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ABSTRACT

New materials of emerging technological importance are single-walled carbon nanotubes (SWCNTSs). Because SWCNTSs will be used in commercial
products in huge amounts, their effects on human health and the environment have been addressed in several studies. Inhalation studies in
vivo and submerse applications in vitro have been described with diverging results. Why some indicate a strong cytotoxicity and some do not

is what we report on here. Data from A549 cells incubated with carbon nanotubes fake a strong cytotoxic effect within the MTT assay after
24 h that reaches roughly 50%, whereas the same treatment with SWCNTSs, but detection with WST-1, reveals no cytotoxicity. LDH, FACS-
assisted mitochondrial membrane potential determination, and Annexin-V/PI staining also reveal no cytotocicity. SWCNTs appear to interact
with some tetrazolium salts such as MTT but not with others (such as WST-1, INT, XTT). This interference does not seem to affect the
enzymatic reaction but lies rather in the insoluble nature of MTT ~ —formazan. Our findings strongly suggest verifying cytotoxicity data with at
least two or more independent test systems for this new class of materials (nanomaterials). Moreover, we intensely recommend standardizing
nanotoxicological assays with regard to the material used: there is a clear need for reference materials. MTT —formazan crystals formed in the
MTT reaction are lumped with nanotubes and offer a potential mechanism to guide bioremediation and clearance for SWCNTSs from “contaminated”
tissue. SWCNTs are good supporting materials for tissue growth, as attachment of focal adhesions and connections to the cytoskeleton
suggest.

Introduction. Nanoparticles and nanomaterials can be on biodegradable excipients. However, dependent on their target
the same scale as elements of living cells, including proteins,organ and functionality, not all of these materials are
nucleic acids, lipids and cellular organelles. When consider- degradable and some stay in the body for long periods of
ing nanoparticles it must be asked how man-made nano-time. Thus, long-term side effects and foreign body reactions
structures can interact with or influence biological systems. may be detectable and a good local and systemic tolerance
On one hand, nanosystems are specifically engineered toduring and after medication should be a conditsime qua
interact with biological systems for particular medical or non Nanostructured materials come into contact with
biological applications. On the other hand, the large-scale biological systems through their use in drug delivery systems
production of nanoparticles for either nonmedical applica- or for gene transfer. They are also produced for food and
tions or as the side products of combustion processes maycosmetic chemistry and many other technical applicatfons.
affect a wide range of organisms throughout the environment. The increasing production, particularly of single-walled
There have been an increasing number of investigationscarbon nanotubes, will enhance the possible exposure at
concerning the use of nanoscale structures since the 1970sworkplaces, packing stations, and during application of these
for example, liposomes for drug transport and comparable products? In addition, waste treatment and containment at
applications have been undertakeh.In addition to lipo-  the end of a product’s life cycle must be considered. Because
somes, nanoparticles produced from other materials cameof all of these reasons, it is of great interest to determine
into the focus of physicians for various disease treatnfents. how these materials, when coming into contact with living
The goal of these works has been to design inert auxiliary organisms, are taken up, transported in or through cell
accompanying materials and to use body-friendly and |ayersi® and possibly affect biological functions. In this
report we focus on the toxicity of single-walled carbon
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Figure 1. TEM preparations of SWCNTSs inside human epithelial
lung cells 24 h after incubation. Nanotubes can be found as bundle
of thousands inside epithelial cells (arrowheads). SWCNTs are
mostly encapsulated in endosomes or, as found here in B, can als
be located inside mitochondria.

recently in many publicatiors!*1” SWCNTs have a very
special and prominent position. Their physical features and
mechanical strength are so interesting that people found the
suitable for building space elevators and other robust
constructiong® Again, for other reasons they can be used
as computer components in microprocessors or conductors
Upon electrification, they can emitt light and therefore have
the potential to drive displays and novel light-emitting diodes.
In medical therapy they are used as drug carriers or to
transport DNA from one organism to the otH&#° All of Figure 2. Light micrographs of human epithelial A549 cells grown
this is fascinating and interesting, even if technologists lack to confluence 24 h after exposure with SWCNTs. Human A549
behind in realizing these dreams. Problems in separating theC€!lS untreated (A) or treated with metal-reduced (B) SWCNTS for
different CNT types dominate the workload. Hence, everyday I24 h. Arrows point to aggregates formed Wlthln'the conflugnt cgll
) g ayer. Cells grow over bundles of SWCNTSs rapidly enclosing this
somewhere in the world someone discovers a better methodcenobiotic (magnification 200x). Accumulation of SWCNTs (black
for producing CNTSs, a better way of handling them, and an and blue) with focal adhesion kinase (FAK; green) and the
even better preparation of functionalizing them. Nevertheless, cytoskeletal actin filaments (red). Immunohistochemistry with

; ; ; SWCNTSs 24 h after incubation (€F). Subconfluently grown cells
I;:W?%E;nd that C(TTS car][ h?vg a t‘”?'c potzntlatl tol\;wur?ar; were challenged with SWCNTSs; these adhere to the cells and form
ea as was demonstrated in mice and rats. Most o agglomerates around the site of attachment. This is an active process

the toxicological studies were carried out in vitro by very ascan be seen by complexation of FAK and actin filaments near
well-standardized protocols. We demonstrate here that thethe site of intrusion. Virtual cross section from 3D processed digital

uncritical publication of toxicity data for these new nano- image (G) showing cells extending from the plane into open space

materials may present false positive results, which in fact 2tfached to SWCNTs (blue). Arrows point to actin in the plain,
: - ' whereas cells tightly attached to the nanotube bundle are success-
can turn against this new technology.

: R fully growing out of the surface cell layer (arrowheads); in the
Therefore, investigations on and for a safe use of nano- control (H) this cannot be observed (scale bants).

technology in science and industry are desirable.

Results.When human A549 lung epithelial-like cells as (with a diameter of about 1.4 nm) is on the scale of cellular
well as other cell types were exposed to SWCNTs over a components, and therefore they disappear in the background.
time period of more than 12 h, single-walled carbon  Light micrographs taken 24 h after exposure with catalyst-
nanotubes can be found within the cells. The transmissionreduced SWCNTSs in a concentration of z@/mL show
electron micrographs in Figure 1 show SWCNT bundles strong accumulation of cells around a possible incorporation
inside cells (Figure 1A) and rarely inside mitochondria as site of SWCNTSs in the cell culture (Figure 2 B). These
well (Figure 1B). Moreover, the nanotube bundles are pictures give a representative impression of how many of
surrounded by a membrane in most of our preparations.these cell agglomerates are formed within a monolayer cell
Single nanotubes could not be detected because their sizeulture. The absolute number of these agglomerations is not
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increased over time (data not shown) and does not differ
between A549 and ECV cells. The untreated control (Figure
2A) displays a confluent layer of cells where no agglomera-
tions can be found. Fugure 2& shows a strong accumula-
tion of focal adhesion kinase (D) (FAK; green) and the
cytoskeletal actin filaments (C) (red) in the neighborhood
of SWCNTSs (black and blue) in human epithelial-like cells
in an DIC overlay image (E). Immunohistochemistry to
visualize the attachment of SWCNTSs to cell elements reveals
an association with focal adhesions and the cellular actin'g
cytoskeleton. When cells were grown in subconfluent culture =
and challenged with SWCNTS, the tubes adhere to the cells 20 |--| 7KL~
and the cells start to form agglomerates around the site of
attachment. This seems to be an active process because strong
condensation of actin filaments and FAK could be observed 2
in the overlay image of SWCNTs, actin, and FAK (Figure Time of exposure [h]

2F). The nanotube bundles are actively anchored to the cells

and kept at this location; the cells start to detach from the Figure 3. MTT assay after incubation with carbon nanotubes in

culture dish and grow out of the plain. This tendency to form égéacgggsoif”'\ﬂ?r f?g?;rr‘;g;r‘sgg;gsgt{s mh'-erfg;ir“eﬁﬁg:%i it;”\‘/?ast-)imy
agglomelrf;tes may explain thg formation of granuloma in upon SWCNT treatment to values below 50% compared to control
animals*-?*A virtual cross section of such an agglomerate (gpen bars). Viability from cells treated with either SWCNTs

is displayed in Figure 2G. This image shows the actin without (hatched) or with catalyst metals (crosshatched) did not
filaments of all cells surrounding a bundle of nanotubes. It differ significantly and did not increase or decrease over the time
can be seen that actin staining is ubiquitiously present in all Period observedn(= 4).
cells, but it remains on the bottom surface (arrows) of the
control cell monolayer (H). The behavior of the cells changes
totally after addition of SWCNT bundles, and the cells begin =~ ,,, _
to move out of the monolayer to attach to the SWCNTSs, - %
forming colony-like structures (G; arrowheads). This dem- G 400 I I
onstrates that SWCNTSs can serve as excellent substrates fog %
mammalian cells to grow on. For a three-dimensional imageg 80 || PRl RKY.....| R
and movie of a SWCNT bundle located inside such a cell
agglomerate, please see the Supporting Information (FigureE 60 || ARl R | RIL
S2). ;
Measuring the viability of cells after incubation with
chemicals is a routinely made method in toxicological
laboratories to gain and assess toxicity information. The MTT 20|~
salt is reduced by mitochondrial dehydrogenases to the water-
insoluble MTT—formazan, then extracted and photometri- 0 A540 Ecv NR8383
cally quantified at 550 nm. Therefore, the untreated cells
are used as positive control (100% viable) and all values Figureé 4. WST-1 assay on A549, ECV, and NR8383 cells

. . . incubated for 24 h with carbon nanotubes [EmL]. The reduction
from the experiment are correlated with this set of data. When :\v/sT.1 is unaffected by SWCNTSs, and cells remain viable to

applying the MTT assay to cells incubated with SWCNTS, approximately 100% as compared to the control (open bars). No
an obvious loss in viability can be measured (Figure 3). The significant changes in viability between the two SWCNT samples
reduction in cell viability reaches almost 60% after 24 h. as prepared (hatched) and purified (crosshatched) can be observed

This reduction is confirmed here in several experiments in &fter 24 h @ = 4) in either cell line exposed.

parallel and with at least four repeats. The viability loss pTT assay, water-soluble and can be photometrically
cannot be increased with longer incubation times for quantified at 450 nm. When applying SWCNTs to human
SWCNTs or within a range of concentrations used (10 Up cells in culture, no reduction in viability can be detected with
to 200 ug/mL, data not shown). Reduction of viability is  the WST assay (Figure 4) n epithelial (A549), endothelial
consistent over time and is hardly affected by any parameter(ecv), or rat macrophages (NR8383).
or cell type used. Living cells keep the integrity of their plasma membrane
Another standard assay that is used widely for analysis of up because it is crucial for sustaining ion homeostasis over
acute cytotoxicity is the WST assay. We used this assay tothe surrounding media. In mitochondria the intact membrane
confirm our results from the MTT assay. Again, a tetrazolium is also necessary to gain energy from a proton gradient. This
salt is reduced by cellular mitochondrial dehydrogenases atlactate dehydrogenase assay (LDH) is a marker for membrane
the same structural position when compared to MTT. The integrity in cells and therefore for cell viability. The enzyme
resulting product is, in contrast to MFformazan from the LDH is freely located in the cytoplasm and upon membrane
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Figure 5. Cytotoxicity detection with lactate dehydrogenase assay Figure 6. Mitochondrial membrane potential (MMP) as measured
(LDH) in A549 cells treated with 5@g/mL carbon nanotubes for by TMRE fluorescence in A549 cells with carbon nanotubes
the indicated times. The tetrazolium salt INT used in the LDH incubated for indicated times. TMRE dye in the untreated control
reaction here is not affected by addition of SWCNTs to cells. at the indicated time points serves as a reference parameter and is
Control (open bars) and SWCNTs with (hatched) and without metal set to 100% (open bars). The displayed mitochondrial membrane
catalyst residues (crosshatched) are all around 100% viability, not potential is of cells with SWCNTSs either without (hatched) or with
differing significantly from the control, indicating no acute toxicity  (crosshatched) metal catalyst. Membrane potential remains stable
for this material (@ = 4). in A549 cells treated with SWCNTs [50g/mL] for several time
points and offers no indication of impairment of mitochondrial

damage release into the surrounding media should occur. Thig€nzyme reactions. Cells appear to be fully vialsie(4).
assay detects the presence of LDH in the medium indirectly
because the tetrazolium salt INT is reduced in a LDH- diameter of a SWCNT is between 1.2 and 1.4 nm with
dependent reaction with this assay. Incubation of several cellvariable length; this has been described for many preparations
lines (A549, ECV304) with SWCNTSs for 24 h and longer in several publications. In Figure 7B SWCNTs are depicted
and at different concentrations was tested. No reduction inthat have been incubated with cells for 24 [dahh with
viability can be observed here (Figure 5), and changes inWST-1 and then extracted. Again, the structure of the
concentration or incubation time again have no significant SWCNT is not changed, no attachments are visible, and no
influence on cell viability. The produced INTformazan here ~ modifications can be seen. In Figure 7C SWCNTs are
is a water soluble one as for the WST assay. depicted that have been incubated for 24 h with cells and
Most viability assays, such as MTT and WST, function for 2 h with MTT.
by a reduction of a detectable product by specific enzymes, This MTT is reduced to MT+formazan by the mito-
thereby determining physiological active cells, classifying chondria, here in the presence of SWCNTSs in the living cell.
these as vital. TMRE is a quantitative marker for the activity In contrast to the other samples in Figure 7C, the SWCNTs
of mitochondria, which requires no metabolic action of the appear in this electron micrograph with M¥iformazan
cell. The higher the TMRE fluorescence, the higher the crystals that are covering the nanotubes, clumping everything
concentration of dye inside the mitochondria. This fluores- together. This mixture cannot be solved with SDS,,2-
cence determines the actual mitochondrial membrane po-propanol/HCI, or acetone (data not shown). Even heat
tential (MMP). Treatment of cells with SWCNTs does not treatment (60C, 10 min) is not successful in removing the
lead to a loss in cell viability or loss of functionality of crystals from the SWCNTs and bringing M+formazan
mitochondria (Figure 6). The MMP remains unchanged upon into solution. A reduction in MT+formazan content in the
treatment as can be measured by a high TMRE fluorescenceMTT assay may be due to a loss of crystals to the SWCNTSs.
that is at or above 100% of control mitochondria equally When WST-1 preparation from SWCNTSs is observed in
treated, but kept SWCNT-free. These new carbon modifica- TEM, no structural changes can be seen for either extraction
tions do not have an influence on this parameter. method (data not shown). It is therefore a MTT-specific
Flow cytometry using Annexin-V and propidium iodide phenomenon.
additionally present no indication for a loss in viability caused  Discussion.Since their discovery in the 1980s, carbon
by SWCNT incubation by neither necrosis nor apoptosis nanotubes are told to have a great potential for both science
(data not shown). and industry. Elevators into space have been postulated and
The electron micrographs (Figure 7) show SWCNTSs after bridges that can be carried by men and other fantastic things
treatment in various conditions as transmission electron have been imagined to be possible with carbon nanotubes.
micrographs. In Figure 7A, SWCNTSs that were incubated Their stability and lightweight features fueled dreams. Their
for 24 h in growth media alone can be seen. These nanotubesinique properties in terms of electric conductance, light-
exhibit the well-described appearari€é?3 The average  emitting features, and metallic character made them so
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Figure 7. TEM preparations of SWCNTSs after incubation with
human A549 cells for 24 h in complete media and extraction with
2-propanol/HCI. Crude preparations of SWCNTSs after incubation
in media (without MTT) and cells for 24 h and after 2-propanol/
HCI extraction can be seen in A. This picture shows the regular
and well-known appearance of SWCNTs without any structural
particularities. In B WST-1 was adde? h prior to extraction; full

recovery of WST-1 formazan leaves no crystals behind. However,

are likely to happen, as described here. SWCNTs do interact
with MTT—formazan crystals, formed after reduction of
MTT and not with water-soluble tetrazolium salts such as
WST-1, XTT, or INT. SWCNTs bind MT+formazan
crystals and stabilize their chemical structure, and, as a
consequence, these crystals cannot be solubilized in 2-pro-
panol/HCI, SDS, or acetone. The MFformazan crystals
can be found within or attached to carbon nanotubes (Figure
7C).

This has been demonstrated in a great effort of using
multiple viability assays with identical data for several cell
lines and nanotube concentrations. As one can see from the
TEM pictures (Figure 7) and the viability assays (Figure 3),
the reduction from tetrazolium salts to formazan is working.
The heterocycle with the four nitrogen atoms is accessible
for mitochondrial dehydrogenases, and this reaction is not
blocked by SWCNTSs, as demonstrated by the positive results
within the LDH and WST-1 assay and confirmed by otHérs.
The dehydrogenases attack the same position in the tetra-
zolium salts and open the tetrazolium ring. No inhibition of
the mitochondrial enzymes could be observed because
WST-1 catalysis is unaffected (Figure 4), which is dependent
on the same enzymes as MTT-reduction. The chemical
substitutions in the tetrazolium salts (MTF two methyl
groups, WST-1 and INF nitro group) or the thiazolyl cycle
in the MTT molecule are the only possible interaction
partners for the nanotubes. It appears that the insolubility of
the MTT—formazan is crucial for attachment to the nano-
tubes and disturbance of the test. No clumping of MTT
crystals can be found for the other tetrazolium salt-generated
formazans (Figure 7) as demonstrated by TEM images and
positive reduction of WST-1 and LDH (Figure 4, 5). Hence,
our results suggest that there is no acute toxicity for carbon
nanotubes. So far, it has never been described for a

in C a structural change in the SWCNTSs can be seen with strong nanomaterial to interfere directly with a cytotoxicity assay

distinctions all over the SWCNT meshwork, which might be
formazan crystals that cannot be resolved.

special. More recently, nanotechnologists have learned to
handle these fibers and start to understand why they are s

special.

Nevertheless, a loud public outcry happened when in 2004

Eva Oberdester published that bucky balls can lead to lipid
peroxidation in the brain of juvenile fist:3*Because bucky
balls or fullerenes are structurally and chemically related to

CNTs, people started thinking about possible negative side
effects for this material too. Thus, some works have been
published on the toxicity of this and other carbonaceous

materials??3436-46 Surprisingly, those who planned to use
SWCNTSs for biomedical purpos8g*47or gene/DNA trans-
fer application®46did not detect a cytotoxic effect, whereas
the more environmental or toxicological oriented groups
did_38*42

agent. Our findings strongly suggest verifying cytotoxicity
data with at least two or more independent test systems for
this new class of materials (nanomaterials). It has been

d:iescribed that nanotubes exhibit various effects on biomol-

ecules, such as stimulation as well as inhibition of the
polymerase chain reactidh Moreover, studies with living
organisms indicate adverse effects for CNTs in mice and
rats?t232%and a comparable cell agglomeration in vitro has
been shown here (Figure 2B). The lung granuloma as well
as the accumulation of cells in culture in close proximity of
larger CNT bundles suggest an attractive role of CNT
surfaces without acute toxicity.

Therefore, further experiments with regard to biological
and chemical aspects of this phenomenon have to be carried
out. The following has to be clarified: if the reduction of
MTT and the formation of MTFformazan-SWCNT clus-
ters offer a mechanism suitable for biofunctionalization of

For the assessment of acute cytotoxicity, several methodsCNTS in a very effective manner, and how mitochondrial
have been developed that are applicable and well-describedeductases gain access to the tubes. This might give good

in the literature. MTT, WST, XTT, and LDH are just a few

insight into bioremediation tools and about nanotube clear-

among those to be named here. For this new class ofance after medical treatment as suggested by some.
materials (nanomaterials), the viability assay of choice has Acute toxicity has been described in several studies
to be double-checked because interferences and disturbancgsublished recently?3941.485%Among these, a broad variety
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of cell types and lines have been used. In vivo studies
compared to in vitro experiments show mostly different
results but cannot be compared. The knowledge, so far
available, consists of data on the basis of a nonstandardized__material c 0 N H C Ni
CNT material; thus, all of these studies including our as prepared: 78.3 71 1.1 26 43 43
presented data have to be considered as isolated and notacid treated: ~ 65.7  25.3 1.5 27 1.3 1.2
directly comparable experiments. One very important point
regarding toxicity is the variation of impurities of the Ni) of approximately 8 wt % or catalyst reduced (2.5%).
different CNT preparations. Most used fractions contain high Therefore, acid treatment to elute catalyst metals was
amounts of metals, such as iron and nick&IThe toxicity performed as described previoudhAll nanotube prepara-
of high concentrations of these metals is well-known. tions were stored in a 1% SDS solution. Before use in the
Another very important contamination is amorphous carbon, experiment, SWCNTs were acetone precipitated (21000 xg)
which exhibits comparable biological effects as carbon black and resuspended in bidistilled water, sedimented again by
or relevant ambient air particlés.>* We compared CNT  centrifugation, and finally taken up in growth media and
samples of different purity and tried to separate CNTs from diluted to final concentrations. Prior to use, samples were
metals as well as from amorphous carbon. These very puresonified (6x 30 s, 70 W) and mixed vigorously to break up
CNTs lose in our hands their capacity to induce acute toxicity nanotube bundles and sediments. To keep the sample
or oxidative stress (data not shown). However, in vivo preparations free from other disturbing chemical additives
experiments demonstrated pathological observations thatsuch as DMSO or SDS (which facilitate CNT dispersion),
resemble the behavior of the cells in vitro in our experiments. we accepted a certain degree of CNT aggregation within our
The formation of granuloma shown by Warligand Lant* sample fluid. This was tolerable because we were interested
in vivo indicate a cellular attraction by CNTs and we inan observation of CNT toxicity as they may occupationally
observed this in vitro in a similar manner. The oxidative occur. Elemental composition was determined following air
stress as well as the induction of inflammatory processesexposure. Carbon, oxygen, nitrogen, and hydrogen composi-
seem to correlate directly with remaining amorphous carbon, tions were determined by IR spectroscopically analyzing
Ni, Fe, and other heavy metals. To address the poorcombustion gases generated upon 185@yrolysis in pure
dispersion properties of CNTs in water, one must establish oxygen. Weight percentages are accurate to 1, 3, 5, and 5%
a uniform protocol for sample preparation. In particular, of the numbers given. Cobalt and nickel compositions were
description of sonification procedures and solvents used for determined by atomic emission spectroscopy with standard
separation of tubes from bundles must be comprehensible dissolution methods. Metal compositions are accurate to
Hence, there is a clear need for a standardized CNT referencavithin 3%. Note that the target rod contained small amounts
material to be used by all toxicologists in order to make of hydrogen and oxygen already, presumably deriving from
toxicological data comparable between the different studiesthe production process. This appears to be essentially
as was done for DEP (diesel exhaust particles). transferred to the nanotube soot, as is the overall metal
Materials and Methods. Cell Culturing. The human content. The soot is somewhat richer in oxygen than the
alveolar epithelial cell line A549 (ATCC, CCL-185p%was  target rod, likely because of the metal oxidation and gas
obtained from American Type Culture Collection (Rockville, adsorption in transfe.
MD), and endothelial cells derived from umbilical cord were  Viability Tests. MTT AssayCells were grown in 96 well
obtained as a cell line (ECV304) from the European chambers overnight. For each set, 25 000 cells were seeded
Collection of Cell Cultures. The rat alveolar macrophage cell into every well of a 96-well plate (NUNC, Wiesbaden,
line (NR8383) was obtained from American Type Culture Germany) in triplicate. Cells were treated with the described
Collection (Rockville, MD). NR8383 cells were grown in  particle suspensions in a concentration of &¥mL in
F-12K medium (Kaighn'’s Modification, Gibco) supple- complete culture medium for 2496 h. Cytotoxicity was
mented with 15% heat-inactivated fetal calf serum (FCS). determined by measuring the reduction of the yellowish
Human A549 cells were grown in Dulbecco’s modified water-soluble MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
Eagle’s medium (DMEM, Invitrogen, Karlsruhe), and ECV304 2H-tetrazolium bromide, SIGMA) to water-insoluble MF¥T
cells were grown in M199 media, both supplemented with formazan, after 2-propanol/HCI extraction at 550 nm. The
10% heat inactivated FCS, 2 mMglutamine, all supplied  results are given as relative values to the negative control in
with 100ug/mL penicillin and 100 U/mL streptomycin. The percent, whereas untreated (negative) control is set to be
cells were grown in a humidified incubator at 3C (95% 100% viable.

room air, 5% CO2). WST-1 AssayThe tetrazolium salt 2-(4-iodophenyl)-3-(4-
Single-Walled Carbon Nanotube (SWCNT) Preparation. nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (SIGMA),
Carbon nanotube synthesis was performed by F. Hennrichbetter known as WST-1, was used to detect a loss in viability
(Institute for Nanotechnology, Karlsruhe, Germany) at the here. The 25 000 cells were incubated for the indicated times
University of Karlsruhe in Prof. Kappes lab with the laser with SWCNTs in an identical experimental system as was
vaporization method described earféf® These single-  used for the MTT assay. The reduced tetrazolium salt here
walled carbon nanotubes have been used for biologicalis water-soluble; therefore, no 2-propanol/HCI extraction is
experiments with a metal catalyst content (mainly Co and necessary. Photometric quantification was performed at 450

Table 1. Elemental Composition of SWCNT Preparations (in
weight %)
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nm in a microplate reader. Calculation was identical to that (Center for Functional Nanostructures). We thank M. Kappes
of the MTT test. and F. Hennrich (University of Karlsruhe and INT) for
LDH Assayl eaking membranes of damaged or dead cells support and supply with SWCNTSs.

release the cytoplasmic enzyme lactate dehydrogenase (LDH)
into the surrounding media. This enzyme can be detected
by measuring its catalytic activity and indirectly the conver-
sion of 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tet-
razolium chloride (INT) to another water-soluble formazan
dye. This test was performed with the Roche LDH detection

Supporting Information Available: Three-dimensional
movie of a SWCNT bundle located inside such a cell
agglomerate (Figures S1 and 2) as a QuickTime movie
produced with the Improvision OpenLab system. This
material is available free of charge via the Internet at http://
pubs.acs.org.

kit (Roche Applied Science, Cytotoxicity Detection Kit)
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