 nm)
to red (610 ( 10 nm). Following treatment with
MWCNTs, mitochondrial membrane potential wasmon-
itored by measuring the red/green ratio using confocal
laser scanning microscopy. At the concentration of
97.6 μg/mL, MWCNT 1 reduced the mitochondrial
membrane potential by 34% while MWCNT 2 at the
concentration of 95.9 μg/mL reduced it only by 14%.

The aforementioned results demonstrated that
MWCNT 2 exhibited reduced immune perturbations
inmacrophages throughmultiple assays. To determine
whether these effects were the result of CNT surface
modification or an artifact such as the difference in

internalization in macrophages between MWCNT 1
and 2, we quantitatively investigated MWCNTs inter-
nalization and investigated their cellular locations.

MWCNTs 1 and 2 are Taken up by Macrophages in a Similar
Amount and Distributed in Identical Cellular Locations. Since
there is no available method to quantify the amount of
MWCNTs inside cells, we developed a quantitative
analysis protocol to determine the absolute amount
of MWCNTs in macrophages. CNTs bind proteins with
high affinity38 so that CNTs are all in the protein-bound
state (mostly BSA) in a cell culture. FITC-labeled-BSA
spontaneously binds to MWCNTs, and the bound
proteins remain associated with MWCNTs even after
three wash-and-centrifuge cycles. Only 6% of labeled
BSA was dissociated after 24 h. In this way, we were
able to label both MWCNT 1 and 2 with fluorescence
tag and quantify their amounts insidemacrophages by
measuring the fluorescence of fragmented cells after
sonication. A quantification calibration curve was gen-
erated using known amounts of fluorescent labeled
MWCNT 1 or 2 in the presence of the same number of
cells. Macrophages incubated with MWCNT 1 and 2 for
24 h were sonicated, and fluorescence of the contents
was measured. Experimental results showed that the
total cell uptakes of MWCNT 1 and 2 were highly
comparable (63.7(8.04 and 62.1( 7.39pg/cell, Table 2).

To objectively evaluate the mechanisms of the
effects of MWCNTs on macrophages, we also deter-
mined the cellular locations of MWCNT 1 and 2 inside
the macrophages. CNTs were known to be taken up by
mammalian cells and distributed in cytoplasm, endo-
somes, and lysosome.7,39,40 TEM images showed the
ultrastructural features of macrophages exposed to
MWCNT 1 and 2 for 24 h (Figure 4). Both MWCNT 1
and 2 were found in the same subcellular organelles:
phagosomes, cytoplasm, and lysosomes. Phagosomes
and lysosomes were distinguished by the shade inside
due to the relative emptiness of early phagosomes,
while lysosomes contain a lotmore biologicalmaterials
that produced darker images.

MWCNT 1 and 2 Are Recognized by Different Receptors. The
first strategy of macrophages to fight against foreign
particles is to recognize them by cell surface receptors
and engulf them via phagocytosis. This process in-
volves receptors like the mannose receptor (MR), toll-
like receptor (TLR), and scavenger receptor (SR).41,42

Studies have shown that the internalization of manno-
sylated gelatin nanoparticles were 2-fold higher than
unconjugated nanoparticles.43 The uptake of albumin-
coated SWCNTs were reduced by a scavenger receptor
inhibitor.44

To delineate the role of specific phagocytotic path-
ways and receptors involved in MWCNTs internaliza-
tion and immune modulation, macrophages were
treated with known biochemical inhibitors of phago-
cytosis and macrophage receptors (Figure 5). Cytochala-
sinD (5μg/mL), fucoidan (25μg/mL),mannan (2mg/mL),

TABLE 2. Amount of MWCNTs Internalized into

Macrophagesa

sample cell (�106) uptake (μg) uptake/cell (pg)

MWCNT 1 1.5 95.6( 12.1 63.7( 8.04
MWCNT 2 1.5 93.1( 11.1 62.1( 7.39

a Quantitative method for determination of MWCNTs internalization is described in
the Supporting Information..
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and OxPAPC (30 μg/mL) are inhibitors for macropinocy-
tosis/phagocytosis, scavenger receptor, mannose recep-
tor, and Toll-like receptor 4 (TLR4), respectively.
Macrophages were preincubated with inhibitors for

30 min and then treated with MWCNTs-BSA-FITC. Cyto-
chalasin D resulted in a marked decrease in the cellular
internalization of both MWCNT 1 and 2 (about 69% and
67% compared with unpretreated cells) indicating that
the main internalization mechanism for both MWCNTs
was macropinocytosis/phagocytosis. The pretreatment
of TLR4 inhibitor affected the internalization ofMWCNT 1
and 2 similarly (15% and 14%, respectively). However,
treatments with MR and SR inhibitors showed striking
differences. Internalization of MWCNT 1 was inhibited
similarlybybothMRandSR inhibitors (19and25%),while
MWCNT 2was inhibitedmainly by SR inhibitor (45%). MR
inhibitor only caused 9% inhibition of MWCNT 2.

Phagocytosis of NPs via MR-mediated pathways
results in a variety of downstream events, including
the release of lysosomal enzymes, reactive oxygen
intermediates, arachidonic acid metabolites, cytokines
such as IL-1, IL-6, TNF-a, and NFκB activation.45�48

Nevertheless, SR-mediated uptake is not accompanied
by pro-inflammatory cytokine secretion and NFκB
activation.42 Therefore, to further elucidate whether
MWCNT 1 and 2 trigger different receptor-mediated
pathways, we investigated the activation of their
downstream signaling proteins.

MWCNT 2 Alleviates Activation of the NFκB Pathway Due to
Preference to SR Binding. Generally, inflammatory effects
induced by foreign materials are mostly mediated by
the NF-κB pathway.49 CNTs were reported to generate
ROS, activate NF-κB, and to release proinflammatory
cytokines in human bronchial epithelial cells and
mesothelial cells,14,15,17 as well as in mice.16

The activeNFκB complex consists of p50, p65, and IκB
kinase. The activation of NFκB leads to IκB phosphoryla-
tion and degradation, as well as nuclear translocation of

Figure 5. Probing the mechanisms of macrophages' inter-
nalization of MWCNTs. Cytochalasin D, fucoidan, mannan,
and OxPAPC are generally classified as inhibitors of
macropinicytosis/phagocytosis, scavenger receptor, man-
nose receptor, and Toll-like receptor 4. Macrophages were
first treated with various inhibitors for 30 min. Treated and
untreated macrophages then were incubated with MWCNT
1-FITC (48.8 μg/mL) or MWCNT 2-FITC (48.1 μg/mL) for 45
min before the amounts of internalization were quantita-
tively determined. The percent internalization was normal-
ized to particle internalization in the absence of inhibitors.
(Comparison between pretreated and untreated macro-
phages, *p < 0.05. Comparison between scavenger and
mannose receptor inhibitor pretreated macrophages, **p <
0.05).

Figure 4. TEM characterization ofMWCNTs internalization and their distribution in subcellular organelles.Macrophageswere
incubated with MWCNT 1 (A, B, C, 97.6 μg/mL) or 2 (D, E, F, 95.9 μg/mL) for 24 h. (A and D) cytoplasm; (B and E) endosome; (C
and F) lysosome. Arrows point to MWCNTs. Scale bars represent 100 nm.
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the p50/p65 dimer.50 After MWCNT treatment, the cyto-
plasmic and nuclear extracts of macrophages were
analyzed by Western blot. Results showed both IκBR
degradation and the translocation of p65 proteins into
the nucleus (Figure 6A). Such degradation and nucleus
translocation elicited byMWCNT2wasmuch lower than
MWCNT 1. The results indicated that the chemistry
modification on the MWCNT 2 surface evidently alle-
viated the activation of the NFκB pathway.

NO is synthesized from L-arginine and molecular
oxygen by NO synthase (NOS). Inducible nitric oxide
synthase (iNOS) is a major inducible isoform that is
regulated by the NFκB pathway. Depending on the
different upstream signaling pathway activation, iNOS
expression may be promoted or inhibited.32,51 Its ex-
pression is upregulated by NFκB activation. To further
confirm that MWCNT 1 activated NFκBwhile MWCNT 2
reduced such activation, we measured the level of
iNOS expression by Western blot (Figure 6B). Our
results showed that iNOS expression was reduced by
MWCNT 2 compared to that induced by MWCNT 1.

On the other hand, a previous study has reported
that tyrosine phosphorylation of pp60Src is a key
component of SR-mediated signal transduction
cascades.52,53 To confirm the SR recognition predomi-
nantly by MWCNT 2, the expression of the Src-family of
protein tyrosine kinase (PTK) in macrophages treated
with MWCNTs was determined by Western blot

(Figure 6C). The level of Src-family PTK activation by
MWCNT 2 surpassed that by MWCNT 1. This result
confirmed that MWCNT 2 was internalized mainly
through scavenger receptor recognition that activates
the downstream Src-family of PTK. The scavenger
receptor-mediated pathway did not activate the NFκB
pathway and, therefore, the inflammatory responses
were reduced. This finding demonstrated that surface
property changes on CNTs could significantly alter the
receptor recognition events and reverse their immune
perturbations.

CONCLUSION

In summary, we demonstrated that the surface
chemistry modification on MWCNTs can regulate the
immune perturbation in mice and in macrophages.
MWCNT 2 caused less immune perturbations com-
pared to MWCNT 1 both in mice and in macrophages.
The mechanistic explanation is that the chemistry
modification on the MWCNT 2 surface increased its
binding to the scavenger receptor. The recognition by
the scavenger receptor alleviated NFκB activation and
reduced immunotoxicity of MWCNT 2. The elucidation
of immunotoxicity of nanomaterials are exemplified
here and, more importantly, we establish an approach
to modify nanomaterials to reduce their immune
perturbations that will facilitate the wide applications
of nanomaterials in medicine and life sciences.

MATERIALS AND METHODS
Functionalized Multiwalled Carbon Nanotubes. MWCNTs were

synthesized as we previously reported.18 For experiments in vitro,
MWCNTs were sterilized at 121 �C for 3 h and were suspended in
RPMI 1640 (Invitrogen, CA, USA) plus 2 mM L-glutamine
(Invitrogen, CA, USA), 25 mM HEPES (Invitrogen, CA, USA),
100 U/mL penicillin, 100 μg/mL streptomycin, and 10% fetal
bovine serum. Stock solutions were sonicated for 5 min in order
to achieve good suspension before theywerediluted by complete
RPMI 1640 culture medium to 10, 50, 100, 200, and 400 μg/mL.
Aggregatedparticleswere removedby centrifugation at 1500 rpm
for 5 min and the effective concentrations of MWCNTs were
determined by UV�vis spectroscopy using a calibration curve

obtained separately. The suspensions were sonicated for 5 min
again before the treatment on cells, and they were well homo-
geneous in culture medium (Supporting Information, Figure S3).

For experiments in vivo, sterilized MWCNTs were dispersed
in PBS (pH 7.4) with 0.1% Tween 80 to a final concentration of 1.0
mg/mL. The suspensions were sonicated for 5 min before i.v.
injection.

Macrophages. The cells used in this study were THP-1 (human
monocyte) cell line. THP-1 cells were cultivated in complete
RPMI 1640 culture medium and grown in a humidified incuba-
tor at 37 �C (95% room air, 5% CO2). Differentiation into
macrophages was triggered by the addition of phorbol 12-
myristate 13-acetate (Promega, WI, USA) at a concentration of
50 ng/mL for 48 h. Differentiated cells were characterized by

Figure 6. Effect of MWNCTs on NFκB activation (A), iNOS (B),and Src-family of PTK (C) expression. Degradation of IκBR and
translocation of p65 protein into the nucleus are indicators for activation of NFκB signaling pathway. Macrophages were
treatedwith 97.6 μg/mL ofMWNCT 1 or 95.9 μg/mL ofMWNCT 2 for 24 h. The cytoplasm or nuclear extracts were analyzed by
Western blot for IκBR, p65, iNOS,and Src-family of PTK in cytoplasm and p65 in nuclear. For equal protein loading of
cytoplasmic extracts, the cytoplasm extracts were analyzed with anti-β-actin antibody and, for nuclear extracts, with anti-
PARP antibody.
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adhering to the plastic surface. The nonadherent monocytes
were carefully removed and the adherent macrophages left in
the original plate were washed twice by RPMI 1640.

In vivo Biodistribution Studies. To maintain the integrity of the
MWCNT 1, less than 5% of the nanotubes were reacted with
diaminopropane and then coupled with 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid (DOTA), which is then used
to chelate 64Cu to form the radioactive MWCNT 1. Radiochemi-
cal purity was determined by ITLC-SG using silica gel impreg-
nated paper (Gelman Science Inc., Ann Arbor, MI). Radiolabeled
64Cu-DOTA-MWCNT 1, which was named as MWCNT 3, was
injected into CD-1 female mice at a dose of 67�123 μCi of
radiotracer via the tail vein. Animals (n = 4 at each group) were
sacrificed, the organs were weighed and radioactivity of 64Cu
was counted by using an automatic γ-counter. All animal
experiments were carried out in accordance with the NIH
guidelines (guide for the care and use of laboratory animals)
and experimental protocols approved by an institutional animal
care and use committee.

MWCNT's Effect in Mice. After acclimation for 1 week, 15 female
BALB/c mice (19�23 g) were randomly divided into 3 groups
(vehicle control, MWCNT 1, and MWCNT 2) with five mice per
group. Mice were given injections of vehicle and MWCNTs via
the tail vein at a dose of 14 mg/kg and sacrificed after 24 h. The
methods for homogenate preparation and analyses were car-
ried out according to established procedures.54 The nontendon
segments of lungs, liver, and spleen were minced and homo-
genized in ice cold PBS.Homogenateswerediluted to 1.7% (w/v)
with PBS and centrifuged at 3000 rpm for 10 min at 4 �C to
collect the supernatants for TNF-R and IL-1β measurement by
enzyme-linked immunosorbent assay (ELISA).

NO and TNF-r Assay in Macrophages. THP-1 macrophages (1 �
105/well in a 96-well plate) were treated with MWCNTs at
various concentrations for 24 h at 37 �C. LPS (20 ng/mL) was
used as control. After incubation, the supernatants were col-
lected for NO and TNF-R assays by Griess reaction and ELISA
separately according to the manufacturer's protocol.

Oxidative Stress in Macrophages. THP-1 macrophages (1 � 105/
well in a 96-well plate) were exposed to different concentrations
of MWCNTs for 24 h at 37 �C. After treatment and subsequent
washing steps to remove the excess MWCNTs, the intracellular
ROS were assayed by the increases in fluorescence intensity of
dichlorofluorescein in cells following manufacturer's protocol.

Assessment of Mitochondrial Membrane Potential Changes. The
macrophages mitochondrial membrane potential was deter-
mined after MWCNTs treatment for 24 h. After washing twice to
removeMWCNTs outside the cells, JC-1was incubatedwith cells
for 20 min at 37 �C. JC-1 is a lipophilic, cationic dye that can
selectively entermitochondria and reversibly change color from
green (525 ( 10 nm) to red (610 ( 10 nm) as the membrane
potential increases. The JC-1 dye accumulates in the mitochon-
dria of cells with normal membrane and display red fluores-
cence. In altered cells with lower membrane potential, JC-1 dye
can no longer accumulate in the mitochondria and remains in
the cytoplasm with green fluorescence. Followed by washing
twice carefully, the fluorescence was imaged and measured by
confocal laser scanning microscopy (CLSM, Leica, Wetzlar,
Germany). Mitochondria depolarization is indicated by a de-
crease in the red to green fluorescence intensity ratio.

Transmission Electron Microscopy (TEM). Macrophages were in-
cubated with MWCNT 1 (97.6 μg/mL) or MWCNT 2 (95.9 μg/mL)
for 24 h in culture dishes (1 � 107 cells/dish). Then cells were
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) and rinsed. Cells were fixed for 1 h in 2% osmium
tetroxide with 3% potassium ferriocyanide and rinsed. They
were treated with enbloc staining with a 2% aqueous uranyl
acetate solution and dehydrated through a graded series of
alcohol. They were then put into propylene oxide, a series of
propylene/Epon dilutions, and embedded. The thin (70 nm)
sections were cut on a Leica UC6 ultramicrotome, and images
were taken on a JEOL 1200 EX (JEOL, Ltd. Tokyo, Japan) using an
AMT 2k digital camera.

Quantitative Analysis of Cell Uptake. Cell uptake of MWCNTs was
quantified using FITC-BSA (Sigma Aldrich, MO, USA) labeled
MWCNTs. MWCNTs (1 mg/mL) were incubated with FITC-

albumin (2 mg/mL) for 36 h at 4 �C, and unabsorbed FITC-
albumin was removed by washing (�3) and centrifuging at
20000 rpm for 10 min. The stability of MWCNT-BSA-FITC was
determined, and the dissociation of BSA-FITC was only 6%
compared with the total MWCNT-BSA-FITC even at 24 h
(Supporting Information, Figure S4). Then FITC-BSA-labeled
MWCNT 1 (97.6 μg/mL) or MWCNT 2 (95.9 μg/mL) were added
to macrophages, respectively. After 24 h incubation, cells were
washed and then sonicated tobreak cells into smaller fragments.
The fluorescence of cell debris was measured on a fluorospec-
trophotometer (Thermo Scientific, MA, USA) with excitation at
488 nm. At the same time, a series of suspensions of MWCNT 1-
BSA-FITC and MWCNT 2-BSA-FITC were prepared to determine
calibration curves (Supporting Information, Figure S5).

Macrophages Receptors Recognization. THP-1 macrophages (1 �
105/well in a 96-well plate) were treated with Cytochalasin D
(5 μg/mL, Sigma Aldrich, MO, USA), fucoidan (25 μg/mL, Sigma
Aldrich, MO, USA), mannan (2 mg/mL, Sigma Aldrich, MO, USA),
and OxPAPC (30 μg/mL, InvivoGen, CA, USA) for 30min at 37 �C.
After removing the supernatant and washing the cells twice by
RPMI 1640, macrophageswere treatedwithMWCNT 1-BSA-FITC
(48.8 μg/mL) or MWCNT 2-BSA-FITC (48.1 μg/mL) for 45min and
measured as described in the previous section.

Western Blot Analysis. THP-1 macrophages were treated with
MWCNT 1 (97.6 μg/mL) or MWCNT 2 (95.9 μg/mL) for 24 h. The
cells were washed with ice cold PBS for three times and
collected. The cytoplasm and nuclear extracts were prepared,
and the concentration of solubilized protein was determined
following the manufacturer's protocol (Bio-Rad, CA, USA). The
cytoplasm or nuclear extracts were separated by 10% SDS-PAGE
and electrophoretically transferred onto a polyvinylidene di-
fluoride membrane (Bio-Rad, CA, USA). The membrane was
blocked with 5% nonfat milk in TBS containing 0.1% Tween
20 at room temperature for 2 h followed by incubation over-
night at 4 �C with antibodies against IκBR (Santa Cruz, CA, USA),
p65 (Santa Cruz, CA, USA), iNOS (Santa Cruz, CA, USA), Src-family
of PTK (Cell Signaling, MA, USA), β-actin (Santa Cruz, CA, USA),
and PARP (Cell Signaling, MA, USA). The membranes were
washed with TBS containing 0.1% Tween 20 and probed with
horseradish peroxidase-coupled secondary goat antirabbit or
antimouse immunoglobulin G antibodies (Santa Cruz, CA, USA).
The proteins were detected with the Immun-Star Western
Chemiluminescence Kit (Bio-Rad, CA, USA) according to the
manufacturer's instructions.

Statistical Analysis. Mean and standard deviation (s.d.) were
calculated for each parameter. Results were expressed as mean
( s.d. of multiple determinations. Comparisons of each group
were evaluated by two-side Student's t-test. A statistically
significant difference was assumed to exist when p values were
less than 0.05.
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