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Potential differences in the toxicological properties of nanosized and non-nanosized particles
have been notably pointed out for titanium dioxide (TiO2) particles, which are currently
widely produced and used in many industrial areas. Nanoparticles of the iron oxides magnetite
(Fe3O4) and hematite (Fe2O3) also have many industrial applications but their toxicological
properties are less documented than those of TiO2. In the present study, the in vitro cytotoxicity
and genotoxicity of commercially available nanosized and microsized anatase TiO2, rutile
TiO2, Fe3O4, and Fe2O3 particles were compared in Syrian hamster embryo (SHE) cells.
Samples were characterized for chemical composition, primary particle size, crystal phase,
shape, and specific surface area. In acellular assays, TiO2 and iron oxide particles were able
to generate reactive oxygen species (ROS). At the same mass dose, all nanoparticles produced
higher levels of ROS than their microsized counterparts. Measurement of particle size in the
SHE culture medium showed that primary nanoparticles and microparticles are present in the
form of micrometric agglomerates of highly poly-dispersed size. Uptake of primary particles
and agglomerates by SHE exposed for 24 h was observed for all samples. TiO2 samples were
found to be more cytotoxic than iron oxide samples. Concerning primary size effects, anatase
TiO2, rutile TiO2, and Fe2O3 nanoparticles induced higher cytotoxicity than their microsized
counterparts after 72 h of exposure. Over this treatment time, anatase TiO2 and Fe2O3 nano-
particles also produced more intracellular ROS compared to the microsized particles. How-
ever, similar levels of DNA damage were observed in the comet assay after 24 h of exposure
to anatase nanoparticles and microparticles. Rutile microparticles were found to induce
more DNA damage than the nanosized particles. However, no significant increase in DNA
damage was detected from nanosized and microsized iron oxides. None of the samples tested
showed significant induction of micronuclei formation after 24 h of exposure. In agreement
with previous size-comparison studies, we suggest that in vitro cytotoxicity and genotoxicity
induced by metal oxide nanoparticles are not always higher than those induced by their bulk
counterparts.
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INTRODUCTION

Nanoparticles, defined as particles having at least

one dimension ,100 nm (EC, 2011), possess phys-

ical and chemical properties that are generally not

found in non-nanoscale particles of the same chem-

ical composition. The diversity of engineered nano-

particles in chemical composition, size and shape,

and the lack of exposure data have given rise to con-

cern about their impact on human health, making

their regulation difficult (Savolainen et al., 2010).

In particular, the question of whether the toxicolog-

ical effects of nanoparticles are fundamentally dif-

ferent from those shown by larger particles of

identical composition has not yet been elucidated

(Auffan et al., 2009a). Differences in the toxicolog-

ical properties of nanoscale and microscale particles

have been notably pointed out for titanium dioxide

(TiO2) particles. Engineered TiO2 particles are cur-

rently widely produced and used in many industrial

areas, including paints, plastics, food colorants,

and cosmetics. Fine TiO2 particles (or those of unde-

fined size) have long been considered poorly toxic.

However, recent in vivo studies focusing on particles

of nanoscale size have demonstrated that TiO2 can

cause inflammatory responses in the airways of rats

andmice and fibrosis or lung tumors in rats (Bermudez

et al., 2004; Warheit et al., 2007). Based on these data,

TiO2 has been classified by The International Agency

for Research of Cancer as possibly carcinogenic to

human (Group 2B) (IARC, 2010). In addition, a num-

ber of in vitro studies have shown the capacity of TiO2

nanoparticles to induce cytotoxicity, reactive oxygen

species (ROS), and genotoxicity in various cell lines

(Gurr et al., 2005; Wang et al., 2007; Bhattacharya

et al., 2009; Falck et al., 2009).

Few studies have directly compared the toxicolog-

ical effects of engineered nanoscale and microscale

TiO2 particles. Instillation studies in rats and mice

indicate stronger toxicological effects from nanosized

TiO2 compared to fine TiO2 (Oberdorster et al., 1990,

1992). Similarly, nanosized TiO2 has been shown to

induce more cytotoxic and genotoxic effects (DNA

damage and micronucleus induction) in cultivated

cells than fine TiO2 (Rahman et al., 2002; Gurr

et al., 2005). These results have been explained by

the higher specific surface area (SSA) of nano-

particles compared to larger particles, which may

enhance, for a given mass, intracellular ROS produc-

tion (Oberdorster et al., 2005). However, the effects

of nanosized TiO2 are not always enhanced when

compared to their bulk counterparts. An instillation

study in rats using TiO2 particles of various sizes

showed that the inflammatory effects induced by

nanosized particles were no more potent than those

of larger particles (Warheit et al., 2007). Moreover,

microsized particles of TiO2 induced in vitro more

DNA damage than TiO2 nanoparticles (Falck et al.,

2009; Karlsson et al., 2009). These apparently

conflicting results might be explained not only by

the diversity of the experimental models employed

but also by the origin of TiO2 particles used for com-

parison. Due to industrial processes, engineered

nanoscale and microscale TiO2 particles of the same

chemical composition do not necessarily have the

same physicochemical structure (Schulze Isfort and

Rochnia, 2009). In particular, engineered TiO2 par-

ticles exist in three different crystal structure forms:

anatase, rutile, and brookite (IARC, 2010). In the

size-comparison studies above, nanoscale and mi-

croscale TiO2 particles were not always of the same

crystal structure and varied also in shape or surface

coating.

Like TiO2, nanoparticles of the iron oxides magne-

tite (Fe3O4) and hematite (Fe2O3) have many indus-

trial applications, including environmental catalysis,

magnetic storage, biomedical imaging, and magnetic

target drug deliver (Hood, 2004), but their toxicity is

less documented. In vivo and in vitro studies suggest

that Fe3O4 nanoparticles have a low toxic potential

(Hussain et al., 2005; Jeng and Swanson, 2006;

Karlsson et al., 2009; Liu et al., 2009). Fe2O3 nano-

particles, however, have been shown to induce lung

inflammation in mice (Zhu et al., 2008) as well as

in vitro cytotoxic effects (Soto et al., 2007). One in

vitro study reported no clear difference between

nanosized and microsized Fe3O4 and Fe2O3 particles

in their capacity to induce DNA damage (Karlsson

et al., 2009).

The difference in toxicity between engineered TiO2

and iron oxide nanoparticles and their bulk counter-

parts is unclear, but it is possible that the reduction

in particle size also involves structural change. The

aim of the present study was therefore to compare

the in vitro cytotoxicity and genotoxicity of chemi-

cally and physically well-characterized nanosized

and microsized anatase TiO2 and rutile TiO2, Fe3O4,

and Fe2O3 particles in Syrian hamster embryo

(SHE) cells. This cell type has previously been used

to demonstrate the induction of micronuclei by ultra-

fine TIO2 (Rahman et al., 2002).

MATERIALS AND METHODS

Particle source

Nanoparticles and microparticles of anatase

TiO2, rutile TiO2, Fe3O4, and Fe2O3 were purchased
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 Cytotoxicity and genotoxicity of titanium dioxide and iron oxide particles 633

from Sigma-Aldrich (France). TiO2 P25 was

donated by Evonik-Degussa (Germany). Supplier

descriptions are given in Table 1. Sample powders

were used as received, and no further modifications

were applied.

Chemical composition and crystal phase

TiO2 samples were mineralized by acid digestion

in HF and Na2CO3 alkaline melting. Iron oxide sam-

ples were mineralized by acid digestion in an HCl–

HNO3 mixture. Nano-Fe2O3 was also mineralized

by acid digestion in HF for the determination of Si

and Na contents. Concentrations of major elements

(Ti and Fe) and impurities (Si, Mg, Al, Cr, K, Na,

Ca, Ta, Mn, Ni, Zn, Cd, Nb, and Mo) were deter-

mined by inductively coupled plasma and atomic

emission spectrometry (ICP–AES, Spectro Ciros,

Germany). The degree of crystallinity of all samples

was determined by X-ray diffraction using a X’Pert

diffractometer (Panalytical, The Netherlands).

Primary particle size

Primary particle size was determined by transmis-

sion electronic microscopy (TEM). Particle powders

suspended in isopropanol were loaded onto TEM

grids under vacuum and observed with a 100 kV

Zeiss EM 910 TEM (Zeiss, Germany), equipped

with a ProgRes CF Scan (Jenoptik, Germany) cam-

era. Determinations of primary particle size distribu-

tion were based on 100 measurements of particles

from �100 000 magnified TEM images. Particle di-

ameter was calculated using free image processing

software (ImageJ, National Institute of Health,

USA), assuming spherical primary particle form.

SSA and solid density

N2 adsorption–desorption isotherms were obtained

at 77K using Micromeritics ASAP 2020 automatic

apparatus (Micromeritics, France). Samples were

degassed under vacuum at 473K for 10 h prior to

adsorption experiments. N2 adsorption data were

obtained by dosing N2 at relative pressures between

10-3 and 0.99. SSAs were determined using the

Brunauer, Emmett, and Teller (BET) calculation

method (Brunauer et al., 1938).

Particle size in culture medium

Particle size in the SHE culture medium was as-

sessed by dynamic light scattering (DLS) and laser

diffraction (LD) techniques. The DLS instrument

was a VASCO-2 particle-size analyser (Cordouan

Technologies, France). Particle size was determined

using the light-scattering intensity-averaged or Z-

averaged diameter (dZ), obtained from analysis of

the autocorrelation function by the cumulants method

(ISO, 2008). LD particle size analyses were per-

formed with a Mastersizer� X (Malvern Instruments,

Worcestershire, UK). All LD data were evaluated by

volume distribution. The median volume diameter

was calculated (5 50% volume percentile, d50,V),

as well as the volume diameters at 10% (d10,V) and

90% (d90,V), respectively. The number distribution

was derived from the volume distribution assuming

a spherical model for the particles. For DLS and LD

Table 1. Chemical and physical particle characterization.

Name Descriptiona Chemical
impurity (%)b

Particle
sizec (nm)

BET SSA
(m2 g�1)d

TiO2 A nano Titanium (IV) oxide, anatase, and nanopowder; Sigma 637254 ,0.5 14 – 4 149

TiO2 A micro Titanium (IV) oxide, anatase, and powder; Sigma 232033 ,0.5 160 – 48 9

TiO2 R nano Titanium (IV) oxide, rutile, and nanopowder; Sigma 637262 11% SiO2,
1% Na2O, and
1% SO4

62 – 24 �
10 – 2

177

TiO2 R micro Titanium (IV) oxide, rutile, and powder; Sigma 224227 ,0.5 530 – 216 3

TiO2 P25 Aeroxide� TiO2 P25; �80% anatase; �20% rutile;
Evonik-Degussa

,0.5 25 – 6 58

Fe3O4 nano Iron (II,III) oxide and nanopowder; Sigma 637106 ,0.5 27 – 8 40

Fe3O4 micro Iron (II,III) oxide and powder; Sigma 310069 ,0.5 156 – 82 7

Fe2O3 nano Iron (III) oxide and nanopowder; Sigma 544884 ,0.5 35 – 14 39

Fe2O3 micro Iron (III) oxide and powder; Sigma 310050 ,0.5 147 – 48 6

aAccording to the supplier.
bImpurities in Si, Mg, Al, Cr, K, Na, Ca, Ta, Mn, Ni, Zn, Cd, Nb, and Mowere determined by ICP–AES. Only Si impurities were
examined in micro rutile TiO2.
cValues represent the mean – SD particle diameter (rod length for TiO2 R nano) measured by TEM in 100 particles.
dSSA as determined by the Brunauer, Emmett, and Teller calculation method.

3 of 14

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
n
n
w

e
h
/a

rtic
le

/5
6
/5

/6
3
1
/1

6
0
0
1
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



634 Y. Guichard et al.

measurements, particles were suspended in the SHE

culture medium at 1 mg ml�1 to form the stock solu-

tion and then sonicated for 20 min at 40 Watt using

a sonicator bath (Brandson B-8510, France). Particle

suspensions were then diluted in the culture medium

at 43.75 lg ml�1, which is within the range of the

concentrations used in cellular assays (25 lg of par-

ticles per cm2 of culture surface).

Acellular ROS assay

Intrinsic ROS production from particles was as-

sessed as previously described (Cohn et al., 2008).

This method uses the 39-(r-aminophenyl)fluorescein

(APF) molecule (Invitrogen, France), which be-

comes fluorescent in the presence of various ROS,

mainly hydroxyl radicals, peroxynitrite anions, and

hypochlorite anions (Setsukinai et al., 2003). Particles

were suspended in 50 mM potassium phosphate

buffer (Sigma-Aldrich) at 1 mg ml�1 and sonicated

according to the procedure described above. Dilutions

of particle suspensions (250 lg ml�1) and APF

(10 lM) in the phosphate buffer, with and without

H2O2 (80 mM Sigma-Aldrich), were incubated un-

der agitation for 18 h at room temperature. After

incubation, particle suspensions were centrifuged

at 17 000 g for 5 min at room temperature. Superna-

tant fluorescence was measured using a Synergy HT

(Biotek�, France) plate reader with excitation and

emission wavelengths set to 490 and 520 nm, respec-

tively. To avoid possible photocatalytic activity of

anatase TiO2 (Sclafani and Herrmann, 1996), assays

were protected from direct light exposure.

Cell culture and particle treatment

SHE cell cultures were established from individ-

ual 13-day gestation fetuses (inbred colony, INRS,

France) (Pant and Aardema, 2008). Secondary cul-

tures were used in the study. Cells were cultured at

37�C, 10% CO2, in Dulbecco’s modified Eagle’s me-

dium (Invitrogen, France), supplemented with 20%

fetal bovine serum (Hyclone, France) and antibiotics

(50 units ml�1 Penicillin, 50 lg ml�1 Steptomycin;

Invitrogen). At 80% confluence, cells were harvested

using 0.25% trypsin and 0.53 mM ethylenediamine-

tetraacetic acid (EDTA) and were sub-cultured into

a culture support appropriate for the type of experi-

ment selected. Cells were allowed to attach to the

surface for 24 h prior to treatment. Under such con-

ditions, the doubling time of cell cultures was�18 h.

On the day of treatment (at �50% cell confluence),

particles were suspended in culture medium at

1 mg ml�1 and sonicated according the procedure

describe above. Appropriate serial dilutions of parti-

cle suspensions, thoroughly mixed each time, were

added to the cell cultures. Nanoparticles and micro-

particles of the same chemical composition were

tested in the same experiment. All cellular assays

were protected from direct light exposure.

Cellular uptake assay

Cells were cultured on Thermanox� coverslips

(Nunc, Thermofisher, France) and treated with par-

ticles (1 lg cm�2) for 24 h. After treatment, cells were

fixed in glutaraldehyde 2% (Sigma, St Louis, MO,

USA) in phosphate buffer saline (PBS; Invitrogen,

France) before washing in PBS and distilled water.

The samples were post-fixed in 1%OsO4 in water be-

fore classical processing for Araldite embedding and

ultramicrotomy. The ultrathin sections were counter-

stained with uranyl acetate and observed with a Hita-

chi 7500 transmission electron microscope (Hitachi

High Technologies Corporation, Tokyo, Japan) equip-

ped with an AMT Hamamatsu digital camera (Hama-

matsu Photonics, Hamamatsu City, Japan).

Cytotoxicity assay

Cell cultures in 12-well plateswere treatedwith par-

ticles at concentrations between 0.5 and 200 lg cm�2

for 24 and 72 h. After treatment, cells were removed

by trypsination and counted using an automated

counter (Coulter Z1, Beckman Coulter, France). Eval-

uation of the cytotoxicity was based on the relative

cell count (RCC). EC50 values (particle concentra-

tions) at 50% RCC were calculated from curves rep-

resenting RCC change after 72 h of exposure with

respect to particle concentration.

RCC 5
number of cells in treated cultures

number of cells in control cultures
� 100:

Intracellular ROS assay

The 29,79-dichlorofluorescein diacetate (DCFDA)

non-fluorescent is capable of passively entering a cell

at the location where cellular esterases hydrolyze its

acetyl moieties. The probe is susceptible to reaction

with a variety of ROS, including hydrogen peroxide,

peroxyl radicals, and peroxynitrite anions, to form

the highly fluorescent dichlorofluorescein (LeBel

et al., 1992). Cell cultures in 12-well plates were

treated with particles (1, 5, and 10 lg cm�2) for

72 h. After treatment, the culture medium was re-

moved and cells were incubated for 30 min at 37�C

with 25 lM DCFDA (Invitrogen) pre-diluted in

Hank’s Balanced Salt Solution (HBSS) (Invitrogen,

France). At the end of incubation, cells were recovered

by trypsination. Propidium iodide (Sigma-Aldricht)
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 Cytotoxicity and genotoxicity of titanium dioxide and iron oxide particles 635

was added to the cell suspensions (50 lg ml�1) and

fluorescence intensity within live cells (at least

20 000 cells) was immediately measured using a

flow cytometer (FACStarPLUS-Becton Dickinson,

France). Intracellular ROS content was expressed

by the fold change of the mean fluorescence intensity

in exposed cells with respect to the control.

Comet assay

The comet assay was performed as previously de-

scribed (Collins et al., 1998). Cell cultures in 21-cm2

dishes were treated with particles (10, 25, and

50 lg cm�2) for 24 h. Sets of TiO2 particles and iron

oxides particles were tested separately. Methyl

methanesulfonate (MMS, Sigma-Aldrich) treatment

at 0.5 mM was used as a positive control. After treat-

ment, cells were harvested by trypsination and were

resuspended in 600 ll of molten (37�C) 0.5% low

melting agarose (Sigma-Aldrich). Aliquots of cell–

agarose mixtures (100 ll) were loaded onto a slide

pre-coated with 1% normal melting agarose (Sigma-

Aldrich). Slides were immersed in cold lysis solution

(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris with

1% Triton X-100, and 10% DMSO) for 1 h at 4�C.

Slides were then drained and immersed in cold alka-

line solution (300 mM NaOH, 1mM Na2EDTA;

pH 13) for 20 min. Electrophoresis was performed

in the same buffer at 25 V and 300 mA for 40 min.

The slides were then washed with Tris–HCl 0.4 M

for 15 min and DNA was stained with propidium

iodide (2.5 lg ml�1) for 1 h. Comet analysis was per-

formed using a fluorescence microscope coupled with

image analyzer software (Comet Assay IV; Perceptive

Instruments, UK). For each sample, the mean per-

centage of DNA in the comet tail was determined

in 100 cells per slide as a measure of DNA damage.

Micronucleus assay

Cell cultures in Labtek� slides (Nunc, Thermo-

fisher, France) were treated with particles (5, 10, and

50 lg cm�2) for 24 h. MMS treatment at 0.1 mM

was used as a positive control. After treatment, cells

were washed with PBS and fixed in methanol for

20 min. DNAwas stained with DAPI (Pro Long Gold

antifade reagent�, Invitrogen, France). Around 1000

cells per slide were analyzed using a fluorescence mi-

croscope. Micronucleated cells (containing at least one

micronucleus) were scored. The effect of treatment on

cell division was evaluated on the basis of the rel-

ative increase in cell count (RICC) (OECD, 2010),

calculated from data obtained in the cytotoxicity

assays.

Statistics

Each experiment was performed at least three

times and experimental data are given as a mean –

standard deviation (mean – SD). The statistical sig-

nificance of differences between control and treated

groups and between nanoparticle and microparticle

groups in each assay was subjected to a Student t-test

(two sides) based on assumed equal variance, except

for intracellular ROS assays where statistical analy-

sis was performed by one-way analysis of variance

and Dunnett’s test. Differences between groups were

considered significant when P , 0.05.

RESULTS

Particle characterization

A summary of the particle characterizations is

given in Table 1. Chemical impurities were lower

than 0.5%, except for the rutile TiO2 nanoparticles,

which contained SiO2 (11%), Na2O (1%), and SO4

(1%). Qualitative analysis of the crystal phase indi-

cated that the TiO2 samples labeled anatase and ru-

tile by the supplier contained some traces of rutile

and anatase, respectively. The TiO2 P25 contained

both crystal phases as indicated in the supplier’s de-

scription. As expected for the iron oxide samples, the

main crystal phases were magnetite for Fe3O4 par-

ticles and hematite (Fe2O3-alpha) for Fe2O3 particles.

However, the presence of magnetite, hematite, and

maghemite (Fe2O3-gamma) was detected in all iron

oxide particles. TEM micrographs of nanoparticle

and microparticle powders showed predominantly

particle agglomerates (not shown). All primary nano-

particles and microparticles had a spherical shape, ex-

cept for rutile TiO2 nanoparticles, which were

observed as rods. Individual nanoparticle sizes deter-

mined by TEM ranged from 14 to 35 nm. The primary

sizes of particles labeled microparticles were in the

sub-micrometric scale, ranging from 147 to 530 nm.

RICC5
increase in number of cells in treated cultures ðend of treatmnet � initial seedingÞ

increase in number of cells in control cultures ðend of treatmnet � initial seedingÞ
� 100:
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SSA, as evaluated by the BET method, was higher for

nanoparticle samples (39–177 m2 g�1) than for mi-

croparticle samples (3–9 m2 g�1).

Particle size in the culture medium

Diameters measured by DLS or LD techniques

suggest that all particle suspensions in the SHE cul-

ture medium consisted of mainly agglomerated par-

ticles (Fig. 1). Particle diameters determined by DLS

(dZ) varied from �300 to 700 nm depending on the

particle type. The coarse particles present in the sus-

pension of Fe3O4 microparticles made the determi-

nation of dZ impossible for this sample. With the

exception of Fe2O3 nanoparticle suspensions, the

d50, N values measured by LD were close to the

dZ values. However, LD results expressed by vol-

ume (d90,V; d50,V; and d10,V) reveal a broad range

of size distributions for all particle suspensions.

Taken together, the DLS and LD results indicate that

suspension of anatase TiO2 nanoparticles led to

coarser particle formation than its microsized coun-

terpart. The contrary was observed for rutile TiO2.

Among the iron oxide samples, the particle popula-

tion of the nano-form Fe3O4 was finer than the mi-

cron-form, while the opposite was observed for

Fe2O3 samples.

ROS generation in acellular condition

In the absence of H2O2, a significant increase in

fluorescence was observed for all TiO2 particles

but not for iron oxides (Fig. 2). Anatase TiO2 nano-

particles and TiO2 P25 particles produced the high-

est level of ROS. ROS activity was found to be

significantly stronger for the anatase and rutile nano-

particles than for their micrometer counterparts. The

ROS activity of Fe3O4 and Fe2O3 was detected when

particles were incubated in the presence of H2O2,

with a higher intensity for the nanoparticles than

for microparticles.

Particle uptake by SHE

TEM analysis of SHE cultures exposed to par-

ticles indicated that all TiO2 and iron oxide nanopar-

ticles or microparticles are able to penetrate cells in

the form of individual particles and agglomerates.

As an example, Fig. 3 shows TiO2 P25 uptake in

an SHE cell after 24 h of exposure to particles at

1 lg cm�2.

Cytotoxic effect

Independent of particle size, RCC decreases were

higher for TiO2 particles than for iron oxide particles

after 24 or 72 h of exposure (Fig. 4). The differences

in cytotoxicity for all particle types were more pro-

nounced after 72 h than after 24 h of exposure. After

72 h, the EC50 values obtained with anatase and ru-

tile TiO2 nanoparticles and TiO2 P25 were in the

same range (�10 lg cm�2) (Table 2). When compar-

ing the EC50 values obtained at 72 h for nanopar-

ticles and microparticles of the same chemical

Fig. 1. Z-average hydrodynamic diameter (dZ) measured by DLS and number (d50,N) and volume (d50,V) median diameters
measured by LD for the different types of nanoparticles and microparticles suspended in the SHE culture medium (43.75 lg ml�1).
Each diameter value corresponds to an average of three replicates. Standard deviation intervals are not shown for the sake of clarity.
The lower and upper limits of the bars correspond to the volume diameters at 10% (d10,V) and 90% (d90,V), respectively.
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composition, anatase TiO2, rutile TiO2, and Fe2O3

nanoparticles were significantly more cytotoxic than

their micrometer counterparts (�3-fold, 2-fold, and

.3-fold, respectively). No difference was observed

between Fe3O4 nanoparticles and microparticles.

Intracellular ROS production

An increase in ROS was detected after 24 h of

exposure to all TiO2 samples. In the case of the iron

oxides, only Fe2O3 nanoparticle exposure resulted in

an ROS increase (Fig. 5). Anatase TiO2 nanoparticles

Fig. 2. ROS production induced by nanoparticles and microparticles in acellar assays. Particles (250 lg ml�1) were incubated with
APF (10 lM) for 18 h in (A) phosphate buffer and (B) phosphate buffer containing H2O2 (80 mM). After centrifugation,

fluorescence in supernatants was measured at 490 nm excitation and 520 nm emission wavelengths. Each bar represents the mean –
SD of values obtained in three assays. *Significantly different from control (C); #significant difference between nanoparticles and

microparticles (P , 0.05).

Fig. 3. TEM—image of (A) unexposed cells and (B) cells exposed to TiO2 P25 for 24 h. Arrows indicate examples of isolated
nanoparticles and agglomerates observed in the cytoplasm.
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638 Y. Guichard et al.

Fig. 4. Dose–response of cytotoxicity (RCC decrease) in SHE exposed to 0.5, 1, 5, 10, 50, 75, 100, and 200 lg cm�2 nanoparticles
and microparticles for (A) 24 h and (B) 72 h. Each point represents the mean – SD RCC obtained in three independent experiments.
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 Cytotoxicity and genotoxicity of titanium dioxide and iron oxide particles 639

induced the highest ROS increase compared to the

other particles. At 10 lg cm�2, the increase in

ROS was significantly higher for anatase TiO2 and

Fe2O3 nanoparticles than for their micrometer coun-

terparts.

DNA damage

At the highest particle concentration (50 lg cm�2),

all TiO2 particles except rutile nanoparticles caused

increased DNA damage after 24 h of exposure. In

contrast, no significant DNA damage was found with

iron oxide particles, whatever the concentration

tested (Fig. 6). TiO2 P25 was the only particle that

induced a significant effect at all concentrations.

The highest levels of DNA damage were obtained

with anatase TiO2, with no significant difference be-

tween nanoparticles and microparticles. In contrast,

rutile TiO2 microparticles induced significant DNA

damage at the highest concentration, whereas rutile

TiO2 nanoparticles did not. The positive assay con-

trol (MMS at 0.5 mM) induced significant DNA

damage in SHE cells.

Micronucleus formation

No significant micronucleus formation was de-

tected in SHE exposed to particles (5, 10, and

50 lg cm�2) for 24 h (Fig. 7). All particle concentra-

tions used in the assay induced a decrease in RICC of

,50%. The decreases in micronucleus frequency

observed at the highest concentration of TiO2 par-

ticles (50 lg cm�2) when compared to the control

may be explained either by some blockage to divi-

sion induced by the treatment or by the presence of

particles on the slide which disturbed micronucleus

scoring. The positive assay control (0.1 mM MMS)

significantly increased the number of micro-

nucleated cells with inducing a decrease in RICC

of �20%.

DISCUSSION

In this size–effect comparison study, we used

commercially available TiO2 and iron oxide nano-

particles and microparticles of the same chemical

composition. TiO2 P25, which has been used in sev-

eral toxicological studies, was also included in our

assay as a reference nanoparticle. With the exception

of the rutile TiO2 nanoparticles, no significant chem-

ical impurities were detected in any samples. This

sample, which was described by the supplier as

99.5% pure, contained a non-negligible amount of

SiO2, which may correspond to a nanoparticle coat-

ing material. Qualitative crystallographic analyses

indicated that none of the samples can be considered

to be completely pure in their crystal phase. The

mixture of different crystal phases in iron oxide

Table 2. EC50 values obtained from RCC curves acquired
after 72 h of exposure.

Particles EC50

TiO2 A nano 12.0 – 0.2

TiO2 A micro 59.2 – 6.1

TiO2 R nano 15.2 – 4.3

TiO2 R micro 30.7 – 6.1

TiO2 P25 9.6 – 1.3

Fe3O4 nano ND

Fe3O4 micro ND

Fe2O3 nano 65.1 – 4.8

Fe2O3 micro ND

ND, not determinable.

Fig. 5. Intracellular ROS content in SHE exposed to 1, 5, and 10 lg cm�2 nanoparticles and microparticles for 72 h.
Dichlorofluorescein fluorescence within at least 20 000 live cells was detected by flow cytometry. Each bar represents the mean –
SD of values obtained in three independent experiments. *Significantly different from control (C); #significant difference between

nanoparticles and microparticles (P , 0.05).
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640 Y. Guichard et al.

Fig. 6. DNA damage in SHE exposed to 10, 25, and 50 lg cm�2 TiO2 (A) and iron oxide (B) nanoparticles and microparticles for
24 h. The mean percentage of DNA in the tail was determined in 100 cells. Each bar represents the mean – SD of values obtained in
three independent experiments. *Significantly different from control (C); #significant difference between nanoparticles and

microparticles (P , 0.05).

Fig. 7. Micronucleus formation in SHE exposed to 5, 10, and 50 lg cm�2 nanoparticles and microparticles for 24 h.
Micronucleated cells were scored in at least 1000 cells. Each bar represents the mean – SD of values obtained in three independent
experiments. RICC was calculated from data obtained in the cytotoxicity assays. *Significantly different from control (C) (P ,

0.05).
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 Cytotoxicity and genotoxicity of titanium dioxide and iron oxide particles 641

samples was possibly a consequence of their chem-

ical instability (Auffan et al., 2009b). In the case

of TiO2 samples, a unique crystal phase of anatase

or rutile is probably difficult to achieve by industrial

processes. With regard to particle size and surface,

all samples labeled as nanoparticles by the supplier

were in agreement with the definition of a nanomate-

rial (,100 nm at least one dimension) and had

a BET SSA higher than those of microparticle sam-

ples. However, samples named as microparticles were

rather in the sub-micrometric range (.100 nm and

,1 lm).

The initial state of powder samples was in the

form of micrometer aggregates or agglomerates.

As already shown in several studies, agglomerate

size in a culture medium could be influenced by

the dispersion procedure (Allouni et al., 2009; Kato

et al., 2009). In the present study, particle suspen-

sions were homogenized by sonication without try-

ing to reduce the size of agglomerates, assuming

that coarse particles could also be present in a puta-

tive situation of human exposure. Agglomerate size

was assessed by a combination of DLS and LD

measurements. The LD technique has a wide detec-

tion range and is able to characterize particles both in

the submicron- and in the micron-sized range. Re-

sults revealed that all sample suspensions were com-

posed of agglomerates of highly poly-dispersed size,

with the presence of coarse microsized agglomer-

ates. The general trend of agglomerate size change

between the nanosized and microsized primary

particles was not the same for all metal oxides

examined.

The intrinsic free radical activity of particles was

also an element of particle characterization. The

generation of free radicals on the surfaces of TiO2

particles is explained by discontinuities and/or de-

faults in the crystal structure. The anatase phase

was previously shown to generate higher levels of

free radicals than the rutile phase (Arenz et al.,

2005; Fenoglio et al., 2009). Iron oxide particles

are known to behave like transition metals (Fe2þ

and Fe3þ), which are able to produce oxygenated

free radicals through a Fenton-like reaction with in-

termediate molecules, such as H2O2 (Auffan et al.,

2009b). In solution, active sites of TiO2 and iron ox-

ide particles can react with water or oxygen to gen-

erate various ROS, including superoxide anions,

hydroxyl radicals, and singlet oxygen. In the absence

of H2O2, ROS production was detected for all TiO2

Fig. 8. Dose–response of cytotoxicity (RCC decrease) induced by nanoparticles and microparticles with dose expressed as BET
SSA.
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particles, the anatase phase being more active than

the rutile phase but not for the iron oxide particles.

However, the presence of H2O2 in the reaction mix-

ture triggered an ROS activity signal for all iron ox-

ide particles. In a previous study, in which ROS

activity was assessed by electron paramagnetic reso-

nance, Fe2O3 nanoparticles (and not TiO2) needed

additional intermediate molecules (H2O2 and ascor-

bic acid) to generate radicals (Bhattacharya et al.,

2009). For both TiO2 and iron oxides, the level of

ROS activity generated by nanoparticles was higher

in magnitude compared to their micrometer counter-

parts at the same mass dose.

Regarding toxicological issues, observed particle

uptake by SHE after 24 h of exposure did not seem

to depend on chemical composition, primary size,

nor the size of agglomerates. Based on measured

RCC decreases, TiO2 induced more cytotoxicity

than iron oxides whatever the primary size of par-

ticles. When focusing on the primary size–effects

for particles of the same chemical compositions

and at the same mass dose, anatase and rutile TiO2

and Fe2O3 nanoparticles induced higher cytotoxic

effects than their micrometer counterparts after 72 h

of exposure. The absence of observed size–effects

for Fe3O4may be explained by the low cytotoxity in-

duced by both nanoparticles and microparticles.

When expressed per unit of BET SSA (Fig. 8), the

cytotoxicity of nanoparticles and microparticles of

the same composition cannot be directly correlated

to their BET SSA and microparticles might be con-

sidered to be more cytotoxic than nanoparticles, with

the exception of Fe2O3. However, with regard to par-

ticle agglomeration in the culture medium, results

should be interpreted carefully because the BET

SSA may be not representative of the biologically

active surface. Referring to Fig. 1, no clear relation-

ship between agglomerate size and cytotoxic effects

can be identified. Results may also reflect variation

in surface reactivity between nanosized and micro-

sized particles, possibly due to differences in crystal-

linity or/and coating in the case of rutile TiO2.

Previously published data show that the cyto-

toxic effect of TiO2 and iron oxide nanoparticles

depends on the cell type used, the cytotoxic end-

point considered, and the origin of the manufac-

tured samples. Some studies have compared the

cytotoxic effects of nanoparticles and micropar-

ticles. In a human alveolar epithelial cell line

(A549) exposed for 24 h, a higher cytotoxic effect

was observed for 30–60 nm than for 0.5–1 lm

Fe2O3 particles but no differences were observed

between 20–40 nm and 0.1–0.5 lm Fe3O4 or be-

tween 20–100 nm TiO2 (mix of anatase and rutile)

and 0.3–1 lm TiO2 (anatase containing small

amount of rutile) (Karlsson et al., 2009). The same

anatase TiO2 nanoparticles and rutile TiO2 nano-

particles and microparticles used in the present

study have recently been tested for cytotoxicity

and genotoxicity in a human bronchial epithelial

cell line (BEAS 2B) (Falck et al., 2009). Based

on their capacity to reduce BEAS2B viability after

24, 48, and 72 h, as assessed by the Trypan Blue as-

say, the particles were ranked as follows: rutile mi-

cro . anatase nano . rutile nano. We obtained

a different ranking for cytotoxicity results in SHE

(rutile nano 5 anatase nano . rutile micro), con-

firming the importance of the method and the

model used for cytotoxicity assessment.

Cytotoxic activity of metal oxide particles is often

associated with an increase in intracellular ROS (Nel

et al., 2006). In this study, TiO2 nanoparticles and

microparticles were shown to increase ROS contents

in SHE, with anatase nanoparticles being the most

active. For iron oxides, a moderate effect was only

observed with Fe2O3 nanoparticles, consistent with

the lower cytotoxic potential of iron oxides com-

pared to TiO2 particles. At the same mass dose, only

anatase TiO2 and Fe2O3 nanoparticles induced more

intracellular ROS than their micrometer counter-

parts. Consequently, the intracellular ROS activity

profiles of particles did not correspond exactly to

their intrinsic ROS activity. As suggested elsewhere,

intracellular ROS may result from both particle sur-

face activity and from the cellular response induced

by particle uptake (Xia et al., 2006).

The genotoxic properties of TiO2 particles did not

correspond to their cytotoxicity profiles. In the

comet assay, DNA damage was observed for all

TiO2 except rutile nanoparticles. Anatase TiO2 nano-

particles and microparticles induced the same level

of damage. As suggested in previous studies (Gurr

et al., 2005; Karlsson et al., 2008), DNA damage in-

duced by TiO2 particles may be explained by intra-

cellular ROS production. The capacity of TiO2

nanoparticles or microparticles to induce DNA dam-

age has already been reported in various cell lines. In

particular, Gurr et al. (2005) examined the induction

of comet after 1-h treatment with TiO2 particles of

different size in BEAS2B cells. Assays performed

with formamidopyrimidine–DNA glycosylase (FPG),

which reveals oxidative DNA damage, showed signif-

icant effect after treatment with 10 nm (Hombikat

UV100), 20 nm anatase TiO2 (Millenium PC500),

and 200 nm rutile TiO2 (Kanto Chemical) but not

with anatase TiO2 of 200 nm (Kanto Chemical)

and anatase TiO2 .200 nm (Sigma-Aldrich). Inter-

estingly, in the absence of FPG, similar levels of
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DNA damage were observed for all particles, inde-

pendent of their size. Falck et al. (2009) also per-

formed comet assays without FPG in BEAS2B

exposed to TiO2 particles identical to ours for 24,

48, and 72 h. In agreement with our results, they con-

cluded that anatase TiO2 nanoparticles and rutile

TiO2 microparticles induced more DNA damage

than rutile TiO2 nanoparticles. Concerning iron ox-

ide particles, Karlsson et al. (2009) observed no

clear difference in DNA damage in A549 exposed

for 4 h to different-sized Fe2O3 and Fe3O4 particles.

In our study, no chromosomal damage was de-

tected in the micronucleus assays for any of the

TiO2 and iron oxide nanoparticles or microparticles.

To our knowledge, there is no published data regard-

ing the micronucleus-inducing effects of Fe2O3 and

Fe3O4 particles. However, the capacity of TiO2

nanoparticles to produce chromosomal damage has

previously been demonstrated in different cell lines

with particle samples from different sources. In rela-

tion to size–effects, Rahman et al. (2002) showed

that 20-nm size but not 200-nm size TiO2 particles

at 1 lg cm�2 (crystal phase not given) were able to

induce micronuclei in SHE cells after 12, 24, 48,

66, and 72 h. In contrast, Gurr et al. (2005) showed

that anatase TiO2 of both 10 and 200 nm size (10 lg

mL�1) induced significant micronuclei formation in

BEAS2B after 24 h. In the study of Falck et al.

(2009), only anatase TiO2 nanoparticles (with the

same origin as ours) induced minor micronucleus

formation at 10 and 60 lg cm�2 in BEAS2B after

72 h without a clear dose–effect.

CONCLUSIONS

The results of this study are summarized in Table

3. When compared to microparticles, specific ‘nano-

size effects’ of nanoparticles were observed: their

ability to generate intrinsic ROS (for all TiO2 and

iron oxide particles in the presence of H2O2), to in-

duce cytotoxicity (except Fe3O4) and, for anatase

TiO2 and Fe2O3, to induce intracellular ROS. The

absence of a correlation between the cytotoxicity

of particles and their BET SSA (except for

Fe2O3) suggests that the BET SSA does not repre-

sent the biologically active surface of particles that

are mainly present in the form of microsized ag-

glomerates in the culture medium. Genotoxicity re-

sults for all metal oxide particles indicated the

absence of a nanosize effect. In agreement with

a previous review on the genotoxic effects of nano-

particles (Landsiedel et al., 2009), we suggest that

in vitro cytotoxicity and genotoxicity induced by

metal oxide nanoparticles are not always higher

than those induced by their bulk counterparts. This

work illustrates the difficulty in assessing the toxi-

cological effect of nanoparticles compared to their

microsized counterparts because industrial pro-

cesses are different for nanoparticles and micropar-

ticles and generally produce chemical and physical

changes other than size reduction. Ideally, particles

used in future size comparison studies (nano versus

microparticles) should be specifically synthesized

and designed for this purpose, with a high degree of

homology in chemical composition, crystal phase,

shape, and purity.
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