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ABSTRACT At present, nanofilaments are not exclusively based on carbon atoms but can be produced from
many inorganic materials in the form of nanotubes and nanowires. It is essential to systematically assess the acute
toxicity of these newly synthesized materials since it cannot be predicted from the known toxicity of the same
material in another form. Here, the cellular toxicity of Ti0,-based nanofilaments was studied in relation to their
morphology and surface chemistry. These structures produced by hydrothermal treatment were titanate
nanotubes and nanowires with a Na,Ti0,.5 composition. The cytotoxic effect was mainly evaluated by MTT assays
combined with direct cell counting and cytopathological analyses of the lung tumor cells. Qur work clearly
demonstrated that the presence of Na,Ti0,..; nanofilaments had a strong dose-dependent effect on cell
proliferation and cell death. Nanofilament internalization and alterations in cell morphology were observed. Acid
treatment performed to substitute Na* with H* in the Na,Ti0, 5 nanofilaments strongly enhanced the cytotoxic
action. This effect was attributed to structural imperfections, which are left by the atom diffusion during the
substitution. On the basis of our findings, we conclude that Ti0,-based nanofilaments are cytotoxic and thus
precautions should be taken during their manipulation.
KEYWORDS: TiO, - nanotubes - nanowires - cytotoxicity - MTT - ionic exchange

he new technologies are going to

explore the creation of functional

devices at nanometer scales, which
necessitates the production and handling of
components of submicrometer sizes. The
past decade has seen the rapid develop-
ment of various nanostructures, especially
nanofilaments (carbon or inorganic nano-
tubes (NTs) and nanowires (NWs)). Due to
their advantageous properties, nanofila-
ments are foreseen to be the building
blocks of new technologies such as flat
panel screens, composite materials, or cata-
lyst supports, expected to be applied in
medical diagnosis, imaging, and drug deliv-
ery. Although these nanofilaments are very
promising, one must know the health haz-
ard factors involved in their production and
handling.

The question on their toxicity either dur-
ing the nanomaterial synthesis or after
short- or long-term exposure to traces re-
leased in the environment has not been ad-
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dressed in detail, and reports on the puta-
tive harm of these manmade materials just
start to emerge. On the basis of the fact that
the first of these nanofilaments discovered
consisted of carbon nanotubes,” most stud-
ies on the toxicity have almost exclusively
focused on carbon nanotubes.””® The tox-
icity of inorganic nanofilaments (INFs) has
not been addressed so far, yet some of
those closely resemble asbestos, a material
that has been largely abandoned in West-
ern countries due to health hazard prob-
lems. The toxicity of inert systems,®'° such
as iron oxides, gold, or cadmium chacol-
genides, has been investigated but is lim-
ited to nearly isotropic particles (i.e., with a
low aspect ratio compared to fibers). Unfor-
tunately, the toxicity of materials in nanofil-
ament form cannot be predicted from their
known toxicity in a different structural ap-
pearance. Asbestos is a well-characterized
example, where a “benign” silicate is ren-
dered highly toxic in its fibrous form. Inha-
lation of asbestos fibers is known to induce
asbestosis (a progressive fibrotic disease of
the lung), lung cancer, and tumors of the
pleura (mesothelioma). In some parts of the
lung, type | alveolar epithelial cells are al-
most in direct contact with mesothelial cells
of the visceral pleura, only separated by a
thin layer of connective tissue. Thus, asbes-
tos fibers may end up in these cells but can
also traverse the pleural space and be taken
up by mesothelial cells of the parietal
pleura. Other identified translocation path-
ways include pulmonary lymphatics con-
necting to the pulmonary blood vessels and
from there to essentially all organs.’" After
a prolonged incubation period (10—30
years), asbestos (mainly of the amphibole
type: amosite, crocidolite) can induce one
of the most aggressive tumor types,
mesotheliomas.
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Nowadays, INFs can be produced from
many materials and include elemental semi-
conductors, metal oxides, chalcogenides,
or pnictides."?”'* This allows synthesizing
nanomaterials with well-defined and de-
sired properties (size, geometry, charges, as-
pect ratio, etc.) but bears the risk of undes-
ired adverse effects on the exposed surfaces
of men and animals (e.g., skin, lung). Some
of these new materials might even pose
health problems, big as or even bigger than
those posed by asbestos fibers. Therefore,
it is important to systematically assess the
toxicity of all INFs before allowing their in-
dustrial application and mass production.

Here, we performed studies on lung tu-
mor cells exposed to TiO,-based nanofila-
ments. Since decades, significant progress
has been made in incorporating TiO, nano-
particles for numerous applications. Nano-
structured TiO, is the most popular catalyst
for air and water purification systems, based
on the photodegradation of organic pollut-
ants."” For instance, glasses or textiles are
rendered self-cleaning when coated with
TiO, nanoparticles.'® TiO, is also widely
used as food and pharmaceutical addi-

tive,” as well as white pigment in the pa- Figure 1. TEM pictures of TiO,-based nanotubes (a,b) and nanowires (c,d).

per industry and in cosmetic products.'®

Modern sunscreens contain insoluble nanostructured
TiO,, which is colorless and filters ultraviolet radiation
with high efficiency. Large-scale arrays of TiO,-based
nanofilaments (including nanotubes and nanowires)
are being used in photovoltaic cells and in photoelec-
trolyzer for the production of hydrogen by water split-
ting.’® Indeed, TiO,-based nanofilaments exhibit as well
extraordinary properties of lithium intercalation, thus
they are foreseen in rechargeable battery applica-
tions.?° Nonetheless, the experimental results concern-
ing the potential adverse effects of nanostructured TiO,
are still under debate.?’ First, the dermal penetration
of TiO, nanoparticles is discussed controversially. Once
entered in the vascular system, nanostructured TiO,
could be distributed throughout the body to organs,
various tissues and exposed cells.?>?* Second, while the
toxicity of TiO, in its isotropic form (particles with diam-
eter ranging from few nanometers to micrometers)
has been widely studied,’®?* the toxic action of TiO,-
based nanofilaments is essentially unknown.

RESULTS AND DISCUSSION

On the basis of the fact that the surface cells of the
airways, including the epithelial cells of the lungs, are
the first cell type to encounter the TiO,-based nanofila-
ments released into the environment, we chose to in-
vestigate the acute cytotoxicity of different TiO,-based
nanofilaments on lung cells in vitro. The different
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materials were synthesized by hydrothermal treatment
from anatase and highly concentrated NaOH solution,
producing a large quantity of nanofilaments with Na,-
TiO,.5 composition.?>2® The Ti—O skeleton of the lay-
ered structure consists of TiOg octahedrons sharing
edges and corners. Either nanowires or nanotubes (Fig-
ure 1) can be obtained by tuning the growth condi-
tions (namely, temperature and composition of the
starting mixture Ti/Na ratio). Unlike carbon nanotubes,
the TiO,-based nanotubes are not perfect cylinders.
They are better described as a scroll of a TiO, layer.
These TiO,-based multiwalled nanotubes exhibit an av-
erage diameter of around 12 nm with approximately
five walls. For comparison, the average diameter of the
TiO,-based nanowires is about 75 nm. Subsequent
washing of the Na,TiO,.; materials with hydrochloric
acid promotes complete exchange of Na* with H* to
form H,TiO,, 5 nanofilaments without drastic modifica-
tion of their morphological characteristics. Chemical,
structural, and morphological characteristics of the
TiO,-based nanofilaments are presented in the Support-
ing Information.

The cytotoxic effect of the TiO,-based nanofila-
ments was evaluated by the widely established MTT as-
say performed with H596 human lung tumor cells. This
cell line was selected because, in a previous study with
the lung tumor cell lines H596, H446, and Calu-1, H596
cells gave the most consistent and reliable results and

VOL.3 = NO.8 = 2274-2280 = 2009 ACSN|ANIO)

1 1D1Ld

2275



2276

0.9

0.7

0.5

Optical Density (~ living cells)

0.3

0.6

0.5

0.4

0.3

0.2

Optical Density (~ living cells)

0.1

0.0

y | Control 0.65 g

NaTi0ys NWs

MWCNTs

0.45

H,TiO, 4 NWs.

\
Y
Optical Density (~ living cells)

- H,Ti0, 4 NTs

b)

0.55 T

directly counting cells from micropho-
tographs of fixed and HE-stained cells
(see below and Figure 2c).
S An average growth curve of un-
RS treated H596 cells for 4 days is shown
in Figure 2a (control). Addition of
TiO,-based nanofilaments (2 pg/mL)
N impaired cell proliferation/cell meta-
N o nws bolic activity, and a decrease of the
B o, s MTT signal was clearly visible 2 days

"% MWCNTs

T T T T 0.35
2 3 4 5 6 0.01 0.1

Days of exposure

1)

Concentration pg/ml|

after starting the treatment; the effect
was even more pronounced after 4
days (Figure 2a). In order to compare

300
c2)

o] |
L1 Nl

150 4

Cell number

100 4

50 +

&
000'6

Figure 2. (a) Representative growth curve for H596 cells grown in normal medium (control), or
2 pg/mL of MWCNTs, Na,TiO,.5 and H,TiO,; nanofilaments (NWs, nanowires; NTs, nanotubes).
(b) Dose-dependent toxicity of H596 cells exposed to the tested materials for 2 days. (c) Cyto-
toxicity of TiO,-based nanomaterials determined by MTT assays (c1) and cell counting (c2). H596
cells were seeded in 96-well plates for MTT assays or on laminin-coated coverslips for cell count-
ing and were exposed to nanomaterials for 4 days (for experimental details, see Experimental
Methods). The numbers in c1 and c2 represent averages + standard deviations from four inde-
pendent experiments. In the MTT assay (c1), each sample was measured in triplicate, and in
c2, the cell number was determined from four microphotographs per sample. Results were ana-
lyzed by ANOVA, followed by posthoc analyses by a Tukey test (NaW and NaT, nanowires and
nanotubes in the Na* form (gray bars); HW and HT, nanowires and nanotubes in the H* form
(black bars)).

0

the results on TiO,-based nanofila-
ments with our previous results ob-
tained with carbon nanotubes,*” we
selected multiwalled carbon nano-
tubes (MWCNTs) displaying an inter-
mediate toxicity. The MWCNTSs to-
gether with the single-walled carbon
nanotubes (SWCNTs) are among the
most widely studied carbon-based
nanomaterials and served as a refer-
ence substance to compare the toxic-
ity of TiO,-based nanofilaments. The
MTT signals were clearly smaller in all
nanofilament-treated samples, and in

O
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displayed a relative high sensitivity to carbon-based na-
nomaterials.>” The MTT assay is routinely used for these
types of experiments and reports the combined effects
of cell proliferation (cell number) and metabolic activity
of cells. Under our assay conditions, that is, dissolving
the formazan crystals in a solution containing dimethyl-
sulfoxide (DMSO), irreversible binding of formazan to
nanofilaments reported before was found to be negli-
gible.?® As a result, the method is more sensitive than
just counting cells directly in the dishes by microscopic
methods or indirectly by measuring the DNA content
of the sample.?® However, in order to validate the re-
sults presented in Figure 2a and Supporting Informa-
tion Figure 4, parallel cultures of H596 cells treated for
4 days with nanomaterials were compared either by de-
termining the intensity of the MTT signals or by
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all cases, the effect was more pro-
nounced as the nanofilament concen-
tration increased from 0.02 to 2
pg/mL (Figure 2b). In contrast to
some of the carbon-based nano-
materials, such as carbon nanofibers
(CNFs) and carbon black that signifi-
cantly decreased the MTT signal al-
ready after 24 h,?” clear differences
became visible only after 2 days of
treatment. Thus, none of the tested
TiO,-based nanofilaments was as toxic
as CNFs and carbon black.

Clearly, Na,TiO,. 5 nanowires had the least effect on
proliferation/activity and were thus considered to be
the least toxic at all concentrations and at time points
later than 1 day of exposure. Interestingly, the treat-
ment by hydrochloric acid performed on the Na,TiO,.5
nanofilaments to exchange Na* with H* strongly en-
hanced the toxic action of the TiO,-based nanofila-
ments. In particular, at high nanofilament concentra-
tions (2 pg/mL), the cell number/viability decreased in
the following sequence: Na,TiO,+5 NWs > MWCNTs >
H,TiO,45 NWs ~ H,TiO, 5 NTs. In the protonated form,
there was no clear difference between TiO,-based nano-
tubes as compared to the nanowires with respect to
the MTT signal. On the other hand, nanowires in the
Na* form were clearly less toxic than in the H* form.
The same was also the case for nanotubes (see Support-
ing Information Figure 4). This could indicate that the
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surface chemistry of the nanofilaments (nanotubes
and nanowires) affected more the cell proliferation/
activity than their

morphological characteristics. Indeed, the ionic ex-
change performed can induce damage, vacancies, or in-
terstitial atoms within the structure, subsequently to
the atom diffusion during the substitution of Na* with
H*. These local structure defects are very reactive
sites.3° On the other hand, the Na,TiO,.; nanofila-
ments might act as a weak base, thus we checked the
pH effect of the purified Na,TiO,5 and H,TiO,.5 NWs in
pure water. When these substances were added to bi-
distilled water at a concentration of 2 mg/mL, at a 1000-
fold higher concentration than used in the experi-
ments, a decrease in pH was observed for H,TiO, 5
nanofilaments compared to a suspension of Na,TiO;+3
nanofilaments. To exclude the possibility that the in-
creased toxic effect of the H* forms of the nanofila-
ments was due to acidification of the cell culture me-
dium, we measured the pH of the medium before and
after adding the highest concentration tested (2 pg/
mL). In line with the qualitative observation that the pH
indicator present in the cell culture medium did not
change color after addition of the nanofilaments, also
no change of the pH could be measured using a pH mi-
croelectrode. This is likely due to the large pH-buffering
capacity of the cell culture medium.

Because the MTT assay measures the combined ef-
fects of cell proliferation and metabolic activity of cells
and was reported to be prone to artifacts under certain
experimental conditions,?® results presented in Figure
2a and Supporting Information Figure 4 were validated
by another method, that is, directly counting the num-
ber of surviving cells from microphotographs. For this,
the time point (day 4) and nanomaterial concentration
(2 pg/mL) were selected, where differences between
the various nanomaterials were most evident. In com-
parison to untreated cells, both the MTT signals (ANO-
VA; p < 0.0001) and number of cells (ANOVA; p <
0.0007) were decreased in all nanomaterial-treated
samples (Figure 2c). According to posthoc analysis by
the Tukey test, the samples could be grouped into three
classes (white, gray, and black bars in Figure 2c).
Samples with the same shading in Figure 2c1 were sig-
nificantly different from the other groups (all at p <
0.05). The only exception was the Na* form of the
nanotubes (NaT in Figure 2c2) that was not signifi-
cantly different from the group of the nanofilaments in
the H* form. However, the toxicity order, that is, that
the Na* forms were less toxic than the H* forms, was
also seen in the direct cell counting. The generally
larger size of the error bars in Figure 2c2 as compared
to Figure 2c1 is the likely explanation why the differ-
ence between NaT and the H* forms did not reach sta-
tistical significance. In summary, the two methods,
MTT assay and cell counting, yielded essentially identi-
cal results.
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Figure 3. Morphology of H596 lung carcinoma cells exposed to TiO,-based
nanofilaments. Cells were treated for 4 days with 2 pg/mL H,TiO,.; nano-
tubes (a—f) or H,TiO,,; nanowires (g), fixed and HE-stained. (a) Nanofila-
ments inside the cells have needle-like structures often concentrated
around the enlarged nucleus (arrows), and even thinner nanofilaments
are found within the nucleus (arrowheads). (b) In some giant cells, the nu-
clei are strongly lobulated or possibly fragmented, and the nanofila-
ments are localized between the lobules (arrows). In (a) and (b), a weaker
staining of the nuclei was chosen to better visualize the intranuclear nano-
tubes. (c) Besides larger fibers (arrow), nanofilaments are also present in
the form of small dark particles (arrowheads). In some cells with an altered
morphology, vacuole-like structures (*) surrounding the nucleus are seen.
(d) A series of cells with small pycnotic nuclei are characterized by the
presence of short, granular-like intracytoplasmic nanotubes. (e) An elon-
gated cell with two nuclei is depicted. The needle-like nanotubes are
highly concentrated in the region of the two nuclei. (f) A giant cell with
several, likely fragmented nuclei also shows multiple nucleoli (dark spots;
arrows), and again, the granular nanofilaments are in the center of the
nuclear structures (arrowhead). (g) Intracellular distribution of the H,-
TiO,4+5 nanowires is not different from the localization of the H,TiO,,5
nanotubes (a—f) and also consists of both needle-like and granular nano-
material. Scale bar in (c): 20 pm.
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Figure 4. HRSEM and AFM images of Na,TiO,.; (a,b) and H,TiO,.; (c,d) nanowires. During the ionic ex-
change process, structural point defects as well as extended defects (arrowheads) are induced by the Na*

(Figure 3a,b,f) and apoptotic
cells were present in a small
percentage (Figure 3d). Apo-
ptotic cells appeared slightly
more numerous in cells
treated with Na,TiO,. 5 wires,
but we did not attempt to
quantify these differences be-
cause we estimated these dif-
ferences likely to be not sig-
nificant when compared to
the other two treatments. In-
terestingly, we also observed
apoptotic cells with no appar-
ent accumulation of nano-
structures that could point to
an indirect effect possibly due
to cytokines or other sub-
stances released by the dy-
ing cells. Although giant cells
can be normally seen in tu-
mor cell lines as a sign of ab-
normal mitosis, they were
more frequently observed in
nanofilament-exposed cells
and correlated with very
strong accumulation of intra-
cytoplasmic

&

and H* diffusion within the nanofilament crystal structures. This is confirmed by an increase of the nano-  nhanotubes (Figure 3a,e/f). A
wires’ surface roughness. H,TiO,,; nanowire surfaces exhibit an average roughness (R,) of about 2.4 nm moderate anisocaryosis with

in contrast to the smooth surface of the Na,TiO,.; nanowires (R, = 0.5 nm).

We were also interested whether the TiO,-based
nanofilaments were taken up by the H596 cells or
whether their toxic properties were principally
mediated by their presence in the cell culture medium.
For this, cells were treated for 4 days with the nanofila-
ments, and the distribution of these compounds was in-
vestigated. Clearly, nanofilaments were present inside
the treated cells and consisted mainly of rather short
(<5 pm) needle-like structures (Figure 3). Qualitatively,
the morphological changes in H596 cells treated with
the various compounds (2 g/mL) were very similar;
they were most pronounced in cells treated with H,-
TiO,+5 tubes, followed by H,TiO,. 5 wires, and least in
cells treated with Na,TiO,. 5 wires. Thus, the severity of
morphological alterations clearly corresponded to the
number/activity of viable cells encountered in the MTT
assays or the number of cells directly counted from mi-
crophotographs of the HE-stained fixed cells (Figure 2).

Generally the cell—cell contacts were disrupted, par-
ticularly in areas comprising cells with large amounts
of intracytoplasmic nanofilaments (Figure 3¢,d,g). The
nanostructures were often clustered and gathered
around the cell nucleus (Figure 3a,b,e). Multinucleated
giant cells (likely resulting from incomplete mitosis)

@NTANK) VOL.3 = NO.8 = MAGREZ ET AL.

nucleolus activation was vis-

ible and was clearly more pro-
nounced than in the untreated control cells (Figure
3¢,f,g). There was some focal intracytoplasmic granular
material likely corresponding to aggregates of proteins.

Most of the morphological changes we have ob-
served after the addition of TiO,-based nanofilaments
were similar to the morphological changes induced by
carbon-based nanomaterials reported before,?” but
subtle morphological differences specific to each type
of substance cannot be excluded. Furthermore, the
morphological changes observed in H596 cells treated
with the less toxic TiO,-based fibers in the Na™ form
were not found to be different than the ones seen in
cells exposed to fibers in the H™ form, and typical ex-
amples are shown in Supporting Information Figure 5.
The main difference was the frequency at which cells
with distinct morphological changes were encountered
on the glass slides containing the HE-stained cells.

Toxicology studies with asbestos fibers in vivo either
using inhalation systems or directly injecting fibers into
the peritoneal cavity of rodents have demonstrated
that the biopersistence of these fibers and their length
were important parameters for tumor formation.’
While fiber length is also important in relation to
whether alveolar macrophages are able to take up
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these fibers by phagocytosis and thus prevent an accu-
mulation in lung epithelial cells, this appears to be less
so for in vitro studies using lung tumor cell cultures. In
this case, fibers were directly taken up by epithelial cells
and uptake was rather efficient with the various materi-
als tested, whether they consisted of carbon-based®”
or TiO,-based fibers. Although geometry also appears
to play a role, that is, the thinner nanotubes both in the
H* form (Figure 2a,c) and in the Na* form (Supporting
Information Figure 4) were slightly more toxic than the
corresponding nanowires, surface chemistry affected
the survival of exposed cells more importantly. In the
case of Na,TiO,+5 when Na* is exchanged for a smaller
H* ion, the structural imperfections left behind act as
chemically active sites (Figure 4) and render the nano-
structures more toxic. The importance of surface chem-

EXPERIMENTAL METHODS

The synthesis of the nanofilament was performed by hydro-
thermal treatment. Nanotubes were prepared by adding 6 g of
anatase (Alfa Aesar, 99.9%) to 28 mL of a 15 M NaOH (Aldrich,
99.99%). The mixture was subsequently heated to 150 °C for
72 h. For the synthesis of nanofilaments, a 10 M NaOH solution
was used and the temperature was raised to 170 °C, while the
amount of anatase and the duration of hydrothermal treatment
remained identical. The white precipitate produced was washed
with distilled water and dried at 120 °C overnight. The ionic ex-
change was performed by dispersing, for 2 h, the produced
nanofilaments in diluted HCI with a H/Na ratio equal to 100.

The MTT method is based on the accumulation of dark blue
formazan crystals inside living cells (but not in dead cells) after
their exposure to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT). A linear relationship between the
number of untreated living cells and the optical density (OD)
measured in the MTT assay was established, indicating that the
OD values obtained in the MTT assay allowed for an accurate
quantification of cell numbers (not shown).

The TiO,-based nanofilaments were dispersed in a highly di-
luted gelatin solution to minimize aggregation. Gelatin-
containing suspensions of TiO,-based nanofilaments were stable
for more than a month. SEM analysis of nanowires deposited by
the boil deposition process onto Si wafers revealed that the
nanofilaments were dispersed individually.>> We had previously
demonstrated that the proliferation of H596 cells in a standard
medium and in a medium containing the same gelatin concen-
tration as the nanofilament-treated cells was indistinguishable;27
thus, the addition of gelatin at the concentration used does not
affect the cell proliferation. In addition, some of the experiments
were repeated using Tween 80 as the dispersing substance, a
nondenaturing detergent previously used in several toxicity
studies of nanomaterials.>® Results are shown in the Supporting
Information Figure 4.

For the direct counting, H596 cells were seeded on round
laminin-coated glass covers, exposed to nanomaterials (2 ug/
mL) for 4 days, fixed, and stained with HE (hematoxylin and
eosin). Microphotographs (20X magnification) of the stained
cells were acquired by a systematic random approach similar to
the one described before.3* Briefly, a region of the round glass
cover close to the periphery was randomly selected, and on the
acquired image, the numbers of cells were counted. On the ba-
sis of this initial starting point, the other three regions of the
glass cover to be analyzed were determined by a predefined
L-shaped scheme. This prevented a bias toward selecting par-
ticular regions on the glass covers. The acquired images were
randomly numbered and analyzed by the experimenter not
knowing the key until the final calculations. From each glass
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istry had already been observed in a previous report on
carbon-based nanomaterials.>” Even though multiwalled
carbon nanotubes have comparable diameter and length
as TiO, nanofilaments, their toxicity is markedly different.
Thus, the chemical composition of nanomaterials also ap-
pears to have an effect on cell survival. Whether the tox-
icity determined in this acute model will also translate to
models of chronic toxicity or even tumor development
(lung carcinoma or mesotheliomas) needs to be ad-
dressed in future studies.

TiO, nanoparticles are known to be photosensitiz-
ers, generators of free radicals in aqueous media. It is
likely that our TiO,-based nanostructures can also pro-
duce reactive oxygen species under illumination. Future
studies need to also address the putative phototoxicity
of TiO,-based nanostructures.

cover, the number of cells (determined by counting the dark
stained nuclei) on each of the four images were added, yielding
one value per glass cover. Results are presented in Figure 2c.
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