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’ INTRODUCTION

Carbon nanotubes (CNTs) come in two basic varieties, single-
walled (SWNT) or multiwalled (MWNT). The structural unit of
a SWNT is a sheet of sp2-hybridized graphene rolled into a
cylinder. How the sheets are aligned when rolled affects the
properties of the resulting SWNTs, which can be either elec-
trically conducting or semiconducting.1,2 CNTs have useful
electronic, optical, and mechanical properties with applications
ranging from transistors, to field emission devices, to strong
lightweight materials, to pharmacology and nanomedicine.3,4

The demand for CNTs is driving an exponential growth in their
production, and there are now a large number of companies
manufacturing or selling CNTs, which has created challenges.
One challenge is that the physical and chemical characterization
of CNTs is difficult with the result that there is no standardized
quality control across the CNT manufacturing industry.5,6

A second challenge is what impact CNTs may have on human
and environmental health. There is a large literature and un-
resolved debate on whether CNTs of different types are toxic
using a variety of in vitro and small animal models (for recent
reviews, see refs 7�11). There are several crucial factors con-
tributing to the problem of assessing CNT toxicity. One is the
physical purity of the material. Some, but not all, CNT synthetic
methods use iron catalysts, and iron is well-known to be toxic

because it generates reactive oxygen species. Therefore, it is
essential to test for and remove toxic metals from CNT prep-
arations in order to assess the inherent toxicity of CNTs. A
second important factor is debundling and dispersal of CNTs
using a dispersant that itself is not toxic. The surface of pristine
CNTs is hydrophobic, which causes them to aggregate in
aqueous solution so the behavior of individual CNTs is difficult
to study. Moreover, the hydrophobic surface of CNTs can
nonspecifically bind nutrients necessary for cell growth, leading
to indirect toxic effects.12 Another important factor is whether
the CNT surface has been covalently functionalized. Functiona-
lization can change the surface chemistry and dispersal properties
of the CNTs, which may affect toxicity. An additional confound-
ing factor is the large number of CNT vendors whose product
descriptions are similar yet whose CNT products are very
different. Also, different lots of the same material from a given
vendor may vary.

The outcome of toxicity testing also depends on what model
system is investigated and on what toxicity assay is used. There is
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ABSTRACT: This study compares the cytotoxicity to cultured
mammalian cells of nine different single-walled carbon nano-
tube (SWNT) products synthesized by a variety of methods and
obtained from a cross section of vendors. A standard procedure
involving sonication and centrifugation in buffered bovine serum
albumin was developed to disperse all the SWNTs in a biocompa-
tible solution to facilitate comparisons. The effect of the SWNTs
on the proliferative ability of a standard cell line was then assessed.
Of the nine different SWNT materials tested, only two were significantly toxic, and both were functionalized by carboxylation from
different vendors. This was unexpected because carboxylationmakes SWNTsmorewater-soluble, whichwould presumably correlate with
better biocompatibility. However, additional purification work demonstrated that the toxic material in the carboxylated SWNT
preparations could be separated from the SWNTs by filtration. The filtrate that contained the toxic activity also contained abundant
small carbon fragments that had Raman signatures characteristic of amorphous carbon species, suggesting a correlation between toxicity
and oxidized carbon fragments. The removal of a toxic contaminant associatedwith carboxylated SWNTs is important in the development
of carboxylated SWNTs for pharmacological applications.
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evidence that raw nonfunctionalized CNTs in the lungs of test
animals result in a toxic pathology.8,13,14 This is important
information if the objective is to determine the risk of inhaling
airborne raw CNT particles, and it is clear that measures to
prevent airborne CNTs in the workplace are important. Another
valid question is whether CNTs themselves are inherently toxic
when presented to cells in an aqueous environment, which could
occur by accidental ingestion or as a consequence of pharmaco-
logical or therapeutic applications. This paper addresses whether
SWNTs produced by a variety of methods and obtained from a
cross section of vendors, but dispersed under identical standard
conditions, are inherently cytotoxic to cultured cells.

We compared the cytotoxicity of nine different SWNT
materials from five different vendors prepared by a variety of
synthetic methods. A standard set of protocols was developed to
characterize each SWNTmaterial and to disperse the SWNTs by
sonication in buffered bovine serum albumin. The effect of the
SWNTs on the proliferative ability of a standard cell line was then
assessed. For the nine different SWNTmaterials tested, only two
were significantly toxic, and both were functionalized by carbox-
ylation with acids by their vendors. This was unexpected because
carboxylation makes SWNTs more water-soluble and should
correlate with better biocompatibility and presumably reduced
toxicity. However, additional purification work demonstrated
that the toxic material could be separated from the SWNTs by
filtration; thus, the SWNTs were not the toxic species in the
carboxylated SWNT preparations. Interestingly, the filtration
fraction that exhibited toxicity also contain small heterogeneous
carbon fragments that had Raman signatures characteristic of
amorphous carbon species, suggesting a possible correlation
between toxicity and fragments of oxidized carbon.

’RESULTS

Selection of SWNT Materials and Characterization of
Dispersions. Whereas all SWNT manufacturing processes use
a carbon feedstock, metal catalysts, and heat, each technique
produces a heterogeneous powdered soot that contains different
SWNT chiralities, undesirable synthetic byproducts (such as
graphitic and amorphous carbon phases), metals, and, in some

cases, catalyst support material. As shown in Table 1, the
materials chosen for this work represent four of the major
commercial SWNT synthetic methods: Ni/Y-catalyzed arc dis-
charge SWNTs, Fe/Mo-catalyzed CVD SWNTs, Fe-catalyzed
CVD SWNTs, and Co/Mo-catalyzed CVDSWNTs. The SWNT
powders are further classified as raw (as-produced soot removed
from the reactor without further processing), purified (refined
SWNT material with low chemical functionality), and carboxy-
lated (refined SWNT material with various degrees of carboxyl
groups at tube ends and sidewalls).
A bath sonication and centrifugation protocol in the presence

of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer and bovine serum albumin (BSA) was used to process
SWNT powders into aqueous SWNT dispersions (Scheme 1).
This protocol consistently produced individually dispersed
SWNTs with short lengths and effectively removed heavy metal
contaminants; most notably, the sub-ppm metal levels of Fe, Ni,
Y, Mo, and Co detected in SWNT dispersions by ICP-MS were
below toxic levels for each respective metal. Figure 1 shows
representative absorption spectra of aqueous SWNT dispersions
prepared from each of the nine SWNT powders listed in Table 1.
The absorption features observed in each spectrum correspond
to the M11, S22, and S11 optical transitions of the metallic
and semiconducting SWNT structures contained in each disper-
sion, whereas the nonresonant backgrounds include contribu-
tions from the π-plasmon absorptions of both SWNTs and
other carbonaceous species present in the purified, aqueous
dispersions.15

The absorption spectra (Figure 1A) of the SWNT dispersions
prepared from the Co/Mo-catalyzed CVD SWNT powders (A1-,
A2-, and A3-SWNTs) and from the Fe-catalyzed CVD SWNT

Table 1. Properties of SWNT Material Provided by Manufacturers and Analysis of Laboratory-Prepared SWNT Dispersions

properties of SWNT powders provided by manufacturers analysis of SWNT dispersions

purity

SWNT product synthetic method metal catalyst purification/functionalization % carbon % SWNTs SWNT diam (nm) concna (μg/mL) Raman D/G ratiob

A1 CVD Co/Mo purified >90 g70 0.7�1.3 230( 10 0.15( 0.04

A2 CVD Co/Mo purified >90 g77 0.7�0.9 301( 63 0.11( 0.03

A3 CVD Co/Mo purified >90 g77 0.7�1.1 258( 31 0.08( 0.01

B1 CVD Fe raw >65 NAc 0.8�1.2 401( 55 0.07( 0.00

C1 arc discharge Ni/Y raw 40�60 NA ∼1.4 241( 29 0.05( 0.01

C2 arc discharge Ni/Y purified >90 NA ∼1.4 289( 41 0.02( 0.01

C3 arc discharge Ni/Y carboxylated >90 NA ∼1.4 786( 61 0.24( 0.04

D1 CVD Fe/Mo purified >95 NA ∼1.5 229( 80 0.13( 0.03

D2 CVD Fe/Mo carboxylated >95 NA ∼1.5 919( 33 0.39( 0.03
aMean concentrations of total carbon species in SWNT dispersions were determined using the SDS�PAGEmethod (see Materials and Methods); the
standard deviations represent at least n = 3 independent measurements. bThe D/G quality factor was determined using Raman spectroscopy with
532 nm laser excitation (where D represents the area of the D-band from 1250 to 1450 cm�1 and G represents the area of the G-band from 1450 to
1650 cm�1); the standard deviations represent at least n = 6 independent measurements. cNA, not available.

Scheme 1. Preparation of SWNT Dispersions
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powder (B1-SWNTs) all display sharp van Hove peaks char-
acteristic of debundled, individually dispersed SWNTs.16,17

Collectively, these four samples represent a series of aqueous
SWNT dispersions that contain primarily semiconducting
SWNTs with varying diameters. For example, the most intense
optical transitions in the S11 spectral region for the A1-SWNTs
correspond to (6,5), (7,5), and (7,6) semiconducting SWNTs
with diameters ranging from 0.8 to 1.0 nm. The absorption
spectra of the SWNT dispersions prepared from the Ni/Y-
catalyzed arc discharge SWNT powders (C1-, C2-, and C3-
SWNTs) and from the Fe/Mo-catalyzed CVD SWNT powders
(D1- and D2-SWNTs) are shown in Figure 1B. C1 (raw soot)
and C2 (purified) have broad peaks in the S22 spectral region
corresponding to overlapping optical transitions from the large
number of semiconducting SWNTs that are produced by the
electric arc method. The absorption spectrum of D1, made by
the catalytic CVD technique, was unexpectedly featureless even
though SWNTs made with this technique can have wide
diameter distributions with significant overlap of interband
transitions.6 C3, a carboxylated sample, displayed broadened
transitions in the S22 spectral region as expected for carboxylated
material. The other carboxylated sample, D2, had no peaks,
which may be indicative of a heavily oxidized SWNT surface.18

Raman spectroscopy with 532 nm laser excitation was also
used to characterize the SWNT dispersions by calculating a D/G
quality factor, where D represents the area of the D-band from
1250 to 1450 cm�1 and G represents the area of the G-band from
1450 to 1650 cm�1. For high-quality samples containing fewer
defects and less amorphous carbon species the D/G ratio is often
below 0.02.6 As shown in Table 1, the D/GRaman quality factors
of SWNT dispersions prepared from the two raw SWNT
powders were 0.07 (B1) and 0.05 (C1), and those prepared
from the five purified SWNT powders, A1, A2, A3, C2, and D1,
ranged from 0.02 to 0.15. These data indicate that the bath
sonication/centrifugation process used to generate SWNT dis-
persions is effective in reducing a variety of undesirable synthetic

byproducts from SWNT powders produced by the four different
synthetic methods. The D/G Raman quality factors of SWNT
dispersions prepared from the two carboxylated SWNT powders
were 0.24 (C3) and 0.39 (D2), as expected, because carboxyla-
tion by reaction with oxidizing acids can introduce defects into
the SWNT lattice that increase the D/G ratio.19

In Vitro Cytotoxicity Screen of SWNT Dispersions. Physical
characterization of the SWNTs in the previous section deter-
mined that the various SWNTs from different vendors represent
a spectrum of SWNT purities and types. To determine if there
were differences in potential cytotoxic effects among the
SWNTs, normal rat kidney cells (NRK, an established cell line)
were exposed to 100 μg/mL SWNT dispersions in complete
growth medium for three days. Proliferation was then measured
directly by counting the number of remaining cells with a Coulter
counter, and indirectly using a rapid crystal violet staining
assay.20 Six of the SWNT preparations tested had no effect on

Figure 1. Representative background-corrected absorption spectra of SWNT dispersions prepared from the nine SWNT materials shown in Table 1;
the carbon content of all dispersions was 100 μg/mL. (A) Spectra of A1-, A2-, and A3-SWNT dispersions (black lines) prepared from the three purified
CVD materials purchased from manufacturer A and the spectrum of B1-SWNT dispersion prepared from the raw CVD material (gray line) purchased
from manufacturer B. (B) Spectra of C1-, C2-, and C3-SWNT dispersions (black lines) prepared from raw, purified, and carboxylated electric-arc
discharge material purchased from manufacturer C, respectively, and the spectra of D1- and D2-SWNT dispersions prepared from purified and
carboxylated CVDmaterial (gray lines) purchased frommanufacturer D, respectively. For A1-, A2-, A3- and B1-SWNT dispersions in panel A, and C1-,
C2-, andC3-SWNTdispersions in panel B, theM11, S22, and S11 labels represent the approximate regions of the first and second interband transitions for
metallic and semiconducting SWNT structures.

Figure 2. In vitro cytotoxicity assessment of various SWNT dispersions
on NRK cells. Cultured NRK cells were incubated in media with various
SWNT dispersions at 100 μg/mL concentration or in the absence of
SWNTs (control) for 3 days. Cytotoxicity was assessed by cell prolif-
eration, quantified by comparing the number of cells or the amount of
nucleic acid stained with crystal violet dye. Each bar is the mean of three
independent experiments with error bars showing standard deviations.
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cell growth. Raw arc-discharged material C1 mildly depressed
proliferation, while C3 and D2 dispersions reduced growth by
about 60% (Figure 2). The results with C3 and D2 SWNT
dispersions were surprising because they are functionalized by
carboxylation tomake themmore water-soluble and biocompatible.
The effects of the C3 and the D2 SWNT materials on cell

proliferation, as a function of concentration in the media, were
determined by crystal violet assay after 3 days incubation. The
IC50 values of the C3- andD2-SWNT dispersions obtained from
three independent experiments were 76.5 ( 4.9 μg/mL and
41.0( 3.1 μg/mL, respectively (Figure 3). Thus, the toxic effects
of the C3 and the D2 SWNT materials on cell proliferation are
dose dependent. The IC50 values were also a function of expo-
sure time, decreasing as the time increased (data not shown).
Uptake and Detection of SWNTs in NRK Cells. There are

numerous reports that SWNTs can enter cells by endocytosis
and accumulate in lysosomes.21�23 To determine if both the
cytotoxic and the noncytotoxic SWNT types accumulated in
lysosomes, we studied the uptake and subcellular distribution of
C2- and C3-SWNTs by scanning confocal Raman microscopy.
NRK cells grown on glass coverslips were incubated in media
containing 100 μg/mL C2- or C3-SWNT dispersions for two
days at 37 �C. To identify lysosomes, 0.12 M sucrose was added
to the medium for the last 24 h of incubation. Sucrose enters
lysosomes by fluid phase endocytosis but is not degraded bymost
cells, which causes the lysosomes to osmotically swell and allows
lysosomal vesicles to be identified by light microscopy without
staining.24,25 The cells were washed, fixed with paraformalde-
hyde, air-dried, and examined by scanning confocal Raman
microscopy with a 532 nm laser. The cell-associated SWNTs
were detected directly by their Raman signature in the absence of
any fluorescent dyes or other labels. Results shown in Figure 4A�C
were acquired from NRK cells treated with the C2-SWNT
dispersion, and Figure 4D was acquired from cells treated with
the carboxylated C3-SWNT dispersion. Figure 4A is an optical
image of a fixed NRK cell in a defined 50� 40 μm area showing
the enlarged lysosomal vesicles in the perinuclear region. The
same area was scanned by confocal Raman microscopy, and
the SWNT G-band signal (1460�1700 cm�1) at every pixel was

mapped using a thermal color scale with yellow being the highest
intensity. Figure 4B shows the optical image of the scanned area
overlaid with the Raman scan image. It is evident that the SWNT
Raman signature localizes in the vicinity of the swollen lyso-
somes. Figure 4C shows a background-corrected Raman spec-
trum taken from one pixel in the hot spot that corresponds to an
enlarged lysosome, marked by an arrow in Figure 4B. The Raman
D/G ratio is very similar to the C2-SWNT dispersion in Table 1,
suggesting that there has been no chemical or physical modifica-
tion of the internalized SWNTs that affects their Raman response.
The inset in Figure 4C shows the magnified radial breathing
modes of the Raman spectrum (100�300 cm�1). The radial
breathing mode Raman signals arise from the tubular SWNT
structure and validate unambiguously the direct detection of
SWNTs within the cells.19,26 Cells incubated with the toxic C3-
SWNT dispersion were also examined, and an optical image of
the cell overlaid with the Raman scan is shown in Figure 4D. In
general, no morphological differences were observed among cells
treated with either C2- or C3-SWNT dispersions, and both had a
similar perinuclear distribution of SWNTs that colocalized with
lysosomes. These data suggest that SWNTs from both noncy-
totoxic and cytotoxic dispersions accumulate in lysosomes of
NRK cells.
We then investigated whether the amount of C2- and C3-

SWNT materials taken up by cells correlates with cytotoxicity.
NRK cells were incubated for 3 days in media containing C2- or
C3-SWNTdispersions at 100μg/mL or in the absence of SWNT

Figure 3. Dose response of two carboxylated SWNT dispersions on
NRK cells. Cultured NRK cells were incubated in media with C3- or
D2-SWNT dispersions at increasing concentrations from 3 to
300 μg/mL or in the absence of SWNTs (control) for 3 days. Cytotoxicity
was determined by measuring the ability of the cells to proliferate, as
quantified by the amount of nucleic acid stained with crystal violet dye.
Cell proliferation in the presence of SWNTdispersions was compared to
the control, which was taken as 100%. Each data point is the mean of
three independent experiments, and the error bars show the standard
deviations.

Figure 4. Label-free detection of noncarboxylated C2-SWNTs and
carboxylated C3-SWNTs inside NRK cells by confocal Raman micro-
scopy. NRK cells grown on glass coverslips were incubated inmedia with
C2- or C3-SWNT dispersions at a concentration of 100 μg/mL for 48 h
with the addition of 0.12 M sucrose during the last 24 h. The cells were
washed, fixed with paraformaldehyde, air-dried, and examined by
confocal Raman microscopy with a 532 nm laser. (A) Optical image
of a NRK cell incubated with C2-SWNT dispersion. (B) Optical image
from (A) was overlaid with a Raman scan of the same area where the
SWNT G-band signal (1460�1700 cm�1) at every pixel was mapped
using a thermal color scale with yellow being the highest intensity. (C)
Background-corrected Raman spectrum taken from one pixel in the hot
spot indicated by the arrow in (B). The inset shows the enlarged RBM
region of the spectrum. (D) Optical image of a cell incubated with C3-
SWNT dispersion was overlaid with a Raman scan of the same area to
show colocalization of the SWNT Raman signals with the vesicles.
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dispersions as a control. After the incubation, the SDS�PAGE
method was used to extract and quantify cell-associated SWNTs
and related material from cells as previously described by Wang
et al.27 The average amount of C2- or C3-SWNTmaterials inside
a cell was calculated using the amount extracted divided by the
total number of cells in a well. The average amount of C2-SWNT
material accumulated by cells was 555.6 ( 60.6 fg/cell and that
for C3-SWNTs was 548( 100.7 fg/cell. This demonstrated that
both carboxylated and noncarboxylated SWNT materials accu-
mulated to the same level in cells and that the difference in the
cytotoxicity between the two SWNT types cannot be explained
by differences in cell uptake.
Detection of Amorphous Carbon Fragments in Carboxy-

lated SWNT Products. The two toxic SWNT materials, C3 and
D2, were acid treated by manufacturers to contain 1.5�3.0% and
2�7% carboxylic acid groups, respectively. None of the other
SWNT products in this study were intentionally carboxylated.
This suggests a possible correlation between toxicity and the
carboxylation process. The most common carboxylation tech-
nique involves refluxing SWNTs in nitric acid or a nitric/sulfuric
acid mixture at high temperature. This treatment carboxylates
the SWNTs, but is also well-recognized to produce various
oxidized carboxylated amorphous carbon fragments.28�30 To
investigate whether the carboxylated SWNT samples contain
small amorphous carbon fragments inherited from the carbox-
ylation process, SWNT dispersions prepared from carboxylated
and noncarboxylated materials were examined by atomic force
microscopy (AFM). Figures 5A, 5B, and 5C are representative
AFM images acquired from C2-, C3-, and D2-SWNT disper-
sions, respectively. As shown in Figure 5A, the C2-SWNT
dispersion contains abundant cylindrical individually dispersed
SWNT-like features with an average length of 329 ( 328 nm
(n = 203). Unlike the C2-SWNT dispersion, the AFM image of
the carboxylated C3-SWNT dispersion (Figure 5B, in H2O with
no surfactant) reveals individually dispersed SWNT-like features
along with many small nontubular shaped species. The average
length and diameter of the cylindrical features in the C3-SWNT
dispersion samplewere149(123nmand1.72(0.79nm(n=190),
respectively. The sizes of the nontubular species in the C3-
SWNT dispersion images were measured and were shown to be
39.3 ( 10.6 nm (n = 70) in the longest dimension. The AFM
image of the highly carboxylatedD2-SWNTdispersion (Figure 5C)
shows small nontubular species in greater abundance than in the
C3-SWNT dispersion images. Additionally, the lengths of the
cylindrical SWNT-like features in 5C are shorter than those in
Figure 5A or Figure 5B. These results suggest that carboxylated
SWNT samples contain small nontubular species, most likely

amorphous carbon fragments stemming from the carboxylation
process.
Detoxification of C3-SWNT Dispersion by Filtration. The

apparent presence of small amorphous carbon fragments in the
two carboxylated SWNTmaterials suggested that there may be a
correlation between toxicity and the small fragments. To test this
hypothesis, we purified the toxic C3-SWNT dispersion by
filtration through a polyvinylidene fluoride (PVDF) filter mem-
brane with a 0.22 μm pore size, as summarized in Scheme 2, to
separate small carbonaceous fragments from SWNTs in the
dispersion. The filtrate was collected and the membrane was
washed with 5 mL of HEPES/BSA. The material retained on the
membrane was then suspended in 3 mL of HEPES/BSA and
redispersed for 30 min by sonication.
The SWNTs in the C3 dispersion, the filtrate, and the

recovered samples were examined by AFM, and the representa-
tive images are shown in Figures 6A, 6B, and 6C, respectively. As
shown in Figure 6A, the C3-SWNT dispersion contains abun-
dant SWNT-like cylindrical features and a high background of
small nontubular, amorphous fragments. The AFM image of the
filtrate sample (Figure 6B) reveals small species of various shapes
but no SWNT-like cylindrical features. In contrast, the image of
the recovered C3-SWNT dispersion after filtration contained
mainly individually dispersed SWNT-like features with very few
small, nontubular amorphous fragments (Figure 6C). This
demonstrated that most of the small amorphous fragments
in the initial C3-SWNT dispersion were separated from the
long, cylindrical SWNT-like features by filtration. The filtration
approach could not be applied to the D2-SWNT dispersion

Figure 5. AFM images of noncarboxylated and carboxylated SWNT dispersions. Panel A shows a representative AFM image of the noncarboxylated,
nontoxic C2-SWNT dispersion in a HEPES and BSA solution. Panels B and C are representative AFM images of the carboxylated, toxic C3- and D2-
SWNT dispersions in water, respectively.

Scheme 2. Detoxification of Carboxylated C3-SWNT Dis-
persions by Filtration
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because nearly all the material in the dispersion was too small to
be retained on the filter.
The C3-SWNT dispersion, the filtrate, and the recovered

samples were then examined by Raman spectroscopy with results
shown in Figures 6D, 6E, and 6F, respectively. The strong
G-band signals in the Raman spectra acquired from the initial
C3-SWNT dispersion and the recovered samples (in Figures 6D
and 6F) validate the presence of abundant SWNTs in these
samples. As expected, a much smaller G-band signal was present
in the Raman spectrum acquired from the filtrate sample which
contains far less carbonaceous material (Figure 6E). The Raman
D/G quality factor of the C3-SWNT dispersion, the filtrate, and
the recovered samples were 0.20( 0.01, 0.88( 0.09, and 0.09(
0.02, respectively. The high Raman D/G ratio of the filtrate
sample suggests the abundant presence of amorphous carbon
species. The low Raman D/G ratio of the recovered sample
indicates that a purified SWNT sample containing mainly dis-
persed SWNTs can be prepared by a simple filtration process.
These results are in agreement with those of AFM analysis.
Finally, the recovered sample of intact SWNTs contained 4 atom%
of carboxylic acid groups as determined by XPS, demonstrating
that it was carboxylated. Together, these findings suggest that the
amorphous carbon fragments found in carboxylated SWNT
materials can be removed by filtration and that the filtration-
purified SWNT dispersion contains mainly intact dispersed
carboxylated SWNTs.
Cytotoxicity Assay of the Detoxified C3-SWNTDispersion.

To see if the presence of amorphous carbon fragments correlates
with the toxicity observed in the C3-SWNT dispersion, the
effects of the initial C3-SWNT dispersion, the filtrate, and the
filter-adherent material on cell proliferation were measured using
our standard in vitro cytotoxicity assay. As described previously in
Figure 2, NRK cells were incubated in media containing either

C3-SWNT dispersion (100 μg/mL), the filtrate (17 μg/mL), or
the filter-adherent sample (101 μg/mL), or in media containing
no SWNT materials as a control. After three days, relative cell
proliferation was compared to that of the untreated control cells
(Figure 7). It is apparent that nearly all the cytotoxic materials
passed through the membrane with the filtrate and that the
SWNTs recovered from the membrane had little cytotoxicity.
These results support the hypothesis that the toxicity of carboxy-
lated SWNT preparations results from small amorphous carbon

Figure 6. AFM and confocal Raman microscopy analysis of C3-SWNT dispersions before and after filtration. The toxic C3-SWNT dispersion was
filtered with a 0.22 μm membrane, the filtrate was collected, and the material retained on the membrane was recovered and redispersed in a HEPES
buffered BSA solution (see Scheme 2). Panels A, B, and C are representative AFM images of the C3-SWNT dispersion, the filtrate, and the recovered
material, respectively. Panels D, E, and F are Raman spectra of the C3-SWNT dispersion, the filtrate, and the recovered material, respectively. The
Raman spectra and the (D/G) quality factor values are the averages of six measurements.

Figure 7. Cytotoxicity assessment of C3-SWNT dispersions before and
after filtration. Cultured NRK cells were incubated in media contain-
ing either C3-SWNT dispersion (100 μg/mL), the filtrate material
(17 μg/mL), or the recovered material (101 μg/mL), or in the absence
of SWNTs (control) for 3 days. Cytotoxicity was determined by
measuring cell proliferation, as quantified by comparing the amount of
nucleic acid stained with crystal violet dye. Each bar in the graph is the
mean of three independent experiments with error bars showing the
standard deviations.
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fragments that can be separated from the nontoxic SWNTs by
filtration.

’DISCUSSION

Carbon nanotubes of different types produced by different
methods, often with proprietary synthetic details, are commer-
cially available from a wide variety of vendors. It is difficult to
compare the properties of different materials, even those synthe-
sized by similar methods, based on manufacturer-supplied data
sheets because there is no standard set of data available from all
manufacturers. Moreover, there is essentially no vendor data
available on the toxicity of various CNT types. One objective of
the present work was to develop a standard procedure for
detecting the potential cytotoxicity of SWNTs produced by
different synthetic methods and by different vendors. All of the
samples were dispersed in a HEPES-buffered BSA solution using
a sonication and centrifugation method to remove metal con-
taminants and SWNT bundles, providing uniform and stable
dispersions at high concentrations for comparison. This method
is rapid, can be used to simultaneously prepare multiple samples,
dispersed every SWNT material we tested, and is biocompatible
with cytotoxicity testing. Spectral characterization of the samples
provided results expected for well-dispersed SWNTs, with the
exception that optical transitions were absent for the purified D1
material. It is interesting to note that A1, A2, and A3 samples, all
having strong optical signals, were made by a CVD method, as
was D1, yet the properties were very different. This emphasizes
that SWNTs prepared by the same general method but with
unique catalysts may be dissimilar depending on synthetic and
purification details. It is likely that the absence of absorption
peaks in the D1 dispersion is due to the presence of a wide variety
of SWNT types with overlapping optical peaks. The absence of
peaks in the D2 material is likely because it was made from D1
and was also carboxylated, which broadens optical transitions.

Cytotoxicity was assessed with a standard cell line, NRK cells,
by measuring the effect of SWNT dispersions on cell prolifera-
tion. It is well-documented that organic dyes used in cell viability
assays can interact with SWNTs and interfere with viability
results.31 Therefore, we directly counted cell numbers after three
days of growth to measure effects on viability. A rapid crystal
violet assay was also used to measure proliferation, and the
method was validated by comparing the results to direct cell
counting. Only three of the nine SWNT samples showed
evidence of cytotoxicity upon exposure of cells to a high
concentration of 100 μg/mL. Dispersion C1, representing a
raw arc-dischargedmaterial, was very mildly cytotoxic with a 20%
reduction in proliferation. The most interesting result, however,
was that the most cytotoxic SWNT dispersions were both
carboxylated, samples C3 and D2, with IC50 values of 76.5 (
4.9 μg/mL and 41.0( 3.1 μg/mL, respectively, after an exposure
to SWNTs of 3 days. Further work is necessary to determine
whether the reduced cell proliferation is the result of a cytotoxic
or a cytostatic mechanism. In addition, the IC50 values are a
function of exposure time and a lower concentration may cause a
reduction in viability with longer exposure times. Thus, the
toxicity observed in C3 and D2 SWNT samples could be
significant in pharmacological applications where doses are lower
but exposure times are longer.

There are conflicting results in the literature on whether
carboxylated SWNTs are cytotoxic. For example, Porter et al.23

and Heister et al.30 reported no significant cytotoxicity with

carboxylated SWNT dispersions, but did not test concentrations
above 10 μg/mL. In contrast, Saxena et al.32 and Liu et al.33 did
find cytotoxicity with carboxylated SWNTs. The disagreement in
the cytotoxicity of carboxylated SWNTs may stem from varia-
tions in the amounts of toxic contaminants residing in various
carboxylated SWNT preparations as well as differences in assay
details, such as the exposure times and concentrations tested.
Note that potentially toxic residual metal catalysts are not likely
to be the source of toxicity in our SWNT preparations because
metal ions detected by ICP-MS analysis were below known toxic
levels.

One possible explanation for the difference in cytotoxicity of
pristine and carboxylated SWNTs is that the carboxylated
SWNTs are better taken up by cells than noncarboxylated
material, offering more potential for interference in cell function.
For example, carboxylation often shortens SWNTs, and shorter
SWNTs are better internalized by cells than longer SWNTs.34,35

However, we directly observed the accumulation of both non-
carboxylated and carboxylated SWNTs inside cells by Raman
spectroscopy. Moreover, we compared the total amount of
material taken up by NRK cells after 3 days incubation in either
C2- or C3-SWNT dispersions at 100 μg/mL and found no
significant difference between the two preparations. Since the C2
material is not toxic, but C3 is, a difference in SWNT uptake
cannot account for the difference in cytotoxicity between non-
carboxylated and carboxylated SWNTs.

Acid treatments to carboxylate SWNTs are known to generate
nontubular carbon species that are byproducts of oxidation.28�30

Thus, it was possible that the toxic material in the carboxylated
SWNTs was not the SWNTs themselves, but carbon species
produced by oxidation. To test this, the SWNTs were filtered to
separate the larger SWNTs from smaller material. Raman
spectroscopy demonstrated that the filtrate passing through the
membrane had a larger D to G band ratio, evidence that
amorphous carbons were removed from the larger SWNTs
retained on the filter. AFM analysis validated this conclusion.
To our knowledge, amorphous carbon fragments in SWNT
preparations have not been previously reported as cytotoxic.
Note, however, that our data does not directly prove that the
heterogeneous amorphous carbons are the toxic species, only
that the cytotoxic activity could be separated from intact SWNTs
and copurified with small carbon fragments that had Raman
signatures characteristic of amorphous carbon species.

Carboxylated SWNTs are more water-soluble than pristine
SWNTs and have carboxyl functionalities for covalently attach-
ing drugs and targeting agents. These properties have made
carboxylated SWNTs the choice for many potential applications
in drug development. Moreover, recent work has demonstrated
that carboxylated SWNTs are biodegraded by myeloperoxidase,36

an important consideration for in vivo applications. The findings
reported here that dispersions of carboxylated SWNTs are more
cytotoxic than dispersions of noncarboxylated material, and that
the cytotoxic activity can be removed by filtration, are important
in the future development of carboxylated SWNTs for pharma-
cological purposes.

’CONCLUSIONS

Of nine different commercially available SWNT preparations
dispersed under standard conditions, only two were significantly
cytotoxic. Surprisingly, both of the cytotoxic SWNT samples had
been functionalized by carboxylation. The cytotoxic material was
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removed from the carboxylated SWNTs and copurified with
heterogeneous small amorphous carbon species in the filtration
process. This work suggests that carboxylated SWNT prep-
arations under development for various pharmacological func-
tions should be assessed for the presence of potentially toxic
small carbon fragments.

’MATERIALS AND METHODS

SWNT Materials. SWNT powders of different types were
purchased from four different manufacturers coded A, B, C, and D
in Table 1. CAUTION: A particulate respirator should be worn
when handling dry SWNTpowders.SWNTmaterial A1, as described
by manufacturer A, is produced by the cobalt�molybdenum
catalytic chemical vapor deposition (CVD) process and is
purified by the manufacturer to have a carbon content of >90%
by weight (Table 1). Purified material A2 is described to contain
>90% semiconducting SWNTs of which >50% are (6,5) SWNT
structures. Purified material A3 has a high electrical conductivity
and contains >50% (7,6) SWNTs. SWNTmaterial B1 is the raw,
as-prepared soot from a high-pressure carbon monoxide process
and is reported by manufacturer B to contain >65% SWNTs and
15�35% metals by weight. SWNT material C1 is the raw, as-
prepared soot produced by an electric arc discharge method and
is reported by manufacturer C to have a carbonaceous purity of
40�60% and a metal content of ∼30% by weight. SWNT
material C2 is purified by air oxidation and acid treatment and
is described to have a carbonaceous purity of >90% and a metal
content of 4�7% by weight. SWNT material C3 was carboxy-
lated using nitric acid and, according to the manufacturer, has a
carbonaceous purity of >90%, a metal content of 5�8% by
weight, and contains 1.5�3.0 atom % of carboxylic acid groups.
SWNTmaterial D1 is produced by aCVDmethod and is purified
by manufacturer D to contain >95% SWNTs by weight. SWNT
material D2 is carboxylated with nitric and sulfuric acids and is
described to contain >95% SWNTs, 2�7 wt % of carboxylic acid
groups, and possibly other chemical functionalities such as
hydroxyl groups.
Tissue Culture and Other Materials. Dulbecco’s modified

Eagle medium (DMEM) and trypsin were purchased from
Gibco. Fetal bovine serum (FBS) was purchased from HyClone
(Logan, UT). All other chemicals were purchased from Sigma
Aldrich and were used as received.
Preparation of SWNT Dispersions. The bath sonication/

centrifugation procedure used to prepare SWNT dispersions is
summarized in Scheme 1. Stable dispersions of SWNTs were
prepared in a biocompatible solution by dispersing 10 mg of
as-received SWNT powder in 10 mL of 10 mM HEPES and
10 mg/mL BSA solution at pH 7.4 (HEPES/BSA). HEPES buffer
is commonly used in cell culture media and is added in the
solution to maintain neutral pH. BSA is the most abundant
protein in blood serum and is used as surfactant to stabilize
dispersed SWNTs in physiological aqueous environments.37,38

Glass vials containing SWNT powders and HEPES/BSA solu-
tion were immersed in an ultrasonic bath unit (Elma T490DH)
that operates at 120 W power and 40 kHz frequency for 4 h.
Multiple SWNT dispersions could be prepared in separate glass
vials simultaneously. The temperature of the bath was kept below
15 �C by using a cooling coil connected to a refrigerated water
bath circulator (Isotemp 1006S) and by refilling the bath with
ice-coldwater at 30min intervals. The sonication stepwas followed
by two rounds of centrifugation to remove metal catalysts, SWNT

bundles, and other heavy impurities. The first centrifugation was
performed at 20000g for 5 min, and the supernatant was
subjected to another centrifugation for 30 min at the same speed.
The second supernatant was collected and stored at 4 �C. The
SWNT dispersions were stable for up to three months with no
visibly detectable precipitate.
Absorption Spectroscopy. Absorption spectra of SWNT

dispersions were acquired using a dual-beam Perkin-Elmer Lamb-
da 900 UV�vis�NIR spectrophotometer. All background-cor-
rected spectra were acquired at a scan speed of 250 nm/min with a
0.24 s integration time.
Quantification of SWNTs in Dispersions or Cell Lysates by

SDS�PAGE. The amount of SWNTs and related carbonaceous
material in dispersions or cell lysates was determined using a
modification of the sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS�PAGE) we described previously.27 The
modification was to use only a 10% running gel, omitting the 4%
stacking gel described previously. This extended the range of
carbon species retained by the gel at the interface between the gel
and the running buffer to smaller structures. Briefly, a 10% SDS
polyacrylamide gel was prepared using a Hoefer Mini Vertical
Gel Caster for 10 � 8 cm plates with 1.5 mm thick spacers and
10-well combs. SWNT suspensions, dispersion samples, or cell
lysates were mixed with 2� SDS sample loading buffer to a final
concentration of 2% SDS and 5% 2-mercaptoethanol, and boiled
for 3 min to reduce the disulfide bonds in proteins. Samples were
subsequently loaded into the wells of the gel and an electric
current was applied at a constant 100 V for 2 h. Following
electrophoresis, optical images of gels were acquired using a 16-
bit flatbed scanner (Visioneer 9520 photo scanner) at a resolu-
tion of 800 DPI. The concentrations of SWNT and related
materials from dispersions or cell lysates were estimated from the
pixel intensity based on the calibration curve prepared with
SWNT suspensions of known concentrations.
When SDS�PAGEwas used to quantify total C2 or C3 SWNT

material in cell lysates, the cellular protein content in the lysates
was determined by BCA assay and the volumes of the cell lysates
applied to each well were adjusted so that the amount of protein
was the same in each well. The average cellular protein content in
a cell was calculated by dividing the total protein amount by the
total number of cells in a cell culture dish. Once the amounts of
C2 or C3 materials in cell lysates were determined by the
SDS�PAGE method, the average amount of C2 or C3 materials
per cell was calculated using the amount extracted divided by the
total number of cells in a dish. Data from three independent
experiments, with duplicate samples of each, were acquired, and
the averages and standard deviations were calculated. The
average protein content in a cell for the control, C2-, and C3-
SWNT dispersion treated cells were 119.7 ( 14.5, 101.2 ( 9.9,
and 109.8 ( 8.6 pg/cell, respectively. The average C2 and C3
materials extracted from a cell were 555.6 ( 60.6 and 548 (
100.7 fg/cell, respectively, and the background level in the
control cells was 37.3 fg/cell.
Elemental Analyses. Elemental analyses of aqueous SWNT

dispersions were performed using a ThermoElectron X-Series
inductively coupled plasma mass spectrometer. Samples (100 μL
of SWNT dispersions, standards, and controls) were acid di-
gested using a protocol developed in association with PreciLab
Inc. (Addison, TX) as described previously.27 Metals (Fe, Ni, Y,
Mo, and/or Co) detected in all SWNT dispersions were below
toxic levels for each respective metal.
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Atomic Force Microscopy (AFM). AFM images were ac-
quired under ambient conditions using a Nanoscope III multi-
mode scanning probe microscope (Bruker AXS). The images
were taken in the TappingMode with a “J” piezoelectric scanner
and etched silicon probes (MPP-12100-W, Veeco) having a
cantilever force constant of 5 N m�1 and an average resonant
frequency of 180 kHz. Calibration of the scanner with 5%
allowed tolerance was completed using a NanoDevices, Inc.
standard. The height calibration was verified using muscovite
mica etched with hydrofluoric acid.
The C2-SWNT and C3-SWNT dispersions, the C3 filtrate,

and C3 SWNTs recovered from the filter were diluted 1:50 using
deionized water and spun-cast onto freshly cleaved muscovite
mica (Asheville-Schoonmaker Mica, Inc.). The C3-SWNT dis-
persion sample was spun-cast (Laurell, model WS-200-4NPP/
RTV) at 1000 rpm for 60 s, whereas the C2-SWNT dispersion
sample was spun-cast at 1500 rpm for 60 s. The D2-SWNT
dispersion sample was spun-cast neat onto freshly cleavedmica at
3500 rpm for 30 s. Each sample was allowed to dry in a desiccator
for 24 h prior to imaging. Length analysis was performed on 5� 5
or 10 � 10 μm images and diameter analysis was performed on
2 � 2 μm images, using Nanoscope software.
X-ray Photoelectron Spectroscopy (XPS). XPS analyses of

filtered materials were performed by Evans Analytical Group
(Austin, TX) using a PHI Quantum 2000 spectrometer with
monochromatic X-rays (1486.6 eV) operating at 20 W. The
electron takeoff angle was 45�, and the analysis area was a 1 mm2

spot. The binding energies were corrected by reference to the
C1s line at 284.5 eV, and spectra were fitted using Multipak
software from Physical Electronics.
Cell Culture. Normal rat kidney (NRK) cells were obtained

from the American Type Culture Collection (Manassas, VA) and
cultured in DMEM supplemented with 3.7 mg/mL sodium
bicarbonate and 10% (v/v) FBS in a 37 �C incubator with 90%
air and 10% CO2. To determine the number of cells in a given
sample, cells grown in tissue culture dishes were first detached
using 0.05% (w/v) trypsin. Aliquots of these cell suspensions
were diluted in an isotonic solution (Isoton II), and the number
of cells was measured using a Beckman Coulter particle counter
(Miami, FL).
Extracting SWNTs from Cells. Following incubation, cells

were washed twice with DMEM and twice with PBS before being
detached from the dish with trypsin. The suspended cells were
collected by gentle centrifugation at 60g for 7 min and resus-
pended in PBS. An aliquot (5%) of the cell suspension was
removed and the number of cells was determined using a
Beckman Coulter particle counter. The remaining cells in
suspension were collected by a second centrifugation. Cells in
the pellet were lysed by resuspending them in a lysis buffer
containing 1% SDS, 1 mM MgCl2, and 1 mM CaCl2 for 2 h in a
60 �C water bath. Subsequently, the cell lysate was treated with
DNase I (0.1 μg/μL) for 2 h at 37 �C to degrade released DNA
and reduce the viscosity of the lysate prior to analyzing the
samples by SDS�PAGE.
ProteinAssays.The total cellular protein content in cell lysate

samples was determined using a microplate BCA protein assay
kit (Pierce Chemical, Rockford, IL). Aqueous BSA standards at
concentrations ranging from 0 to 1000 μg/mL were prepared
from a 2.0 mg/mL BSA stock solution provided in the kit. In
brief, 10 μL of diluted cell lysate samples and standards were
dispensed into a 96-well microtiter plate followed by the addition
of 200 μL of the BCA reagent. The microtiter plate was covered

and incubated at 37 �C for 30 min. The plate was cooled to room
temperature before the absorbance at 562 nm was measured
using a BioTek Synergy 2 Multi-Mode microplate reader
(Winooski, VT). The protein concentration of each sample
was determined using the best-fit curve from the calibration plot
created using the BSA standards.
Confocal Raman Spectroscopy. All Raman images and

spectra were acquired with a WITec alpha300 confocal Raman
microscope system equipped with a 532 nm laser as the excita-
tion source. Wavenumber calibration was performed using the
520.5 cm�1 line of a silicon wafer with a spectral resolution
of∼1 cm�1. The power density of the laser was measured using a
Newport model-1918-C power meter with an 818-SL photo-
detector. Raman spectra were acquired directly from SWNT
dispersions placed in 35 mm glass bottom “imaging” dishes
(MatTek, Ashland, MA) or acquired from 50 μL drops of
dispersions air-dried on glass slides. The laser was adjusted to a
power density of 10 mW/cm2 and focused using a 100�
objective lens. The typical integration time was 0.1 s with 20
accumulation cycles. Duplicate samples were prepared from each
SWNT dispersion and a minimum of three scans were acquired
from each sample. LabSpec 5 software was used for background
subtraction and peak area intensity integration of the scans. All
spectra were plotted as the average of six scans.
To prepare for confocal Raman image scanning, NRK cells

grown on glass coverslips were incubated with media containing
various SWNTdispersions at a concentration of 100 μg/mL for 1
or 2 days. For lysosomal localization experiments, sucrose was
added to the media at a final concentration of 0.12 M during the
last 24 h. The cells were washed with PBS and incubated in fresh
media with neither SWNT dispersion nor sucrose for 30 min at
37 �C and the chase was repeated once more. Finally, the cells
were fixed with 4% paraformaldehyde, rinsed with PBS and
water, and air-dried. Raman scan images were acquired over a
50 � 40 μm area using a 100� objective lens and a laser power
density of around 10 mW/cm2. The spectra were acquired at
0.5 μm intervals in both x- and y-directions with a 0.04 s integra-
tion time for each spectrum (total of 8000 spectra per image).
The relative abundance of SWNTs in the scanned area was
indicated by the integrated Raman G-band (1460�1700 cm�1)
intensities from each of the 8000 spectra using WITec image
analysis software.
Cytotoxicity Assays. NRK cells (4 � 103 per well) were

plated into 48-well plates in DMEMmedium with 10% FBS and
incubated at 37 �C for 24 h. The SWNT dispersions to be tested
and HEPES/BSA solution (as a control) were diluted 1:1 with
2� concentrated DMEM that contained 20% FBS and the
antibiotics penicillin (200 U/mL), streptomycin (0.2 mg/mL)
and amphotericin B (5 μg/mL). Note that the final concentra-
tion of the HEPES/BSA solution or the SWNT dispersion was
reduced by half after dilution. To start the experiment, the media
was replaced with the control or SWNT containing media and
the cells were incubated at 37 �C for 3 days. At the end of the
incubation time, the cells were washed 3 times with PBS. To
determine the number of cells in a well, 0.2 mL of 0.05% (w/v)
trypsin was added to the well and the entire cell suspension was
transferred into 10 mL of Isoton II for counting with the Coulter
particle counter. To determine the total amount of nucleic acid in
a well, 200 μL of 0.1% crystal violet in 10% ethanol (w/v) was
added to each well and the plate was rocked for 20 min. Excess
crystal violet was washed away with water, and the stain in the
cells was extracted for 20 min with 200 μL of 10% acetic acid. A
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volume of 180 μL of each extract was transferred to a corre-
sponding well in a 96-well plate. The absorbance of each extract
was read at 590 and 700 nm with a microplate reader (BioTek
SynergyMx). The background absorbance at 700 nm was sub-
tracted from that at 590 nm. The data for each experimental point
was the average from 4 wells, and the data was expressed as a
percent with the control set at 100%. All assays were performed
in triplicate.
Filtration of SWNT Dispersions. A schematic description of

the filtration procedure is shown in Scheme 2. The carboxylated
C3-SWNT dispersion prepared in HEPES/BSA solution was
diluted with HEPES/BSA solution to a concentration of 200 μg/mL.
Five milliliters of the diluted SWNT dispersion was loaded in a
10 mL syringe with a 0.22 μm pore size disposable PVDF filter
unit (Millex-GV) attached to the end. The dispersion was pushed
gently through the filter. SWNT material that was too large to
pass through the pores was retained on the filter and separated
from smaller sized material collected in the filtrate. After the
filtrate was collected, 5 mL of HEPES/BSA was added to the
syringe and allowed to pass through the same filter to wash off
any remaining small material left on the filter. The washing
solution was collected in a separate tube. After the washing was
completed, the SWNT material retained on the filter was
recovered by drawing 3 mL of fresh HEPES/BSA solution up
through the filter unit into the syringe. The recovered material in
the syringe was transferred to a glass vial and redispersed for
30 min by bath sonication.
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