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Fig. 5. Light micrographs of A549 (A) control cells showing nucleus (Nuc) and cells in metaphase (M) and lamellar bodies (LB), and microvilli (Mv), (B)
cells exposed to 400 pg/ml SWCNT with serum showing nucleus (Nuc) and necrotic cells (Nec), and lamellar bodies (LB) (C) cells exposed to 800 pg/ml
SWCNT with serum showing nucleus (Nuc) and apoptotic cells (Apop) and lamellar bodies (LB) (D) cells exposed to 800 pg/ml quartz showing cell debris.

Mag 400x.

From the results obtained for quartz, it can be con-
cluded that cell metabolism (AB assay), and mitochondrial
activity (MTT) are negatively impacted at concentrations
lower than that required for cell detachment (CB). The AB
assay has also been previously employed to assess the cyto-
toxicity of SWCNT in human keratinocyte cells (Shvedova
et al., 2003). Based on the ECy, values for quartz and the
coefficient of variation (CV) values for the controls, this
assay was found to be the most sensitive and reproducible
(lowest CV values) endpoint employed in the current study.

While conducting the cytotoxicity assays it was observed
that the SWCNT were interacting with some of the colori-
metric and fluorescent dyes used in the toxicity assessment,
resulting in unexpected absorption/fluorescence data. The
most obvious interference was found with the NR assay as
widely fluctuating results were obtained with this endpoint.
Monteiro-Riviere and Inman (2006) have also reported
that this viability dye was adsorbed onto carbon and thus
found interference with the absorption spectra of the dye
resulting in false readings. The adsorbing properties of the
carbon nanotubes were also suspected to interfere with the
Adenylate Kinase and cytokine assays in the present study
hence no results for the NR, AK or IL-8 assay for either the
SWCNTs or the positive control quartz were presented.
Monteiro-Riviere and Inman (2006) also observed interfer-
ence with the cytokine assay and postulated that the tested
carbon black may have adsorbed the I1L-8 released by the

cells in their study. Another recent study has also reported
SWCNT interference with the MTT assay (Worle-Knirsch
et al., 2006). Hurt et al. (2006) recently addressed this con-
founding issue and advised caution when performing even
established toxicity assays in the presence of significant
quantities of fine carbon.

Results presented for the cytotoxicity tests (AB, CB,
MTT) revealed the SWCNT to have very low acute toxicity
to the A549 cells, as all but one of the reported 24h ECs,
values exceeded the top concentration tested (800 pg/ml).
The AB assay was found to be the most sensitive endpoint
as the greatest cytotoxicity (approximately 50% in both 5%
serum and serum free media) was recorded at the top con-
centration of SWCNT. However, given the recent reports
of interference of the various dye markers and until such
time that we can establish/overcome the adsorptive inter-
ferences of the SWCNT on the employed dye markers, it is
not possible to draw any firm conclusions from these toxic-
ity results. We are therefore currently conducting a full
spectroscopic study, namely Raman, UV-vis absorption
and fluorescence spectroscopy, to assess the interactions of
the SWCNT and the various dye markers employed in this
study. It is also worth noting that transformed cell lines are
typically less resistant to toxic effects than other cells
derived from normal tissues. We are therefore also cur-
rently using normal lung cell lines e.g. HFL and BEAS-2B
in our on-going toxicity studies.
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Fig. 6. TEM of A549 control cells showing (A) nucleus (Nuc), lamellar bodies (LB), lipid droplets (L) and extensive microvilli (Mv), (B) intracellular
microvilli (Mv), (C) mitochondria (Mt), lamellar bodies (LB), tonofilaments (TF) and rough endoplasmic reticulum (RER), and (D) desmosome junction
(DJ) and free ribosomes (Rb).

Fig. 7. TEM of A549 cells treated with 400 pg/ml SWCNT (A-C) showing (A) nucleus (Nuc), lamellar bodies (LB), and microvilli (Mv), (B) lamellar bod-
ies (LB) and multivesicular body (MVB), (C) lamellar bodies (LB) and extracellular lamellar bodies (ELB) and A549 cells treated with 800 pg/ml SWCNT
(D-F) showing (D) nucleus (Nuc), lamellar bodies (LB), and reduced microvilli (Mv), and an aggregation of lamellar bodies (ALB), (E) lamellar bodies
(LB) and an accumulation of lipid droplets (L), (F) a multivesicular body (MVB) associated with the plasma membrane. A549 cells were exposed to
SWCNTs either with serum (A, B and D, E) or without serum (C and F).
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Fig. 8. Phase contrast micrograph (200x) of A549 cells following 24 h
exposure to 800 pg/ml SWCNT with 5% serum showing aggregates
(arrows) on cell surface. These aggregates were still observed on the cell
surface after several washes with PBS.

One of the main problems in the toxicity evaluation of
SWCNT is the propensity of the nanotubes to agglomer-
ate owing to substantial van der Waals attractions. As a
means to reduce the formation of such bundles, research-
ers have employed numerous carrier solvents including
media with varying FBS percentages, serum and organic
synthetic surfactants. The use of different dispersal sol-
vents will obviously influence the concentration of
SWCNT available to the cell and Smart et al. (2006) have
recently proposed that discrepancies in toxicity and bio-
compatibility data may be attributed to the different dis-
persion methods employed to date. In this study we chose
not to employ synthetic surfactants, but rather to investi-
gate the interactions between the FBS routinely used
for the culturing and testing of the A549 cells and the
SWCNT. Test exposures were therefore conducted both
in serum containing (5%) and serum-free medium. Visual
observation of the SWCNT prior to cell exposure revealed
that nanotubes appeared to solubilise (disaggregate)
more readily in serum containing medium and indicated
that the presence of serum had a dispersion effect on the
SWCNT. Monteiro-Riviere et al. (2005) found that differ-
ent synthetic surfactants showed increased dispersion and
reduced aggregation of MWCNT, but they also noted
that the presence of surfactant did not alter the cytotoxic-
ity of the MWCNT to a human keratinocyte cell line
(HEK) as determined by the NR assay. In this study we
found that in general greater toxicity was demonstrated
with the SWCNT in the absence of serum (Figs. 3A and
4A). In parallel studies to the in vitro cytotoxicity assess-
ment we also employed spectroscopic techniques to assess
the interaction of the SWCNT and the various media

components and we found that there was significant inter-
action between the SWCNT and FBS (Casey etal., in
press).

As significant cytotoxicity was demonstrated at 400 and
800 pg/ml of SWCNT with the AB, CB and MTT assays,
cells were subsequently exposed to these concentrations for
24 h, and light and transmission electron microscopy were
employed to assess for nanomaterial interaction/localisa-
tion within the A549 cells and for evidence of dose related
morphological changes. Cells were also exposed to the same
concentrations of quartz without serum and light micros-
copy sections confirmed the extensive cell death demon-
strated in the viability assays. We found no evidence in this
study that this lung epithelium model internalized the
SWCNT. Similarly, whilst Shvedova et al. (2003) reported
ultrastructural changes in cell morphology of HaCaT cells,
TEM imaging did not reveal intracellular localization of
these particles. Other studies have shown that internaliza-
tion of various nanoparticles can occur. Worle-Knirsch
et al. (2006) recently reported that SWCNT could be found
as bundles of thousands inside A549 cells and postulated
that they were mostly encapsulated in endosomes and infre-
quently found inside mitochondria. Monteiro-Riviere et al.
(2005) demonstrated MWCNT were primarily located
within the intracytoplasmic vacuoles of human epidermal
keratincotyes (HEKs) and demonstrated different mor-
phology between control and those exposed to MWCNT.
More recently, the same group (Rouse et al, 2006) has
reported that fullerene-based amino acid nanoparticles can
also localize to intracytoplasmic vacuoles in HEK cells. The
internalization of ultrafine titanium dioxide by A549 cells
has also been reported (Stearns et al., 2001). In the concur-
rent spectroscopic study performed by our group (Casey
et al., in press) Raman and fluorescence emission analysis
indicated that no debundling or reduction in aggregation
state occurred upon the dispersion of SWCNT in the media
over the concentration range studied. Typically these aggre-
gates can be of the order of microns therefore reducing the
likelihood of internalization.

While we did not find any evidence of SWCNT internal-
ization in the A549 cells, we did observe ultrastructural
changes in the cell morphology following SWCNT expo-
sure. It is worth noting however, that we could not distin-
guish any obvious qualitative morphological differences
between those exposures conducted with and without serum.
The A549 cells have retained the main properties of AE2
cells, i.e. pulmonary surfactant secretory functions (Lieber
et al., 1976; Fehrenbach, 2001) and within these cells
the lamellar bodies are recognised as storage vessels from
which surfactant is released into the alveolus (Askin and
Kuhn, 1971). After secretion, alveolar forms of surfactant
include these lamellar bodies, highly organised structures
termed tubular myelin, and monolayered and multilayered,
phospholipid-rich sheets and vesicles (Whitsett and
Weaver, 2002). While the principal function of this pulmo-
nary surfactant is the regulation of surface tension in the
lungs (Nicholas, 1996), it is also postulated that increased
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production of this surfactant may play a role in defending
the lungs against chemical and particulate damage (Hook,
1991, 1993).

Following exposure to both 400 and 800 ug/ml SWCNT,
an increase in lamellar bodies compared to untreated con-
trols was observed within exposed cells. In addition, the
presence of extracellular lamellar bodies, which appeared to
have exocytosed their contents, was recorded at 400 pg/ml
SWCNT (Fig. 7C). Multivesicular bodies were also observed
following cell exposure to both 400 and 800 pg/ml SWCNT.
We surmise that these vesicles were most likely the
phospholipid-rich multivesicular bodies as mentioned
above, which are involved in the surfactant synthesis and
recycling. Interestingly, a very similar plasma membrane
projection as that identified by us in Fig. 7F was shown by
Stearns et al. (2001), in an electron micrograph following
exposure of A549 cells to 40 pg/ml ultrafine titanium diox-
ide. Stearns et al. (2001) also reported that aggregates of
TiO,, which entered the A549 cells by ingestion, were later
found in membrane-bound vacuoles and enmeshed within
lamellar bodies. Recently, in an in vivo study, Shvedova
et al. (2005) also observed increased numbers of AE2 cells
expressing cytoplasmic lamellar bodies in TEM sections of
mouse lung following SWCNT exposure via pharyngeal
aspiration.

We therefore hypothesize that the increased presence of
these lamellar bodies and the concurrent surfactant secre-
tion is a protective response of the lung cells to reduce the
cytotoxic effects of SWCNT. Hook (1993) postulated that
one possible mechanism that might account for the protec-
tive effects is the quenching of free radicals by the unsatu-
rated phospholipids of pulmonary surfactant. This theory
seems quite plausible considering, as we have previously dis-
cussed, surface modification of silica with phospholipids
can markedly reduce its toxicity. Previous research has also
shown that direct mechanical stretching of the AE2 cells can
trigger the release of surfactant (Wirtz and Dobbs, 1990). As
can be seen in Fig. 8, SWCNT were found to aggregate on
the cell surface and remained attached even after several
washes with PBS, hence another possible stimulus for this
enhanced secretion of surfactant may be due to the physical
stress of the SWCNT aggregates on the cell surface.

In conclusion, exposure of A549 cells to a wide dose
range of SWCNT (1.56-800 pug/ml) for 24h revealed the
SWCNT to have low acute toxicity. In this study we found
that in general, greater SWCNT toxicity was observed in
the absence of serum, although this trend was not as
marked as that observed for quartz exposures. The
SWCNT were found to interfere with a number of the dyes
used in the cytotoxicity assessment and we are currently
conducting a comprehensive spectroscopic study to further
investigate these interactions. Of the multiple cytotoxicity
assays used, the AB assay was found to be the most sensi-
tive. TEM studies confirmed that there was no intracellular
localization of SWCNT in A549 cells following 24 h expo-
sure, however, morphological alterations in exposed cells
observed in this study revealed that there were increased

numbers of surfactant storing lamellar bodies. We therefore
surmise that the increased presence of these lamellar bodies
was a defensive response of these lung cells to SWCNT
exposure and conclude that the protective function of the
pulmonary surfactant following nanoparticle exposure
warrants further investigation.
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