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ABSTRACT: TiO, has been widely used to promote organic compounds degradation on waste aqueous
solution, however, data on TiO, nanotoxicity to aquatic life are still limited. In this in vitro study, we com-
pare the toxicity of two different families of TiO, nanoparticles on erythrocytes from Oncorhynchus mykiss
trout. The crystal structure of the two TiO, nanoparticles was analyzed by XRD and the results indicated
that one sample is composed of TiO, in the anatase crystal phase, while the other sample contains a mix-
ture of both the anatase and the rutile forms of TiO, in a 2:8 ratio. Further characterization of the two fami-
lies of TiO, nanoparticles was determined by SEM high resolution images and BET technique. The toxicity
results indicate that both TiO, nanoparticles increase the hemolysis rate in a dose dependent way (1.6,
3.2, 4.8 ug mL~") but they do not influence superoxide anion production due to NADH addition measured
by chemiluminescence. Moreover, TiO, nanoparticles (4.8 ug mL™") induce DNA damage and the entity of
the damage is independent from the type of TiO, nanopatrticles used. Modified comet assay (Endo Ill and
Fpg) shows that TiO, oxidizes not only purine but also pyrimidine bases. In our experimental conditions,
the exposure to TiO, nanoparticles does not affect the DNA repair system functionality. The data obtained
contribute to better characterize the aqueous environmental risks linked to TiO, nanoparticles exposure.
© 2011 Wiley Periodicals, Inc. Environ Toxicol 21: 000-000, 2011.
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INTRODUCTION

Nanotechnology, defined as a technique aimed to design,
characterize and produce materials on a nanometer scale, is
continuously expanding at a fast rate. The nanotechnology
global market accounted for about $10.5 billion in 2006
(http://www.bccresearch.com/nanotechnology). In the last
few years, the nomenclature associated with nanoscience
and nanotechnology has been widely debated. A commonly
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used definition of nanomaterial (NM) referred to materials
size ranging between 1 and 100 nm; however this definition
gave rise to many uncertainties and inconsistencies. NM
are now identified by the scientific community as all mate-
rials with a dimension under 100 nm. Nanoparticles (NP)
are currently defined as single particles with a diameter
<100 nm, so they are a subset of nanomaterials (Borm
et al. 2006; Klaine et al., 2011).

Nanomaterials are used in a wide range of industries,
including food, clothing, electronics, cosmetics, medicine,
and agriculture (Nel et al., 2006). Although nanotechnology
offers a lot of benefits, the extensive use and development
of NM has intensified research efforts regarding toxicity.
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Although there is increasing consensus of opinion on the
potential risk of engineered NPs for the environment (Borm
et al. 2006; Reeves et al., 2008; Jiang et al., 2009; Klaine
et al., 2011), there is a lack of information on their potential
toxic effects on aquatic organisms (Federici et al., 2007;
Canesi et al., 2010). There is growing concern on the possi-
ble adverse effects on aquatic organisms even if it still
remains questionable whether the entities of actual dis-
charges is sufficient to cause severe environmental prob-
lems (Canesi et al., 2010).

Many of the substance previously considered biologi-
cally inert may promote toxic effects when in a nano-
particulate state (Reeves et al., 2008). Recent toxicologi-
cal studies on engineered NPs have confirmed that NPs
can be potentially dangerous because of their unique
physico-chemical properties (Jiang et al., 2009). Engi-
neered or natural NPs often exhibit special physico-
chemical properties and reactivities due to their small
size and homogeneous composition, structure or surface
characteristics (Oberdorster et al., 2005; Powers et al.,
2006).

Most of the current literature on NPs toxicity comes
from mammalian studies on respiratory exposure, or from
in vitro assays with mammalian cells (Handy and Shaw,
2007; Iavinco et al., 2011; Freyre-Fonseca et al., 2011).

Among the different NPs, nanometer-sized titanium diox-
ide (TiO,) powders play an important role because they are
widely used in industry for different applications. In particu-
lar, TiO, is employed as a white pigment, opacifier and pho-
tocatalyst (Habibi et al., 2007; Sen et al., 2009). TiO,
accounts for 70% of the total production volume of pigments
worldwide. It provides whiteness and opacity to paints, plas-
tics, papers, inks, foods, etc. It is also used in cosmetics where
it helps to protect the skin from ultraviolet light (EPA, 2009).

For a long time TiO, was considered innocuous in parti-
cle toxicology but recent studies on TiO, have reported
multiple specific characteristics coupled with unknown
risks to human health (Li et al., 2008) and the environment
(Navarro et al., 2008).

The aim of this study was to compare the effects of two
different families of TiO, nanoparticles on O. mykiss trout
erythrocytes. The nanoparticles differ for their crystalline
form (anatase and rutile based) and size and were chosen
for their potentially different level of toxicity. Indeed, ana-
tase is observed to be more biologically active than rutile in
terms of cytotoxicity or oxidative DNA damage (Hirakawa
et al., 2004; Sato and Taya, 2006). Moreover, Jang et al.
(2007) have shown that for TiO, particles ranging between
15 and 30 nm, the bactericidal effects increases as the size
of nanoparticles decreases and the mass fraction of anatase
increases. Considering these results, small anatase-based
particles should be much more toxic than large rutile-based
particles.

Erythrocytes are routinely used as a model to study the
toxicity of new chemicals (Tiano et al., 2003; Prasanthi
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et al., 2005) because numerous compounds persist in circu-
lating blood before reaching target organs (Li et al., 2008).
Moreover, fish erythrocytes possess nuclei, mitochondria,
and other organelles typical of somatic cells and can be eas-
ily isolated.

The specific potential toxicity of TiO, NPs on trout
erythrocytes was determined at different cellular levels.
Our interest was mainly focused on the ability of these NPs
to affect hemolysis and DNA status. Experiments were car-
ried out in three fundamental steps. First, some physical
characteristics of the nanoparticles under study were deter-
mined by various analytical techniques. Then the influence
of different amounts of the two TiO, nanoparticle forms on
hemolysis was evaluated. Finally, the specific effect of the
two different TiO, NPs on trout erythrocytes DNA was
assessed by the comet assay (Collins, 2004). This test per-
mits to detect single- and double-strand DNA breaks, al-
kali-labile sites, incomplete excision repair sites, and DNA-
DNA cross-linking at individual cell level (Wozniak and
Blasiak, 2003). Moreover, the effect of the two TiO, crys-
talline forms on DNA repair ability of trout erythrocytes
was investigated.

MATERIALS AND METHODS

Materials

All reagents were of pure and analytical grade. TiO, nano-
particles, lucigenin, NADH as well as the enzyme superox-
ide dismutase (SOD ECI1.15.1.1.) were purchased from
Sigma-Aldrich. Endo III and Fpg enzymes were obtained
from Prof. A. Collins (Institute for Nutrition Research, Uni-
versity of Oslo, Norway). Dulbecco’s Modified Eagle me-
dium (MEM) was purchased from Lifetech (Life Technolo-
gies, Palsley, Scotland).

Characterization and Preparation of NPs

In the present work, two different families of commercial
TiO, nanoparticles (anatase and rutile based) were tested.
Samples Al and A2 were provided by Sigma—Aldrich with
a declared purity of >99.7 and >97%, respectively, and
their properties are listed in Table 1.

TiO, particles were characterized by different techni-
ques. GC-MS and HPLC-DAD-ESI-MS measurements
were performed to investigate the presence of organic
impurities. GC-MS analyses were carried out using an Agi-
lent Technologies 5973 N mass spectrophotometer and an
Agilent Technologies 6890 N gas-chromatograph. HPLC-
DAD-ESI-MS spectra were obtained on a Hewlett Packard
1090 Series II HPLC associated with a 1100 MSD HEW-
LETT PACKARD mass spectrophotometer. No organic
impurities were found in the two NP batches.
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TABLE I. Samples description

BET Surface BET Particle SEM Particle Abbreviation Used
Trade Name Treatment Crystal Phase Area S (m2 g 1) Size D (nm) Size (nm) in this Article
Titanium (IV) None Anatase 132.73 12 10-20 Al
oxide 99.7%
Titanium (IV) 1% Mn as Anatase/Rutile 20.75 68 20-150 A2
oxide > 97% dopant 20/80 (w/w)
Chemical—physical properties of tested NPs.
The structural characterization of the samples was per- Hemolysis

formed by X-ray diffraction (XRD), high resolution scan-
ning electron microscopy (HR-SEM) and surface area anal-
yses. XRD analyses were carried out on a Bruker D8
Advance diffractometer in Bragg-Brentano geometry at 40
kV and 40 mA using Cu Ko radiation. Quantitative infor-
mation was deduced using rutile-anatase standard samples.
High resolution observations were carried out on a field
emission Zeiss Supra 40 scanning electron microscope.
Surface area analysis was conducted by nitrogen adsorption
on a Beckman coulter SA 3400 apparatus at an adsorption
temperature of —196°C. Before measurements, samples
were treated under high vacuum at 130°C for 2 h according
to the Brunauer, Emmet and Teller (BET) method (Bru-
nauer et al., 1938).

Stock suspensions were prepared in water at a concentra-
tion of 80 ug mL™' and to avoid aggregation they were
sonicated for 10 min. Further dilutions were required to
reach the final concentrations used (1.6, 3.2, and 4.8 ug
mL ™). To investigate the tendency of the particles to ag-
gregate, Dynamic Light Scattering (DLS) and Z-potential
measurements were performed on the particles suspensions
using a Malvern Zetazizer Nano Instrument (model
ZEN3600).

Samples

Red blood cells were obtained from Oncorhynchus mykiss
trout (~24 months old, 180-300 g weight) coming from the
fish farm ‘‘Eredi Rossi Silvio”” Sefro, (MC) Italy. Fishes
were kept in tanks containing water from Scarsito river, a
tributary of Potenza river, and fed with commercial fish
food obtained from Hedrix S.p.A (Mozzecane, VR, Italy).
Blood was withdrawn by syringe from the caudal tail vein
into an isotonic medium [0.1 M phosphate buffer, 0.1 M
NaCl, 0.2% citrate, 1 mM ethylenediaminetetraacetic acid
(EDTA), pH 7.8]. At least three trouts were collected in
each experiment and the blood obtained from them was
always pooled to minimize individual variability. After
removing plasma and buffy coat by centrifugation at 1000
X g for 10 min, erythrocytes were washed three times and
suspended in isotonic buffer (pH 7.8). On the contrary,
when the experiments were carried out under stress condi-
tions, the pH was 6.3 (Villarini et al., 1998).

To evaluate the hemolysis rate, the erythrocytes were sus-
pended in the above mentioned isotonic buffer pH 7.8
([Hb] = 40 mg mL ") at room temperature. The degree of
hemolysis was determined spectrophotometrically at a
wavelength of 540 nm, as previously described (Falcioni
et al., 1987), either in the absence or presence of different
amounts of TiO, nanoparticles (1.6, 3.2, 4.8 ug mL™"). In
particular, the hemolysis rate was determined using the fol-
lowing expression 100 X A/10 X A* X 100%; where A is
the hemoglobin concentration present in the supernatant of
the red cell suspension after centrifugation, and A* X
100% is the hemoglobin concentration obtained after com-
plete lysis with 10 vol. distilled water at zero time of incu-
bation. The hemolytic process was also followed in suspen-
sions incubated for 10 min with TiO, nanoparticles and
subsequently washed with isotonic buffer (pH 7.8).

Chemiluminescence Assay

Chemiluminescence (CL) determinations were performed
using lucigenin as luminogenic probe sensitive to the super-
oxide radical (Murphy and Sies, 1990). CL was measured
in an Autolumat LB953 (Berthold, Wildbad, Germany)
using a reaction mixture containing 150 M lucigenin, 100
uM NADH, 50 mM isotonic Tris-HCI (pH 7.8) and 10 uL
of an erythrocytes suspension ([Hb]= 0.3 mg mL ") in the
presence or absence (control) of 4.8 ug mL™' TiO, NPs.
The reaction was followed for 60 min and the results
expressed in counts/minutes (cpm). To confirm the nature
of the observed chemiluminescence signal, superoxide dis-
mutase (0.5 uM) was added to the reaction system.

Single-Cell Gel Electrophoresis (Comet Assay)

To evaluate the genotoxic effect of the two families of
TiO, nanoparticles, the alkaline comet assay was performed
on nucleated trout erythrocytes as previously described
(Moretti et al., 1998). This test consists of embedding cells
in agarose, cell membranes are then removed (lysis) and
the DNA allowed to unwind. After electrophoresis, DNA
damage can be visualized using Fluorescence Microscopy.
The extent of DNA damage is determined by measuring the

Environmental Toxicology DOI 10.1002/tox
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Fig. 1. SEM images of the TiO, nanoparticles. (a) A1 sample; (b) A2 sample.

displacement of genetic material between the cell nucleus
(comet head) and the resulting tail. The alkaline version of
comet assay reveals single- and double-strand breaks as
well as alkali-labile sites (Wozniak and Blasiak, 2003).

Nearly 10° cells mL~" were incubated for 1 h (RT) in
isotonic buffer (see above) in the absence (control) or pres-
ence of TiO, NPs and the comet assay was then carried out.
The TiO, NPs concentration used in the comet assays was
the highest tested (4.8 ug mL™") in the hemolysis experi-
ments. To better characterize the nature of DNA damage,
the Endo IIT and Fpg modified version of the comet assay
was performed (Falcioni et al., 2010). After lysis at pH 10,
slides were immersed three times for 5 min in a washing so-
lution containing 10 mM Tris—HCI, 100 mM NaCl, 1 mM
EDTA, pH 7.4. Then, 100 uL of reaction buffer alone (RB)
or plus 1 U of Endo III or Fpg was added to each slide. Sub-
sequently, slides were incubated for 1 h at 37°C. RB con-
tained: 40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg
mL ™! bovine serum albumin, pH 8. After keeping the slides
at 4°C for 20 min to ensure the stability of the agarose film,
electrophoresis and all the subsequent steps were performed
as in the classic alkaline comet assay.

Positive controls were performed by preincubating
erythrocytes at 4°C for 10 min with 10 mM H,0, before
suspending the cells in the low-melting agarose.

To assess the possible effect of TiO, nanoparticles on
DNA repair systems, the erythrocyte suspensions (treated
as described above) were kept for 1 h under oxidative stress
conditions (isotonic buffer, pH 6.3 at 35°C), (Villarini
et al., 1998). After incubation, cells were washed and resus-
pended in MEM. The DNA repair capacity was monitored
over time. To verify the pertinence of the system, also
untreated cells (control) were exposed to stress conditions
and subsequently suspended in repair medium (MEM).

In all experiments, the DNA damage is expressed as per-
centage of DNA in the tail (% tail DNA) as suggested by
Kumaravel and Jha (2006). % tail DNA was calculated as
tail intensity/total comet intensity X 100.
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Data (at least 150 scores per sample) are expressed as
mean values * standard error (SEM). Statistical analysis
was carried out using one-way ANOVA followed by Stu-
dent—-Newman—Keuls test. A P-value <0.05 was considered
statistically significant. Each experiment was performed
three times. All the repetitions showed the same trend. One
of them is reported as representative.

RESULTS

Characterization of TiO, Nanoparticles and
Their Suspensions

The crystal structure of the TiO, nanoparticles was ana-
lyzed by XRD and the results are summarized in Table I.
The Al sample is composed of TiO; in the anatase crystal
phase, while the A2 sample contains a mixture of both the
anatase and the rutile form of TiO, in a 2:8 ratio.

SEM high resolution images of the two samples are
shown in Figure 1. The A1 sample consists of nanoparticles
almost spherical in shape and having a diameter ranging
from 10 to 20 nm [Fig. 1(a)]. The A2 sample also consists
of spherical particles but with a larger distribution of the
particles size [Fig. 1(b)]. In particular, the particles diame-
ter ranges from 20 to 150 nm, with a peak in the size distri-
bution at about 60 nm.

The surface area of TiO, particles was determined by
the BET technique and the theoretical particle size was cal-
culated from the surface area using the following equation:
D = 6000/(p S).

This equation assumes spherical particles where D is
the equivalent particle diameter in nanometers, p the
particle density in g cm °, and S the specific surface
area in m® g~ '. In Table I BET results are reported
and it is evident that the equivalent particle diameter is
consistent with the mean particle diameter deducible
from SEM observations.
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TABLE Il. Dynamic light scattering and Zeta potential measurements

Average Size (nm)

Polydispersity Z-Potential (mV)

Immediately after sonication

Al stock suspen.(80 ug mL ") (pH 6.3) 463 £ 9 0.32 = 0.03 —43 £3
Al diluted suspen.(4.8 ug mL™h (pH 7.8) 650 = 10 0.45 = 0.08 —-15*=1
A2 stock suspen.(80 ug mL™Y) (pH 6.3) 180 = 10 0.19 = 0.04 —65*+6
A2 diluted suspen.(4.8 ug mL ") (pH 7.8) 340 = 40 0.21 = 0.04 —12=*1
30 min after sonication

Al stock suspen. (80 ug mL™Y) (pH 6.3) 465 £ 9 0.31 £0.03 —43 +3
Al diluted suspen.(4.8 ug mLfl) (pH 7.8) 1200 £ 10 0.46 = 0.08 —15=*1
A2 stock suspen.(80 ug mL™") (pH 6.3) 180 = 10 0.20 = 0.04 —65*6
A2 diluted suspen.(4.8 pg mL™h (pH 7.8) 500 = 10 0.24 = 0.04 —-12 =1

The average size of the agglomerates and the z-potential values for the stocks and diluted TiO, suspensions are shown. Measurements are performed im-

mediately and 30 min after sonication

To evaluate the tendency of the TiO, particles to aggre-
gate, DLS and Z-potential measurements were performed
both on stocks and diluted suspensions (4.8 ug mL™"). In
particular, analyses were performed in two different
moments: immediately and 30 min after sonication. The
results, summarized in Table II, suggest a strong tendency
of the anatase-based particles to aggregate. This tendency
increases in the isotonic buffer (pH 7.8), where it is also
seen that after 30 min the aggregates average size doubles.
A similar behavior is observed for the rutile-based particles
but the average size of the aggregates is smaller. It must be
stressed that considering the polydispersity values (linked
to the size dispersion width), the aggregates average sizes
can be used only for comparative purposes and are not
comparable with other techniques (Malvern Zetasizer Nano
Series User Manual).

Hemolysis

The stability to lysis of trout erythrocytes is strongly
dependent on temperature (Falcioni et al., 1987) and the
hemolytic process can be followed, contrarily that for
human erythrocytes, in a relatively short time even when
cells are suspended in isotonic medium. For this reason,
trout erythrocytes are excellent tools for studying the
effects of new chemicals at the membrane level.

Figure 2 shows the time course of hemolysis in the pres-
ence and absence of different amounts of A1 NPs. The
erythrocytes were suspended in isotonic buffer at pH 7.8
and incubated at RT. As can be observed, the presence of
nanoparticles has a negative effect on the rate of hemolysis.
It is necessary to point out that trout erythrocyte hemolysis
occurs in the above conditions even in the absence of TiO,
NPs. However, their presence accelerates this phenomenon
in a dose-dependent manner. In particular, after 24 h of
incubation, the extent of hemolysis was the following: con-
trol ~43%; 1.6 ug mL~' Al ~50%; 3.2 ug mL~" Al
~58%, and 4.8 ug mL ™' Al ~61%. Treating cells with A2
TiO, NPs (1.6, 3.2, and 4.8 ug mL 1), a similar effect was

observed (data not shown). It is interesting to note that there
was no met-Hb formation in the presence of both TiO, NPs
after this 24-h incubation (data not shown). This informa-
tion was derived from the hemolysates spectra recorded in
the visible region (from 700 to 520 nm).

To test the possibility of removing NPs hemolytic effect,
the cell suspensions were washed with the isotonic medium
(pH 7.8) after 10 min of exposure to Al or A2 TiO, nano-
particles (4.8 ug mL™"). As shown in Figure 3, continuing
the cells incubation at RT for 3 h, the effect of both TiO,
nanoparticles on the hemolysis rate was removed upon
washing the cells. No differences were observed in the
hemolysis rates between the two crystalline forms of the
TiO, NPs.

Superoxide Anion Production

Many cellular sources are involved in the production of re-
active oxygen species (ROS) in general and superoxide

% Haemolysis

Time (h)

Fig. 2. Hemolysis vs. concentration. Time course of hemo-
lysis of trout erythrocyte suspensions ([Hb]= 40 mg mL™")
incubated in isotonic buffer pH 7.8 (RT) in the absence and
presence of different amounts of A1 NPs. Data are
expressed as mean values = SD. The experiment was
repeated three times. (M) Control; () 1.6 ug mL™ ' A1 sam-
ple; (A) 3.2 ug mL~" A1 sample; (o) 4.8 ug mL~ " A1 sample.

Environmental Toxicology DOI 10.1002/tox
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% Haemolysis
-

Time (h)

Fig. 3. Hemolysis. Time course of hemolysis of trout eryth-
rocyte suspensions ([Hb] = 40 ug mL™") incubated in iso-
tonic buffer pH 7.8 (RT) with 4.8 ug mL™" of TiO, (A1 or A2).
The erythrocyte suspension was washed or not after 10 min
of TiO, exposure. Data are expressed as mean values *+ SD.
The experiment was repeated three times. (l) Control; ()
A1 sample; (o) A2 sample; (&) A1 sample washed cells; (O)
A2 sample washed cells.

anion (O, ) in particular, including NAD(P)H-dependent
electron transport chains, membrane-bound oxido-reduc-
tases, cytosolic xanthine oxidase, etc. The contribution of
each source to O, " production has been investigated in dif-
ferent tissues, but the exact involvement of these sources in
ROS production remains unclear. However, studies suggest
that a significant portion of ROS production is not derived
from the mitochondria but is related to the presence of
NAD(P)H (Bejma and Ji, 1999).

Lucigenin reaction with superoxide radical (O, ") pro-
duces a chemiluminescence (CL) signal. The level of CL
can be used to measure the presence of superoxide in the
medium under study (Murphy and Sies, 1990). It is impor-
tant to emphasize that lucigenin is capable of passing

Chemiluminescence (cpm=10% )

0 10 20 30 40 50 60
Time (min)

(a)

through cell membranes and can be used to detect intracel-
lular O,  production (Li et al., 1999). Figure 4(a,b) are one
representative set of tracings from a total of at least three
experiments (having the same trend). The tracings show the
kinetics of the lucigenin amplified chemiluminescence
measured in a reaction system containing NADH and trout
erythrocytes in the presence and absence of the nanopar-
ticles under study. NADH addition was essential to record
the CL signal, in other words the lucigenin-chemilumines-
cence signal was observed only when NADH was present
in the suspension medium.

The data obtained using a fixed concentration of TiO,
NPs (4.8 ug mL™") show that both crystalline forms do not
significantly increase the area under the curve and thus
superoxide production [Fig. 4(a,b)].

To confirm the origin of the observed CL, the experi-
ments were repeated in the presence of superoxide dismu-
tase ([SOD] = 0.5 uM). This enzyme catalyzes the dismu-
tation of superoxide anion into oxygen and hydrogen perox-
ide. The CL signal was almost completely inhibited in the
presence of SOD (data not shown).

DNA Damage and Repair

Experiments on DNA status were carried out using the
comet assay. Data obtained from trout erythrocyte suspen-
sions incubated in isotonic buffer (pH 7.8) at RT for 60 min
in the presence of TiO, nanoparticles (4.8 ug mL™') are
shown in Figure 5. A dose-dependent curve similar to he-
molysis experiments was performed (data not shown), but
the highest concentration was chosen to emphasize the
potential different behavior between the two TiO, com-
pounds. The % tail DNA was significantly increased when
both TiO, nanoparticles (Al and A2) were present. The

Chemilumines cence (cpmx10%)

0 10 20 30 40 50 60

Time (min)

(b)

Fig. 4. Superoxide anion production. Kinetics of the lucigenin-amplified CL measured in
the presence (@) or absence ([J) of 4.8 ug mL™ " A1 (a) or 4.8 ug mL~ ' A2 (b). Reaction mix-
ture contained 150 uM lucigenin, 100 xM NADH, 50 mM isotonic Tris-HCI (pH 7.8), and 10
uL erythrocyte suspension ([Hb] = 0.3 mg mL™"). The reaction was followed for 60 min.
Data are one representative set of tracings from a total of at least three experiments.

Environmental Toxicology DOI 10.1002/tox
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8 9 W A2Sample
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% Tail DNA
-

Oh 1h

Fig. 5. DNA damage. % Tail DNA in erythrocytes after incu-
bation with 4.8 ug mL~" A1 or A2 nm in isotonic buffer, pH
7.8 (RT), for 1 h. Data are expressed as mean values *
SEM. At least 50 nuclei/slide were scored. The experiment
was repeated at least three times. *P < 0.05 vs. control 1 h,
A1 or A2 sample O h.

crystalline form did not influence the entity of DNA dam-
age under our experimental conditions. DNA damage simi-
lar to the control was observed when washing cells after 10
min of TiO, exposure and continuing their incubation at
RT for 60 min (data not shown).

To investigate the presence of DNA damage due to oxi-
dation of pyrimidine and purine bases, Endo III and Fpg
enzymes were used, respectively. These two enzymes rec-
ognize specific oxidative DNA damage: endonuclease III
(Endo III) excises various pyrimidine derivates while for-
mamido-pyrimidine DNA glycosilase (Fpg) excises oxi-
dized purine residues (Collins, 2004). A statistically signifi-
cant increase in the % tail DNA was observed in the pres-
ence of Al and A2 TiO, NPs when the slides were
incubated with both enzymes (Fig. 6). Figure 6 clearly indi-
cates that the two TiO, crystalline forms oxidize in a simi-
lar way both pyrimidine and purine bases in trout erythro-
cyte DNA.

With or without enzymes, 10-min exposure to 10 mM
H,0, was found to increase DNA damage significantly
(Fig. 6). This result confirms the pertinence/relevance of
the system.

The effect of both nanoparticles was evaluated also dur-
ing cell exposure to oxidative stress (Fig. 7). Stress was
induced by incubating erythrocytes in isotonic buffer at pH
6.3 for 1 h at 35°C. Under these experimental conditions,
oxidative stress is due both to the formation of superoxide
radical and to the inactivation of glutathione peroxidase, as
a consequence of Hb oxidation (see Falcioni et al., 1987).
Trout erythrocytes incubated under stress conditions (1 h)
undergo DNA damage (Villarini et al., 1998; Fedeli et al.,
2004) which increases in a similar way in the presence of

18 4 ORB
1 6 =Endo Il
=Fpg
14 4
12 A b ¢ c
g c c
s 104 R
E 3 4 a a
¥t
6 4
44
2 4
0
Control H202 A1 Sample A2 Sample

Fig. 6. Purine and pyrimidine oxidation. Effect of Endo Il
and Fpg on % Tail DNA damage in trout erythrocytes after
incubation with 4.8 ug mL™" A1 or A2 in isotonic buffer, pH
7.8 (RT), for 1 h. A 10-min exposure (4°C) to 10 mM H,0O, was
used as positive control. Data are expressed as mean values
+ SEM. At least 50 nuclei/slide were scored. The experiment
was repeated at least three times. a. P < 0.05 vs. control RB.
b. P < 0.05vs. H,O, RB. c. P < 0.05 vs. TiO, RB.

both TiO, NPs. To investigate the effect of the TiO, nano-
particles on the repair system, stressed cells were resus-
pended in an appropriate medium consisting of MEM and
incubated at 10°C. After 1 h of incubation, but not after 30
min, DNA damage induced by stress conditions in the pres-
ence or absence of the two crystalline forms was repaired
in a similar way (Fig. 7). Moreover, the significant reduc-
tion in DNA damage recorded after 1-h incubation under
repair conditions versus the control under stress confirms
the pertinence of the system (Fig. 7); in other words, stress

10 -
9 2 a
B -
74
< 61 ab b
351
= 3
9 4
14
0 4
& & & & & ]
& & & & & & & & &
< 9 i & o i ¢ & &
L L W
L J L J !
T T T
1h Stress 30 min Repair 1h Repair

Fig. 7. DNA repair. Evaluation of DNA repair by the comet
assay on trout erythrocytes incubated for 1 h under stress
conditions (trout erythrocytes were suspended in isotonic
buffer at pH 6.3 and incubated at 35°C) in the presence of
4.8 ug mL~" TiO, (A1 and A2). The repair capacity was fol-
lowed for 30- and 60-min incubating samples in MEM. Data
are expressed as mean values = SEM. At least 50 nuclei/
slide were scored. The experiment was repeated at least
three times. a. P < 0.05 vs. control 1 h stress. b. P < 0.05
vs. both TiO, 1-h stress.
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conditions induced a DNA damage in untreated cells (Con-
trol) that is repaired after 1 h of incubation in MEM.

DISCUSSION

Several works concerning the toxicity of TiO, NPs (Moore
et al., 2006; Federici et al., 2007; Johnston et al., 2009;
Gramowski et al., 2010), have shown that oxidative stress
is a prominent feature of the response to TiO, NPs. Bhatta-
charya et al. (2009) reported that TiO, nanoparticles induce
a concentration-dependent generation of intracellular reac-
tive oxygen species (ROS) in BEAS-2B cells. In the same
article, they also recorded a TiO, induced ROS formation
in an acellular system (EPR studies). It has been observed
that pretreatment with antioxidants diminishes the TiO,
nanoparticle toxicity on a variety of cell types, including
lung epithelial cells (Park et al., 2008), fibroblasts (Jin
et al., 2008), and microglia (Long et al., 2006).

It is necessary to stress that the nanoparticle behavior is
influenced by specific physical properties such as size, shape,
surface area, crystal structure, etc. (Jiang et al., 2009; Fang
et al., 2010). Studies showing increasing toxicity of nanopar-
ticles compared to larger particles, have led to a widely
assumed hypothesis that nanoparticles in general are more
potent in causing damage (Donaldson et al., 2000).

Despite the knowledge that fish cells are recognized to
be generally more prone to toxic and oxidative injury than
similarly treated mammalian cells (Raisuddine and Jha,
2004; Rau et al., 2004), there is a scarcity of data concern-
ing the potential detrimental effect of NPs on aquatic
organisms. In particular, our interest focused on TiO,
because it has been widely used even to promote the degra-
dation of organic compounds in waste aqueous solution
(Wold, 1993; Braydich-Stolle et al., 2009).

TiO, exists in two main crystalline forms called anatase
and rutile showing different toxicity. Various studies point
out that the anatase crystal form is more toxic than the ru-
tile one (Wang et al., 2008; Braydich- Stolle et al.,2009;
Wau et al., 2010). The ability of particles to exert toxicity at
a variety of target sites is reliant on their transfer into blood.
So far, little is known about the entry of nanoparticles and
their transport through the blood stream to other organs.
However, there is experimental evidence that particles may
penetrate the red blood cell membrane by a still unknown
mechanism (Rothen-Rutishauser et al., 2006).

An in vivo study clearly reported oxidative damage at
gill, intestine and brain level in rainbow trout treated with
TiO, nanoparticles (Federici et al., 2007). Gills are the
major site for O, and CO, transfer in fishes, blood erythro-
cytes then transport these gases to and from the tissues.

In our study, two very different families of TiO, nano-
particles, different crystalline forms and mean sizes, were
tested on trout erythrocytes. The results clearly show that
both TiO, nanoparticles influence the hemolytic process of
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trout erythrocytes by increasing the hemolysis rate in a
dose-dependent manner. Contrarily to what Aisaka et al.
(2008) observed in human erythrocytes, anatase and rutile
nano-scale TiO, induced hemolysis in a similar way under
our experimental conditions (trout erythrocytes). Oxidative
damage to red blood cell membranes may be a crucial event
in the onset of hemolysis. Previously (Falcioni et al., 1987),
we reported that the rate of oxidative hemolysis in trout
erythrocytes is correlated with the rate of met-hemoglobin
formation. However, preliminary data (not shown) seems to
exclude an increase in lipid peroxidation due to the pres-
ence of TiO, NPs at erythrocyte plasma membrane level in
our experimental condition. This is also in accordance with
the redox status of hemoglobin that it is not influenced by
the presence of both TiO, nanoparticles (unreported data).
TiO, could destabilize the lipid raft, which may eventually
lead to membrane deconstruction, and thus to hemolysis.

Furthermore, it is interesting to note that by washing the
erythrocyte suspensions after 10 min of TiO, exposure, the
nanoparticles effect on the hemolysis rate is reduced. This
observation suggests that the nanoparticle uptake by trout
erythrocytes is not as rapid as in human lung epithelial cells
(Singh et al., 2007; Park et al., 2008).

Results from the comet assay indicate that both TiO,
nanoparticles are genotoxic for trout erythrocytes. After 1-h
incubation at RT both anatase (Al) and rutile-based (A2)
TiO, NPs induce a statistically significant increase in DNA
damage. The entity of DNA damage seems to be independ-
ent from the type of TiO, nanoparticle (Fig. 5). Some
authors assumed that TiO, NPs promote ROS formation by
TiO, catalytic chemical properties (hydroxyl radicals gener-
ation) (Hirano et al., 2005; Federici et al., 2007; Freyre-Fon-
seca et al., 2011; Thomas et al., 2011). The results obtained
using the Endo III and Fpg modified version of comet assay
seems to be consistent with this oxidative hypothesis. Both
crystalline forms of TiO, nanoparticles are able to induce
pyrimidine and purine bases oxidation (Fig. 6). Genotoxic
effects of TiO, nanoparticles have been reported on goldfish
skin by Reeves et al. (2008) and on a cell line derived from
rainbow trout gonadal tissue by Vevers and Jha (2008). The
induction of DNA strand breaks and moreover the increase
in Fpg-sensitive sites broadly agree with the earlier observa-
tions made in the different cell types mentioned above, how-
ever, our study does not support what was observed on gold-
fish skin. Here, for the first time, we report a clear pyrimi-
dine oxidation induced on trout erythrocytes DNA by both
the TiO, NPs assessed.

Recent findings by Zucker et al. (2010) could contribute
to justify the reported DNA damage. In particular, they
observed that TiO, NPs uptaken by ARPE-19 cells tended
to be compartmentalized and stored within the cell in ER
and Golgi apparatus.

Accurate repair of DNA damage is of paramount impor-
tance for genome integrity. The genome is under constant
threat of damage. To prevent loss or incorrect transmission
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of genetic information, cells have developed numerous
repair systems. The choice of the repair system to use
depends on the cell-cycle phases and on the types of lesion.
A number of DNA repair proteins (i.e. MED1, ATM, ATR,
etc.) have been identified, some of them also impact the
regulation of cell cycle and/or apoptosis. DNA double-
strand breaks in S and G2 phase are repaired by homolo-
gous recombination using the intact sister chromatid. Dam-
age affecting only one strand of DNA duplex may be
repaired via excision repair pathways (Parsons 2003; Bran-
zei and Foiani; 2008; Barlow at al., 2008).

In this study, the DNA repair system of trout erythro-
cytes exposed to both anatase (Al) and rutile-based (A2)
TiO, NPs was assessed for the first time. As reported in
Figure 7, 1-h exposure to TiO, nanoparticles under stress
conditions does not affect erythrocyte DNA repair system
functionality. After 1 h of incubation in MEM, DNA is
completely repaired (Fig. 7).

In conclusion, our in vitro study compares the effects
induced on trout erythrocytes by two different TiO, nanopar-
ticles. Regardless of their potentially different levels of tox-
icity, they produce similar effects on trout red blood cells.
TiO, nanoparticles increase the hemolysis rate. This increase
does not seem to be correlated to direct oxidation of the lip-
ids contained in the red blood cell membrane; TiO, nanopar-
ticles do not induce an increased production of superoxide
anion following addition of NADH. The exposure to TiO,
nanoparticles induces DNA damage. This damage is related
to oxidative stress since TiO, NPs promote the oxidation of
pyrimidine and purine bases. Further studies should be car-
ried out to better investigate the actual hemolysis mechanism
and to further characterize the nature of DNA damage. The
data obtained are important for the analysis of environmental
risks produced by TiO, nanoparticles on fishes.
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