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Abstract

Single-walled carbon nanotubes (SWCNT), nano-cylinders with an extremely small diameter (1–2 nm) and high aspect ratio, have
unique physico-chemical, electronic and mechanical properties and may exhibit unusual interactions with cells and tissues, thus
necessitating studies of their toxicity and health effects. Manufactured SWCNT usually contain significant amounts of iron that may
act as a catalyst of oxidative stress. Because macrophages are the primary responders to different particles that initiate and propagate

inflammatory reactions and oxidative stress, we utilized two types of SWCNT: (1) iron-rich (non-purified) SWCNT (26 wt.% of iron)
and (2) iron-stripped (purified) SWCNT (0.23 wt.% of iron) to study their interactions with RAW 264.7 macrophages. Ultrasonication
resulted in predominantly well-dispersed and separated SWCNT strands as evidenced by scanning electron microscopy. Neither
purified nor non-purified SWCNT were able to generate intracellular production of superoxide radicals or nitric oxide in RAW
264.7 macrophages as documented by flow-cytometry and fluorescence microscopy. SWCNT with different iron content displayed
different redox activity in a cell-free model system as revealed by EPR-detectable formation of ascorbate radicals resulting from
ascorbate oxidation. In the presence of zymosan-stimulated RAW 264.7 macrophages, non-purified iron-rich SWCNT were more
effective in generating hydroxyl radicals (documented by EPR spin-trapping with 5,5-dimethyl-1-pyrroline-N-oxide, DMPO) than
purified SWCNT. Similarly, EPR spin-trapping experiments in the presence of zymosan-stimulated RAW 264.7 macrophages
showed that non-purified SWCNT more effectively converted superoxide radicals generated by xanthine oxidase/xanthine into
hydroxyl radicals as compared to purified SWCNT. Iron-rich SWCNT caused significant loss of intracellular low molecular weight
thiols (GSH) and accumulation of lipid hydroperoxides in both zymosan-and PMA-stimulated RAW 264.7 macrophages. Catalase
was able to partially protect macrophages against SWCNT induced elevation of biomarkers of oxidative stress (enhancement of
lipid peroxidation and GSH depletion). Thus, the presence of iron in SWCNT may be important in determining redox-dependent
responses of macrophages.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Nano-materials are at the leading edge of the rapidly
developing field of nanotechnology. Their unique size-
dependent properties make these materials superior and
indispensable in many areas of human activity. As nano-
materials and nano-devices are developed, awareness
is growing that their unusual physico-chemical prop-
erties may lead to new dilemmas in decision making
and managing potential environmental and health risks.
While benefits of nano-technology are widely publi-
cized, the discussion of the potential effects of their
widespread use in consumer and industrial products
are just beginning to emerge (Service, 2004). Among
different types of nano-particles, single-walled carbon
nanotubes (SWCNT) with their unique electronic and
mechanical properties may also exhibit unique biologi-
cal interactions, thus necessitating studies of their health
effects. The extremely small size (∼1 nm in diameter)
renders their chemical and physical properties funda-
mentally different from larger particles of the same
composition. Therefore, the biological and toxicological
effects of SWCNT cannot be predicted by extrapola-
tion of data collected in experiments with fine carbon
particles. The most commonly used technology in the
manufacturing of SWCNT is catalytic disproportiona-
tion of gaseous carbon molecules supported on catalytic
metal (iron) particles (Bladh et al., 2000). Thus, unpu-
rified SWCNT usually contain significant amounts (up
to 40 wt.%) of iron (Morjan et al., 2002) that may act as
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murine macrophages) and characterized their ability
to respond to standard iron-containing SWCNT with
those produced by deliberately iron-stripped SWCNT.
We assessed oxidative stress by measuring specific free
radical intermediates by EPR spectroscopy, intracellu-
lar production of superoxide radicals and nitric oxide
(NO•) by flow-cytometry, as well as lipid peroxidation
and GSH content of macrophages.

2. Methods

2.1. SWCNT particles

SWCNT (CNI Inc., Houston, TX) produced by the high
pressure CO (HiPco) disproportionation technique, employing
CO in a continuous-flow gas-phase as the carbon feedstock
and Fe(CO)5 as the iron-containing catalyst precursor
(non-purified SWCNT) (Bronikowski et al., 2001). Purified
SWCNT were prepared by acid treatment to remove metal
contaminates (Gorelik et al., 2000). Specific surface area
was measured at −196 ◦C by nitrogen absorption–desorption
technique (Brunauer Emmet Teller method, BET) using
SA3100 Surface Area and Pore Size Analyzer, (Beckman
Coulter Inc, Fullerton, CA) while diameter was measured by
transmission electron microscopy (TEM). The mean diame-
ters of purified/non-purified SWCNT were 1–4 nm. Surface
areas of non-purified and purified SWCNT were 950 and
1040 m2/g, respectively. Chemical analysis of total elemental
carbon and metal (iron) in SWCNT was performed at the
Chemical Exposure and Monitoring Branch (DART/NIOSH,
Cincinnati, OH). Elemental carbon in SWCNT was assessed
according to NIOSH Manual of Analytical Methods (NMAN)
catalyst of oxidative stress (Halliwell and Getteridge,
993). Since, metal-containing SWCNT are likely more
oxic than metal-free nanoparticles, efforts have been

ade to remove this iron by acid treatment; such puri-
ed SWCNT contain <0.4 wt.% iron (Gorelik et al.,
000).

Macrophages are the primary responders to different
articles that initiate and propagate inflammatory reac-
ions (Ohtsuka et al., 1995; Mossman and Churg, 1998).
ur previous work has demonstrated that inflamma-

ory response to purified SWCNT included recruitment
nd activation of macrophages in the lung of exposed
nimals (Shvedova et al., 2005). Because NADPH
xidase-driven production of reactive oxygen species
ROS) (superoxide radicals, H2O2) in macrophages pro-
ides a redox environment in which transition metals
an fully realize their pro-oxidant potential, a com-
ination of macrophage response with catalytically-
ompetent metal-containing SWCNT may synergisti-
ally enhance damage to cells and tissues. To study
hese important redox interactions in the current study,
e used a macrophage cell culture model (RAW 264.7
(Bronikowski et al., 2001), while metal content (iron)
was analyzed using nitric acid dissolution and inductively
coupled plasma-atomic emission spectrometry (ICP-AES)
performed according to NMAM method 7300 for trace
metals. Analysis performed by NMAN 5040 revealed that
purified SWCNT comprised of 99.7 wt.% elemental carbon.
For purity assessment of HiPco SWCNT, we used several
standard analytical techniques including thermo gravimetric
analysis with differential scanning colorimetry (TGA–DSC),
thermo-programming oxidation (TPO), and Raman and
near-infrared (NIR) spectroscopy (Birch, 2003; Arepalli et al.,
2004; Dresselhaus et al., 2004). Comparative analytical data
obtained by TGA–DSC, TPO, NIR and Raman spectroscopy
revealed that more than 99% of carbon content in the
SWCNT HiPco product was accountable in a carbon nanotube
morphology.

2.2. EPR measurements of paramagnetic iron in SWCNT

Analyses were performed with a JEOL JES-RE1X EPR
spectrometer (Kyoto, Japan) whereby the instrument settings
were as follows: microwave power, 10 mW; modulation ampli-
tude, 0.1 mT; time constant, 0.1 s; scan range 5000 G; center
field 3350 G; receiver gain 50.
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2.3. Scanning electron microscopy (SEM) of SWCNT

The SWCNT were diluted in double-distilled water and fil-
tered with a 0.4 �m nucleopore filter. The filter was attached
with double-stick carbon tape on an aluminum mount and sput-
ter coated with gold/palladium. Images were collected on a
JEOL 6400 scanning electron microscope.

2.4. Cell culture and exposure to particles

RAW 264.7 macrophages (from the ATCC) were grown in
DMEM supplemented with 10% heat inactivated fetal bovine
serum (FBS, Invitrogen, Carlsbad, CA), 100 units/ml penicillin
and 100 �g/ml streptomycin in a humidified atmosphere (5%
CO2 plus 95% air) at 37 ◦C. Macrophages (0.3 × 106 cells/ml)
were exposed to both non-purified SWCNT containing
26.0 wt.% of iron (0.12–0.5 mg/ml) or purified SWCNT con-
taining 0.23 wt.% of iron (0.12–0.5 mg/ml) for 1–2 h at 37 ◦C.
SWCNT were ultrasonicated using Cole–Palmer ultrasonic
homogenizer (3 cycles × 30 s) prior to exposure. We used sol-
uble and insoluble stimulators of macrophages activity PMA
(1 �M) and zymosan (0.25 mg/ml), respectively. Concentra-
tion of both non-purified and purified SWCNT used for the
study was expressed as total SWCNT materials.

2.5. Superoxide production

Intracellular production of superoxide was assessed using
dihydroethidium (DHE, Molecular Probes, Eugene, OR) oxi-
dation assay (Zhao et al., 2003). Macrophages (0.3 × 106/well)
were pre-incubated with DHE (10 �M for 10 min at 37 ◦C).
Then RAW 264.7 macrophages were stimulated by zymosan

lated by lipopolysaccharide (LPS, 0.1 �g/ml for 6 h at 37 ◦C)
were pre-incubated with DAF-2DA (2 �M for 1 h at 37 ◦C).
Then naı̈ve and LPS-treated RAW 264.7 macrophages were
stimulated by zymosan (0.25 mg/ml) or SWCNT (26.0 wt.%
of iron) or purified SWCNT (0.23 wt.% of iron) for 2 h at
37 ◦C. Cells were analyzed using a FACScan flow cytometer
(Becton-Dickinson, San Jose, CA) with monitoring of fluo-
rescence (Ex.: 488 nm, Em.: 530 nm, channel FL1). Ten thou-
sand events were collected and analyzed using the CellQuest
software (Becton-Dickinson, San Jose, CA). For fluorescence
microscopy, cells were washed three times with PBS, fixed
with a solution of 2% formaldehyde in PBS. Thus treated cells
were examined under a Nikon ECLIPSE TE 200 fluorescence
microscope (Tokyo, Japan) equipped with a digital Hamamatsu
charge-coupled device camera (C4742-95-12NBR) and ana-
lyzed using the MetaImaging SeriesTM software version 4.6
(Universal Imaging Corp., Downingtown, PA).

2.7. EPR measurements of free radical intermediates

Ascorbate (10 �M) and a spin-trapping agent, 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO, Sigma) (100 mM),
were used for radical detection. All measurements were per-
formed using a JEOL JES-RE1X EPR spectrometer (Kyoto,
Japan). Instrument settings were as follows: microwave power,
20 mW; modulation amplitude, 0.1 mT; time constant, 1.3 s.
To quantitate the ratio of superoxide and hydroxyl radicals in
the superimposed EPR signals of their DMPO spin adducts,
we applied the software program, EPRware, which allows to
separate individual spectra of each of spin adducts and calcu-
late its concentration. Calculation of spin adduct concentration
was based on the evaluation of double integral of the EPR
(0.25 mg/ml) or SWCNT (26.0 wt.% of iron) or purified
SWCNT (0.23 wt.% of iron) for 30 min at 37 ◦C. Cells were
analyzed using a FACScan flow cytometer (Becton-Dickinson,
San Jose, CA) with monitoring of fluorescence (Ex.: 488 nm,
Em.: 565–585 nm, channel FL2). Ten thousand events were
collected and analyzed using the CellQuest software (Becton-
Dickinson, San Jose, CA). For fluorescence microscopy, cells
were washed three times with PBS, fixed with a solution
of 2% formaldehyde in PBS. Thus treated cells were exam-
ined under a Nikon ECLIPSE TE 200 fluorescence micro-
scope (Tokyo, Japan) equipped with a digital Hamamatsu
charge-coupled device camera (C4742-95-12NBR) and ana-
lyzed using the MetaImaging SeriesTM software version 4.6
(Universal Imaging Corp., Downingtown, PA). Extracellular
superoxide was measured in incubation medium by an SOD-
inhibitable cytochrome c reduction assay as described (Pick
and Mizel, 1981).

2.6. Nitric oxide production

Intracellular production of nitric oxide was assessed
using and 4,5-diaminofluorescein diacetate (DAF-2DA, Cal-
biochem, San Diego, CA) oxidation assay (Jourd’heuil, 2002).
Naı̈ve macrophages (0.3 × 106/well) and macrophages stimu-
spectrum of spin adduct of interest and comparing it with a stan-
dard. Using this protocol, the concentrations of DMPO–OH
spin adducts have been determined. The variations of the spin
adduct EPR spectra intensity did not exceed 4–5%. EPR spec-
tra from each sample were reproduced five times.

2.8. Fluorescence assay for low molecular weight thiols
(GSH)

Low molecular weight thiols (predominantly GSH) in RAW
264.7 macrophages were determined using ThioGloTM-1, a
maleimide reagent, which produces a highly fluorescent adduct
upon its reaction with SH-groups (Shvedova et al., 2000).
GSH content was estimated by an immediate fluorescence
response registered upon addition of ThioGloTM-1 to the cell
homogenate (0.3 × 106 cells). A spectrofluorophotometer RF-
5301PC (Shimadzu, Kyoto, Japan) was employed for the assay
of fluorescence using excitation at 388 nm and emission at
500 nm.

2.9. Determination of lipid hydroperoxides

Total lipids were extracted from cells using a Folch pro-
cedure (Folch et al., 1957). Lipid phosphorus was deter-
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Fig. 1. SEM microphotographs of sonicated SWCNT on polycarbonate filter. SEM of purified SWCNT sample which was dispersed by ultra-
sonication and collected onto a 0.1 �m sized polycarbonate filter. (a) A view of separated strands. (b) A view of a poorly separated mat of the
sample.

mined using micro-methods (Bottcher et al., 1961). Phos-
pholipid hydroperoxides were determined by fluorescence
HPLC of products formed in peroxidase-catalyzed reac-
tion of fatty acid hydroperoxides (obtained by phospholi-
pase A2-catalyzed hydrolysis of specific oxidized phospho-
lipids) with a fluorogenic substrate, Amplex Red, N-acetyl-
3,7-dihydroxyphenoxazine (Kagan et al., 2005).

2.10. Statistics

The results are presented as mean ± S.D. values from at
least three experiments, and statistical analyses were performed
by either paired/unpaired Student’s t-test or one-way ANOVA.
The statistical significance of differences was set at p < 0.05.

3. Results

3.1. Characterization of iron levels in non-purifed
and purified SWCNT

To study redox-catalytic role of iron in macrophage
responses we utilized two types of SWCNT: (1) non-
purified SWCNT obtained from CNI Corp. (Houston,
TX), and (2) purified SWCNT obtained from NASA-
JSC/SAIC, Advanced Technology Group (Houston,
TX). To obtain more homogenous and dispersed sus-
pension, SWCNT were ultrasonicated (30 s × 3 cycles).
SEM microscopy of the samples showed that this soni-
cation resulted in the production of a mixture containing
predominantly well-dispersed and separated SWCNT
strands (Fig. 1a) as well as small amounts of poorly sepa-
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of 64 mT attributable to high spin Fe3+ in a distorted
tetrahedral environment (Fig. 2a) (Nozaki et al., 2002).
The signal was hardly discernable in purified SWCNT
(Fig. 2b).

In line with this different content of iron in the
SWCNT samples, their redox-catalytic properties dif-
fered markedly. This was observed in the ability of
SWCNT to catalyze one-electron oxidation of ascor-
bate to ascorbate radicals (Fig. 3a). While non-purified
SWCNT samples induced appearance of a distinct
and characteristic doublet signal of ascorbate radicals
in EPR spectra (with hyperfine splitting constants of
aH = 0.18 mT) (Fig. 3b), purified SWCNT caused only
ated mats of the sample (Fig. 1b). To characterize levels
f iron, we employed ICP-AES analysis as well as EPR
pectroscopy. ICP-AES analysis showed that iron lev-
ls were 260 mg Fe/g sample (26.0% by weight) and
pproximately 2.3 mg Fe/g sample (0.23 wt.%) in non-
urified and purified SWCNT, respectively. Using EPR
pectroscopy, we found that non-purified SWCNT dis-
layed a broad signal with g value 2.0 and half-width
Fig. 2. EPR spectra of non-purified SWCNT and purified SWCNT.
(a) Non-purified SWCNT (0.12 mg/ml, 26.0 wt.% of iron); (b) purified
SWCNT (0.12 mg/ml, 0.23 wt.% of iron). Note that SWCNT displayed
a broad signal with g value 2.0 and half-width of 64 mT attributable to
high spin Fe3+ in a distorted tetrahedral environment; the signal was
barely detectable in purified SWCNT sample.
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Fig. 3. EPR spectra of ascorbate radicals generated by non-purified
and purified SWCNT in a cell-free system (a–c) and in the pres-
ence of zymosan-stimulated RAW 264.7 macrophages (d and e).
Incubation system contained: ascorbate (10 �M) and non-purified
SWCNT or (0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT
(0.12 mg/ml, 0.23 wt.% of iron) in PBS (pH 7.4). EPR spectra (b–e)
were recorded 5 min after addition of SWCNT. Zymosan (2.5 mg/ml)-
stimulated RAW 264.7 macrophages (2 × 107 cells/ml) were present
in experiments (d and e). (a) ascorbate; (b) acorbate plus non-purified
SWCNT; (c) ascorbate plus purified SWCNT; (d) zymosan-stimulated
RAW 264.7 macrophages plus non-purified SWCNT; (e) zymosan-
stimulated RAW 264.7 macrophages plus purified SWCNT. Spectra
“b” and “d” are tilted due to the overlap of the ascorbate radical signal
with the iron signal present in non-purified SWCNT. EPR conditions:
microwave power, 20 mW; modulation amplitude, 0.1 mT; time con-
stant, 1.3 s; conversion time, 0.6 s. EPR measurements for each type of
samples was reproduced at least five times and the differences between
the samples usually did not exceed 4–5%.

a slight increase in the magnitude of the signal over its
magnitude in the buffer (Fig. 3c).

3.2. Production of hydroxyl radicals by
macrophages is enhanced by iron-containing
SWCNT

We were anxious to find out whether this ele-
vated redox activity of non-purified SCWNT could be
realized in the presence of macrophages. It is pos-
sible, that superoxide radicals generated by activated
macrophages during the oxidative burst can interact with
iron-containing SWCNT via Fenton-chemistry reac-
tion pathways. Therefore, we estimated the produc-
tion and conversions of radicals by co-incubations of
zymozan-activated RAW 264.7 macrophages with non-
purified and purified SWCNT. In the first series of
experiments, we used a spin trap, DMPO, to study
radical generation by zymosan-stimulated macrophages
(Fig. 4a). An enhanced generation of hydroxyl radi-
cal DMPO adducts (DMPO–OH) (with aN = 1.49 mT,
aH = 1.49 mT) was detected when zymosan-stimulated
RAW 264.7 macrophages were co-incubated with iron-
containing non-purified SWCNT (compare Fig. 4b and
Fig. 4a). A 15 ± 4% weaker EPR signal of hydroxyl
radical DMPO adducts was observed in the pres-
ence of purified SWCNT. Thus, non-purified SWCNT
are more effective in generating highly reactive oxi-
dizing (hydroxyl) radicals in the presence of acti-
vated RAW 264.7 macrophages (Fig. 4c). Non-activated

macrophages did not respond by radical production
to co-incubations with either non-purified or purified
SWCNT (Fig. 4d–f).

While intracellular production of ROS was not
induced by SWCNT in RAW 264.7 macrophages, both
intracellularly and extracellularly generated superox-
ide radicals can dismutate to H2O2; the latter can
diffuse out of cells and undergo further reduction to
reactive hydroxyl radicals, particularly in the pres-
ence of electron-rich iron-containing SWCNT (Forman
and Torres, 2002). DMPO adducts of hydroxyl rad-
icals [DMPO–OH] are more stable and more read-
ily detectable in the presence of cells than DMPO
superoxide radical adducts [DMPO–OOH]. The lack of
detectable superoxide radical DMPO adducts by acti-
vated RAW 264.7 macrophages (Fig. 4a) may be due to a
relatively low steady-state concentrations of superoxide
radicals. To verify this, we decided to generate superox-
ide radicals by an enzymatic system xanthine/xanthine
oxidase in the presence of RAW 264.7 macrophages.
Using a spin trap, DMPO, we were able to clearly detect
formation of two types of spin adducts: superoxide-
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Fig. 4. EPR spectra of DMPO radical adducts generated during incu-
bation of zymosan-stimulated or naı̈ve RAW 264.7 macrophages
in the presence and in the absence of SWCNT. Incubation sys-
tem contained: zymosan (2.5 mg/ml)-stimulated or naı̈ve RAW
264.7 macrophages (2 × 107 cells/ml), DMPO (100 mM), non-purified
SWCNT (0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT
(0.12 mg/ml, 0.23 wt.% of iron) in PBS (pH 7.4). Cells were incu-
bated with SWCNT and DMPO for 30 min and EPR spectra were
recorded. EPR conditions: microwave power, 20 mW; modulation
amplitude, 0.1 mT; time constant, 1.3 s. (a) zymosan-stimulated RAW
264.7 macrophages plus DMPO; (b) zymosan-stimulated RAW 264.7
macrophages plus DMPO, plus non-purified SWCNT; (c) zymosan-
stimulated RAW 264.7 macrophages plus DMPO, plus purified
SWCNT; (d) naı̈ve RAW 264.7 macrophages plus DMPO; (e) naı̈ve
RAW 264.7 macrophages plus DMPO, plus non-purified SWCNT; (f)
naı̈ve RAW 264.7 macrophages plus DMPO, plus purified SWCNT.
Spectrum “b” is tilted due to the overlap of the spin adduct signal with
the iron signal present in non-purified SWCNT. EPR measurements
for each type of samples was reproduced at least five times and the
differences between the samples usually did not exceed 4–5%.

DMPO adducts (with aN = 1.4 mT, a�
H = 1.13 mT, a�

H =
0.16 mT) (79 ± 4% of the signal) and hydroxyl radical
adducts (21 ± 3% of the signal) (Fig. 5a). When non-
purified SWCNT were added to the incubation system,
a remarkably efficient conversion of superoxide radical
adducts into hydroxyl radical adducts occurred such that
the former now represented only 18 ± 4% of the signal
whereas the latter were accountable for 82 ± 5% of the
signal (Fig. 5b). A markedly less effective conversion of
superoxide radical adducts into hydroxyl radical adducts
was induced by purified SWCNT resulting in their con-
tribution of 35 ± 3% and 65 ± 5% into the overall EPR
signal, respectively (Fig. 5c).

We were able to detect weak EPR signals of
DMPO–OH adducts from RAW 264.7 macrophages
stimulated with PMA (data not shown). However, the

Fig. 5. EPR spectra of DMPO radical adducts generated during
incubation of xanthine oxidase/xanthine and zymosan-stimulated
RAW 264.7 macrophages in the presence and in the absence of
SWCNT. Incubation system contained: xanthine oxidase (0.1 U/ml),
xanthine (1 mM), zymosan (2.5 mg/ml)—stimulated RAW 264.7
macrophages (2 × 107 cells/ml), DMPO (100 mM); non-purified
SWCNT (0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT
(0.12 mg/ml, 0.4 wt.% of iron), PBS (pH 7.4). EPR spectra (b and
c) were recorded 1 min after addition of SWCNT. EPR conditions:
microwave power, 20 mW; modulation amplitude, 0.1 mT; time con-
stant, 1.3 s. (a) zymosan-stimulated RAW 264.7 macrophages plus
xanthine oxidase/xanthine, plus DMPO; (b) zymosan-stimulated RAW
264.7 macrophages plus xanthine oxidase/xanthine, plus DMPO,
plus non-purified SWCNT; (c) zymosan-stimulated RAW 264.7
macrophages plus xanthine oxidase/xanthine, plus DMPO, plus puri-
fied SWCNT. Spectrum “b” is tilted due to the overlap of the spin
adduct signal with the iron signal present in non-purified SWCNT.
The variations of the spin adduct EPR spectra intensity did not exceed
4–5%. EPR spectra from each sample were reproduced five times.
Note that typical EPR signals of superoxide-DMPO adducts markedly
decreased, whereas spin adducts of hydroxyl radicals increased upon
addition of purified SWCNT.

EPR signal of DMPO–OH adducts was significantly less
pronounced than that generated in zymosan-stimulated
macrophages. This was due to a rapid oxidation of
the spin trap and the adduct, most likely by PMA-
induced peroxidase activity in macrophages. Indeed,
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Fig. 6. Production of superoxide in RAW 264.7 macrophages after stimulation by zymosan or SWCNT. (a) Production of superoxide in RAW
264.7 macrophages after stimulation by zymosan or SWCNT as evidenced by flow-cytometry with DHE. Insert: typical histograms showing distri-
bution of cells with hydroxyethydium (HE) fluorescence response from non-treated and zymosan-treated RAW 264.7 macrophages. Macrophages
(0.3 × 106 cells/well) were pre-incubated with DHE (10 �M) for 10 min at 37 ◦C. Then RAW 264.7 macrophages were stimulated by zymosan or
either non-purified SWCNT (0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT (0.12 mg/ml, 0.23 wt.% of iron) for 30 min at 37 ◦C. Data are
means ± S.D., n = 8; *p < 0.05 vs. control cells. (b) Evaluation of the number of superoxide producing cells by fluorescence microscopy of DHE
oxidation. Photomicrographs are representative of three independent experiments. (c) Fluorescence intensity obtained from the superoxide producing
RAW 264.7 macrophages. Data are means ± S.D.; n = 5; *p < 0.05 vs. control cells. (d) Reduction of cytochrome c by RAW 264.7 macrophages
stimulated with zymosan (0.25 mg/ml) or purified SWCNT (0.12 mg/ml). Macrophages (0.3 × 106 cells/well) were stimulated by zymosan or either
non-purified SWCNT (0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT (0.12 mg/ml, 0.23 wt.% of iron) for 30 min at 37 ◦C in the presence of
cytochrome c (100 �M). Data are means ± S.D.; n = 3; *p < 0.05 vs. control cells.
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stimulation of macrophages with PMA has been shown
to result in significant activation of myeloperoxidase
(MPO) (Rodrigues et al., 2002). Furthermore, high MPO
activity has been reported to limit the applications of
EPR spin-trapping for the detection of hydroxyl radical
spin-adducts (Britigan et al., 1986; Cohen et al., 1988).
Additionally, macrophages with activated MPO produce
a highly reactive radical species, ClO•

2 (Rodrigues et
al., 2002) readily converting DMPO and DMPO–OH
adducts into nitroxides (Ozawa et al., 1996). In line
with this, we observed the appearance of a triplet sig-
nal in the EPR spectra obtained from PMA-stimulated
macrophages.

3.3. Intracellular oxidative/nitrosative stress in
SWCNT-treated RAW 264.7 macrophages

Our previous work established that macrophages
did not effectively engulf and phagocytoze non-
functionalized purified SWCNT and did not respond by
intracellular production of reactive oxygen and nitrogen
species to stimulation with purified SWCNT (Shvedova
et al., 2005). Therefore, we were eager to determine the
extent to which non-purified SWCNT with enhanced
capacity to catalyze oxidative/nitrosative stress are active
in stimulating intracellular production of superoxide rad-
icals and NO• by RAW 264.7 macrophages. We incu-
bated RAW 264.7 macrophages with non-purified and
purified SWCNT and studied their ability to intracel-
lularly generate superoxide radicals and NO• by flow-
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were not effective in activating oxidative burst (super-
oxide production) assessed by cytochrome c reduction
(Fig. 6d).

Similarly, generation of NO• in DAF-2DA-loaded
RAW 264.7 macrophages revealed no response to both
types of SWCNT (0.12 and 0.5 mg/ml) although a sig-
nificantly increased number of DAF-2-positive cells
was observed after stimulation of cells with LPS (plus
zymosan) as was evidenced by flow-cytometry (Fig. 7a)
and fluorescence microscopy (Fig. 7b). Thus SWCNT
were not effective in activating oxidative (superox-
ide production) or nitrosative (nitric oxide production)
stress in RAW 264.7 macrophages independently on the
absence or presence of iron in the particles.

incubated with DAF-2DA (2 �M for 1 h at 37 C). Then RAW 264.7
macrophages were stimulated by zymosan or non-purified SWCNT
(0.12 mg/ml, 26.0 wt.% of iron) or purified SWCNT (0.12 mg/ml,
0.23 wt.% of iron) for 2 h at 37 ◦C. Data are means ± S.D.; n = 8;
*p < 0.05 vs. control cells. Insert: typical histograms showing dis-
tribution of cells with DAF-2 triazole fluorescence response from
non-treated and zymosan-treated RAW 264.7 macrophages. (b) Flu-
orescence intensity obtained from the NO producing RAW 264.7
macrophages. Data are means ± S.D., n = 5; *p < 0.05 vs. control cells.
ytometry using DHE and DAF-2DA as specific probes,
espectively (Jourd’heuil, 2002; Zhao et al., 2003). Flow-
ytometry measurements using DHE showed that neither
on-purified nor purified SWCNT at two different con-
entrations (0.12 and 0.5 mg/ml) were able to stimulate
he production of superoxide radicals by RAW 264.7

acrophages (Fig. 6a). In contrast, zymosan, a prototyp-
cal activator of macrophages (Ezekowitz and Gordon,
986) caused a robust intracellular production of super-
xide and increased the number of DHE-positive cells
rom 6.7 ± 1.6% in control to 50.8 ± 3.3% after the expo-
ure (Fig. 6a). In addition, we performed experiments in
hich we used two independent assessments of super-
xide production. The number of superoxide producing
ells was evaluated by fluorescence microscopy of DHE
xidation. Extracellular generation of superoxide radi-
als was determined by a SOD-inhibitable cytochrome c
eduction assay. Using DHE, we found that neither non-
urified nor purified SWCNT (0.12 mg/ml) were able to
timulate intracellular production of superoxide radicals
n RAW 264.7 macrophages as was evidenced by fluo-
escence microscopy (Fig. 6b and c). Similarly, SWCNT
Fig. 7. Production of NO in RAW 264.7 macrophages after stimu-
lation by zymosan or SWCNT. (a) Production of NO in RAW 264.7
macrophages after stimulation by zymosan or SWCNT as evidenced by
flow-cytometry with DAF-2. Naı̈ve macrophages (0.3 × 106/well) and
macrophages stimulated by LPS (0.1 �g/ml for 6 h at 37 ◦C) were pre-

◦
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3.4. Macrophages as targets of SWCNT-enhanced
oxidative stress

While intracellular production of ROS was not
induced by SWCNT in RAW 264.7 macrophages, extra-
cellularly generated superoxide radicals can dismutate to
H2O2 and act as a source of highly oxidizing (hydroxyl)
radicals, particularly in the presence of iron-rich
SWCNT. Thus, oxidative burst generated by activated

macrophages can be enhanced by SWCNT and cause
oxidative stress via extracellular oxidative pathways.
Additionally, H2O2 can diffuse into cells where it can be
activated to act as a potent oxidant. To test the hypothe-
sis, we assessed whether changes in the content of major
antioxidants, ascorbate and GSH, and an important and
specific biomarker of oxidative stress, phospholipid
hydroperoxides, could be detected in RAW 264.7
macrophages challenged with non-purified SWCNT.
Fig. 8. Effect of SWCNT exposure on GSH content and lipid peroxidation i
(inset) stimulated RAW 264.7 macrophages exposed to SWCNT. Zymosan
(0.3 × 106 cells/well) were incubated in the presence of non-purified (0.12 m
SWCNT for 2 h and 30 min at 37 ◦C, respectively. To remove extracellular
any additions. (b) Effect of xantine/xantine oxidase on GSH content in n
(0.3 × 106 cells/well) or zymosan-stimulated (0.3 × 106 cells/well) cells we
30 min at 37 ◦C. (c) Accumulation of lipid hydroperoxides in zymosan- and P
Zymosan (0.25 mg/ml)- or PMA (1 �M)-stimulated RAW 264.7 macrophages
(0.12 mg/ml, 26.0 wt.% of iron) or purified (0.12 mg/ml, 0.23 wt.% of iron) SW
H2O2 in some experiments catalase (75 U/ml) was added prior to any additio
vs. non-purified SWCNT.
n RAW 264.7 macrophages. (a) GSH content in zymosan- and PMA
(0.25 mg/ml)- or PMA (1 �M)-stimulated RAW 264.7 macrophages
g/ml, 26.0 wt.% of iron) or purified (0.12 mg/ml, 0.23 wt.% of iron)
H2O2 in some experiments catalase (75 U/ml) was added prior to

ormal and zymosan-stimulated RAW 264.7 macrophages. Control
re treated with xantine (1 mM) and xantine oxidase (0.1 U/ml) for
MA (inset) stimulated RAW 264.7 macrophages exposed to SWCNT.
(0.3 × 106 cells/well) were incubated in the presence of non-purified

CNT for 2 h and 30 min at 37 ◦C, respectively. To remove extracellular
ns. Data are means ± S.D.; n = 5; *p < 0.05 vs. control cells. #p < 0.05
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Indeed, in the presence of ascorbate, zymosan-
activated macrophages responded to non-purified
SWCNT by a strong production of ascorbate radicals,
one-electron oxidation products of ascorbate (Fig. 3d).
This response was iron-dependent as a markedly weaker
EPR signal of ascorbate radicals was detectable in the
presence of purified SWCNT (Fig. 3e). Further, incuba-
tion of zymosan-stimulated RAW 264.7 macrophages
with non-purified SWCNT for 2 h caused a two-fold
decrease of the GSH content in macrophages (Fig. 8a).
Similarly, in PMA-stimulated RAW 264.7 macrophages
SWCNT caused a two-fold decrease of the GSH content
(Fig. 8a, inset). Finally, low levels of lipid hydroperox-
ides in control cells (0.8 nmol/106 cells) were increased
by zymosan stimulation. A low endogenous level of
lipid hydroperoxides in macrophages was increased
by SWCNT in PMA-stimulated macrophages (Fig. 8c,
inset)—in line with our results with zymosan-stimulated
macrophages (Fig. 8b).

While iron can interact with H2O2, the production
of hydroxyl radical requires an addition of one elec-
tron usually donated by the reduced ferrous form of
iron. As a result, the presence of superoxide may be
essential in that it maintains iron in its reduced form
ready to act as an electron donor. Diffusion of H2O2
and its extracellular scavenging by catalase is entirely
possible. Therefore, we performed assessments of the
effects of catalase on SWCNT induced changes of GSH
and lipid hydroperoxides levels. We found that cata-
lase was able to partially protect from SWCNT induced:
(
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cross sections between 2 and 10 nm and constitute up to
40 wt.% of iron in crude SWCNT (Morjan et al., 2002).
Several attempts have been made to reduce/remove iron
from the final product. One of the best techniques allows
purification of gram-scale quantities of SWCNT using a
modification of a gas-phase purification technique pre-
viously reported by Chiang et al. (Chiang et al., 2001)
with high-temperature oxidations and repeated extrac-
tions with nitric and hydrochloric acid. This improved
procedure significantly reduces the amount of impuri-
ties within the SWCNT and increases their stability.
As a result, the iron content of the SWCNT can be
dramatically reduced but still remained at the level of
0.2 wt.%. This suggests that toxicological assessments
of SWCNT exposures should take into consideration sig-
nificant presence of catalytically active iron in SWCNT.

Potentially high pulmonary toxicity of SWCNT
(compared to quartz particles, an ultrafine carbon black
particles) has been reported (Huzcko et al., 1997; Elder et
al., 2004; Lam et al., 2004; Rao et al., 2004; Warheit et al.,
2004). However, the presence, importance, and cytotoxic
mechanisms of SWCNT iron, to the best of our knowl-
edge, have not been addressed. Our recent findings indi-
cate that iron-enriched SWCNT had a significantly more
pronounced toxic effect on cultured cells (keratinocytes,
broncho-alveolar epithelial cells) than SWCNT treated
with iron chelators (Shvedova et al., 2003a,b,
2005).

Particle-induced inflammation is believed to include
activation of macrophages (oxidative burst, generation
1) decrease of GSH (Fig. 8a) and (2) accumulation
f lipid hydroperoxides (Fig. 8c). In line with these
esults, our additional experiments with extracellularly
roduced superoxide (using xanthine/xanthine oxidase
ystem) demonstrated a depletion of GSH in RAW 264.7
acrophages (Fig. 8b). This suggests that dismutation of

uperoxide to H2O2 and subsequent diffusion of the lat-
er into cells may be responsible, at least in part, for
he oxidative stress occurring in macrophages during
nflammatory response. Thus iron-containing SWCNT
re capable of enhancing oxidative stress in zymosan-
ctivated macrophages.

. Discussion

One of the most commonly used technologies in the
anufacturing of SWCNT is catalytic disproportiona-

ion of gaseous carbon molecules supported on catalytic
ron particles (high-pressure CO conversion, HiPcoTM).

n this process (CO + CO
Fe−→C + CO2), the decorat-

ng (encapsulated) iron particles were found to have
and release of pro-inflammatory mediators) and phago-
cytosis of particles. This initial inflammatory reaction
is followed by phagocytosis of apoptotically dying cells
and production and release of anti-inflammatory and pro-
fibrogenic mediators that initiate the deposition of colla-
gen (Junqueira et al., 1979). Our previously published
results indicate that, contrary to this well established
chain of events, non-functionalized SWCNT are not par-
ticularly well recognized by macrophages, hence are not
active as targets of macrophage engulfment and phago-
cytosis (Shvedova et al., 2005). Similarly, the results
of the present study demonstrate that neither iron-rich
(non-purified) nor purified SWCNT were able to induce
intracellular production of superoxide or nitric oxide by
RAW 264.7 macrophages. Consequently, the failure of
macrophages to recognize dispersed SWCNT in vivo
may result in their diffusion into systemic circulation,
dissemination, and subsequent effects on distant tissues
including cardiovascular damage and brain injury. These
distant effects of nanoparticles, including SWCNT have
been reported (Oberdorster et al., 2004; Li et al., 2005;
Oberdorster et al., 2005).
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We showed that iron content of SWCNT was impor-
tant for enhanced catalysis of extracellular oxidative
stress as well as for intracellular depletion of antioxi-
dant reserves (ascorbate, GSH) and accumulation of lipid
peroxidation products in macrophages. This enhance-
ment of oxidative stress by iron-containing SWCNT
can change the normal course of macrophage-dependent
development of the inflammatory response. In partic-
ular, an abbreviated production of pro-inflammatory
cytokines and very early switch to the generation of
pro-fibrogenic anti-inflammatory cytokines, accompa-
nied by very early deposition of collagen and elastin
was detected in C57BL/6J mice after aspiration of
SWCNT (Shvedova et al., 2005). Redox environment
of macrophages is known to substantially affect their
pro-/anti-inflammatory responses (Forman and Torres,
2001). It is possible that iron-dependent changes of
redox status of macrophages as well as of their extra-
cellular milieu is capable of altering their activation
and cytokine profiles from acute pro-inflammatory to
pro-fibrogenic. In fact, SWCNT caused more robust pro-
duction and release of anti-inflammatory pro-fibrogenic
cytokines such as TGF-� and IL-10 (as compared to pro-
inflammatory cytokines TNF-� and IL-1�) from RAW
264.7 macrophages in vitro (Shvedova et al., 2005).

Macrophages function as ’pathogen sensors’ and are
essential for the elimination of pathogens as well as
for the regulation of the adaptive immune response
and the inflammatory response (Plowden et al., 2004).
These critical functions of macrophages depend on a

onset of fibrogenesis, one may think about strategies to
stimulate the recognition and engulfment of SWCNT
by macrophages via modifying the SWCNT surface by
appropriate ligands. One interesting strategy may be
based on the utilization of phosphatidylserine receptor-
mediated pathway. In fact our preliminary experi-
ments indicate that phosphatidylserine adsorbed on the
surface made SWCNT recognizable by RAW 264.7
macrophages. In line with this, a recent report indicated
that modification of SWCNT surface by a detergent,
Pluronic, also resulted in their effective recognition by
macrophages in vitro (Cherukuri et al., 2004). It is worth
mentioning, however, that TLR-mediated activation of
NADPH-oxidase and NO-synthase in macrophages are
regulated by both phosphatidylserine signaling and
oxidative stress (Serinkan et al., 2005). Further studies
are necessary to more specifically characterize the mech-
anisms and pathways through which enhanced oxida-
tive stress and phosphatidylserine signaling by apop-
totic cells change pro- and anti-inflammatory profiles of
macrophage responses, hence affect the time course of
inflammation and fibrosis in SWCNT exposed animals.

5. Disclaimers

The finding and conclusions in this report are those of
the authors and do not necessary represent the view of the
National Institute for Occupational Safety and Health.
number of different markers and receptors on their sur-
face, among which toll-like receptors (TLR) play a very
important role. Commonly, activation of macrophages
includes TLR-mediated stimulation of NADPH-oxidase
and NO-synthase (NOS) via different signaling path-
ways (Karupiah et al., 2000). TLR-2-dependent mech-
anisms are mainly engaged in NADPH-oxidase activa-
tion, whereas NOS activation is induced through TLR-4
signaling (Kleeberger et al., 2001; Frost et al., 2004).
The enhanced intracellular production of ROS and NO,
required for effective phagocytosis and digestion of bac-
teria by macrophages (Forman and Torres, 2001; Torres
and Forman, 2003), is usually associated with subse-
quent triggering of their apoptotic death (DeLeo, 2004).
We were unable to detect activation of these ROS- and
NO-generating signaling pathways by either iron-rich
(non-purified) or iron-stripped (purified) SWCNT. Not
surprisingly, no SWCNT induced enhancement of apop-
tosis was observed (Shvedova et al., 2005).

If indeed macrophage failure to recognize dispersed
SWCNT is essential for the unusual time course of pul-
monary inflammatory response to SWCNT and early
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