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a b s t r a c t

The aim of this study was to analyze the cytotoxicity and genotoxicity of titanium oxide (TiO2) and alu-
minium oxide (Al2O3) nanoparticles (NPs) on Chinese hamster ovary (CHO-K1) cells using neutral red
(NR), mitochondrial activity (by MTT assay), sister chromatid exchange (SCE), micronucleus (MN) forma-
tion, and cell cycle kinetics techniques. Results showed a dose-related cytotoxic effect evidenced after
24 h by changes in lysosomal and mitochondrial dehydrogenase activity. Interestingly, transmission elec-
tronic microscopy (TEM) showed the formation of perinuclear vesicles in CHO-K1 cells after treatment
eywords:
itanium oxide
luminium oxide
anoparticles
ytotoxicity

with both NPs during 24 h but no NP was detected in the nuclei. Genotoxic effects were shown by MN fre-
quencies which significantly increased at 0.5 and 1 �g/mL TiO2 and 0.5–10 �g/mL Al2O3. SCE frequencies
were higher for cells treated with 1–5 �g/mL TiO2. The absence of metaphases evidenced cytotoxicity for
higher concentrations of TiO2. No SCE induction was achieved after treatment with 1–25 �g/mL Al2O3.
In conclusion, findings showed cytotoxic and genotoxic effects of TiO and Al O NPs on CHO-K1 cells.

versia
enotoxicity
ell culture

Possible causes of contro

. Introduction

Nanomaterials are designed structures of at least one dimen-
ion of 100 nm or less. These materials are present in a number
f commercially available products including fillers, catalysts, cos-
etics, and many industrial applications. TiO2 NPs are used for

rotection against UV ray exposure due to their high refractive
ndex. Many sunscreens contain these NPs as well as surface coating
roducts which are colorless and reflect and scatter UV rays more
fficiently than larger particles [1–3]. Nanosized Al-containing par-
icles are also used in industrial, domestic, and medical products,
nergetic systems (composite propellants), to replace lead primers
n artillery, etc.

There is scarce information about the possible toxic effects of
Ps on health and environment despite of their current use in novel

echnology. Since the risks of exposure to nanomaterials are still
nknown, alarming speculations are put forward [4].
NP properties differ substantially from bulk material with sim-
lar composition, allowing them to exhibit unusual values of
eactivity, conductivity, and optical sensitivity among other prop-
rties. These capabilities may yield harmful interactions with
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E-mail address: mmele@inifta.unlp.edu.ar (M. Fernández Lorenzo de Mele).
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l reports are discussed further on.
© 2010 Elsevier B.V. All rights reserved.

biological systems and the environment, with potentially toxic
effects [5–9]. Thus, the evaluation of their toxicity is essential.

On the other hand, the toxic action of most biomaterial compo-
nents in consumer goods has been so far evaluated at macroscale
with well established toxicity assessment methods. However, those
methods have not been frequently employed for materials at
nanoscale dimension [8]. There are some few studies on the toxi-
cological effects of in vitro exposure to this type of manufactured
nanomaterials. In fact, the development of new toxicity assessment
methods for NPs has been suggested [9].

The toxicity of several metal oxide NPs such as TiO2, ZnO, and
Fe2O3 has been analyzed using different cell lines. A complete
review about this issue has been recently reported [10]. Few studies
on the toxicity of Al-containing particles have so far been pub-
lished. Some articles report micronuclei increase [11], DNA damage
detected by Comet assay [12] and chromosomal aberrations [13]
caused by AlCl3 NPs. In the case of Al2O3 NPs, reports are even more
limited. Rat bone marrow [14] and alveolar macrophages (NR8383)
[15] were used. Lower toxicity of Al2O3 NPs than Al NPs was found.

CHO-K1 cells have also been used as a mammalian cell line
model in several research studies. However there are controver-
sial reports. Theogaraj et al. [16] and Warheit et al. [17] did not find

TiO2 NPs to be genotoxic since they did not observe DNA damage
frequency increase after the chromosomal aberration test in CHO
cells. Conversely, Nakagawa et al. [18], Lu et al. [19], Uchino et al.
[20], and Zhu et al. [21] found toxic effects of TiO2 on this cell line.
However, in some cases NPs used were not characterized.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mmele@inifta.unlp.edu.ar
dx.doi.org/10.1016/j.jhazmat.2009.12.089
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In an attempt to elucidate the causes of the apparently inconsis-
ent results found for TiO2 NPs and to complement scarce previous
nformation on Al2O3 NPs, several end points rigorously and care-
ully performed with previously characterized TiO2 and Al2O3 NPs
ere assayed in CHO-K1 cell line in order to analyze both cyto- and

enotoxic effects. Following this purpose, cytotoxicity was deter-
ined and NPs concentration range free of cytotoxic effects was

dentified in CHO-K1 cells. Afterwards, the analysis of genotoxicity
t this low concentration level (from 1 �g/mL up to the previously
dentified threshold value) was performed.

. Materials and methods

.1. Chemicals

Titanium oxide NPs were purchased from Aldrich (Milwaukee,
I, USA) and aluminium oxide NPs from Sigma–Aldrich (St. Louis,
O, USA). We estimated mean particle diameters and the cor-

esponding errors using transmission electron microscopic (TEM)
mages from commercially available nanoparticles.

Nanoparticle stock suspensions were prepared in phosphate
uffered saline (PBS), vortexed for 10 min and stored at 4 ◦C in the
ark. All other chemicals were of highest quality available.

.2. Characterization of TiO2 and Al2O3 NPs

Shape, size distribution, and specific surface area of TiO2 and
l2O3 NPs were characterized. The first two determinations were
easured with transmission electronic microscopy (TEM) and the

hird one with nitrogen sorption. TEM-pictures were obtained
ith a Hitachi H-7500 microscope operated at 100 kV. Solid sam-
les were dried on the sample holder (Lacey-Carbon, 400 mesh,
.05 mm) and analyzed without further treatment under ultra high
acuum. For nitrogen sorption measurements a Micromeriticas
SAP 2010 adsorption unit was used. Prior to measurement, oxides
ere activated under vacuum at 423 K for at least 2 h. Measure-
ents were performed at 77 K using a static–volumetric method.

he empty volume was determined by He.

.3. Cell culture

Chinese hamster ovary cells (CHO-K1 line) were originally
btained from the American Type Culture Collection (ATCC, CRL
661, Rockville, MD, USA). CHO-K1 cells were grown as monolayers

n Falcon T-25 flasks with Ham F10 culture medium (GIBCO-
RL, Los Angeles, USA) supplemented with 10% inactivated fetal
alf serum (Natocor, Carlos Paz, Córdoba, Argentina), 50 IU/mL
enicillin and 50 �g/mL streptomycin sulfate (complete culture
edium) in a humidified incubator at 37 ◦C and 5% CO2 atmosphere.
hen 70–80% confluence was reached, cells were subcultured

sing 0.25% trypsin–1 mM EDTA (ethylenediaminetetraacetic acid)
n Ca2+–Mg2+ free PBS. Cells were counted in a Neubauer haemocy-
ometer by the exclusion Trypan Blue (Sigma, St. Louis, MO, USA)

ethod.

.4. Cytotoxicity assays

Two methods were used for determining TiO2 and Al2O3 NPs
ytotoxicity in cell cultures since trials with more than one assay
re recommended in order to determine cell viability [22]. These
ethods were the NR uptake assay and the determination of

itochondrial activity with the MTT test. The NR assay is used

o measure the population growth of cultured cells; the NR dye
s taken up by viable cells and transports it to the lysosome.
hese processes require energy as well as intact cellular and lyso-
omal structures. The MTT assay is based on the conversion of
us Materials 177 (2010) 711–718

the tetrazolium salt by mitochondrial succinic dehydrogenases as
marker of cell viability [23]. The tetrazolium ring is cleaved in
active mitochondria, and so the reaction takes place only in living
cells.

2.4.1. Neutral red uptake assay
The neutral red accumulation assay was performed according

to Borenfreund and Puerner [24]. A total of 2.5 × 104 cells/well was
plated in 96-well tissue-culture plates. Cells were treated with dif-
ferent NP concentrations for 24 h at 37 ◦C in 5% CO2 in air. After
treatment, the medium was replaced by a new one containing
100 �g/mL neutral red (NR) dye (Sigma, St. Louis, MO, USA), and
cells were incubated for 3 h. Then, neutral red medium was dis-
carded, cells were rinsed twice with warm (37 ◦C) PBS (pH 7.4)
in order to remove the non-incorporated dye, and 100 �l of 50%
ethanol, 1% acetic acid solution was added to each well to fix the
cells releasing the neutral red into solution. The plates were shaken
for 10 min, and solution absorbance in each well was measured
in a Microplate Reader (7530, Cambridge Technology, Inc., USA)
at 540 nm, and compared with wells containing untreated cells.
Absorbance values were corrected by a blank of NPs (cells treated
with different NP concentrations, not dye-treated). Cell viability
was plotted as percent of control (assuming data obtained in the
absence of NPs as 100%).

2.4.2. MTT (methyl tetrazolium) assay
The MTT assay was carried out following a report previ-

ously published [25]. Briefly, 2.5 × 104 cells/well were seeded in
a 96-multiwell dish, allowed to attach for 24 h, and treated with
different NP concentrations for 24 h. After this treatment, the
medium was changed and cells were incubated with 0.5 mg/mL
MTT (Sigma–Aldrich, St. Louis, MO, USA) under normal culture con-
ditions for 3 h. Cell viability was marked by the conversion of the
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium-bromide) to a colored formazan by mitochondrial
dehydrogenases. Color development was measured photometri-
cally in a Microplate Reader (7530, Cambridge Technology, Inc.,
USA) at 570 nm after cell lyses in DMSO (100 �l/well). Absorbance
values were also corrected by a blank of NPs. Cell viability is shown
graphically as percent of the control values (cells grown in medium
without NPs).

2.5. Sister chromatid exchange (SCE) test and cell cycle kinetics

CHO-K1 cells were cultured with different NP concentrations in
the presence of the 10 �g/mL 5′-bromo-2′deoxyuridine (BrdUrd)
(Sigma, St. Louis, MO, USA) and incubated under complete dark-
ness for 24 h. Two hours before fixation, cells were treated with
colchicine (Sigma, St. Louis, MO, USA) (1 �g/mL final concentra-
tion). Air-dried slides were prepared following routine protocols,
and differential staining of sister chromatides was obtained accord-
ing to Wolff and Perry [26]. Each treatment was repeated twice
and a total of 100 metaphases were scored per treatment (50 per
repetition). Data were expressed as the mean number of SCEs per
cell ± SEM.

On the other hand, a minimum of 100 metaphase cells per treat-
ment were scored to determine the percentage of cells which had
undergone one (M1), two (M2), and three or more mitoses (M3+).
The proliferative rate index (PRI) was calculated for each
experimental point according to the following formula:
PRI = [(%M1) + 2(%M2) + 3(%M3+)]/100, which indicated the average
number of times cells divided in the medium after the addition of
BrdUrd until harvesting [27].
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Fig. 1. Neutral red uptake assay in CHO-K1 cells after 24 h exposure to TiO2 and
Al2O3 nanoparticles. Significant difference at ***p < 0.001.

Fig. 3 shows the results from SCE analysis in CHO-K1 cells treated
with different NP concentrations during two cellular cycles. SCE fre-
quencies observed for 1 and 5 �g/mL TiO2 were significantly higher
than those of control cultures (p < 0.01). At higher TiO2 NP concen-
A.L. Di Virgilio et al. / Journal of Ha

.6. Cytokinesis-block micronucleus (CBMN)

Cytokinesis-block micronucleus technique was performed
ccording to Fenech [28]. Briefly, cells were seeded on coverslips
nd incubated at 37 ◦C for 24 h. Then the medium was changed, and
he NPs were added along with cytochalasin B (4.5 �g/mL). After
4 h, cells were rinsed and subjected to hypotonic conditions with
.075% KCl at 37 ◦C for 5 min, fixed with pure methanol at −20 ◦C
or 10 min. Cells were air-dried, stained with 5% Giemsa solution
nd mounted on slides for microscopic observation. The assay was
arried out three independent times and 1000 binucleated cells per
lide were scored.

.7. Uptake of NPs by CHO-K1 cells and their subcellular
ocalization by TEM

CHO-K1 cells were plated in 24-well plates (4 × 104 cells/mL)
nd incubated at 37 ◦C for 24 h. After this incubation period, cells
ere treated with TiO2 or Al2O3 NPs (50 �g/mL) for 24 h. After incu-

ation, monolayers were rapidly washed three times with serum
ree medium and fixed with 2% glutaraldehyde in 0.1 M sodium
acodylate buffer for 1 h at 4 ◦C. After post-fixation in 2% OsO4 in
.1 M sodium cacodylate buffer for 1 h at 4 ◦C, samples were embed-
ed in epoxy resin, Epon (Serva, Heidelberg, Germany) and ultra
hin sections (60 nm) were obtained by ultramicrotom (Supernova
eichert-J). These sections were stained with 8% uranyl acetate
olution in 0.5% acetic acid, and plumbic citrate. Morphologic char-
cteristics of the cells and the distribution of particles within the
ells were analyzed placing the ultra thin sections on 150 mesh
rids and were then examined by TEM (JEOL JEM 1200 EX II).

.8. Statistical analysis

At least three independent experiments were performed by
riplicate for each experimental condition. Data are expressed as

ean ± SEM. The two-tailed Student’s t-test was used to compare
ooled data from independent experiments as mean values for
CE/cell, MTT, and neutral red data between treated and control
roups. �2 test allowed to obtain cell cycle progression and MN
ata.

. Results

.1. NPs characterization

Shape, diameter distribution, and specific surface area of TiO2
nd Al2O3 NPs were experimentally obtained. TiO2 NPs shape is
omplex while that of Al2O3 is spherical. Hence, an estimation of
he particle size distribution for the latter case was straightforward
i.e. measurement of diameters) while for TiO2 different options
ere available. Among them, we chose the largest length as char-

cteristic dimension. Thus, average particle sizes for TiO2 and Al2O3
ere 20 ± 7 nm and 28 ± 19 nm, calculated from 146 and 153 mea-

urements, respectively (±� error). NPs specific surface area was
alculated by the Brunauer–Emmett–Teller (BET) method from the
itrogen sorption isotherm (TiO2 = 142 m2 g−1/Al2O3 = 39 m2 g−1).

.2. Cytotoxic assay analysis and cell viability

TiO2 and Al2O3 NPs cytotoxicity was assayed in 24 h-exposed
HO-K1 cells. Figs. 1 and 2 show the relationship between cell

iability (as percentage absorbance of control value) and NPs con-
entration. NR uptake assay showed a significant decrease in the
bsorbance up to 25 and 100 �g/mL for TiO2 and Al2O3 respec-
ively (Fig. 1). The strongest effect was observed for TiO2 which
howed 40% absorbance decrease for 100 �g/mL compared with
Fig. 2. MTT assay in CHO-K1 cells after 24 h exposure to TiO2 and Al2O3 nanoparti-
cles. Significant difference at ***p < 0.001.

the control group. A lower decrease was shown by Al2O3 for the
same concentration.

Results from MTT assays are depicted in Fig. 2. In presence of
TiO2 and Al2O3 NPs, a significant absorbance decrease was observed
for concentration values equal to or higher than 5 �g/mL.

3.3. Sister chromatid exchange (SCE) and cell cycle kinetics
analyses
Fig. 3. Sister chromatid exchange (SCE) frequencies in CHO-K1 cells treated with
TiO2 and Al2O3 nanoparticles. Significant difference at **p < 0.01. Data from TiO2 NPs
highest concentration (10 and 25 �g/mL) could not be measured due to cytotoxic
effects.
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ig. 4. CHO-K1 cells exposed to TiO2 (5 g/mL) showing micronucleus induction (see
he arrow).

rations, the absence of metaphases indicated overt cytotoxicity.
n the other hand, cells treated with Al2O3 NPs did not show any

ncrease in SCE frequency.
Cell cycle kinetics was also studied. Results reveal PRI reduc-

ion (although not statistically significant) compared with control
alues at concentrations higher than 10 �g/mL TiO2 and 25 �g/mL
l2O3 NPs.

.4. Micronucleus frequency

MN formation in binucleated cells were observed after treat-
ent with different concentrations of either TiO2 or Al2O3 NPs

0.5, 1, 5, 10 �g/mL) for 24 h. Fig. 4 shows MN formation in CHO-K1
inucleated cells treated with 5 �g/mL TiO2.

Al2O3 NPs induced a dose-dependent response of MN frequency
n the whole range studied, while TiO2 NPs produced a slight
ncrease at 0.5 and 1 �g/mL but no further increase in MN frequency

Fig. 5). At 10 �g/mL TiO2, nuclei (and eventually micronuclei) were
overed by NPs, thus making the observation quite difficult.

ig. 5. Micronucleus induction in CHO-K1 cells after 24 h exposure to TiO2 and Al2O3

anoparticles. Significant difference at *p < 0.05, ***p < 0.001. Data from the highest
oncentration (10 �g/mL) could not be measured due to cytotoxic effects.
us Materials 177 (2010) 711–718

3.5. TEM observations

TEM observations revealed that CHO-K1 cells treated with
50 �g/mL TiO2 or Al2O3 NPs formed intracellular vesicles contain-
ing phagocyted material (Fig. 6). Fig. 6A–C shows TiO2 agglomerates
on both the surface and inside of CHO-K1 cells. Initial changes in the
cell membrane previous to phagocytosis can be observed (Fig. 6C).
Some of the particles were phagocyted by the cell and are included
into a big vesicle. A portion of the plasma membrane is invaginated
and pinched off to form a membrane-bound vesicle. Other NPs are
free in different sites of the cell. It can be observed that all vesi-
cles are present only in the cytoplasm and NPs could not enter into
the nucleus. The nucleus shape is modified in the presence of some
large vesicles which seem to press it. In some cells with many large
vesicles, the membrane was disintegrated.

Al2O3 particle aggregates also induce the formation of vesicles
within the cells. However, these aggregates are smaller than those
formed in the presence of TiO2 NPs (Fig. 6D and E).

4. Discussion

Nanotechnology development leads to the increasing use of
nanomaterials. However, safety considerations such as the risk
assessment of environment and human health have not paralleled
industrial development, and consequently results are scarce [29]. In
the present study, genotoxicity and cytotoxicity of TiO2 and Al2O3
NPs were evaluated in vitro in CHO-K1 cells, which are particularly
sensitive to NPs.

It is worth noting that cellular responses elicited by TiO2
NPs are strongly dependent on NPs surface/mass ratio. Moreover,
NPs toxicity also depends on chemical and structural character-
istics (purity, crystallinity), surface properties (surface reactivity,
adsorbed groups, coatings), solubility, shape, and aggregation [9].
In the same study, 20 nm anatase particles were found to be geno-
toxic while 200 nm did not induce toxicity [10,29]. Thus, the size,
BET results, and TEM observations of the particles were included
in the present work. Unfortunately, these details are not reported
in several other studies and therefore the comparison of findings
results quite difficult [10].

4.1. Evaluation of cytotoxic effects of TiO2 and Al2O3 NPs

Several studies have shown cytotoxic effects of TiO2 NPs on
cancer cell lines as well as cultured human lymphoblastoid cells
[30,31]. Our results show a loss of lysosomal activity by TiO2 and
Al2O3 NPs indicated by a decrease in NR uptake in CHO-K1 cells
in a concentration-dependent manner. The way and quantity of
responses are different: the effect of TiO2 is stronger than that of
Al2O3 NPs and begins at lower concentration. The NR assay showed
a significant difference for 25 �g/mL TiO2 and 100 �g/mL Al2O3
compared with control values. TiO2 cytotoxicity was also deter-
mined by a significant reduction in lysosomal integrity in fish cells
in vitro (RTG-2 cells) over 24 h exposure to 50 �g/mL [32]. Our pre-
vious results [33] with UMR106 showed that these cells are less
sensitive to both Al2O3 and TiO2; NR uptake for the NPs concentra-
tion range assayed in the present work did not show any decrease.

Alteration in the energetic cell metabolism induced by the NPs
was further analyzed by the MTT assay measuring the ability of
mitochondrial dehydrogenases. We found a significant decrease
in MTT dye reduction in cells treated with NPs at low concen-
trations (5 �g/mL either TiO2 or Al2O3). In agreement with our

results, concentration-dependent cytotoxicity was observed in
mouse fibroblasts (L929 cells) treated with TiO2 NPs; slight changes
were found at lower concentrations, and cell viability decreased
drastically at higher concentrations (>6 �g/mL) [34]. Human cells
seem to be less susceptible to NP toxicity than rodent cells; thus,
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ig. 6. TEM microphotographs from CHO-K1 cells exposed to 50 �g/mL TiO2 (A, B,
aterial can be observed (black arrows). N: nucleus. (a) two of the largest vesicles

rrow); (c) the beginning of an endocytosis process seems to be taking place (see arr
e) the limits of some vesicles are not well defined in some cases and seem to be di

o increased cytotoxicity could be observed in human bronchial
pithelial cells exposed to 10 �g/cm2 TiO2 NPs [35] while signifi-
ant cytotoxicity at lower concentrations (under our experimental
onditions 5 �g/mL is equivalent to approximately 2 �g/cm2) is
eported in the present work. Furthermore, Hussain et al. [36]
eported no measurable effect for TiO2 at doses between 10 and
0 �g/mL but significant values at higher doses (100–250 �g/mL)

n rat liver cells. Interestingly, our previous results from MTT assay
ith the same Al2O3 and TiO2 NPs revealed a low but significant

ncrease for 25, 50, and 100 �g/mL in UMR106 cells [33]. Conse-
uently, NPs cytotoxic effect has shown to be concentration- and
omposition-dependent, and to differ from one cell line to another.
esults from MTT assay evidenced toxicity before any effect with
R assay. They can be attributed to the eventual effect of NPs on

itochondria previous to any disruption on lysosomal activity, at

east in CHO-K1 cell line. TiO2 NPs have been suggested to dis-
upt mitochondrial function by the formation of reactive oxygen
pecies (ROS) in several cell types such as brain microglia, bronchial
pithelial cells, and peripheral lymphocytes [37–39].
d 50 �g/mL Al2O3 (D, E) NPs for 24 h. Intracellular vesicles containing phagocyted
to be coalescing (see arrow); (b) vesicles press the nucleus which is deformed (see
d) less compact aggregates of Al2O3 than those of TiO2 can be observed (see arrow);

Oxidative stress is defined as the disturbance in the
prooxidant–antioxidants balance in favor of the prooxidant, lead-
ing to potential damage [40]. NPs can generate ROS through the
interaction of the surface area with target cells. Moreover, oxidative
stress produced by NPs inside the cell is well correlated with the BET
surface area and NPs internalized amount [29]. Radicals produced
under oxidative stress conditions induce a variety of lesions in DNA
including strand breaks [41]. SCE induction has been also correlated
with primary DNA damage [42]. The present report shows a low but
significant increase in SCE frequencies only in those cells exposed to
TiO2 NPs; however Al2O3 NPs show no induction. This TiO2 NPs SCE
induction could be attributed to the wide surface area (three-fold
higher than in Al2O3 NPs).
4.2. TEM observations

TEM observations revealed that NPs were present in the cell
surroundings. These results agree with those from recent reports
showing similar behavior for similar NPs. However, aggregates are
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onsidered to be able to maintain the large surface/mass ratio and
ther characteristics of individual NPs [43].

Interestingly, TEM observations showed the formation of cellu-
ar vesicles in CHO-K1 cells after treatment with both NPs during
4 h. Shape of the cells and their nuclei seemed to be altered in
resence of the vesicles. Cells turned more globular, their nuclei
ere pressed by the vesicles and their form was apparently mod-

fied. However, these effects could be the result of pre-treatments
arried out to prepare samples for TEM observations. In accordance
ith flow cytometric analyses performed in mammalian cells with

iO2 NPs [29], TEM microphotographs showed that the vesicles
ith individual particles and aggregates remained in the cytoplasm

ut not in the nucleus. This phenomenon was also observed for
ascular endothelial cells treated with metal oxide NPs [44] and
uman pneumocytes [45]. Several types of NPs internalized into
ells are often found within intracellular vesicles. Different mech-
nisms including phagocytosis, pinocytosis, or receptor-mediated
ndocytosis may induce the process of internalization also known
s endocytosis. Ruan et al. [46] reported the formation of quan-
um dots-containing vesicles by macropinocytosis. This process
s a fluid-phase endocytosis mechanism which occurs when NPs
ind to negatively-charged cell membranes. Moreover, those par-
icles that can enter the cells via the receptor-binding pathway
ould form circles of different size in the cytoplasm [47]. On the

ther hand, NPs uptake induced by simple pinocytosis could lead
o the formation of clusters in the vesicle [48]. According to TEM

icrographs, both types of NPs studied in this work formed NPs
ggregation inside the vesicles and their internalization in lyso-
omal bodies arranged in perinuclear fashion, phenomenon that
ight be due to pinocytosis.
Consequently, the incorporation of NPs around the cells through

ndocytosis pathways during the first 24 h exposure could have dis-
upted lysosomal and mitochondrial activities. These events may
robably induce a slowdown in the cell cycle (and thus in the pro-

iferation rate index) and a decrease in cell viability.
We have previously reported a concentration-dependent inhi-

ition of cell division in UMR106 cells treated with TiO2 and Al2O3
Ps [33] although this cell cycle delay occurred after longer expo-

ure periods. Our findings after TEM analysis also revealed the
ormation of cellular vesicles in UMR106 cells after treatment with
oth NPs during 24 h.

Commercially available NPs as those used in this work show
ifferent diameters with average values of 20 ± 7 and 28 ± 19 nm.
ellular response has been shown to depend on particles size. An

nteresting study by Gratton et al. [49] employed a top-down par-
icle production technique to generate micro- and nano-hydrogel
articles (with complete control of size, shape and surface) and
ela cells in their experiments. Their findings suggest that particles

nternalization is dependent on their size. Similarly, Chithrani and
han [50] also reported that the mechanism of cellular uptake and
emoval of protein-coated gold nanoparticles depends on their size
nd shape as well as on the cell line used in the test. In this regard,
ur previous results showed a different response between UMR106
nd CHO-K1 cells exposed to the same NPs. However, human cells
eem to be less susceptible to particle toxicity than rodent cells.

.3. Genotoxic effects of TiO2 and Al2O3 NPs

Our results evidenced genotoxic effects on CHO-K1 cells
xposed to TiO2 and Al2O3 NPs. These findings are in agreement

ith previous studies demonstrating nanoparticle increased MN

requencies in cultured lymphoblastoid cells [31] and Syrian ham-
ter embryo fibroblasts [51]. Moreover, significant induction of
ister chromatid exchanges and MN was observed in CHO-K1 cells
fter exposure to TiO2, even when not nanosized [19].
us Materials 177 (2010) 711–718

MN formation in CHO-K1 cells exposed to TiO2 and Al2O3 NPs
was also observed in the present study. Cells exposed to TiO2-
induced genetic damage at concentrations as low as 0.5 �g/mL in
the MN assay. At higher concentration (>10 �g/mL), we could not
find second-generation metaphases in the SCE assay. Additionally,
the MN assay showed an inverted U-shape response revealing that a
considerable number of cells had been affected by cytotoxic effects.
In accordance, for the same concentration range, we found a relative
increase in M1 cells and a fall in M2 cells (reduction of PRI, although
not statistically different). Wang and co-workers [31] reported that
cell division is inhibited after long exposure to TiO2 NPs and that
cytotoxicity may be due to transient inflammatory reactions. TiO2-
induced MN has been shown as the result of clastogenic events
[51] since no significant increase in the kinetochore positive MN
could be observed compared with unexposed control SHE fibrob-
last samples. The micronucleus can also be induced by chemicals
that disrupt the mitotic spindle [52]. It has been suggested that the
formation of MN may be due to physical disturbance of the particles
around the mitotic apparatus [53]. Hence, the physical presence
of large NPs aggregates might have affected the division process
in these cells leading to chromosome loss rather than chromo-
some rupture. Findings on the lack of chromosome breakage were
reported in CHO-WBL cells after treatment with different forms of
rutile and anatase ultrafine TiO2 particles, suggesting an aneugenic
effect [16].

We shall now analyze our positive genotoxic results in the con-
text of other reports. Bhattacharya et al. [35] demonstrated that
TiO2 NPs generated high levels of DNA adduct formation (detection
of 8-hydroxyl-2-deoxyguanosine), probably due to the analysis of
intra- and acellular ROS generation. Gurr et al. [54] have shown
that TiO2-NPs induce hydrogen peroxide and nitric oxide gener-
ation leading to lipid peroxidation and oxidative DNA damage in
lung epithelial cells. Kang et al. [39] have observed the activation of
DNA damage check-points and p53 up-regulation along with DNA
damage caused by ROS generation by these nanoparticles in periph-
eral blood lymphocytes. Previous hypotheses could explain how the
results here presented show that the particles induce genotoxicity
if they do not enter the nucleus.

It is worth noting that Theogaraj et al. [16] did not find any
increase in chromosomal aberration frequencies with TiO2 NPs in
CHO-K1 cell line in the presence or absence of UV radiation. How-
ever, exposure to NPs was too short (3 h). Similarly, Warheit et al.
[17] did not show genotoxicity for this cell line after 4 h in activated
condition using 65, 125, and 250 �g/mL TiO2 NPs. Conversely, and
in agreement with our results, Lu et al. [19] reported increased
MN and SCE frequencies for 24 h exposure at concentrations as
low as 5 �M (ca. 0.4 �g/mL). Zhu et al. [21] also observed a dose-
dependent cytotoxic effect at 25–325 �g/mL concentration range
for 24 h exposure. Consequently, former reports are not conflicting
with the latter ones or results here presented, since 3 and 4 h expo-
sure periods may not be long enough to detect genotoxic effects,
indicating that the response is also dependent on the exposure
time. Accordingly, general inference about NPs cytotoxicity and
genotoxicity should not be solely based on assays of short exposure
periods.

Our overall results showed the ability of two metal oxide NPs to
induce both genotoxicity and cytotoxicity in vitro. Both NPs (Al2O3
and TiO2) were found inside the cells forming vesicles, indepen-
dently of their composition, but different sensitivity to each of them
was observed. However, none of them entered the nucleus as in
the case of gold particles of similar size [47]; this suggests that

they express different modes on intracellular motility and enter
mechanisms depending on the surface composition and size. We
previously tested identical NPs with UMR106 cells with dissimilar
results [33] revealing that the toxic response is strongly dependent
on the cell line employed. Comparison with other reports showed
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hat cytotoxic and genotoxic responses in CHO-K1 cells also depend
n the exposure period. Further studies are required in order to
nalyze the mechanisms behind the effects observed.
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