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1. Introduction

ABSTRACT

Single-walled carbon nanotubes (SWCNT) represent a novel material with unique electronic and mechan-
ical properties. The extremely small size (~1 nm diameter) renders their chemical and physical properties
unique. A variety of different techniques are available for the production of SWCNT; however, the most
common is via the disproportionation of gaseous carbon molecules supported on catalytic iron particles
(high-pressure CO conversion, HiPCO). The physical nature of SWCNT may lead to dermal penetration
following deposition on exposed skin. This dermal deposition provides a route of exposure which is impor-
tant to consider when evaluating SWCNT toxicity. The dermal effects of SWCNT are largely unknown. We
hypothesize that SWCNT may be toxic to the skin. We further hypothesize that SWCNT toxicity may be
dependent upon the metal (particularly iron) content of SWCNT via the metal’s ability to interact with the
skin, initiate oxidative stress, and induce redox-sensitive transcription factors thereby affecting/leading
to inflammation. To test this hypothesis, the effects of SWCNT were assessed both in vitro and in vivo
using EpiDerm FT engineered skin, murine epidermal cells (JB6 P+), and immune-competent hairless
SKH-1 mice. Engineered skin exposed to SWCNT showed increased epidermal thickness and accumu-
lation and activation of dermal fibroblasts which resulted in increased collagen as well as release of
pro-inflammatory cytokines. Exposure of JB6 P+ cells to unpurified SWCNT (30% iron) resulted in the pro-
duction of ESR detectable hydroxyl radicals and caused a significant dose-dependent activation of AP-1.
No significant changes in AP-1 activation were detected when partially purified SWCNT (0.23% iron) were
introduced to the cells. However, NFkB was activated in a dose-dependent fashion by exposure to both
unpurified and partially purified SWCNT. Topical exposure of SKH-1 mice (5 days, with daily doses of
40 pg/mouse, 80 pg/mouse, or 160 pg/mouse) to unpurified SWCNT caused oxidative stress, depletion of
glutathione, oxidation of protein thiols and carbonyls, elevated myeloperoxidase activity, an increase of
dermal cell numbers, and skin thickening resulting from the accumulation of polymorphonuclear leuko-
cytes (PMNs) and mast cells. Altogether, these data indicated that topical exposure to unpurified SWCNT,
induced free radical generation, oxidative stress, and inflammation, thus causing dermal toxicity.
Published by Elsevier Ireland Ltd.

light-emitting, and catalytic properties, SWCNT have potential
applications in high-strength materials, reinforced rods, quantum

Nanotechnology is a rapidly emerging field resulting in the dis-
covery of unique materials with a variety of applications from
electronics to engineered tissues (Roco et al., 2000). A variety
of nanoparticles exist; however, single-walled carbon nanotubes
(SWCNT) have elicited a large interest due to their unique mechan-
ical and chemical properties. Along with extraordinary electronic,
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wires, mechanical memory, and microfabrication of conjugated
polymers (Subramoney, 1998; Sinnott and Andrews, 2001).
Individual nanotubes, which are formed as a single wall of
carbon atoms, have a diameter as small as 1.5nm and lengths
of 1-100 wm. The manufacturing of SWCNT relies on the use of
transition-metal catalysts resulting in the presence of up to 30%
metal catalyst by mass in raw SWCNT (Maynard et al., 2004). The
catalysts predominately used are iron (Fe), nickel (Ni), and cobalt
(Co). Further processing is capable of removing most of the catalytic
component; however, some of the metal catalyst is completely or
partially encased within the carbon nanotubes making complete
removal of the metal impossible without destroying the nanotubes
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(Maynard et al., 2004). As a result, the health risks associated with
nanotube materials may be due to both the carbonaceous and
metallic components. The transition-metal complexes as well as
free Fe, Ni, and Co are known to be catalysts of biological free radical
reactions. The unique properties and size of carbon nanoparticles
may also result in unique health risks (Borm, 2002), which are not
able to be predicted by the toxicological effects of larger particulates
of the same composition. Therefore, introduction of novel materials
into industry requires safety evaluation as well as an understanding
of the impact of the nanomaterials on human health.

Dermal deposition has the potential to be a major route of expo-
sure during the manufacturing, use, and disposal of SWCNT. It has
been shown that exposure to carbon black, carbon black fibers,
and man-made fibers in humans causes dermal irritation, hyper-
keratosis, pruritus, and dermatitis (Capusan and Mauksch, 1969;
Komarova, 1965; Eedy, 1996; Thriene et al., 1996). However, lim-
ited literature exists evaluating the toxic effects of SWCNT to the
skin. Previous work by our lab has shown that unpurified SWCNT
induces cytotoxicity in human keratinocytes (Shvedovaetal.,2003).
Our central hypothesis is that SWCNT may be toxic to the skin with
the toxicity dependent upon the formation of free radicals, and
induction of oxidative stress due to catalytic metals present in raw
SWCNT. Because inflammation provides a redox environment in
which transition metals, e.g. iron, can fully realize their pro-oxidant
capacity via Fenton reaction, a combination of an inflammatory
response with catalytically competent transition metals will syn-
ergistically enhance damage to cells and tissue. To address these
questions, we studied the effects of SWCNT in engineered skin,
murine epidermal JB6 P+ cells and skin of SKH-1 mice. We used
ESR spectroscopy to detect ROS production upon addition of SWCNT
to JB6 P+ cells. Additionally, we tested the effects of SWCNT using
bio-engineered skin tissue assessing release of pro-inflammatory
cytokines along with changes in engineered skin structure. SWCNT
toxicity was assessed by the measurement of oxidative stress in JB6+
cells and the skin of SKH-1 mice topically exposed to SWCNT by
evaluating decreases in antioxidants, increases in lipid and protein
oxidative products, as well as changes in skin morphology assessed
by inflammatory and mast cell influx, myeloperoxidase activity and
edema formation exhibited by changes in skin thickness which
together verify inflammation observed after exposure. The obtained
data provide insight into potential mechanisms of dermal toxicity
induced by exposure to unpurified SWCNT.

2. Materials and methods
2.1. Chemicals

Fatty acid-free human serum albumin (hSA), luminol, sodium dodecyl sulfate
(SDS), glutathione, a-tocopherol were purchased from Sigma Chemicals Co. (St.
Louis, MO). Methanol, ethanol, chloroform, hexane and water (HPLC grade) were
purchased from Aldrich Chemical Co. (Milwaukee, WI). Thio-Glo-1 was obtained
from Covalent Inc. (Wobum, MA). Phosphate buffered saline (PBS) was purchased
from Invitrogen Corporation (Carlsbad, CA).

2.2. Particles

SWCNT (CNI, Houston, TX) were produced by the high pressure CO dispro-
portionation process (HiPco) technique (Scott et al., 2003), employing CO in a
continuous-flow gas phase as the carbon feedstock and Fe(CO)s as the iron-
containing catalyst precursor. SWCNT were purified by acid treatment to remove
metal contaminates (Gorelik et al., 2000). Partially purified SWCNT were comprised
of 99.7% (wt) elemental carbon and 0.23% (wt) iron, while unpurified SWCNT con-
tained 30% (wt) iron. We assessed endotoxin content in SWCNT samples used in
this study. Level of LPS present in SWCNT samples were evaluated using the Limu-
lus amebocyte lysate (LAL) enzyme assay (DataChem Inc, Salt Lake City, UT). The
endotoxin content of SWCNT suspensions was lower than 0.11 EU/ml.

2.3. JB6 P+ cell culture

Epidermal JB6 P+ cells were used to study effects of SWCNT on the AP-1 and
NFkB pathways involved in mediating inflammatory responses (Dhar et al., 2002;

Colburn et al., 1979; Colburn and Lockyer, 1982). The JB6 family of mouse epidermal
clonal genetic variants (P*/P~) provides a suitable model for studying critical gene
regulation events. Tumor-promotion sensitive JB6 P+ cells respond irreversibly to
phorbol esters resulting in the induction of anchorage independent growth as well as
tumorgenicity (Dhar et al.,2002; Colburn et al., 1979; Colburn and Lockyer, 1982). ]B6
P+ mouse epidermal cells are transfected with an AP-1-luciferase reporter plasmid
(JB6/AP-1) or a NFKP luciferase reporter plasmid (JB6/NFK@3). The cell line was a
kind gift from the laboratory of Dr. Nancy Colburn (National Institutes of Health,
Frederick, MD). The JB6 P+ cells were cultured in Eagle’s MEM containing 5% fetal
bovine serum and 2 mM L-glutamine. The cells were grown at 37°C in a 5% CO,
atmosphere to reach 80% confluency prior to exposure to SWCNT.

2.4. ESR determination of SWCNT-induced radical formation

ESR spin trapping technique was used to detect formation of free radicals after
SWCNT exposure. Spin-trapped radical adducts of hydroxyl radicals (OH*) were
measured using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 200 mM) spin-trapping
agent as previously reported (Shvedova et al., 2003). All ESR measurements were
conducted using a Bruker EMX spectrometer (Bruker Instruments Inc. Billerica, MA
01821, USA) with a flat cell assembly. |B6 cells (1 x 106 cells/ml) were suspended in
1x PBS pH 7.4 and incubated with the spin trap DMPO in the presence/absence of
unpurified SWCNT (0.12 mg/ml). Samples were incubated for 5 min in a 37 °C water
bath and than transferred to an ESR flat cell for measurement at room temperature
with instrument settings of microwave power, 63 mW; modulation amplitude, 1.0G;
time constant, 40.96 ms; center field, 3480G; sweep width, 100G.

All spectra shown are the accumulation of five scans. Hyperfine couplings
constants were determined using the WinSim program of the NIEHS public EPR soft-
ware tools, available over the internet (http://epr.niehs.nih.gov). The relative radical
concentration was estimated by measuring the peak-to-peak height (mm) of the
observed spectra.

2.5. AlamarBlue viability assay

The viability of cells following exposure was determined using the AlamarBlue
bioassay (Alamar Biosciences, Inc., Sacramento, CA), as described by Keane et al.
(1997). Cells were incubated at 37 °C with 10% AlamarBlue (4 h). A fluorescence mul-
tiwell plate reader (CytoFluor Series 4000, Perseptive Biosystems, Framingham, MA)
with 530 nm excitation and 580 nm emission was then employed in the assay. The
results are analyzed using CytoFluor Version 4.2.1 (PerSeptive Biosystems, Framing-
ham, MA).

2.6. Assay of AP-1 and NFKP activity in vitro

To study whether SWCNT exposure caused changes in AP-1 and NFkB activi-
ties, JB6 P+ cells (5 x 10* cells/ml) were cultured in 96-well plates (200 w1 per well)
in Eagle’s MEM supplemented media with 5% fetal bovine serum plus 2mM L-
glutamine. Plates were incubated at 37°C in a humidified atmosphere of 5% CO,.
Twelve hours later, cells were then cultured in MEM supplemented media with 0.5%
FBS (24 h) to minimize basal AP-1 and NFkB activity after which JB6 P+ cells were
exposed to unpurified (30% wt iron) or partially purified (0.23% wt iron) SWCNT
or vehicle (PBS). Following 24 h incubation with SWCNT (0.06 mg/ml, 0.12 mg/ml,
or 0.24 mg/ml), the cells were incubated with 200 .l of 1x lysis buffer provided
by the manufacturer (Promega, Madison, WI), and the luciferase activity was mea-
sured using a luminometer (Monolight 2010, Analytical Luminescence Laboratory,
San Diego, CA). The results are expressed as relative AP-1 or NFkB activity compared
to respective controls.

2.7. SWCNT effects on engineered human skin

The EpiDermFT full thickness normal (non-transformed), human cell-derived,
three dimensional, organotypic in vitro skin tissue model (MatTek Corporation,
Ashland, MA) was used to study morphological changes and release of inflamma-
tory mediators induced by unpurified SWCNT exposure. The EpiDermFT construct
consists of an epidermal layer containing normal, human-derived epidermal ker-
atinocytes and a dermal layer consisting of normal human dermal fibroblasts. The
layers correspond to normal human skin, and the engineered tissue exhibits in vivo-
like growth and morphological characteristics. The tissues were cultured in a six-well
plate using an air-liquid interface technique. The tissues were grown on a semi-
permeable membrane and cultivated on Millicell-CM culture inserts. The surface
of the tissue is exposed to air which promotes cell differentiation (Belyakov et al.,
2005; Curren et al., 2006). The tissues were fed with serum free media from below
and exposed to 75 g unpurified SWCNT or PBS (150 wl DMEM/phenol free, 18 h).
Cell culture medium was collected to assess inflammatory cytokine production fol-
lowing SWCNT exposure. Exposed samples were formalin fixed, paraffin embedded
and hematoxylin and eosin stained for histological evaluation.

2.8. Production of cytokines by skin

Levels of the mouse inflammatory cytokines, IL-6, MCP-1, IFN-y, TNF-o, and IL-
12, were assayed in the supernatant of engineered skin and skin homogenates of
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SKH-1 mice following SWCNT exposure. The concentrations were determined using
the BD Cytometric Bead Array, Mouse Inflammation kit (BD Biosciences, San Diego,
CA). Six bead populations with distinct fluorescence intensities have been coated
with capture antibodies specific for IL-6, IL-10, MCP-1, IFN-v, TNF-, and IL-12p70
proteins. The six bead populations are mixed together to form the BD™ CBA which
is resolved in the FL3 channel of a flow cytometer. The sensitivity of the assay is
5-7.3 pg/ml.

2.9. Animals

SKH-1 Hairless mice (3-4 weeks; 16-18 g body weight) were obtained from
Charles River Laboratory (Wilmington, MA). Each mouse was housed in an individual
ventilated cage with Alpha-Dri cellulose chips and hardwood Beta-chips for bedding
and provided HEPA-filtered air under controlled environmental conditions in an
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
accredited, specific pathogen-free facility. NIH-31 (Teklad 7913) diet and water were
provided ad libitum. All animal procedures were performed in accordance with an
approved Animal Care and Use Committee (ACUC) protocol.

2.10. Animal exposures

SKH-1 mice were topically exposed to unpurified SWCNT (30% wt iron;
40 pg/mouse, 80 pg/mouse, or 160 pg/mouse in deionized water) daily for 5 days.
Twenty-four hours following the last exposure, mice were sacrificed with sodium
pentobarbital, and skin was removed for biochemical and histological analysis.

2.11.  Skin collections and preparation of homogenates

Following SWCNT exposure, skin flaps from the intrascapular area of the back
of mouse were excised, and samples taken for histopathology and biochemical
analysis. Skin for biochemical analysis was immediately frozen at —80 °C until fur-
ther processed. Skin homogenates were prepared from frozen tissues with ice-cold
phosphate-buffered saline (PBS, 7.4) using a tissue tearer (model 985-370, Biospec
Products, Inc., Racine, WI). Skin for histological analysis was fixed in 10% neutral
buffered formalin. After fixation, the tissue samples were embedded and sectioned
at 5 wm. Sections were stained with hematoxylin and eosin or 0.1% toluidine blue to
evaluate mast cell influx.

2.12. Skin thickness

To assess the extent of SWCNT-induced edema in mouse skin following SWCNT
treatments, skin bi-fold thickness was assessed using a dial caliper (The Dyer Com-
pany, Lancaster, PA), and changes in epidermal cell thickness and mast cell infux
were assessed histologically. Changes in skin bi-fold thickness were determined by
the measurements of three random locations within the area of exposure per mouse.

To determine mast cell influx as well as changes in epidermal thickness, cell
counts were recorded using a light microscope (Olympus B X 40) with a high objec-
tive (40x ). Epidermal cell thickness was evaluated in hematoxylin and eosin stained
sections, while 0.1% toluidine blue was used to stain sections to evaluate mast cell
influx. Ten random fields were examined per slide with cell counts evaluated in both
the dermis and epidermis. Cumulative counts from these 10 fields were recorded as
the relative number of cells for that sample. Photomicrographs were prepared using
an Olympus 300 double-headed microscope (Tokyo, Japan).

2.13. Collagen accumulation in skin of SKH-1 mice exposed to SWCNT

Total collagen content in the skin was determined by quantifying total soluble
collagen using the Sircol Collagen Assay kit (Accurate Chemical and Scientific Cor-
poration, Westbury, NY). Briefly, skin homogenates were mixed with 0.5M acetic
acid containing pepsin (Accurate Chemical and Scientific Corporation, Westbury,
NY). Each sample was stirred vigorously for 24 h at 4°C, centrifuged, and 200 w1 of
supernatant was assayed according to the manufacturer’s instructions.

2.14. Myeloperoxidase levels in the skin of SWCNT-exposed mice

Inflammatory response in the skin of SKH-1 mice treated with SWCNT was
assessed by measurement of myeloperoxidase (MPO) activity by Enzyme Linked
Immunosorbent Assay (ELISA). The concentration of MPO in skin homogenates
was measured using a commercially available ELISA immunoassay kit (Cell Sci-
ences, Canton, MA) with detection limit ranging from 1.02 ng/ml to 250 ng/ml. Each
measurement of MPO activity in skin homogenates were assayed in duplicate and
normalized to total protein content in skin samples.

2.15. Fluorescence assay of glutathione (GSH)

Glutathione concentration in cell and skin homogenates was determined using
ThioGlo-1, a maleimide reagent which produces a highly fluorescent product upon
its reaction with sulfhydryl groups (Shvedova et al., 2000). A standard curve was
established by addition of GSH (0.04-2.0 M) to 0.1 M phosphate buffer (pH 7.4) con-
taining 10 wM ThioGlo-1. GSH content was estimated by an immediate fluorescence

response registered upon addition of ThioGlo-1 to tissue homogenates. A Shimadzu
spectrofluorometer RF-5000 U (Shimadzu, Japan) was employed in the assay: excita-
tion 388 nm and emission 500 nm. The data were acquired using an excitation slit of
1.5 nm and an emission slit of 5 nm. The fluorescence signals were exported from the
spectrofluorometer using RF-5000 U PC Personal Fluorescence software (Shimadzu,
Japan).

2.16. Determination of protein carbonyls in the skin of mice exposed to SWCNT

Oxidation of proteins in the skin homogenates prepared from SKH-1 mice
exposed to SWCNT were evaluated by measurement of protein carbonyls using
ELISA (Northwest Life Sciences, Vancouver, WA). Briefly, protein was extracted
from homogenates according to manufacturer’s instructions. Protein extracts
were then incubated with dinitrophenylhydrazine (DNP) and assayed colorimet-
rically at 450 nm. The assay provides detection limits of protein carbonyl within
0.10-0.93 nmol/mg protein. Each sample of skin homogenate was assayed in dupli-
cate.

2.17. Protein assay

Measurements of protein in homogenates from mouse skin were run using a
Bio-Rad protein assay kit, catalog no. 500-0006 (Richmond, CA).

2.18. Statistics

Treatment related differences were evaluated using two-way ANOVA, followed
by pair-wise comparison using the Student-Newman-Keuls tests, as appropriate.
Statistical significance was considered at p <0.05.

3. Results
3.1. ESR detection of SWCNT-induced free radicals in JB6 P+ cells

The ESR spin trapping technique was used to detect free radi-
cal generation during incubation of SWCNT with JB6 P+ cells. Fig. 1
shows the ESR spectra of a typical DMPO spin-trapped OH® radical at
different time points after exposure to SWCNT. This spectrum con-
sists of a 1:2:2:1 quartet with splittings of a =aN=14.9 G, where
a and aN denote hyperfine splittings of the a-hydrogen and the
nitroxyl nitrogen, respectively. On the basis of these coupling con-
stants, the 1:2:2:1 quartet was assigned to DMPO/*OH adduct.
Addition of Hy O, dramatically increased the DMPO/*OH adduct sig-
nal (Fig. 2B), while addition of catalase, an H,0, scavenger, to the
incubation system decreased the generation of *OH radical (Fig. 2C).
Addition of the metal chelator, deferoxamine (DFO), also strongly
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Fig. 1. Formation of free radicals from SWCNT-stimulated JB6 P+ Cells. Electron
spin resonance (ESR) spectrum recorded for 15 min after the addition of SWCNT
(0.12 mg/ml) to JB6 P+ (106 cells/ml) in PBS (pH 7.4) containing 40 mM 5,5-dimethyl-
1-pyrroline-1-oxide. (A) Omin, (B) 1min, (C) 5min, (D) 10min and (E) 15 min.
Instrumental conditions: microwave power, 50 mW; modulation amplitude, 1.0G;
time constant, 40.96 ms; center field, 3435G; sweep width, 100G.
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Fig. 2. Generation of free radicals from SWCNT-stimulated JB6 P+ cells. (A) Elec-
tron spin resonance (ESR) spectrum recorded 5 min after the addition of SWCNT
(0.12 mg/ml) to JB6 P+ (10° cells/ml) in a phosphate-buffered solution (pH 7.4) con-
taining 200 mM 5,5-dimethyl-1-pyrroline-1-oxide. (B) Same as A plus 1 mM H,0,
added. (C) Same as A plus 20 U/ml catalase added. (D) Same as A plus 0.2 mM defer-
oxamine added. Instrumental conditions: microwave power, 63 mW; modulation
amplitude, 1.0G; time constant, 40.96 ms; center field, 3480G; sweep width, 100G.

suppressed the DMPO/*OH signal (Fig. 2D). These results suggested
that *OH generated during exposure of SWCNT to JB6 P+ cells was
formed via a metal-dependent Fenton reaction.

3.2. Effect of SWCNT on cell viability, oxidative stress and
cytokine release in JB6 cells

The AlamarBlue assay demonstrated a  significant
concentration-dependent decrease in viability following expo-
sure of JB6 P+ cells to both partially purified and unpurified
SWCNT. Partially purified SWCNT resulted in a dose-dependent
decrease in viability - 6.6% (0.06 mg/ml), 11.9% (0.12 mg/ml), and
27.7% (0.24mg/ml) - after exposure to SWCNT (24 h) (Fig. 3). A
more profound decrease in viability (10.2% at 0.06 mg/ml, 22.1%
at 0.12mg/ml, and 53.07% at 0.24mg/ml) occurred following
exposure of JB6 P+ cells to unpurified SWCNT (Fig. 3).

Nonprotein thiol levels in JB6 P+ cells were evaluated to assess
SWCNT-induced oxidative stress using a maleimide SH-reagent,
ThioGlo-1 (Kagan et al., 1999; Shvedova et al., 2000). A significant
dose-dependent decrease of GSH was observed with decreases of
19%, 25.9%, and 47.95% after incubation (24 h) of JB6 P+ cells with
0.06 mg/ml, 0.12 mg/ml, and 0.24 mg/ml partially purified SWCNT,
respectively (Fig. 4). Exposure to unpurified SWCNT induced a more
profound reduction in GSH than was observed following exposure
to partially purified SWCNT (Fig. 4). Reductions GSH of 50%, 54.2%,
and 66.7% were observed after 24 h incubation of JB6 P+ cells with
0.06 mg/ml, 0.12 mg/ml, or 0.24 mg/ml unpurified SWCNT, respec-
tively.

3.3. Activation of AP-1 in JB6 P+ following exposure to SWCNT

Activation of AP-1 was assessed in JB6 P+ cells exposed to par-
tially purified and unpurified SWCNT (24 h). Exposure of JB6 P+ cells
to 0.06 mg/ml, 0.12 mg/ml, or 0.24 mg/ml unpurified SWCNT caused
a dose-dependent increase of 15%, 50%, and 92% in AP-1 activity
following exposure. Partially purified SWCNT did not significantly
induce activation of AP-1 (Fig. 5).
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Fig. 3. Viability of JB6 P+ cells following exposure to SWCNT. Conditions: JB6 P+
cells (1 x 108) were incubated in phenol-free MEM in the absence and in the pres-
ence of 0.06 mg/ml, 0.12 mg/ml, or 0.24 mg/ml partially purified (black diamonds) or
unpurified (white squares) SWCNT for 24 h at 37 °C. After the incubation, cells were
washed twice with PBS (pH 7.4) and then cell viability was determined with 10%
AlamarBlue. Values are means + S.E.M. of three experiments. Significance indicated
by: *p<0.05 versus control; *p<0.05 versus 0.06 mg/ml SWCNT; Pp<0.05 versus
0.12 mg/ml SWCNT.

3.4. Activation of NFxB in JB6 P+ cells after exposure to SWCNT

NFKkB is a redox-sensitive transcription factor which is involved
in the regulation of a number of inflammatory reactions (Driscoll
et al., 1997; Mossman and Churg, 1998; Schins and Borm, 1999).
We found that exposure to unpurified SWCNT caused a significant
dose-dependent (44%, 50%, and 76%) induction of NFkB when cells
were treated with 0.06 mg/ml, 0.12 mg/ml, and 0.24 mg/ml SWCNT,
respectively. A similar activation of NFkB was also observed when
the cells were exposed to partially purified SWCNT. Both unpurified
and partially purified SWCNT had similar effects in NFkB activation
(76% and 80%) after exposure of JB6 P+ cells to 0.24 mg/ml SWCNT
for 24 h (Fig. 6).
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Fig. 4. Glutathione (GSH) Depletion in JB6 P+ cells following exposure to SWCNT.
Conditions: JB6 P+ cells (1 x 10%) were incubated in phenol-free MEM in the absence
and in the presence of 0.06 mg/ml, 0.12 mg/ml, or 0.24 mg/ml unpurified (white
bars) or partially purified (black bars). SWCNT for 24 h at 37°C. After the incuba-
tion, cells were washed twice with PBS (pH 7.4) and GSH levels were determined.
Values are means + S.E.M. of three experiments. *p < 0.05 versus 0.06 mg/ml partially
purified SWCNT; ®p < 0.05 versus 0.12 mg/ml partially purified SWCNT; Bp < 0.05 ver-
sus 0.24 mg/ml partially purified SWCNT; Yp<0.05 versus 0.06 mg/ml unpurified
SWCNT.
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Fig. 5. SWCNT-induced activation of AP-1 in JB6 P+ cells. JB6 P+ cells transfected
with an AP-1 luciferase reporter plasmid were exposed to unpurified (white bars) or
partially purified SWCNT (black bars). Twenty-four hours following exposure, cells
were extracted with 200 pl of 1x lysis buffer provided in luciferase assay kit and
the luciferase activity was measured using a luminometer. The results are expressed
as relative AP-1 activity compared to respective controls. Values are means + S.E.M.
of three experiments. *p <0.05 versus control; *p <0.05 versus 0.06 mg/ml SWCNT;
Pp<0.05 versus 0.12 mg/ml SWCNT.

3.5. Effect of unpurified SWCNT on engineered human skin

EpidermFT, a normal human cell-derived in vitro skin tissue
model, was used to evaluate morphological changes of the skin
induced by exposure to unpurified SWCNT. Histopathology of
EpidermFT engineered skin revealed an accumulation of fibrob-
lasts and basal squamous cells of the epidermis after exposure
to unpurified SWCNT, while no changes were observed in the
control skin sections exposed to vehicle. Parakeratosis and hyper-
keratosis are evident. Evaluation of Sirius red stained sections
revealed an increase amount of collagen in the SWCNT-exposed
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Fig. 6. SWCNT-induced activation of NFkB in JB6 P+ cells (24 h). JB6 P+ cells trans-
fected with an NFkB luciferase reporter plasmid were exposed to unpurified (white
bars) or partially purified SWCNT (black bars). Twenty-four hours following expo-
sure, cells were extracted with 200 vl of 1x lysis buffer provided in luciferase assay
kit and the luciferase activity was measured using a luminometer. The results are
expressed as relative NFkB activity compared to respective controls. Values are
means + S.E.M. of three experiments. *p <0.05 versus unpurified control; “p <0.05
versus partially purified control.

engineered skin (data not shown). The thickness of the dermis
of the unpurified SWCNT-exposed engineered skin was 1.5-fold
greater compared to those in control skin sections (Fig. 7A and
B).

3.6. Cytokine production by engineered skin following unpurified
SWCNT exposure

Exposure of EpidermFT to unpurified SWCNT induced the
release of a number of inflammatory cytokines. IL-6, IL-12, and
IFN-y were all significantly elevated following exposure to unpu-

Bl \ %40

IL-6 IL12p70 IFN-y

Fig. 7. SWCNT-induced alterations to engineered human skin. (A and B) Photomicrographs of engineered skin sections following exposure to PBS (A) or unpurified SWCNT
(B). (C) Cytokine release from engineered skin in response to unpurified SWCNT exposure. White bars, PBS exposed; black bars, unpurified SWCNT exposed. EpiDerm FT skin
tissue model was exposed to 75 g of unpurified SWCNT for 18 h. Following exposure, samples were formalin fixed, paraffin embedded and stained with hematoxylin and
eosin to evaluate morphological alterations. *p <0.05 versus PBS-exposed control mice.
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Fig. 8. Net increase in skin bi-fold thickness of SKH-1 Mice topically treated with
unpurified SWCNT for 5 days. SKH-1 mice were topically exposed to unpurified
SWCNT (30% weight iron; 40 p.g/mouse, 80 pLg/mouse, or 160 pg/mouse) daily for 5
days. Twenty-four hours following the last exposure, mice were sacrificed. Values
are means % S.E.M. of three experiments. *p < 0.05 versus PBS-exposed control mice.

rified SWCNT. SWCNT exposure had the most profound effect on
IL-6 (increased 14 times). In addition, IFN-y and IL-12 were also
significantly increased by 7 and 2.5 times, respectively (Fig. 7C).
TNF-a and MCP-1 levels were not significantly elevated following
exposure to unpurified SWCNT (data not shown).

3.7. Inflammation and histopathology of the skin of SKH-1 mice
exposed to unpurified SWCNT

Topical exposure to unpurified SWCNT induced an increase in
skin thickness of SKH-1 mice following exposure to 40 p.g/mouse,
80 p.g/mouse, or 160 pg/mouse for 5 days and observed 1 day post-
treatment. Skin bi-fold thickness as well as cell numbers within the
epidermis and dermis were assessed pre- and post-mortem, respec-
tively. Skin bi-fold thickness was measured daily and used as an
indicator of edema and skin inflammation. Topical treatment with
unpurified SWCNT (160 pg/mouse) resulted in significant increase
in skin bi-fold thickness (150%) assessed following 5 days exposure
as compared to those in control mice (Fig. 8). No changes in skin
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Fig. 9. Epidermal cell number of SKH-1 mice dermally exposed to unpurified
SWCNT. SKH-1 mice were topically exposed to unpurified SWCNT (30% weight iron;
40 pg/mouse, 80 pg/mouse, or 160 pwg/mouse) daily for 5 days. Twenty-four hours
following the last exposure, mice were sacrificed. Values are means + S.E.M. of three
experiments. *p <0.05 versus vehicle control.

thickness were observed at time-points prior to 5 days of exposure
(data not shown).

Changes in the number of cells present within the skin of
SKH-1 mice following unpurified SWCNT exposure were quantified
within the epidermis and compared to the control group. Counts
of cells within the epidermis of animals exposed to 80 pg/mouse
and 160 pg/mouse SWCNT revealed a 25% and 58% increase in the
amount of cells within the epidermis, respectively (Fig. 9). Expo-
sure to 40 pg/mouse and 80 pug/mouse did not reveal any significant
increase in mast cell accumulation (data not shown) within the der-
mis, while the highest dose of unpurified SWCNT (160 j.g/mouse)
caused a 90% increase in mast cells influx observed in the skin of
SKH-1 mice (Fig. 10A).

Another marker of skin injury, myeloperoxidase (MPO), was
measured to determine the inflammatory response to unpurified
SWCNT. MPO, a well-recognized marker of neutrophil influx into
tissue, was increased after topical exposure to unpurified SWCNT.
We found that low doses of unpurified SWCNT (40 pg/mouse and
80 pg/mouse) did not induce any changes in MPO activity in skin of
exposed mice. Topical treatment with 160 pg/mouse of unpurified
SWCNT was found to cause a 21% increase in MPO activity (Fig. 10B).
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Fig. 10. Mast cell infiltration (A) and myeloperoxidase activity (B) in skin of SKH-1 mice topically exposed to unpurified SWCNT. SKH-1 mice were topically exposed to
unpurified SWCNT (30% weight iron; 160 p.g/mouse) daily for 5 days. Twenty-four hours following the last exposure, mice were sacrificed with sodium pentobarbital, and
skin was removed frozen for biochemical analysis. Values are means + S.E.M. of three experiments. *p <0.05 versus PBS.
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(A)

Fig. 11. Skin photomicrographs of SKH-1 mice topically treated with unpurified SWCNT. (A) Control (PBS) exposed mice; (B) unpurified SWCNT (160 pg/mouse) exposed
mice. SKH-1 mice were topically exposed to unpurified SWCNT (30% weight iron; 160 pg/mouse) daily for 5 days. Twenty-four hours following the last exposure, mice were
sacrificed with sodium pentobarbital and skin was removed and fixed in formalin for histological analysis. Values are means + S.E.M. of three experiments.

Histological evaluation of the skin of unpurified SWCNT-exposed
(160 pg/mouse) mice revealed accumulation of polymorphonu-
clear leukocytes (PMNs) within the epidermis and dermis as
compared to control-exposed skin (Fig. 11A). The inflammation, i.e.
recruitment of PMNs, was localized around or within the hair fol-
licles. Increased inflammation was observed in adipose tissue as
well as a few sebaceous glands of SWCNT-exposed mice. Also, the
skin of mice exposed to unpurified SWCNT showed increased mast
cell activity and degranulation that was not observed in the skin of
control mice (Fig. 11B).

3.8. Collagen accumulation in skin of SKH-1 mice dermally
exposed to unpurified SWCNT

Exposure of SKH-1 mouse skin to unpurified SWCNT resulted
in increased collagen accumulation. The highest dose of unpuri-
fied SWCNT (160 pg/mouse) induced a significant 12% increase in
collagen found in the skin (Fig. 12A). The lower doses of unpuri-
fied SWCNT (40 pg/mouse and 80 pg/mouse) did not significantly
change the amount of collagen present in the skin as compared to
control (data not shown).

3.9. Oxidative damage in skin of SKH-1 mice following unpurified
SWCNT exposure

To assess whether unpurified SWCNT induced oxidative stress,
we measured changes in antioxidant levels, and protein oxidation.
After unpurified SWCNT exposure, we found that the highest dose
(160 pg/mouse) induced a significant 11% reduction in GSH in the
skin (Fig. 12B). We observed no changes in GSH in the skin of mice
exposed to 40 and 80 p.g/mouse of unpurified SWCNT (data not
shown).

Protein oxidation, assessed by measurements of carbonyl forma-
tion in mouse skin, did not significantly differ in the skin of mice
exposed to the lowest dose of unpurified SWCNT (40 p.g/mouse).
However, exposure to 80 pg/mouse and 160 p.g/mouse of unpu-
rified SWCNT resulted in a significant 34% and 41% increase in
carbonyl content found in the skin of exposed mice as compared
to control (Fig. 13).

3.10. Cytokine production in the skin of SKH-1 mice exposed to
unpurified SWCNT

Inflammatory cytokines, e.g. IL-6, IL-10, MCP-1, IFN-vy, TNF-
a, and IL-12p70, were evaluated in the supernatant of skin
homogenates from SKH-1 mice following exposure to unpurified

SWCNT. SKH-1 mice exposed to 40 pwg/mouse and 80 g/mouse of
unpurified SWCNT showed no increase in cytokine release (data
not shown). The highest dose of unpurified SWCNT (160 p.g/mouse)
induced a significant release of IL-10 and IL-6 (100% and 80%,
respectively) in the skin (Fig. 14). No changes were observed in
MCP-1, IFN-y, TNF-c, and IL-12 at the highest dose of unpurified
SWCNT (data not shown).

4. Discussion

Single wall carbon nanotubes are a newly developed allotrope
of carbon with extraordinary mechanical and electrical properties
which offer possibilities for the development of new nano-
electronics devices, circuits, and computers. A previous study
characterizing SWCNT aerosol formation during laboratory usage
revealed a high potential for dermal exposure (Maynard et al.,
2004). Air samples showed a concentration of SWCNT between
0.70 wg/m?3 and 53 pg/m3; however, more revealing was the con-
centration present on individual gloves of laboratory workers which
ranged from 217 pg to 6020 g (Maynard et al., 2004). Dermal
exposure to carbon materials has been shown to result in the devel-
opment of a variety of skin disorders, i.e. carbon fiber dermatitis,
hyperkeratosis, and nevi (Lachapelle, 2002; Eedy, 1996; Jenkinson,
1997; NIOSH, 1978; Kasparov et al., 1989). However, the unique
properties of SWCNT may also result in the unusual development
of skin disorders (Borm, 2002).

Manufacturing of SWCNT relies heavily on the use of catalytic
metals. Transition metals, e.g. iron, cobalt and nickel, are known
to induce formation of reactive oxygen species (ROS) and sub-
sequently cause oxidative stress (Kaur et al., 2004; Eisen et al.,
2004; Chachami et al., 2004). In this study, we used HiPco mate-
rials which are produced utilizing iron as the catalytic metal. The
resulting SWCNT contains iron which is encased in a carbon shell
and distributed throughout the nanotube (Chiang et al., 2001).
Iron exposure poses a minimal health risk with no adverse health
effects occurring from skin contact (Lepinski and Myers, 1995). Cur-
rently, iron compounds are widely used as colorants in a number
of cosmetic products which are applied to the skin, hair, and nails
(Lansdown, 2001). Iron overload toxicity is associated with the
development of free-radical mediated tissue damage, which may
result in the development and progression of a number of patho-
logical conditions (Cavaleri and Rogan, 1992; Rockey, 2003; Bing,
2001; Maritim et al., 2003; Ahsan et al., 2003; Fraga and Oteiza,
2002). A previous study found that SWCNT-associated iron can
catalyze the decomposition of hydrogen peroxide and organic per-
oxides thus forming a hydroxyl radical from hydrogen peroxide or
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Fig. 12. Collagen accumulation (A) and glutathione depletion (B) in skin of SKH-1 mice topically treated with unpurified SWCNT for 5 days. SKH-1 mice were topically exposed
to unpurified SWCNT (30% weight iron; 160 wg/mouse) daily for 5 days. Twenty-four hours following the last exposure, mice were sacrificed with sodium pentobarbital, and
skin was removed frozen for biochemical analysis. Values are means =+ S.E.M. of three experiments. *p <0.05 versus PBS-exposed control mice.

alkoxyl radicals from lipid peroxide (Shvedova et al., 2003). Expo-
sure of JB6 P+ cells to unpurified SWCNT resulted in the formation
of ESR detectable hydroxyl radicals. Incubation of |JB6 P+ cells with
SWCNT in the presence of DFO (metal/iron chelator), reduced rad-
ical formation thereby providing evidence that the observed ROS
formation was induced via a metal-dependent Fenton reaction.
Reactive oxygen species (ROS) are capable of modifying the
activity of proteins on the post-translational level and regulating
gene expression (Sies, 1991; Meyer et al., 1994). AP-1 and NFkB are
two important transcriptional factors which have been shown to
be regulated by changes in the redox state of the cell in part due
to overproduction of ROS (Meyer et al., 1994; Abate and Curran,
1990; Toledano and Leonard, 1991). AP-1 activation occurs from
the upregulation of protein kinase C in response to oxidant expo-
sure (Boyle et al., 1991; Papavassiliou et al., 1992; Cerruti, 1989),
while activation of NFkB occurs due to ROS acting as a second mes-
senger (Schreck et al., 1991; Schreck and Baeuerle, 1991). In the case
of SWCNT exposure, unpurified SWCNT resulted in the induction of
both NFkB and AP-1, while partially purified SWCNT only induced
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Fig. 13. Protein carbonyls in skin of SKH-1 mice topically treated with unpurified
SWCNT for 5 days. SKH-1 mice were topically exposed to unpurified SWCNT (30%
wtiron; 40 pg/mouse, 80 pg/mouse, or 160 pg/mouse) daily for 5 days. Twenty-four
hours following the last exposure, mice were sacrificed with sodium pentobarbital,
and skin was removed frozen for biochemical analysis. Values are means +S.E.M.
of three experiments. *p <0.05 versus PBS-exposed control mice; *p <0.05 versus
40 pg/mouse SWCNT-exposed mice.

NFkB. Hydrogen peroxide exposure has been found to be a more
effective inducer of NFKB than AP-1 (Meyer et al., 1994) indicating
that NFkB may be more sensitive to redox changes within the cell
or tissue (Meyer et al., 1994).

Upregulation of NFkB and AP-1 has been shown to increase pro-
duction of a number of cytokines and chemokines, including IL-1,
IL-6, IL-8, TNF-a,, MCP-1, MIP-1c, MIP-2, COX-2 and iNOS, which
are responsible for the development of a number of disease states
(Driscoll et al., 1997; Mossman and Churg, 1998; Schins and Borm,
1999). IL-8, IL-6, and IL-1f3 have been implicated in the develop-
ment of dermal irritation (Barker et al., 1991; Corsini and Galli,
1998; Grone, 2002; Nickolof, 1991). Keratinocytes release TNF-
o and IL-1( in response to acute tissue injury or inflammation.
Release of IL-8, which plays a role in skin inflammatory disease
(Chabot-Fletcher et al., 1994), is stimulated by TNF-a and IL-13.
Exposure of human epidermal keratinocytes (NEK) to multiwalled
carbon nanotubes has been shown to induce the release of IL-8,
a marker of dermal irritation in humans (Monteiro-Riviere et al.,
2005). Additionally, exposure of NEKs to amino acid-functionalized
fullerenes, an allotrope of carbon, induced the release of IL-13 and
IL-6 (Rouse et al., 2006). In our experiments, exposure of engineered
skin to unpurified SWCNT induced inflammation accompanied by
the release of IL-6 and IL-12. IL-6 has been shown to be a major pro-
inflammatory mediator produced by keratinocytes in response to
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Fig. 14. Cytokine release by SKH-1 mouse skin following dermal exposure to unpuri-
fied SWCNT. Open bars, PBS-exposed mice; black bars, SWCNT-exposed mice. SKH-1
mice were topically exposed to unpurified SWCNT (30% wt iron; 160 p.g/mouse) daily
for 5 days. Twenty-four hours following the last exposure, mice were sacrificed with
sodium pentobarbital, and skin was removed frozen for biochemical analysis. Values
are means + S.E.M. of three experiments. *p <0.05 versus PBS.
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skin irritants, contact allergens, viruses, UV radiation and thermal
damage (Sugawara et al., 2001). Mice dermally exposed to unpuri-
fied SWCNT showed increased levels of IL-6 and IL-10 in the skin
as well as an influx of mast cells into the tissue. Mast cells have
been shown to produce IL-10 (Enk et al., 1994; Chung, 2001). Stud-
ies have also shown that the presence of TGF-3 and IL-6 can lead to
the transformation of naive T cells into T helper cells, Th17 cells
(Bettelli et al., 2006; Veldhoen et al., 2006; McGeachy and Cua,
2008; Li and Flavell, 2008). Th17 cells, which have been stimulated
with IL-6 and TGF-(3, are capable of secreting IL-10 (McGeachy et
al., 2007; Stumbhofer et al., 2007). The resulting IL-10 production
is believed to regulate Th17 cell immunopathology and result in
decreased disease severity (McGeachy et al., 2007). These studies
are in agreement with the current data showing that unpurified
SWCNT induced the release of a number of inflammatory cytokines,
e.g. IL-6 and IL-12, in engineered skin and IL-10 and IL-6 in mouse
skin, following exposure.

One of the major goals of our study was to assess whether top-
ical exposure to unpurified SWCNT caused oxidative stress and
inflammation. Antioxidants prevent the uncontrolled formation of
free radicals, and ROS production in different environmental and
occupational exposures, e.g. ozone, ambient particles, diesel, metal
working fluids, and ultraviolet radiation (Fuchs et al., 1989; Nishi
et al., 1991; Halliwell and Cross, 1994; Tyrrell, 1994; Evelson et
al.,, 1997; Thiele et al., 1997; Podda et al., 1998; Lopez-Torres et
al., 1998). Antioxidants are able to regulate ROS production thus
protecting biological constituents from accelerated oxidative stress
(Chaudiere and Ferrari-Iliou, 1999). Overproduction of ROS could
burden the antioxidant capacity of skin thus reducing the skin’s
ability to withstand oxidative damage. Topical exposure of mice to
unpurified SWCNT was found to induce oxidative stress by caus-
ing a depletion of GSH, and diminishing of the total antioxidant
reserve resulting in an increase in lipid and protein oxidation and
inflammation. We found that topical exposure of SKH-1 hairless
mice to unpurified SWCNT caused an inflammatory response in the
skin as assessed by PMN and mast cell influx, increased MPO activ-
ity, as well as increases in skin thickness and edema formation. We
could speculate that the inflammatory reaction and oxidative stress
detected in skin were mediated via the activation of two redox-
sensitive pathways, AP-1 and NFkB, known to regulate a number of
inflammatory outcomes taking place in different tissues including
skin (Murray et al., 2007; Shvedova et al., 2003; Haddad and Land,
2000; Haddad et al., 2000; Haddad and Harb, 2005).

An important aspect to consider is whether the dermal tox-
icity of nanoparticles correlates with their ability to penetrate
through stratum corneum. Several reports have shown that nano-
and micronized particles, e.g. titanium dioxide and beryllium, are
able to pass the stratum corneum by translocation via hair folli-
cles (Lademann et al., 1999; Tan et al., 1996; Alvarez-Roman et al.,
2004)or anintracellular transcutaneous pathway (Van den Bergh et
al., 1999; Honeywell-Nguyen et al., 2004) thus resulting in deposi-
tion of particles in the epidermis and/or dermis (Tinkle et al., 2003;
Baroli et al., 2007). Tinkle et al. (2003) found that beryllium pen-
etration which occurred by a simple flexing motion was sufficient
to induce cutaneous sensitization. However, Ryman-Rasmussen et
al. (2006) found that nanosized quantum dots are able to pene-
trate the stratum corneum barrier without abrasion or mechanical
stress. Nanoparticles ranging in size from 7 nm to 20 nm have been
shown to have a preference for accumulating in follicular openings
(Alvarez-Roman et al., 2004; Schaefer et al., 1990; Lauer et al., 1996;
Toll etal.,2004; Meidan et al., 2005; Vogt et al., 2006). In the current
study, histological evaluation of the skin of SKH-1 mice exposed
to unpurified SWCNT showed inflammation localized around the
hair follicles indicating some SWCNT may be able to penetrate the
stratum corneum; however, we did not evaluate whether topical
exposure of SKH-1 mice to unpurified SWCNT caused penetration

and deposition of nanotubes within skin compartments. Despite
their small diameter (1-4 nm), SWCNT are quite long and not fully
dispersed. The particles utilized in this study were comprised not
only of dispersed particles (80%) but also contained aggregated
forms (20%). Therefore, it is hard to predict whether the SWCNT
used in the current study would be able to efficiently penetrate
the stratum corneum. Further research is necessary to determine
whether SWCNT and other nano-carbonaceous particles are able to
efficiently penetrate via skin thus causing dermal toxicity.

The current results document SWCNT-induced oxidative stress
and associated inflammation with the involvement of the activa-
tion of the redox sensitive signal transduction pathways, AP-1 and
NFkB. Exposure of bioengineered human skin to unpurified SWCNT
increased epidermal thickness and accumulation and probable acti-
vation of dermal fibroblasts which can result in increased collagen
as well as the observed release of pro-inflammatory cytokines. In
vitro exposure to SWCNT, specifically unpurified SWCNT (30%, w/w
iron), caused hydroxyl radical generation, a higher degree of cyto-
toxicity; unpurified SWCNT were capable of inducing AP-1 and
NFKB to a greater extent than partially purified SWCNT which only
induced activation of NFkB. In vivo dermal exposure to unpurified
SWCNT resulted in the development of inflammation and oxidative
stress, specifically depletion of glutathione and formation of pro-
tein carbonyls. Unpurified SWCNT also induced inflammation in the
skin as observed by increased skin thickness, accumulation of PMNs
and mast cells, release of MPO and pro-inflammatory cytokines.
In conclusion, our data indicate that topical exposure to unpuri-
fied SWCNT can cause dermal toxicity associated with free radical
generation, oxidative stress, and inflammation.
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