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a  b  s  t  r  a  c  t

Titanium  dioxide  (TiO2) is  active  in  the  UV region  of  the  light  spectra  and  is  used  as  a photocatalyst
in  numerous  applications.  Photo-activated  anatase  TiO2 particles  promote  increased  production  of  free
radicals. This  is a desirable  property,  although  the  potential  toxicity  of such  photo-activated  TiO2 particles
on exposure  of  humans  and  the  environment  remains  unknown.  Therefore,  we studied  whether  pre-
irradiation  of TiO2 particles  with  UV  influences  their cytotoxic  and  genotoxic  potential.  The  TiO2 particles,
as  TiO2-A  (<25  nm)  and  TiO2-B  (>100  nm),  were  UV  pre-irradiated  (24  h)  and  tested  for  cytotoxic  and
genotoxic  activities  in  human  hepatoma  HepG2  cells.  Non-irradiated  TiO2-A/B  at  1.0–250  �g/ml  did  not
ytotoxicity
enotoxicity
hotocatalytic
epG2 cells

reduce  viability  of HepG2  cells,  nor  induce  significant  increases  in  DNA  strand  breaks;  only  TiO2-A  induced
significant  increases  in  oxidative  DNA  damage.  After UV  pre-irradiation,  both  TiO2-A and  TiO2-B  reduced
cell  viability  and induced  significant  increases  in  DNA  strand  breaks  and  oxidative  DNA  damage.  This is
the first  study  that  shows  that  UV  pre-irradiation  of anatase  TiO2 particles  results  in increased  cytotoxic
and  genotoxic  potential.  This warrants  further  studies  as  it has  important  implications  for  environmental
and  human  health  risk  assessment  and  preventive  actions  to  limit  human  exposure.
. Introduction

Titanium dioxide (TiO2) is widely used as a white pigment in
he production of paints, paper, ceramics, and as a food additive
1–4]. It is inexpensive, relatively stable chemically, and strongly
bsorbs UV light. TiO2 is believed to be safe for use: in early stud-
es, submicron-sized TiO2 particles (>100 nm)  were classified as
armless [5,6]. However, safe use of TiO2 nanoparticles (NPs) is
uestionable, as there have been reports from the literature of
otential toxicity, with oxidative stress as the main toxicity mech-
nism [4,7–11].

Under UV light irradiation the physical properties of TiO2
hange, as UV activates its photocatalysis. TiO2 is the most investi-
ated photocatalyst system and it has been shown to promote the
ecomposition of a variety of organic and inorganic compounds,
hich implies potential applications in sterilisation, sanitation,
nd pollution remediation [12,13]. Materials coated with TiO2 are
lready in use, and they show self-cleaning, anti-fogging, and anti-
acterial properties [14].
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The basic principle of semiconductor photocatalysis involves
photon-generated electrons (e−) and holes (h+) that migrate to the
surface and serve as redox sources that react with adsorbed reac-
tants, which leads to the destruction of pollutants [15]. The photo-
catalytical properties of TiO2 depend on the crystalline structure,
particle size and specific surface area. Since the anatase crystalline
structure has the highest photocatalytic activity, it is the most com-
monly used form of TiO2 for such purposes [12,13]. Particle size is
also an important parameter for catalysis in general, as it directly
impacts on the specific surface area of a catalyst. With smaller par-
ticle sizes, the numbers of active surface sites increase, as does the
surface charge-carrier-transfer rate in photocatalysis [15]. Due to
this, TiO2 NPs represent better photocatalyst material than larger,
submicron-sized TiO2 particles, so TiO2 NPs are increasingly used
nowadays instead of larger TiO2 particles [2,3]. As photocatalytic
activation changes the properties of TiO2 towards a greater gener-
ation of reactive oxygen species (ROS), it is likely that this will also
change its toxicity potential. Many studies have shown that TiO2 is
toxic only in the presence of UV irradiation [16,17], and that in the
presence of UV irradiation the toxicity of TiO2 is higher than in the
dark [18–21].  However, in all of the studies published to date, cells

were simultaneously exposed to UV irradiation and TiO2, and there-
fore toxic or genotoxic effects of the UV irradiation alone cannot
be excluded. Indeed, it is well known that UV irradiation is geno-
toxic through direct photochemical reactions with DNA, while also

dx.doi.org/10.1016/j.jhazmat.2011.09.004
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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aving indirect genotoxic effects that occur through the produc-
ion of ROS by photosensitisation of biological molecules other than
NA [22,23], which can all lead to cell mutations or cell death [24].

To exclude the cytotoxic and genotoxic effects of UV irradia-
ion per se,  we compared the cytotoxic and genotoxic potential
f non-irradiated and UV pre-irradiated anatase TiO2 particles
n an experimental model of human hepatoma HepG2 cells. We
sed two sizes of anatase TiO2 particles, as TiO2-A (<25 nm)
nd TiO2-B (>100 nm). The effects of non-irradiated and UV pre-
rradiated TiO2 particles on cell viability were determined using

 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTT) assay. Induction of DNA damage was determined with a
omet assay, and induction of oxidative DNA damage with a modi-
ed version of the comet assay with the lesion-specific DNA-repair
nzyme formamidopyrimidine-DNA glycosylase (Fpg), which con-
erts oxidised purines to apurinic sites and strand breaks [25].

. Materials and methods

.1. Chemicals

MTT, tert-butyl hydroperoxide, benzo(a)pyrene, and dimethyl
ulphoxide were all obtained from Sigma–Aldrich (USA). The Fpg
nzyme was a gift from Dr. Andrew R. Collins (Department of Nutri-
ion, University of Oslo, Oslo, Norway).

.2. Characteristics of TiO2 nanoparticles

We used two commercial anatase TiO2 particles from
igma–Aldrich (USA), which we abbreviate as TiO2-A (Cat. No.
37254: anatase; particle size <25 nm;  surface area 200–220 m2/g)
nd TiO2-B (Cat. No. T8141: anatase; no data provided about
ize and specific surface area). Their sizes, specific surface areas,
eta-potentials and phase compositions were determined experi-
entally.
The sizes and morphologies of TiO2 particles were examined by

eld-emission-gun scanning electron microscopy (FEG-SEM) with
 JEOL 7600 F instrument, and transmission electron microscopy
TEM) with JEM 2010F and JEOL instruments. The phase composi-
ion of the particles was verified by X-ray diffraction (Bruker AXS
4 Endeavor) using CuK� radiation, and the average crystallite size
as calculated according to the Scherrer formula [26]. The spe-

ific surface areas were determined by gas adsorption using the
ET method (Gemini 2370, Micromeritics). Zeta-potentials were
easured before and after UV irradiation, in 3 wt.% suspensions

n distilled water and in cell-growth medium, by the electroki-
etic sonic amplitude (ESA) technique, using a ZetaProbe device
Colloidal Dynamics, USA).

.3. TiO2 particles, stock-solution and treatment-media
reparation

The UV pre-irradiation of the TiO2-A and TiO2-B particles (dry,
ithout mixing) was performed by 24 h irradiation in a UV cham-

er (I-265 CK UV, Kambič Laboratory Equipment) as a simulated
un spectrum with Osram UV bulbs without UVC (ULTRA VITALUX,
00 W,  wavelength >290 nm). The stock suspensions were pre-
ared immediately after the end of the UV irradiation of TiO2
articles (within 15 min  maximum). Afterwards, the procedure
as the same for the non-irradiated and UV-irradiated TiO2 par-

icles. For both non-irradiated and UV-irradiated TiO2 particles,
he stock suspensions were prepared at 10 mg/ml  in PBS. These

ere sonicated for 30 min  in an ultrasonic bath (Sonorex, Bandelin

lectronic, Germany) at a frequency of 60 kHz, to ensure uniform
uspension. These stock suspensions were subsequently diluted
n cell-growth medium, to final concentrations from 1 �g/ml to
 Materials 196 (2011) 145– 152

250 �g/ml. These samples were then sonicated for 30 min, to pro-
duce non-agglomerated suspensions, before addition to the cells in
culture. The time from the end of the UV irradiation and the cell
treatment was 1 h maximum.

During the experimental work, illumination of the particles was
avoided as much as possible (using aluminium foil to wrap the
tubes); however, the experiments were not conducted in complete
darkness. During the exposure of the cells to the TiO2-A and TiO2-
B, the incubations were kept in complete darkness in a 5% CO2
incubator at 37 ◦C.

2.4. Cell culture

The HepG2 cells were obtained from the European Collection
of Cell Cultures (UK) and they were grown as described previously
[10].

2.5. Determining cytotoxicity: the MTT assay

Cytotoxicity was  determined with the MTT  assay according to
Mosmann [27], with minor modifications [28]. This assay measures
the conversion of MTT  to insoluble formazan by dehydrogenase
enzymes of intact mitochondria of living cells. The HepG2 cells
were seeded into 96-well microplates (Nunc, Naperville, USA) at
a density of 40,000 cells/ml, and incubated for 20 h at 37 ◦C for
their attachment. The cell-growth medium was then replaced by
fresh medium containing 0, 1, 10, 100 or 250 �g/ml TiO2-A or TiO2-
B, and incubated for 4 h, 24 h and 48 h. Each experiment included
negative control (cell-growth medium) and positive control (5 �M
CdCl2). The protocol was  continued as described previously [28].
Cell survival was  determined by comparing the optical density of
the wells containing the TiO2-A/TiO2-B treated cells with those of
the negative control. Five replicates per concentration and three
independent experiments were performed. Student t-tests were
used to analyse the differences between treated and control cells;
p < 0.05 was considered as statistically significant.

2.6. Determining genotoxicity: the classical and modified comet
assays

The HepG2 cells were seeded at a density of ca. 60,000 cells/ml
into 12-well microtitre plates (Corning Costar Corporation, USA).
After incubation at 37 ◦C in 5% CO2 for 20 h to allow the cells to
attach, the cell-growth medium was  replaced with fresh medium
containing 0, 1, 10, 100 or 250 �g/ml TiO2-A or TiO2-B, and further
incubated for 2 h, 4 h and 24 h. Each experiment included negative
control (cell-growth medium) and positive controls (0.3 mM tert-
butyl hydroperoxide and 50 �M benzo(a)pyrene). At the end of this
treatment, the cells were harvested and DNA damage was deter-
mined by the protocol of Singh et al. [29], with minor modifications
[30]. The level of oxidised purines was determined with a modified
comet assay, as described by Collins et al. [25], with minor modifi-
cations [30]. Three independent experiments were performed for
each of the treatment conditions. Percentages of tail DNA were used
to measure the levels of DNA damage. One-way analysis of vari-
ance (ANOVA, Kruskal–Wallis) was  used to analyse the differences
between the treatments within each experiment. Dunnet’s tests
were used for comparing median values of percentage tail DNA;
p < 0.05 was considered as statistically significant.

3. Results
3.1. Characterisation of TiO2-A and TiO2-B

The general characteristics of the particles examined are sum-
marised in Table 1, and their morphology is illustrated in Fig. 1. It
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Table 1
Characteristics of the TiO2 particles used in this study.

TiO2-A TiO2-B

Supplier information (Sigma–Aldrich) Nanoparticle, anatase crystalline
structure, particle size <25 nm

Particle, anatase crystalline structure

Analysis of particles, as-received (technique used, units)
Specific surface area (BET, m2/g) 129.3 8.6
Crystallite size within the agglomerates/aggregates (XRD, nm) 18 105
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Agglomerates/aggregates size (FEG-SEM, �m)  ∼
Particle shape (TEM) E
Crystal structure (XRD) A

s evident from Fig. 1A, C, and E that TiO2-A is composed of smaller,
ut more aggregated (firmly compacted), primary particles (crys-
allites), compared to TiO2-B (Fig. 1B, D, and F). As illustrated in
he TEM in Fig. 1E and F, the crystallites of TiO2-A are elongated,
hile crystallites of TiO2-B, are spherical. The TiO2-B particles
ppear granulated, i.e. compacted into ca. 50 �m soft agglomer-
tes (Fig. 1B), which prevents the crystallites from free flowing.
ue to the larger size of the TiO2-B crystallites, the specific surface
rea of TiO2-B is significantly lower than that of TiO2-A. However,

Fig. 1. FEG-SEM images of the TiO2-A (A and C) and TiO2-B (B and D) particles, and co
∼50
ed crystallites Spherical crystallites

Anatase

as the specific surface area is measured in gas, it does not neces-
sarily reflect the properties in liquid. In suspension, the granules
of the TiO2-B particles de-agglomerate and disperse, which signifi-
cantly affects its colloidal behaviour. In both cases, X-ray diffraction
confirms the anatase crystal structure (Fig. 2), although for the

TiO2-A particles the peaks are broadened due to the very small
crystallite size. The average crystallite sizes calculated accord-
ing to the Scherrer formula are 18 nm for TiO2-A and 105 nm for
TiO2-B.

rresponding TEM images (E and F, respectively) (note: low magnification in B).
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Fig. 2. X-ray diffractogram of the TiO2-A and TiO2-B particles (all of the peaks cor-
respond to anatase TiO2).

Table 2
The properties of the as-received TiO2 particles in suspensions (3 wt.% solids).

Property, as-prepared TiO2-A TiO2-B

pH of aqueous suspension 6.5 7.8
Zeta-potential in water at pH 7 (mV) −20 −98
Electrical conductivity (mS/cm) 0.20 0.10
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Iso-electric point in water 6.9 1.4
Zeta-potential in medium (mV) −8.7 −13.5
Stability of aqueous suspension Fast sedimentation Stable for days

As stated above, in addition to the characteristics of the parti-
les as-received, their behaviours in liquids are also highly relevant.
s given in Table 2, the particles examined revealed significantly
ifferent behaviours when mixed into water. The first observation

s the difference in the pH of the suspensions at 3 wt.% solids: the
atural pH of TiO2-A was 6.5, while for TiO2-B it was  7.8, which

ndicates different chemical compositions of the surface layers of
he particles. This is also reflected in the large differences in elec-
rical conductivities and iso-electric points, and in particular in the
bsolute values of the zeta-potentials at pH 7; the absolute values
f the zeta-potentials were higher for TiO2-B (−98 mV)  than for
iO2-A (−20 mV), which reflected the higher stability of the TiO2-B
uspensions than those of TiO2-A. It is worth noting that the electri-
al conductivities increased and the zeta-potentials decreased with
ime, which indicates a degree of solubility of the particles.
As illustrated in Fig. 3, the highly negative surface charge of
iO2-B in aqueous suspension appears within a wide pH range.
n the range of physiological pH values, the TiO2-B particles
re consequently well dispersed and the suspension is stable,

ig. 3. Zeta potential of the TiO2-A and TiO2-B particles in water and in cell-growth
edium (as indicated), as a function of pH.
 Materials 196 (2011) 145– 152

while conversely, TiO2-A flocculates around pH 7 (near its iso-
electric point), which explains the observed poor dispersibility
and fast sedimentation of TiO2-A. It is also evident, that TiO2-A is
positively charged under acidic conditions. The opposite surface
charges of these particles imply a tendency for binding to different
biomolecules. This difference for TiO2 particles with regard to their
surface charges was also reported by Liao et al. [31].

The wide differences in zeta potentials for the TiO2-A and TiO2-
B particles in aqueous suspensions are largely lost in cell-growth
medium (Fig. 3). The absolute zeta potential value in cell-growth
medium is −8.7 mV  and −13.5 mV  for TiO2-A and TiO2-B, respec-
tively. This will be due to the high ionic strength of the cell-growth
medium, as a consequence of the high concentrations of proteins
and electrolytes.

We  also determined whether the properties of the particles
change during the 24 h of UV irradiation; here, the changes were
insignificant and the morphology remained unchanged. The only
change noted was  the change in the conductivity and zeta poten-
tial of the suspension of the TiO2-A particles: their conductivity
decreased from 0.19 mS/cm before irradiation, to 0.135 mS/cm
after irradiation, and their zeta potential increased from 19 mV to
25 mV.  These findings suggest the presence, and the UV-induced
degradation, of organic molecules on the surfaces of the particles
as-received, which affect the behaviour of the suspensions.

Hence, although both of these particle types have the same
chemistry (TiO2) and crystal structures (anatase), they appeared
different not only in crystallite size, but also in other chemical
and physical properties that probably arise from their different
synthetic routes. This can, in turn, affect their bioavailability and
toxicity.

3.2. MTT  assay

Survival of the HepG2 cells treated with non-irradiated and UV
pre-irradiated TiO2-A and TiO2-B was determined using the MTT
assay. The HepG2 cells were exposed to 0, 1, 10, 100 and 250 �g/ml
non-irradiated or UV pre-irradiated TiO2-A and TiO2-B for 4 h, 24 h
and 48 h in the dark.

Exposure of the HepG2 cells to non-irradiated TiO2-A and TiO2-B
for up to 48 h did not affect their viability (Fig. 4). On  the con-
trary, UV pre-irradiated TiO2-A and TiO2-B significantly (p < 0.05)
decreased the viability of the HepG2 cells at the highest two  doses
(100 and 250 �g/ml), which was already evident after 4 h expo-
sure to UV pre-irradiated TiO2-A and TiO2-B, and became even
more pronounced during the prolonged exposure for 48 h to TiO2-A
(Fig. 4A–C) and TiO2-B (Fig. 4D–F).

3.3. Induction of DNA strand breaks and oxidative DNA damage:
classical and modified comet assays

The extent of DNA strand breaks after exposure of the HepG2
cells to non-irradiated and UV pre-irradiated TiO2-A and TiO2-B for
2 h, 4 h and 24 h was  determined using the classical comet assay.

Exposure of the HepG2 cells to non-irradiated TiO2-A induced
a significant (p < 0.05) increase in DNA strand breaks at 250 �g/ml
after 2 h, 4 h and 24 h (Fig. 5A–C). Exposure to UV pre-irradiated
TiO2-A for 2 h resulted in a significant (p < 0.05) increase in the level
of DNA strand breaks at concentrations above 10 �g/ml (Fig. 5A),
although after 4 h exposure, the increase was  significant (p < 0.05)
only at 250 �g/ml (Fig. 5B), while after 24 h exposure, significant
(p < 0.05) increases were seen for both 100 �g/ml and 250 �g/ml
(Fig. 5C).
In cells exposed to non-irradiated TiO2-B for 2 h, the levels
of DNA strand breaks were not significantly increased (Fig. 5D);
however, with the longer exposure of 4 h and 24 h, there was a sig-
nificant (p < 0.05) increase in DNA strand breaks compared to the
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Fig. 4. The effects of non-irradiated and UV pre-irradiated TiO2-A and TiO2-B on the viability of HepG2 cells, as indicated: after 4 h (A and D), 24 h (B and E) and 48 h (C and
F positi
e nt t-te

r
t
d
a

F
D
t
t

).  Cell viability was measured using the MTT  assay, as described in Section 2. PC, 

xperiments (each with five replicates). *p < 0.05, treated versus control cells (Stude
elevant controls (Fig. 5E and F). With the exposure of the cells
o UV pre-irradiated TiO2-B, there were significant (p < 0.05) dose-
ependent increases in the level of DNA strand breaks at 100 �g/ml
nd 250 �g/ml at all times of exposure (Fig. 5D–F).

ig. 5. The effects of non-irradiated and UV pre-irradiated TiO2-A and TiO2-B on inductio
)  and 24 h (C and F). DNA damage was assessed using the comet assay, as described in

reatments, and 50 benzo(a)pyrene for 24 h treatments. Data are means ± SD from three 

reated versus control cells (ANOVA, Kruskal–Wallis with Dunnet’s post test).
ve control of 5 �M CdCl2 treatment. Data are means ±SD from three independent
st).
The induction of oxidative DNA damage was studied with a mod-
ified comet assay with the purified Fpg enzyme (see Section 2) that
recognises and excises oxidised purines, which are indicative of
DNA strand breaks (Fpg-sensitive sites).

n of DNA strand breaks in HepG2 cells, as indicated: after 2 h (A and D), 4 h (B and
 Section 2. PC, positive control of 0.3 mM (tert-butyl hydroperoxide for 2 h and 4 h
independent experiments, with 50 cells analysed per experimental point. *p < 0.05,
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ig. 6. The effects of non-irradiated and UV pre-irradiated TiO2-A and TiO2-B on in
)  and 24 h (C and F). The modified comet assay was  performed as described in Sect

In the HepG2 cells exposed to non-irradiated TiO2-A, there
ere time-dependent increases in formation of Fpg-sensitive

ites, which reached significance (p < 0.05) at 2 h exposure with
50 �g/ml (Fig. 6A), at 4 h exposure with 100 �g/ml and 250 �g/ml
Fig. 6B), and at 24 h exposure with concentrations above 10 �g/ml
Fig. 6C). In the cells exposed to UV pre-irradiated TiO2-A there were
ignificant (p < 0.05) dose-dependent increases in Fpg-sensitive
ites at all times of exposure (2 h, 4 h and 24 h) and at all applied
oncentrations (Fig. 6A–C). From these data, it can also be seen that
V pre-irradiated TiO2-A induced higher levels of Fpg-sensitive

ites than non-irradiated TiO2-A.
Exposure of the HepG2 cells for up to 24 h to non-irradiated

iO2-B induced significant (p < 0.05) increases in Fpg-sensitive sites
nly after 2 h of exposure at 250 �g/ml (Fig. 6D–F). On the other
and, exposure of the HepG2 cells to UV pre-irradiated TiO2-B

nduced significant (p < 0.05) increases in Fpg-sensitive sites after
 h and 4 h exposure at all of the concentrations tested (Fig. 6D
nd E), while after 24 h exposure there were significant increases
t concentrations above 10 �g/ml (Fig. 6F). From these data we can
ee that UV pre-irradiated TiO2-B induced much higher levels of
pg-sensitive sites than non-irradiated TiO2-B.

The levels of oxidative DNA damage induced after 2 h and 4 h
xposure by UV pre-irradiated TiO2-B (Fig. 6D and E) was lower
han that induced by UV pre-irradiated TiO2-A (Fig. 6A and B),
hile after 24 h exposure, the levels of oxidative DNA damage were

omparable (Fig. 6C and F).

. Discussion

Due to the numerous applications of TiO2 photocatalysis,
uman and environmental exposure to photo-activated TiO2 par-

icles is very likely. However, to our knowledge, to date, no studies
ave addressed the possibility that photo-activated TiO2 might also
ave greater reactivity, and consequently greater toxicity, after
he UV irradiation has been discontinued. In the present study, we
n of Fpg-sensitive sites in HepG2 cells, as indicated: after 2 h (A and D), 4 h (B and
 All further details as for legend to Fig. 5.

compared the toxic effects of non-irradiated and UV pre-irradiated
anatase TiO2 particles of different average particle sizes, TiO2-A
(18 nm)  and TiO2-B (105 nm), in the experimental model of HepG2
cells. We  showed that the toxic potential of these TiO2 particles
after UV pre-irradiation is drastically increased not only for the
TiO2-A NPs, but also for submicron-sized TiO2-B particles. Non-
irradiated TiO2 particles did not affect survival of the cells, even
at relatively high concentrations and after long times of exposure
(48 h), which is in agreement with a number of other studies, for
TiO2 NPs [9,16,17,32–35],  as well as for submicron-sized TiO2
particles [4–6,35]. Conversely, UV pre-irradiated TiO2 particles of
both sizes significantly decreased HepG2 cell viability at all times
of exposure, and after UV pre-irradiation their genotoxic potential
also increased.

Many studies in the literature have suggested that TiO2 particles
larger than 100 nm are biologically inert [5,6,36], while TiO2 NPs
show greater cytotoxic and genotoxic potential. There is a general
hypothesis that the smaller the particle is, the higher the potency
it has to induce toxicity in the absence of photo-activation, which
has been confirmed in various cell types [4,32,37–39]. However,
in the present study, the coarser particles, TiO2-B, non-irradiated
and UV pre-irradiated, induced similarly high levels of DNA strand
breaks in HepG2 cells as the TiO2-A NPs. Although the primary crys-
tallites in TiO2-B particles are larger than in TiO2-A, the genotoxic
effects of the TiO2-B particles can be explained by their colloidal
behaviour. We  showed that the two TiO2 particles used in this
study behave significantly differently in water, while the differ-
ences observed in cell-growth medium are relatively small. It is
likely that not only crystallite size, but especially the form of the
particles (strongly aggregated or softly granulated) and its colloidal
properties (zeta potential, dispersibility) will influence their bio-
logical effects. The zeta potential and also the dispersibility of the

TiO2-B particles are much higher and might increase its bioavail-
ability, and hence its induction of DNA damage. On the other hand,
oxidative DNA damage was induced by non-irradiated TiO2-A, but
not TiO2-B, which is most probably a consequence of the observed
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ifference in size of the crystallites (18 nm for TiO2-A, and 105 nm
or TiO2-B) and the specific surface areas (129.3 m2/g for TiO2-A,
nd 8.6 m2/g for TiO2-B). Although TiO2-A particles are agglomer-
ted and aggregated, some of them are still free, and because of
heir small size and larger specific surface area, they are more reac-
ive and cause more damage than larger TiO2-B particles. Gurr et al.
4], who studied the same particles as in the present study in terms
f TiO2-B (Sigma T8141), showed that without UV irradiation, these
iO2 particles did not induce oxidative stress, while anatase TiO2
Ps (10 and 20 nm)  did. They also measured the particle sizes in
ell-growth medium and found that TiO2 NPs produced aggrega-
ions of 1000 nm in diameter, while the >100 nm particles showed
o aggregation, which is in agreement with our observations here.
nother possible explanation is the different chemical composi-

ions of the surface layers of the particles that were indicated by
he difference seen in the natural pH of the two  particles. In addi-
ion, a decrease in the zeta potential and an increase in conductivity
ver time indicate a degree of solubility of the particles.

However, after UV irradiation, TiO2-A and TiO2-B resulted in
igher and comparable oxidative DNA damage, because the photo-
atalytic effects predominate now, such that their toxic potential
s not significantly different any more. As already mentioned, a
umber of studies have shown that in the presence of UV irradi-
tion TiO2 is more cytotoxic and genotoxic than in the absence
18–21,40–43]. Nakagawa et al. [16] studied genotoxicity of anatase
nd rutile nano-sized and submicron-sized TiO2 in the presence and
bsence of UV irradiation using several in vitro genotoxicity assays
a comet assay and cell mutation assay with mouse lymphoma
ells, a microbial mutation assay with Salmonella typhimurium,
nd a chromosomal aberration assay with Chinese hamster cells).
ithout UV irradiation, the nano-sized and submicron-sized TiO2

articles showed little or no genotoxicity, while in combination
ith UV irradiation, the TiO2 particles showed significant geno-

oxicity, with nano-sized anatase TiO2 as the most potent. Similar
esults were obtained in a study by Reeves et al. [17], who in a test
ystem with goldfish skin cells showed that anatase TiO2 NPs alone
o not affect cell viability, although they do cause oxidative DNA
amage. The combination of TiO2 NPs with UV showed a significant
ose-dependent decrease in cell viability and further increases in
xidative DNA damage. They also showed that the toxic/genotoxic
ffects they observed were most likely due to the formation of
ydroxyl radicals. Similar findings were reported by Uchino et al.
19] in a test system with Chinese hamster ovary cells. They also
bserved that UV irradiation of anatase TiO2 NPs produced larger
umbers of hydroxyl radicals in comparison to rutile TiO2 NPs. The
onclusion from all of these studies was that photo-activated TiO2
s more toxic than non-photo-activated TiO2. However, in these
tudies in which simultaneous exposure of cells to UV and TiO2
as used, it is not possible to exclude any contributions of the UV

rradiation per se to the increased toxic effects observed.
Our study has several implications that need to be considered in

he future evaluation of the potential toxicity of TiO2 particles. The
rst and most important is related to our finding that irrespective
f the particle size, photo-activated anatase TiO2 particles retained
levated reactivity even after the termination of UV exposure. This
as seen as greater cytotoxicity and genotoxicity, and in particu-

ar, oxidative DNA damage. Among the mechanisms responsible for
bserved toxic effects, the generation of ROS after UV irradiation is
efinitely the greatest. Exposure to UV has enough energy to excite
lectrons from the valence band to conduction band resulting in
ormation highly reactive electron–hole pairs [13]. In aqueous envi-
onments electron (e−) reduces oxygen to give superoxide anion

adicals, which can be dismutated to hydrogen peroxide, and the
ole oxidizes water to give hydroxyl radical, respectively. Appar-
ntly the UV-irradiated TiO2 particles remained in excited stage
lso after the irradiation was discontinued, which can explain their
 Materials 196 (2011) 145– 152 151

higher toxic and genotoxic potential compared to non-irradiated
TiO2. From what we  have also seen from our data, the toxicity and
genotoxicity of photo-activated TiO2 is not dependent on parti-
cle size (at least in the investigated range of particle sizes), since
both sizes of TiO2 used in our study (TiO2-A < 100 nm, and TiO2-
B >100 nm)  showed comparable cytotoxic and genotoxic potential.
Also, coarse-sized anatase TiO2 without or with photo-activation
cannot be generally considered as safer than nano-sized anatase
TiO2. Our data show that quite different particles can behave rel-
atively similarly in the cell-growth medium, and that not only
crystallite size, but also the form of the particles (strongly aggre-
gated or softly granulated) and their colloidal properties (zeta
potential, dispersibility) influence their biological effects. This gives
us a whole new perspective on the behaviour of TiO2 particles of
different sizes in different media, and this will have to be taken into
account in any further safety evaluations.

5. Conclusions

The results of the present study can be considered relatively
alarming and they promote concerns for the safety of all biologi-
cal systems that might be exposed to photo-activated TiO2 almost
anywhere. Considering that 90–99% of the UV light that reaches
the surface of the earth shows a UV spectrum with wavelengths
of 320–400 nm,  almost all of the TiO2 present in the environment
that is not specifically protected from this UV can be photo-
activated, and become potentially more dangerous in comparison
to non-photo-activated TiO2. Even more worrying, UVA  penetrates
deep into the skin [44], and as such the users of sunscreens that
contain TiO2 can actually be exposed to the more dangerous,
photo-activated TiO2. To our knowledge, this aspect has not been
addressed appropriately, as in studies carried out to date only short-
term concurrent exposure to UV and TiO2 has been evaluated. In
addition, the possibilities of the application of TiO2 photocatalytic
properties are enormous, which will contribute further to increased
environmental and human exposure to photo-activated TiO2. Since
the literature contains no similar studies, it is very important to
evaluate the toxic potential of photo-activated TiO2 in different
experimental models.

Our data also change the generally accepted concepts about the
toxicity of TiO2 NPs and about the ‘inertness’ of larger TiO2 particles.
We have shown that cytotoxity and genotoxicity of TiO2 anatase
particles after UV irradiation drastically increases irrespective of
particle size. Our new approach that avoids direct UV  irradiation
of the cells is an appropriate model for toxicological studies of
photo-activated TiO2, and also of other materials that can be photo-
activated, and that might provide more reliable evaluation of their
potential toxicity. We  thus recommend the described experimental
approach for inclusion in future studies of the toxicological prop-
erties of photo-activated materials.
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