
Abstract. – Background and Objective:
Recent rapid advances in nanotechnology raise
concerns about development, production route,
and diffusion in industrial and consumer prod-
ucts of titanium dioxide nanoparticles (TiO2-NPs).
In fact, compared to recent increase in applica-
tions of this nanomaterial, the health effects of
human exposure have not been systematically in-
vestigated. The aim of this review was to provide
a comprehensive overview on the current knowl-
edge regarding the effects of TiO2-NPs on mam-
malian cells. 

Evidence and Information Sources: This re-
view is based on an analysis of the current liter-
ature on this topic.

State of the Art: Fine TiO2 particles have
been considered as safe and to pose little risk to
humans, suggesting that exposure to this materi-
al is relatively harmless. However, available data
in the literature showed that TiO2-NPs can cause
several adverse effects on mammalian cells such
as increase of reactive oxygen species (ROS) pro-
duction and cytokines levels, reduction of cell vi-
ability and proliferation, induction of apoptosis
and genotoxicity.

Perspectives and Conclusions: Additional re-
search is needed to obtain up-to-date knowledge
on health effects of TiO2-NPs and to avoid any po-
tential risk correlated to their exposure. Conse-
quently, future studies need to: (1) use an homoge-
neous and rigorous exposure classification to clari-
fy how the physicochemical properties of TiO2-NPs
correlate with their toxicological effects; (2) assess
the potential adverse effects of low level expo-
sures to TiO2-NPs, as most of the information cur-
rently available originates from studies in which
exposure levels were excessively and unrealisti-
cally high; (3) identify the possible roles of TiO2-
NPs in genotoxicity and carcinogenicity (4) carry
out epidemiologic studies of exposed workers to
provide an assessment of possible risks correlated
to the occupational exposure to TiO2-NPs. 
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Introduction

Nanotechnology is a broad interdisciplinary
branch of science, grouping physical, chemical,
biological, and engineering expertise, that has the
ability to manipulate matter at the level of single
atoms and small groups of atoms to produce new
structures, materials and devices with unique
physical and chemical properties1. Research in
nanoscale technologies is growing rapidly world-
wide. The U.S. National Science Foundation2 es-
timates that, by 2015, nanotechnology will have
a $1 trillion impact on the global economy and
will employ 2 million workers. The industrial ap-
plications of nanomaterials are very wide includ-
ing those that may lead to more efficient water
purification, stronger and lighter building materi-
als, increased computing power and speed, im-
proved generation and conservation of energy,
and new tools for the diagnosis and treatment of
diseases3. To achieve these multiple objectives
nanotechnology, in the manufacturing of differ-
ent consumer and industrial products, uses sever-
al types of nanoparticles (NPs) such as carbon
nanotubes, silica and metal NPs. 

Among the manufactured NPs, titanium diox-
ide NPs (TiO2-NPs) are the earliest industrially
produced nanomaterials4 and, according to the
U.S. National Nanotechnology Initiative, they are
one of the most highly manufactured in the
world5. In fact, they are widely used in paints,
printing ink, rubber, paper, cosmetics, pharma-
ceuticals, sunscreens, car materials, cleaning air
products, bio-medical ceramic and implanted
biomaterials, sterilization, industrial photocat-
alytic processes and decomposing organic mat-
ters in wastewater6-8.

Titanium dioxide is a natural, highly insoluble,
thermally stable and non-flammable, non-silicate
mineral oxide found primarily in the form of the
minerals rutile, anatase, brookite and as the iron-
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part, it is reasonable to assume that TiO2-NPs
have also a quite different toxicological profile.
In the literature there are several in vitro and in
vivo studies that have investigated the toxicologi-
cal effects of TiO2-NPs, even if the former stud-
ies are much more numerous and extremely use-
ful means to investigate underlying mechanistic
processes and to decide on the dose levels for the
latter studies. Nevertheless, there is a lack of an
overall evaluation on these effects to define an
adequate risk assessment, in particular to protect
exposed workers and general population sub-
jects. Therefore, in this review we will evaluate
current knowledge regarding the in vitro toxic ef-
fects of TiO2-NPs to identify research areas
where further studies should be carried out in or-
der to reach a fuller understanding of TiO2-NPs
toxicity.

In vitro studies

Lung Cells
Studies conducted on lung cells (Table I)

demonstrate that several parameters seem to be
correlated with the toxicity of the TiO2-NPs, prin-
cipally the form of the TiO2, but also the size,
shape, surface chemistry and surface area of NPs.

Concerning the form of TiO2, different studies
have reported several toxic effects due to anatase
TiO2-NPs relative to other forms. In fact, anatase
TiO2-NPs have been found to produce greater re-
sponses, particularly a reduction of cell viabili-
ty46-51, an increase of inflammatory indices (e.g.,
lactate dehydrogenase (LDH) and interleukin
(IL)-8)46 and an increase in radical oxygen
species (ROS) generation46,49,51-54, that in some
studies was shown to be dose-dependent49,51. Fi-
nally, anatase NPs are also able to induce cell
death by an intrinsic apoptosis pathway51. This
higher toxicity of anatase TiO2-NPs may be cor-
related to their photocatalytic activity, as suggest-
ed by Sayes et al46.

Furthermore, though the aforementioned stud-
ies were performed with all due diligence, it is
important to note that is difficult to extrapolate
the toxic effects observed in vitro studies with
monocellular cultures to the real in vivo situation
of the lung, and consequently, these findings
should be considered with caution. Indeed, this
point of view is confirmed by the fact that in a
triple culture model that simulates the real cellu-
lar conformation of the lung, exposed to anatase
TiO2-NPs, no statistically significant increases in

containing mineral ilmenite9-13. The major natural
source of TiO2 is ilmenite, whereas rutile and
anatase polymorphs are mainly manufactured
commercially13. Though both rutile and anatase
belong to the tetragonal crystal system, rutile has
a denser arrangement of atoms. The luster and
hardness of anatase and rutile are also similar,
but their cleavages differ. Common impurities in
rutile include iron, tantalum, niobium, chromi-
um, vanadium and tin, whereas those in anatase
include iron, tin, vanadium and niobium14. Due
to its excellent physicochemical properties of
good fatigue strength, resistance to corrosion,
machineability, biocompatibility, whitening and
photocatalysis, as well as its excellent optical
performance and electrical properties, TiO2 has a
wide range of applications15,16. In fact, it is used
mainly in paints, varnishes, lacquer, paper, plas-
tics, ceramics, printing ink, welding rod coatings,
floor coverings, catalysts, coated fabrics and tex-
tiles, cosmetics, food colorants, glassware, phar-
maceuticals, roofing granules, rubber tire manu-
facturing and in the production of electronic
components and dental impressions14,17-19. 

The potential adverse health effects of TiO2

have been investigated in different experimental
investigations20-23 and in some epidemiological
studies24-27. On the basis of results and data collect-
ed by researchers TiO2 was considered to exhibit
relatively low toxicity28 and inhaled fine particles
of this material are generally regarded, at least un-
der nonoverload conditions29,30, biologically inac-
tive and physiologically inert21,29,31,32. The Interna-
tional Agency for Research on Cancer (IARC) has
recently reclassified TiO2

33 (IARC, 2006) as “pos-
sibly carcinogenic to humans” (group 2B) because
high concentrations of pigment-grade (< 2.5 µm)
and ultrafine (< 100 µm) TiO2 dust can cause respi-
ratory tract cancer in exposed rats34,35. However,
the epidemiological studies of workers exposed to
pigment-grade TiO2 have not be able to detect an
association between occupational exposure and an
increased risk for lung cancer36,37. 

With the advent of nanotechnology, some of
the assumptions concerning the safety of TiO2

would be challenged. In fact, the chemical, opti-
cal, magnetic, biological and structural properties
of NPs may differ considerably from those of
larger particles composed of the same materi-
als38,39. Since available data in the literature show
that the physico-chemical characteristics of NPs
are closely associated with their biological ef-
fects40-45, and considering that they are deeply un-
like in TiO2-NPs, respect to their bulk counter-
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ROS production and inflammatory parameters
(i.e., IL-8 and TNF-α) were observed54-56. Sur-
prisingly, however, these parameters were actual-
ly lower than the expected values experimentally
calculated from the monocultures used by the
Authors.

Other investigations have reported conflicting
data on the effects of another form of TiO2-NPs:
P25 Degussa. In fact, it was observed that P25
Degussa NPs are unable to induce ROS produc-
tion57, and subsequently, other research groups
have shown that these NPs induce ROS genera-
tion58,59, IL-8 release58, decrease of glutathione
(GSH) levels59 and a time- and dose-dependent
reduction of cell viability59. Interestingly, in-
creased ROS generation appeared to stimulate
cytotoxicity by an apoptotic process, even if only
in BEAS-2B cells59. 

Concerning the rutile form, several studies46-

48,60 reported the minimal toxicity of this type of
NPs even if in a single study61 toxic effects were
observed. In particular it was shown a significant
induction of placenta growth factor expression in
the monocytes and A549 cells at the mRNA, pro-
tein and secreted protein levels.

Another study60 analyzed the effects of expo-
sure to NPs composed of different forms of TiO2

in A549 cells and found that the size of the NPs
has an important role in determining toxic ef-
fects. In fact, the Authors observed that the
smallest anatase and P25 TiO2-NPs exerted the
greatest cytotoxic effects. 

Conversely, other Authors have highlighted
the importance of the surface area of TiO2-NPs
as being correlated to a stronger pro-inflammato-
ry effect and oxidative stress62,63. 

Concerning the shape, as parameter of
TiO2-NP toxicity recenty it has been observed
that nanobelt- or nanofilament-shaped TiO2-
NPs, as opposed to other shapes of the same
nanomaterial, induce cytotoxicity64,65, likely
via apoptosis64.

The toxicity of TiO2-NPs seems to be also
correlated to the surface chemistry of nanoma-
terials65, which affects inflammatory respons-
es66. In fact, different from other anatase and
rutile NPs, only exposure of murine and human
macrophages to silica-coated NPs resulted in sig-
nificant induction of TNF-α and neutrophil-at-
tracting chemokines.

Finally in several in vitro researches it was
evaluated also the internalization of NPs in lung
cells, another important aspect of TiO2-NP toxic-
ity, which was shown to be dose-67,68 and time-67

dependent. However, internalization is neither in-
fluenced by the form of the TiO2-NPs58,60,68 nor
by their shape64,65. Particles were detected in the
cytosol of cells, particularly in the peri-region of
the nucleus, and trapped in vacuoles, lamellar
bodies and/or lysosomes49,58,59 even though free
nanoparticles60 and needle-like nanofilament
structures65 were observed at early treatment
times. This phenomenon has been observed in all
types of lung cells examined to date and in the
triple cell co-culture model55,56. The internaliza-
tion was also correlated with the oxidative stress
and inflammatory responses63.

Nervous Cells
Different in vitro researches have evaluated the

toxic effects of TiO2-NPs and their internaliza-
tion in nervous cells (Table II). The findings sug-
gest that an important parameter determining NP
toxicity is the form of TiO2, in particular, P25
Degussa69-72 and anatase NPs73. Furthermore, a
recent study74 correlated the toxicity of these NPs
with their surface chemistry investigating the ef-
fects of rutile TiO2-NPs coated with SiO2 on the
immortalized murine neural stem cell line. After
24 h of incubation with these NPs, a dose-depen-
dent decline in proliferation of cells and a differ-
entiation tendency towards neurons from ex-
posed neural stem cells were observed. Indeed,
the Authors correlated these findings with the
ability of TiO2-NPs to induce neuronal differenti-
ation. To gain insight into the possible molecular
mechanism(s) of this neuronal differentiation,
Liu et al74 mapped target proteins in lysates of
stem cells treated and untreated with TiO2-NPs,
and nine protein levels significantly changed.
Subsequent mass spectrometric assay demon-
strated that these altered proteins were signaling
molecules, molecular chaperones, cytoskeletal
components, and nucleoproteins. Furthermore,
the Authors conducted also a gene expression
analysis. They concluded by suggesting that the
regulation of protein kinase C epsilon gene ex-
pression is indirectly correlated with the neuronal
differentiation of this stem cells exposed to TiO2-
NPs. 

The aforementioned researches also report the
internalization of TiO2-NPs by different types of
neural cells, in particular, microglia cells69,70,
dopaminergic neurons70 and neural stem cells74.
Particles were detected in the cytosol of cells as
aggregates in membrane-bound vacuoles or in
endosomal vesicles69,70,74.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi
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Dermal and Mucosal Cells
The form of TiO2 is also an important parame-

ter of TiO2-NP toxicity in dermal cells (Table
III). In various studies46,75-78, it has been reported
that anatase TiO2 is correlated with toxicity in
human and murine dermal cells, though a recent
study79 failed to report these effects on primary
human epithelial cells. The photocatalytic activi-
ty of the anatase form may explain this greater
toxicity.

Some of the aforementioned studies have also
reported NP internalization by dermal cells. In par-
ticular, it was reported that anatase TiO2-NPs are
internalized75,78 in the cytoplasm and, surprisingly,
as aggregates in the nucleus of a small percentage
of cells79. Kiss et al75 also reported that NP inter-
nalization is correlated to the type of cells. 

Pan et al77 showed that NP internalization in
human dermal fibroblasts is independent of the
NP forms; only anatase NPs induced vesiculated
nuclei. Furthermore, these Authors underscored
the importance of the NP surface chemistry,
which, if changed, altered adhesion to and pene-
tration of the cell membrane.

Unfortunately, the scientific value of these in-
ternalization investigations is limited because
other in vitro studies have demonstrated that
TiO2-NPs do not penetrate intact human or pig
skin. In fact, they were found only in the superfi-
cial layer of the stratum corneum but not in the
epidermis and dermis. This phenomenon was ob-
served with NPs of various forms, sizes, surface
chemistries, and shapes, as well as with different
applied formulations80-84. Finally, the lack of
TiO2-NP penetration in the skin was also ob-
served in hair-removed skin, a model of damaged
skin84.

Cardiovascular Cells
Currently, there is only one in vitro study that

investigated the effects of TiO2-NPs on cardiac
cells (Table IV). To this aim, Helfenstein et al85

exposed patterned growth strands of cultured
neonatal rat ventricular cardiomyocytes to
anatase TiO2-NPs. After 24 h it was observed a
dose-dependent increase in impulse conduction
velocity, maximal action potential upstroke ve-
locity and ROS production. Moreover, laser scan-
ning microscopy revealed that the myofibrillar
structure in cells treated with a 0.25 µg/ml TiO2

preparation was less organized than in unexposed
cells. After a 24-h incubation with 2.5 µg/ml
TiO2-NPs, TEM analysis demonstrated that Z
lines were thicker and not as regular as in control

cells. On the basis of these results, the Authors
concluded that TiO2-NPs directly cause cardiac
cell damage, affecting the function of the cells.
However, further researches are needed to verify
if these effects are also caused by TiO2-NPs with
different characteristics and using other cardiac
cell lines.

Few studies have investigated the effects of
TiO2-NPs on vascular cells (Table IV). Some
studies86-88 examined the effects of NPs on hu-
man and murine endothelial cells but did not find
significant effects, though the experimental mod-
els are limited. In particular, the Authors did not
indicate the form of TiO2 used, which, as we have
previously seen, is an important parameter corre-
lated with the toxicity of NPs. The lack of signif-
icant effects following TiO2-NP exposure was al-
so observed by Courtois et al89,90 using rat arter-
ies that simulate the in vivo situation. 

In conclusion, further research is needed, tak-
ing in consideration the characterization of the
NPs and using experimental models that simulate
the in vivo situation, to clarify the effects of
TiO2-NPs on vascular cells.

Hepatic and Intestinal cells
Few Authors have investigated the effects of

TiO2-NPs on hepatic and intestinal cells, and
there are not in vitro investigations on gastric
cells (Table V). Indeed, there are only four stud-
ies in the literature91-94 on the toxicity of TiO2-
NPs on hepatic cells, and it seems that these NPs
do not exert direct effects, with the exception of
increase production of malonaldehyde (MDA)
and ROS. On the contrary, after TiO2-NP expo-
sure, significant alterations were observed with
contemporary exposure of cells to visible light or
to dichlorodiphenyltrichloroethane (p,p’-DDT).

To date, there are only two articles that investi-
gated the effects of TiO2-NPs on intestinal cells.
In the first95, human colon carcinoma cells were
exposed to TiO2-NPs with or without UVA irra-
diation. The Authors observed that TiO2-NPs
alone were not cytotoxic. However, when the
cells were exposed to UVA irradiation and TiO2-
NPs, they died at a much faster rate that was cor-
related to the NP concentration and duration of
irradiation. The second study by Koeneman et
al96 investigated the pathways by which a mixture
of anatase and rutile TiO2-NPs crossed a model
of the intestinal epithelium layer composed of
human Caco-2 cells. The Authors reported that
the NPs were able to cross the intestinal epitheli-
um layer by transcytosis without damaging its in-
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tegrity and only causing subtle effects. The tran-
scytosis of the epithelial cells, even at low levels,
demonstrates the ability of NPs to be internalized
by cells and supports the role of the gastrointesti-
nal tract as a possible route of TiO2-NP entry into
organisms. The alterations reported in individual
cells, although non-lethal, could impair the in-
testinal mucosal homeostasis, as well as nutrient
absorption, with potentially health-impacting
consequences, particularly in cases of chronic ex-
posure. Moreover, these results suggest the need
to discover markers of early tissue damages to
detect toxic effects of TiO2-NPs. 

Finally, further researches are needed to verify
the effects of TiO2-NPs on hepatic and gastroin-
testinal cells, comparing to their characterization
and NP internalization in these cells. Indeed, the
limited number of the studies did not allow us to
correlate any NP parameters (e.g., the form, size,
surface area, etc. of the TiO2-NPs) with adverse
effects.

Hematopoietic Cells
Data regarding the effects of TiO2-NPs on

hematopoietic cells are heterogeneous due to the
extremely different characteristics of these cells,
particularly regarding their functional properties
and the various endpoints evaluated by the pub-
lished studies (Table VI).

White Blood Cells
Several Authors have investigated the cytotox-

ic effects of TiO2-NPs on white blood cells. In
particular, the cytotoxic effects of P25 Degussa
TiO2-NPs were studied on human peripheral
blood lymphocytes by Kang et al19 that reported
a dose- and time-dependent reduction in cell via-
bility, a dose-dependent increase of ROS in TiO2

treated cells which was inhibited by the addition
of N-acetylcysteine. In a subsequent study97, the
same researchers found that P25 Degussa TiO2-
NPs caused apoptosis of human peripheral blood
lymphocytes. Data regarding mixtures of anatase
and rutile are conflicting. Both necrotic and
apoptotic cells were detected when human lym-
phoma cells were treated with a suspension of
mixed anatase and rutile NPs98. Conversely, Wan
et al99 failed to observe cytotoxic effects of simi-
lar TiO2NPs on the same cell line. 

The cytotoxic effects of TiO2-NPs on human
lymphoblastoid cells were observed by Wang et
al100.

In this investigation cell viability, decreased in
a dose-dependent manner, but only the highest

NP dose induced a time-dependent viability re-
duction. TiO2-NPs inhibited population growth
according to a dose- and time-dependent rela-
tionship. Apoptosis was observed too. Unfortu-
nately, details on the form of TiO2 used are miss-
ing.

Similar effects were also observed in
macrophage cell lines, particularly a decrease in
cell viability and an increase in apoptosis101.
However, no description of the TiO2 form used is
available. These findings also provide informa-
tion on the functional impairment of white blood
cells induced by TiO2-NPs. Indeed, impairment
of the phagocytic ability, phagosomal transport
and cytoskeletal stiffness has been reported in
murine macrophages. Previously, similar results
were reported by Renwick et al102, though in this
study, phagocytosis was more strongly inhibited
by ultrafine TiO2 than by fine TiO2. Unfortunate-
ly, the form of the TiO2 used is not described. 

The pro-inflammatory action of TiO2-NPs has
also been described16,103,104. In particular, Schanen
et al103 investigated the immunogenicity of
anatase TiO2-NPs, rutile TiO2-NPs and TiO2 nan-
otubes on a human immunologic system (MIM-
IC) composed of blood vein endothelial cells and
monocyte-derived dendritic cells (DCs). In par-
ticular it was observed an increase of pro-inflam-
matory cytokines, such as IL-1 α, IL-1β, IL-6,
IL-8, INF-γ and TNF-α, and the maturation of
DCs and the expression of co-stimulatory mole-
cules on their surfaces. Finally, TiO2-NP-pulsed
DCs were able to activate naive CD4(+) T cells
and promote their proliferation. 

In a recent study104, human neutrophils ex-
posed to anatase TiO2-NPs manifested morpho-
logical changes, such as irregular shape, in a
dose-dependent manner. The exposure to NPs
caused also a rapid tyrosine phosphorylation of
multiple proteins, including P38 and the Erk-1/2
protein kinases.

Conversely, Morishige et al16 investigated the
role of TiO2 form and NP size/shape in the in-
creased production of IL-1β detected in THP-1
cells treated with TiO2 particles with or without
LPS stimulation. Considering the TiO2 form, ru-
tile and spicular particles caused greater IL-1β
production than anatase NPs at all concentra-
tions. Considering particle size, the smallest (10-
nm) anatase particles and the largest (<5-μm) ru-
tile particles induced higher IL-1β levels than
other particles of the same TiO2 form, respec-
tively. Moreover, the spicular rutile TiO2 parti-
cles caused greater IL-1 β production than
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spherical rutile particles, which only differed
from the spicules in shape. In addition, TiO2 in-
duced IL-1β production by caspase-1, ROS and
cathepsin B.

In conclusion, these investigations suggest that
the form, size and shape of NPs influence the ef-
fects of TiO2-NPs, in particular, on the pro-in-
flammatory action of white blood cells. However,
further studies are needed to clarify the role of
these characteristics in the TiO2-NP toxicity on
white blood cells.

Red Blood Cells
There are few papers in the literature that inves-

tigated the response of red blood cells to TiO2-NP
exposure. Rothen-Rutishauser et al105 incubated
human red blood cells with anatase TiO2-NPs for 4
to 24 h. TiO2-NPs or < 0.2-µm small aggregates
were detected inside cells, while larger aggregates
were observed only outside the cell, though at-
tached to the membrane. These results are very im-
portant considering of the fact that erythrocytes
have no specific phagocytic properties.

Furthermore, on the basis of their experiments,
Li et al106 suggested that the membrane attach-
ment of similar NPs could change the native sur-
face properties of the red blood cells, leading to
hemoagglutination, while TiO2-NP trans-mem-
brane insertion breaks the erythrocytes causing
hemolysis106. Hemolysis was also observed in
human erythrocytes in a subsequent study107. The
Authors exposed these erythrocytes to anatase
TiO2-NPs, anatase TiO2 microparticles, rutile
TiO2 microparticles and amorphous TiO2-NPs for
1 h. Hemolysis was then assessed by the percent-
age of hemoglobin released from the cells.
Anatase TiO2 microparticles resulted in approxi-
mately 73, 11, 1.3 times more hemolysis than
amorphous TiO2, rutile TiO2 and nano-sized
anatase TiO2 particles, respectively. These find-
ings suggest that hemolysis may also be correlat-
ed with the form of TiO2.

Platelets
Data regarding platelet aggregation are con-

flicting. Nemmar et al108 demonstrated dose-de-
pendent platelet aggregation caused by rutile
TiO2 nanorods. However, Bihari et al109 showed
that incubation of human whole blood with rutile
TiO2-NPs for 10 min did not affect platelet P-se-
lectin expression, nor the formation of platelet-
granulocyte complexes.

Thus, further researches are needed to verify if
these contrasting results are correlated to the dif-

ferent shape or size of these TiO2 nanomaterials
or if NPs with other characteristics cause similar
or different effects.

Reproductive Cells
There are only three studies that investigated

the effects of TiO2-NPs on reproductive cells
(Table VII). In the first study, Komatsu et al110

studied the direct effect of TiO2-NPs on the
mouse testis Leydig cell line. However, the form
of TiO2 used was not detailed. The findings
showed that NPs were internalized by the cells
and were found as agglomerates in the cytoplasm
but not inside the nucleus. Furthermore it was al-
so detected a dose-dependent reduction in cell vi-
ability. A concentration of 100 µg/ml TiO2-NPs
for 24 h reduced proliferation, which, however,
was restored after this time point. Additionally,
no oxidative stress was determined by TiO2-NP
exposure. 

The other two studies were conducted on a
cell line of the female reproductive system, sup-
porting a potential role of ROS production in in-
ducing reproductive cellular alterations111,112. 

In conclusion, additional studies are needed to
verify these findings and the presence of other
effects, particularly those implicated in mutagen-
esis.

Renal Cells
In the literature, there is only one study113 that

investigated the in vitro effects of TiO2-NPs on re-
nal cells (Table VII). This report indicates that
TiO2-NPs are cytotoxic for tubular but not mesan-
gial cells. Further, the size of NPs seems to be im-
plicated in the onset of this damage. Finally other
in vitro studies are needed to verify these results
and the observed internalization of TiO2-NPs.

Bone Cells 
There are two papers in the literature concern-

ing the effects of TiO2-NPs on bone cells114,115

(Table VII). The Authors demonstrated that in
MG-63 cells cultured on anatase-coated disks,
several genes were significantly up- or down-reg-
ulated. These genes are implicated in signal
transduction, immunity, cell cycle regulation,
lysosome composition and vesicular transport,
cell adhesion, proliferation, apoptosis, and as cy-
toskeletal and extracellular matrix components.
Unfortunately the release of TiO2-NPs into the
cell culture medium was not quantified. Thus, al-
tered gene regulation cannot be correlated to spe-
cific doses of NPs released.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi
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Further, Di Virgilio et al115 studied the cytotox-
ic effects of 5 to 300 µg/ml anatase TiO2-NPs ap-
plied for 24 h to rat osteosarcoma-derived cells.
A significant increase in adsorbance was deter-
mined at ≥150 µg/ml and ≥25 µg/ml NPs, in both
neutral red uptake and MTT assays, respectively.
The trypan blue method revealed that cell prolif-
eration also decreased with exposure to NP con-
centrations of up to 100 µg/ml for 24 to 96 h.
TEM was also used to observe intracellular vesi-
cles with phagocytosed material in cells treated
with 50 or 100 µg/ml TiO2-NPs for 24 h. 

The findings of these studies, though limited,
suggest toxic effects of TiO2-NPs on bone cells,
which should be further tested by in vivo studies.
However, to our knowledge, such studies are
lacking.

Muscular Cells
There are two recent articles that evaluated the

effects of TiO2-NPs on smooth muscle cells
(Table VII). In the first study116, human airway
smooth muscle cells were exposed to Degussa
TiO2-NPs. The researchers measured cell viabili-
ty and cell stiffness and agonist-induced contrac-
tility, respectively. TiO2 dose-dependently in-
creased the nominal viability by up to 20% at
200 µg/ml. Further, doses of up to 50 µg/ml TiO2

altered cell stiffness, the contraction induced by
histamine and relaxation induced by isopro-
terenol by no more than 50%; these alterations
exhibited no clear dose dependence. In the other
study88, gene expression analysis of vascular
smooth muscle cells exposed to TiO2 nanotubes
for 24 h revealed a reduction in proliferation and
in the expression of molecules involved in in-
flammation and coagulation. 

The findings of these studies suggest that
TiO2-NPs affect smooth muscle cells indepen-
dent of the form of TiO2 and the shape of the
NPs. Regardless, further research is required to
clarify and evaluate other effects.

Genotoxicity
Data regarding the genotoxicity induced by

TiO2-NPs are conflicting and heterogeneous (Table
VIII). Different studies have principally reported
micronuclei (MN) formation11,19,48,52,53,93,94,100,117 or
the presence of multinucleated cells100,118. Some
of these investigations reported also other geno-
toxic effects, such as inter-nucleosomal fragmen-
tation11 and DNA damage19,48,52,94. In particular,
Wang et al100 also observed an increased frequen-
cy of mutations and an increase in DNA tail

length. An increased mutation frequency was al-
so recently reported by Xu et al119. The other ef-
fect (i.e., an increase in DNA tail length) report-
ed by Wang et al100 was also previously shown by
Nakagawa et al120 who observed an increase in
the frequency of aberrant chromosomes. 

Finally, recentely, Bhattacharya et al49 reported
an increase in DNA adduct formation and the ab-
sence of DNA damage. 

Similar to the results above, other researches
did not confirm the genotoxic effects (e.g., DNA
damage79, chromosome aberration121 and MN
generation with or without UV irradiation91) of
TiO2-NPs. 

All of these conflicting data do not reveal a
clear correlation between genotoxicity and the
characteristics of NPs, likely due to the different
cell lines and TiO2-NPs used, the various end-
points investigated, and the assays utilized. In
any event, the studies suggest that care should be
taken when considering parameters such as UV
irradiation120, co-exposure with other sub-
stances94 and NP surface chemistry (which may
play a role or have synergistic effects in inducing
genotoxic alterations53) for a correct interpreta-
tion of these results. Ultimately, further investi-
gations are needed to clarify the genotoxic role
of TiO2-NPs.

Discussion

The recent rapid growth of nanotechnology
and the specific attractive properties of nanoma-
terials have led to the widespread application of
TiO2-NPs in the field of life sciences, as well as
in the biotechnology, pharmaceutical, cosmetics
and textile industries. Several concerns regarding
the potentially greater biological activity of TiO2

in the nanoparticulate form, related to the smaller
size and corresponding larger surface area122, and
the increasing worldwide TiO2-NP distribution,
with the consequent augmented likelihood of hu-
man exposure, have emerged. Moreover, the yet-
limited knowledge of TiO2-NP toxicological
properties do not allow one to extrapolate toxico-
logical conclusions to TiO2-NPs. 

Based on the studies that we reviewed, though
they differ in the cell lines, the intensity and du-
ration of exposure, endpoint parameters, and
measurement techniques, interesting and critical
points emerge that we argue will be the object of
future research. 

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi
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Firstly, it should be noted that most of the ef-
fects observed in in vitro studies were obtained
using excessively and unrealistically high doses
of NPs15,123. Thus, the direct extrapolation of
these results to humans under realistic, lower ex-
posure scenarios must be questioned124. However,
though the results of such studies have to be in-
terpreted with caution and the relevance of these
data is dubious, they could lead to focused future
works on the detection of early signs of more se-
vere damages induced by higher dose exposures. 

From our review, it is evident that additional
research is needed to more thoroughly investigate
the toxic effects derived from NP exposure, par-
ticularly in relation to the particle characteriza-
tion, which, in our opinion, is the first step to
reach a comprehensive and appropriate identifi-
cation of the TiO2-NP hazards. Various physico-
chemical features (e.g., size, shape, composition,
charge, crystallinity, solubility, added functional
groups and impurities) can be combined in any
particular type of NP, leading to different toxic
potentials125-127. Unfortunately, the lack of and the
heterogeneity in the TiO2-NP parameters exam-
ined in different studies leads to a non-homoge-
neous classification of the exposures and to a bi-
ased assessment of the exposure-response rela-
tionships125. To overcome this potential bias, a
homogeneous exposure classification should be
used in future studies to thoroughly clarify how
the physicochemical properties of TiO2 nanocrys-
tals correlate with their toxicological effects.
Useful parameters for systematic categorization
could include the TiO2 form, number concentra-
tion, surface area, mass concentration, weighted
size distribution, state of agglomeration, surface
reactivity (e.g., the ability to produce radicals
and zeta potential), chemical composition and
morphology38.

Moreover, an argument that merits greater fo-
cus in future research (due to the limited number
of studies in that regard) is the possible roles of
TiO2-NPs in genotoxicity and carcinogenicity.
The IARC recently classified TiO2 as possibly
carcinogenic to humans (Group 2B)33. TiO2-NPs
had a carcinogenic effect on lungs in rats128, and
several studies have reported positive in vitro and
in vivo genotoxicity of this nanomateri-
al11,19,48,52,53,93,94,100,117-119,129, though these effects
were not detected in other studies79,91,121,130. Dif-
ferences in findings between studies may be due
to how TiO2-NPs differ in terms of production,
particle size, degree of aggregation, preparation
method, incubation or exposure conditions, dose

and susceptibility between cell types129,131,132, im-
plying that more studies are required to deter-
mine the conditions in which TiO2-NP genotoxi-
city occurs. However, for these engineered nano-
materials, there is simply no adequate epidemio-
logical information to conclude whether or not
there is an association between exposure and
lung cancer risk to date133. In particular, it will be
interesting to elucidate if TiO2-NPs act by induc-
ing modifications directly on DNA or regulating
gene expression, namely through mutagenic or
epigenetic mechanisms, respectively. Moreover,
because carcinogenesis is a multistep process,
the role of TiO2-NP action in inducing the initia-
tion event or in the subsequent processes of pro-
motion or progression should be clarified. Tests
evaluating mutagenicity should be widely per-
formed in both in vitro and in vivo studies to con-
firm the alterations induced by TiO2-NPs and in
relation to the particle characteristics to under-
stand the mechanisms of action and to establish
threshold values. 

The use of nanotechnological products will
likely increase sharply over the next decade. Be-
cause of this increase, NP-related research should
carefully balance the improvement of nanotech-
nology and human health through the optimal
properties of nanomaterials with the need to iden-
tify potential hazards derived from unintentional
or intentional exposures122. In fact, the same NP
properties that may be useful for the development
of nanomedicine and specific industrial processes
(e.g., antioxidant activity, carrier capacity for
therapeutics and catalytic capacity for chemical
reactions) could be harmful when NPs interact
with cells by inducing toxicity, oxidative stress or
cellular dysfunction122. A database composed of
the results of toxicological tests could provide a
comprehensive set of information useful for TiO2-
NP material safety data sheets, as well as a basis
for potential NP risk assessments and risk man-
agement122. Currently, the public awareness of
nanotechnology in everyday life is limited. How-
ever, some pressing concerns are related to the
risks posed by occupational exposure, particularly
during manufacturing or processing for industrial
applications. Nevertheless, evidence is not exten-
sive or definitive, and there are no published stud-
ies on the risks of occupational exposure to engi-
neered NPs125. Moreover, studies on long-term
exposure and chronic effects have not been car-
ried out to date because such exposure is relative-
ly recent and generally occurs in controlled situa-
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tions. Therefore, given the increasing use of TiO2-
NPs, epidemiologic investigations of exposed
workers will be needed in the near future to pro-
vide an assessment of possible risks. Epidemio-
logic investigation will form an important link in
understanding health outcomes associated with
exposure to potentially hazardous materials. Such
studies will form the basis for quantitative risk es-
timations to establish levels that protect human
health. Currently, only the U.S. National Institute
for Occupational Safety and Health14 has recom-
mended that exposure limits for nano-TiO2 should
be 0.1 mg/m3 as a Time Weighted Average
(TWA) concentration for up to 10 h/day during a
40-h work week. In this occupational context, a
better knowledge of the characteristics of differ-
ent types of TiO2-NPs could be useful both for
improving the performance of nanomaterials, ex-
tending their specific applications in technologi-
cal products and for detailing properties (such as
photocatalytic ability) that could enhance cell al-
terations under particular exposure conditions
(e.g., in presence or absence of UV-light irradia-
tion). Moreover, a deeper understanding of TiO2-
NP biokinetics, target organs and potential health
effects would be helpful in determining biological
monitoring methods and establishing appropriate
individual defense systems for workers exposed
to TiO2-NPs.

Our review highlights the lack of homogeneity
among NP studies, which prevents a comprehen-
sive interpretation of results and underscores the
need to validate standard methods of measure-
ment and methodological strategies that should,
we argue, be the object of national or internation-
al consensus standards38,125. Moreover, the lack of
sufficiently standardized toxicological data on
engineered TiO2-NPs and conflicting results re-
garding their potential hazard impede an ade-
quate risk assessment. Future studies using vali-
dated methods and strategies are needed in order
to acquire a deeper understanding of the risks re-
lated to TiO2-NP exposure. This step could be
extremely important to achieve adequate risk
communication and management. To date, be-
cause certain data regarding TiO2-NPs are limit-
ed, these phases should be conducted with great
caution, giving correct TiO2-NP risk information
to workers, adopting valuable measures of envi-
ronmental and biological monitoring to obtain a
correct evaluation of the exposure and providing
measures of collective and individual protection
(particularly of the respiratory airways) at pre-
sent considered a primary route of exposure. 

References

1) NIOSH (NATIONAL INSTITUTE FOR OCCUPATIONAL SAFETY

AND HEALTH). Approaches to Safe Nanotechnolo-
gy: managing the health and safety concerns as-
sociated with engineered nanomaterials. Centers
for Disease Control and Prevention, Atlanta, GA;
2009.

2) NSF (NATIONAL SCIENCE FOUNDATION). Societal impli-
cations of nanoscience and nanotechnology.
Nanoscale Science, Engineering, and Technology
(NSET) Workshop Report, Arlington, VA; 2001.

3) CARD JW, ZELDIN DC, BONNER JC, NESTMANN ER. Pul-
monary applications and toxicity of engineered
nanoparticles. Am J Physiol. Lung Cell Mol Physi-
ol 2008; 295: L400-L411.

4) BAAN R, STRAIF K, GROOSE Y, SECRETAN B, EL GHISSASSI

F, COGLIANO V. WHO International Agency for Re-
search on Cancer Monograph Working Group.
Carcinogenicity of carbon black, titanium dioxide,
and talc. Lancet Oncol 2006; 4: 295-296.

5) LIANG G, PU Y, YIN L, LIU R, YE B, SU Y, LI Y. Influence
of different sizes of titanium dioxide nanoparticles
on hepatic and renal functions in rats with correla-
tion to oxidative stress. J Toxicol Environ Health A
2009; 72: 740-745.

6) GELIS C, GIRARD S, MAVON A, DELVERDIER M, PAILOUS

N, VICENDO P. Assessment of the skin photopro-
tective capacities of an organo-mineral broad-
spectrum sunblock on two ex vivo skin models.
Photodermatol Photoimmunol Photomed 2003;
19: 242-253.

7) SUN D, MENG TT, LOONG H, HWA TJ. Removal of
natural organic matter from water using a nano-
structured photocatalyst coupled with filtrating
membrane. Water Sci Technol 2004; 49: 103-110.

8) WANG J, CHEN C, LIU Y, JIAO F, LI W, LAO F, LI Y, LI B,
GE C, ZHOU G, GAO Y, ZHAO Y, CHAI Z. Potential
neurological lesion after nasal instillation of
TiO(2) nanoparticles in the anatase and rutile
crystal phases. Toxicol Lett 2008; 183: 72-80.

9) WHO (WORLD HEALTH ORGANIZATION). Titanium
dioxide. EHC 24. Geneva: World Health Organiza-
tion; 1982.

10) JIN T, BERLIN M. TITANIUM. IN: NORDBERG GF, FOWLER

BA, NORDBERG M, FRIBERG LT, EDS. Handbook of the
Toxicology of Metals, 3rd edition. Elsevier; 2007.

11) RAHMAN Q, LOHANI M, DOPP E, PEMSEL H, JONAS L,
WEISS DG, SCHIFFMANN D. Evidence that ultrafine ti-
tanium dioxide induces micronuclei and apoptosis
in Syrian hamster embryo fibroblasts. Environ
Health Perspect 2002; 110: 797-800.

12) HEDENBORG M. Titanium dioxide induced chemilu-
minescence of human polymorphonuclear leuko-
cytes. Int Arch Occup Environ Health 1988; 61:
1-6.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi



13) DUAN Y, LIU J, MA L, LI N, LIU H, WANG J, ZHENG L,
LIU C, WANG X, ZHAO X, YAN J, WANG S, WANG H,
ZHANG X, HONG F. Toxicological characteristics of
nanoparticulate anatase titanium dioxide in mice.
Biomaterials 2010; 31: 894-899.

14) NIOSH (NATIONAL INSTITUTE FOR OCCUPATIONAL SAFETY

AND HEALTH). NIOSH current intelligence bulletin:
evaluation of health hazard and recommenda-
tions for occupational exposure to titanium diox-
ide Centers for Disease Control and Prevention,
Atlanta, GA; 2005.

15) CHEN J, DONG X, ZHAO J, TANG G. In vivo acute
toxicity of titanium dioxide nanoparticles to mice
after intraperitioneal injection. J Appl Toxicol
2009; 29: 330-337.

16) MORISHIGE T, YOSHIOKA Y, TANABE A, YAO X, TSUNODA

S, TSUTSUMI Y, MUKAI Y, OKADA N, NAKAGAWA S. Tita-
nium dioxide induces different levels of IL-1 beta
production dependent on its particle characteris-
tics through caspase-1 activation mediated by
reactive oxygen species and cathepsin B.
Biochem Biophys Res Commun 2010; 392: 160-
165.

17) ACGIH (AMERICAN CONFERENCE OF GOVERNMENTAL IN-
DUSTRIAL HYGIENISTS). Titanium dioxide. In: Docu-
mentation of the threshold limit values for chemi-
cal substances. 7th ed. Cincinnati, OH; 2001.

18) LIU H, MA L, ZHAO J, LIU J, YAN J, RUAN J, HONG F.
Biochemical toxicity of nano-anatase TiO2 parti-
cles in mice. Biol Trace Elem Res 2009; 129: 170-
180.

19) KANG SJ, KIM BM, LEE YJ, CHUNG HW. Titanium
dioxide nanoparticles trigger p53-mediated dam-
age response in peripheral blood lymphocytes.
Environ Mol Mutagen 2008; 49: 399-405.

20) CHRISTIE H, MACKAY RJ, FISHER AM. Pulmonary ef-
fects of inhalation of titanium dioxide by rats. Am
Ind Hyg Assoc J 1963; 24: 42-46.

21) LEE KP, TROCHIMOWICZ HJ, REINHARDT CF. Pulmonary
response of rats exposed to titanium dioxide
(TiO2) by inhalation for two years. Toxicol Appl
Pharmacol 1985; 79: 179-192.

22) LEE KP, HENRY NW 3RD, TROCHIMOWICZ HJ, REINHARDT

CF. Pulmonary response to impaired lung clear-
ance in rats following excessive TiO2 dust deposi-
tion. Environ Res 1986; 41: 144-167.

23) BERNARD BK, OSHEROFF MR, HOFMANN A, MENNEAR

JH. Toxicology and carcinogenesis studies of di-
etary titanium dioxide-coated mica in male and fe-
male Fischer 344 rats. J Toxicol Environ Health
1990; 29: 417-429.

24) DAUM S, ANDERSON HA, LILIS R, LORIMER WV, FIS-
CHBEIN SA, MILLER A, SELIKOFF IJ. Pulmonary
changes among titanium workers. Proc R Soc
Med 1977; 70: 31-32.

25) OPHUS EM, RODE L, GYLSETH B, NICHOLSON DG,
SAEED K. Analysis of titanium pigments in human
lung tissue. Scand J Work Environ Health 1979;
5: 290-296.

26) RODE LE, OPHUS EM, GYLSETH B. Massive pul-
monary deposition of rutile after titanium dioxide
exposure: Light-microscopical and physico-ana-
lytical methods in pigment identification. Acta
Pathol Microbiol Scand A 1981; 89: 455-461.

27) CHEN JL, FAYERWEATHER WE. Epidemiologic study of
workers exposed to titanium dioxide. J Occup
Med 1988; 30: 937-942.

28) ILSI RISK SCIENCE INSTITUTE WORKSHOP PARTECIPANTS.
The relevance of the rat lung response to parti-
cle overload for human risk assessment: A
workshop consensus report. Inhal Toxicol 2000;
12: 1-17.

29) BAGGS RB, FERIN J, OBERDORSTER G. Regression of
pulmonary lesions produced by inhaled titanium
dioxide in rats. Vet Pathol 1997; 34: 592-597.

30) WARHEIT DB, HANSEN JF, YUEN IS, KELLY DP, SNAJDR SI,
HARTSKY MA. Inhalation of high concentrations of
low toxicity dusts in rats results in impaired pul-
monary clearance mechanisms and persistent in-
flammation. Toxicol Appl Pharmacol 1997; 145:
10-22.

31) FERIN J, OBERDÖRSTER G. Biological effects and toxi-
city assessment of titanium dioxides: anatase and
rutile. Am Ind Hyg Assoc J 1985; 46: 69-72.

32) LINDENSCHMIDT RC, DRISCOLL KE, PERKINS MA, HIGGINS

JM, MAURER JK, BELFIORE KA. The comparison of a
fibrogenic and two nonfibrogenic dusts by bron-
choalveolar lavage. Toxicol Appl Pharmacol 1990;
102: 268-281.

33) IARC (INTERNATIONAL AGENCY FOR RESEARCH ON CAN-
CER). Titanium dioxide Group 2B IARC Mono-
graphs on the evaluation of carcinogenic risks to
humans. International Agency for Research on
Cancer: vols.9. Lyon: World Health Organization;
2006.

34) BORM PJ, SCHINS RP, ALBRECHT C. Inhaled particles
and lung cancer, part B: paradigms and risk as-
sessment. Int. J. Cancer. 2004; 110: 3-14.

35) DANKOVIC D, KUEMPEL E, WHEELER M. An approach
to risk assessment for TiO2. Inhal Toxicol 2007;
19(Suppl 1): 205-212.

36) BOFFETTA P, SOUTAR A, CHERRIE JW, GRANATH F, ANDER-
SEN A, ANTTILA A, BLETTNER M, GABORIEAU V, KLUG SJ,
LANGARD S, LUCE D, MERLETTI F, MILLER B, MIRABELLI D,
PUKKALA E, ADAMI HO, WEIDERPASS E. Mortality
among workers employed in the titanium dioxide
production industry in Europe. Cancer Causes
Control 2004; 15: 697-706.

37) FRYZEK JP, CHADDA B, MARANO D, WHITE K,
SCHWEITZER S, MCLAUGHLIN JK, BLOT WJ. A cohort

503

Toxicological effects of titanium dioxide nanoparticles: a review of in vitro mammalian studies



504

mortality study among titanium dioxide manufac-
turing workers in the United States. J Occup Envi-
ron Med 2003; 45: 400-409.

38) BORM, PJ, ROBBINS D, HAUBOLD S, KUHLBUSCH T, FIS-
SAN H, DONALDSON K, SCHINS R, STONE V, KREYLING W,
LADEMANN J, KRUTMANN J, WARHEIT D, OBERDORSTER

E. The potential risks of nanomaterials: a review
carried out for ECETOC. Part Fibre Toxicol 2006;
14: 3-11.

39) NEL A, XIA T, MADLER L, LI N. Toxic potential of ma-
terials at the nanolevel. Science 2006; 311: 622-
627.

40) DONALDSON K, STONE V, TRAN CL, KREYLING W, BORM

PJA. Nanotoxicology: A new frontier in particle tox-
icology relevant to both the workplace and gener-
al environment and to consumer safety. Occup
Environ Med 2004; 61: 727-728.

41) WARHEIT DB, WEBB TR, REED KL. Pulmonary toxici-
ty studies with TiO2 particles containing various
commercial coatings. Toxicologist 2003; 72:
298A.

42) WARHEIT, DB, WEBB TR, SAYES CM, COLVIN VL, REED

KL. Pulmonary instillation studies with nanoscale
TiO2 rods and dots in rats: toxicity is not depen-
dent upon particle size and surface area. Toxicol
Sci 2006; 91: 227-236. 

43) WARHEIT DB, WEBB TR, REED KL, FRERICHS S, SAYES

CM. Pulmonary toxicity study in rats with three
forms of ultrafine-TiO2 particles: differential re-
sponses related to surface properties. Toxicology
2007; 230: 90-104.

44) CARNEVALI C, MORAZZONI F, SCOTTI R, BELLOBONO IR,
GIUSTI M, SOMMARIA M, D’ARIENZO M, TESTINO A,
MUSINU A, CANNAS C. Nanocrystalline TiO2 with
enhanced photoinduced charge separation as
catalyst for the phenol degradation. Int J Pho-
toenergy 2006 (Article ID 90809): 1-6.

45) TSUJI JS, MAYNARD AD, HOWARD PC, JAMES JT, LAM

CW, WARHEIT DB, SANTAMARIA AB. Research strate-
gies for safety evaluation of nanomaterials, part
IV: risk assessment of nanoparticles. Toxicol Sci
2006; 89: 42-50.

46) SAYES CM, WAHI R, KURIAN PA, LIU Y, WEST JL, AUS-
MAN KD, WARHEIT DB, COLVIN VL. Correlating
nanoscale titania structure with toxicity: a cytotox-
icity and inflammatory response study with hu-
man dermal fibroblasts and human lung epithelial
cells. Toxicol Sci 2006; 92: 174-185.

47) SOTO K, GARZA KM, MURR LE. Cytotoxic effects of
aggregated nanomaterials. Acta Biomater 2007;
3: 351-358. 

48) FALCK GC, LINDBERG HK, SUHONEN S, VIPPOLA M, VAN-
HALA E, CATALÁN J, SAVOLAINEN K, NORPPA H. Geno-
toxic effects of nano-sized and fine TiO2. Hum
Exp Toxicol 2009; 28: 339-352.

49) BHATTACHARYA K, DAVOREN M, BOERTZ J, SCHINS RP,
HOFFMANN E, DOPP E. Titanium dioxide nanoparti-
cles induce oxidative stress and DNA-adduct for-

mation but not DNA-breakage in human lung
cells. Part Fibre Toxicol 2009; 21: 6-17.

50) VAL S, HUSSAIN S, BOLAND S, HAMEL R, BAEZA-SQUIBAN

A, MARANO F. Carbon black and titanium dioxide
nanoparticles induce pro-inflammatory responses
in bronchial epithelial cells: need for multipara-
metric evaluation due to adsorption artifacts. Inhal
Toxicol 2009; 21(Suppl 1): 115-122.

51) SHI Y, WANG F, HE J, YADAV S, WANG H. Titanium
dioxide nanoparticles cause apoptosis in BEAS-2B
cells through the caspase 8/t-Bid-independent mi-
tochondrial pathway. Toxicol Lett 2010; 196: 21-27.

52) GURR JR, WANG AS, CHEN CH, JAN KY. Ultrafine tita-
nium dioxide particles in the absence of photoac-
tivation can induce oxidative damage to human
bronchial epithelial cells. Toxicology 2005; 213:
66-73.

53) BHATTACHARYA K, CRAMER H, ALBRECHT C, SCHINS R,
RAHMAN Q, ZIMMERMANN U, DOPP E. Vanadium pen-
toxide-coated ultrafine titanium dioxide particles
induce cellular damage and micronucleus forma-
tion in V79 cells. J Toxicol Environ Health A 2008;
71: 976-980.

54) ROTHEN-RUTISHAUSER B, MUELLER L, BLANK F, BRANDEN-
BERGER C, MUEHLFELD C, GEHR P. A newly developed
in vitro model of the human epithelial airway bar-
rier to study the toxic potential of nanoparticles.
ALTEX 2008; 25: 191-196.

55) ROTHEN-RUTISHAUSER B, MÜHLFELD C, BLANK F, MUSSO

C, GEHR P. Translocation of particles and inflam-
matory responses after exposure to fine particles
and nanoparticles in an epithelial airway model.
Part Fibre Toxicol 2007; 25: 4-9.

56) MÜLLER L, RIEDIKER M, WICK P, MOHR M, GEHR P.
ROTHEN-RUTISHAUSER B. Oxidative stress and inflam-
mation response after nanoparticle exposure: dif-
ferences between human lung cell monocultures
and an advanced three-dimensional model of the
human epithelial airways. J R Soc Interface 2010;
7(Suppl 1): S27-S40.

57) XIA T, KOVOCHICH M, BRANT J, HOTZE M, SEMPF J,
OBERLEY T, SIOUTAS C, YEH JI, WIESNER MR, NEL AE.
Comparison of the abilities of ambient and manu-
factured nanoparticles to induce cellular toxicity
according to an oxidative stress paradigm. Nano
Lett 2006; 6: 1794-1807.

58) SINGH S, SHI T, DUFFIN R, ALBRECHT C, VAN BERLO D,
HÖHR D, FUBINI B, MARTRA G, FENOGLIO I, BORM PJ,
SCHINS RP. Endocytosis, oxidative stress and IL-8 ex-
pression in human lung epithelial cells upon treat-
ment with fine and ultrafine TiO2: role of the specific
surface area and of surface methylation of the parti-
cles. Toxicol Appl Pharmacol 2007; 222: 141-151.

59) PARK EJ, YI J, CHUNG KH, RYU DY, CHOI J, PARK K.
Oxidative stress and apoptosis induced by titani-
um dioxide nanoparticles in cultured BEAS-2B
cells. Toxicol Lett. 2008; 180: 222-229.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi



60) SIMON-DECKERS A, GOUGET B, MAYNE-L'HERMITE M,
HERLIN-BOIME N, REYNAUD C, CARRIÈRE M. In vitro in-
vestigation of oxide nanoparticle and carbon nan-
otube toxicity and intracellular accumulation in
A549 human pneumocytes. Toxicology 2008; 253:
137-146.

61) CHEN HW, SU SF, CHIEN CT, LIN WH, YU SL, CHOU

CC, CHEN JJ, YANG PC. Titanium dioxide nanoparti-
cles induce emphysema-like lung injury in mice.
FASEB J 2006; 20: 2393-2395.

62) MONTEILLER C, TRAN L, MACNEE W, FAUX S, JONES A,
MILLER B, DONALDSON K. The pro-inflammatory ef-
fects of low-toxicity low-solubility par ticles,
nanoparticles and fine particles, on epithelial cells
in vitro: the role of surface area. Occup Environ
Med 2007; 64: 609-615.

63) HUSSAIN S, BOLAND S, BAEZA-SQUIBAN A, HAMEL R,
THOMASSEN LC, MARTENS JA, BILLON-GALLAND MA,
FLEURY-FEITH J, MOISAN F, PATRON JC, MARANO F. Ox-
idative stress and proinflammatory effects of car-
bon black and titanium dioxide nanoparticles: role
of particle surface area and internalized amount.
Toxicology 2009; 260: 142-149.

64) HAMILTON RF JR, WU N, PORTER D, BUFORD M, WOL-
FARTH M, HOLIAN A. Particle length-dependent tita-
nium dioxide nanomaterials’ toxicity and bioactivi-
ty. Part Fibre Toxicol 2009; 31: 6-35.

65) MAGREZ A, HORVÁTH L, SMAJDA R, SALICIO V, PASQUIER

N, FORRÓ L, SCHWALLER B. Cellular toxicity of TiO2-
based nanofilaments. ACS Nano 2009; 3: 2274-
2280.

66) ROSSI EM, PYLKKÄNEN L, KOIVISTO AJ, VIPPOLA M, JENSEN

KA, MIETTINEN M, SIROLA K, NYKÄSENOJA H, KARISOLA P,
STJERNVALL T, VANHALA E, KIILUNEN M, PASANEN P, MÄKI-
NEN M, HÄMERI K, JOUTSENSAARI J, TUOMI T, JOKINIEMI J,
WOLFF H, SAVOLAINEN K, MATIKAINEN S, ALENIUS H. Air-
way exposure to silica-coated TiO2 nanoparticles
induces pulmonary neutrophilia in mice. Toxicol Sci
2010; 113: 422-433.

67) STEARNS RC, PAULAUSKIS JD, GODLESKI JJ. Endocytosis
of ultrafine particles by A549 cells. Am J Respir
Cell Mol Biol 2001; 24: 108-115.

68) PARK S, LEE YK, JUNG M, KIM KH, CHUNG N, AHN EK,
LIM Y, LEE KH. Cellular toxicity of various inhalable
metal nanoparticles on human alveolar epithelial
cells. Inhal Toxicol 2007; 19(Suppl 1): 59-65.

69) LONG TC, SALEH N, TILTON RD, LOWRY GV, VERONESI

B. Titanium dioxide (P25) produces reactive oxy-
gen species in immortalized brain microglia
(BV2): implications for nanoparticle neurotoxicity.
Environ Sci Technol 2006; 40: 4346-4352.

70) LONG TC, TAJUBA J, SAMA P, SALEH N, SWARTZ C, PARK-
ER J, HESTER S, LOWRY GV, VERONESI B. Nanosize ti-
tanium dioxide stimulates reactive oxygen
species in brain microglia and damages neurons
in vitro. Environ Health Perspect 2007; 115:
1631-1637.

71) SHIN JA, LEE EJ, SEO SM, KIM HS, KANG JL, PARK EM.
Nano-sized titanium dioxide enhanced inflamma-
tory responses in the septic brain of mouse. Neu-
roscience 2010; 165: 445-454.

72) LIU S, XU L, ZHANG T, REN G, YANG Z. Oxidative
stress and apoptosis induced by nano-sized tita-
nium dioxide in PC12 cells. Toxicology 2010; 267:
172-177.

73) LA I JC, LA I MB, JANDHYAM S, DUKHANDE VV,
BHUSHAN A, DANIELS CK, LEUNG SW. Exposure to
t i tanium dioxide and other metal l ic  oxide
nanoparticles induces cytotoxicity on human
neural cells and fibroblasts. Int J Nanomedicine
2008; 3: 533-545.

74) LIU X, REN X, DENG X, HUO Y, XIE J, HUANG H, JIAO

Z, WU M, LIU Y, WEN T. A protein interaction net-
work for the analysis of the neuronal differentia-
tion of neural stem cells in response to titanium
dioxide nanoparticles. Biomaterials 2010; 31:
3063-3070.

75) KISS B, BÍRÓ T, CZIFRA G, TÓTH BI, KERTÉSZ Z, SZIKSZAI

Z, KISS AZ, JUHÁSZ I, ZOUBOULIS CC, HUNYADI J. In-
vestigation of micronized titanium dioxide pene-
tration in human skin xenografts and its effect on
cellular functions of human skin-derived cells. Exp
Dermatol 2008; 17: 659-667.

76) FUJITA K, HORIE M, KATO H, ENDOH S, SUZUKI M,
NAKAMURA A, MIYAUCHI A, YAMAMOTO K, KINUGASA S,
NISHIO K, YOSHIDA Y, IWAHASHI H, NAKANISHI J. Effects
of ultrafine TiO2 particles on gene expression pro-
file in human keratinocytes without illumination:
involvement of extracellular matrix and cell adhe-
sion. Toxicol Lett 2009; 191: 109-117.

77) PAN Z, LEE W, SLUTSKY L, CLARK RA, PERNODET N,
RAFAILOVICH MH. Adverse effects of titanium
dioxide nanoparticles on human dermal fibrob-
lasts and how to protect cells. Small 2009; 5:
511-520.

78) JIN CY, ZHU BS, WANG XF, LU QH. Cytotoxicity of ti-
tanium dioxide nanoparticles in mouse fibroblast
cells. Chem Res Toxicol 2008; 21: 1871-1877.

79) HACKENBERG S, FRIEHS G, FROELICH K, GINZKEY C,
KOEHLER C, SCHERZED A, BURGHARTZ M, HAGEN R,
KLEINSASSER N. Intracellular distribution, geno-
and cytotoxic effects of nanosized titanium diox-
ide particles in the anatase crystal phase on hu-
man nasal mucosa cells. Toxicol Lett 2010; 195:
9-14.

80) GAMER AO, LEIBOLD E, VAN RAVENZWAAY B. The in
vitro absorption of microfine zinc oxide and titani-
um dioxide through porcine skin. Toxicol in vitro
2006; 20: 301-307.

81) MAVON A, MIQUEL C, LEJEUNE O, PAYRE B, MORETTO P.
In vitro percutaneous absorption and in vivo
stratum corneum distribution of an organic and a
mineral sunscreen. Skin Pharmacol Physiol 2007;
20: 10-20.

505

Toxicological effects of titanium dioxide nanoparticles: a review of in vitro mammalian studies



506

82) WU J, LIU W, XUE C, ZHOU S, LAN F, BI L, XU H, YANG

X, ZENG FD. Toxicity and penetration of TiO2

nanoparticles in hairless mice and porcine skin
after subchronic dermal exposure. Toxicol Lett
2009; 191: 1-8.

83) VAN DER MERWE D, TAWDE S, PICKRELL JA, ERICKSON

LE. Nanocrystalline titanium dioxide and magne-
sium oxide in vitro dermal absorption in human
skin. Cutan Ocul Toxicol 2009; 28: 78-82.

84) SENZUI M, TAMURA T, MIURA K, IKARASHI Y, WATANABE

Y, FUJII M. Study on penetration of titanium diox-
ide (TiO(2)) nanoparticles into intact and dam-
aged skin in vitro. J Toxicol Sci 2010; 35: 107-
113.

85) HELFENSTEIN M, MIRAGOLI M, ROHR S, MÜLLER L, WICK

P, MOHR M, GEHR P, ROTHEN-RUTISHAUSER B. Effects of
combustion-derived ultrafine particles and manu-
factured nanoparticles on heart cells in vitro.
Toxicology 2008; 253: 70-78.

86) PETERS K, UNGER RE, KIRKPATRICK CJ, GATTI AM,
MONARI E. Effects of nano-scaled particles on en-
dothelial cell function in vitro: studies on viability,
proliferation and inflammation. J Mater Sci Mater
Med 2004; 15: 321-325.

87) YU M, MO Y, WAN R, CHIEN S, ZHANG X, ZHANG Q.
Regulation of plasminogen activator inhibitor-1
expression in endothelial cells with exposure to
metal nanoparticles. Toxicol Lett 2010; 195: 82-
89.

88) PENG L, BARCZAK AJ, BARBEAU RA, XIAO Y, LATEMPA TJ,
GRIMES CA, DESAI TA. Whole genome expression
analysis reveals differential effects of TiO2 nan-
otubes on vascular cells. Nano Lett 2010; 10:
143-148.

89) COURTOIS A, ANDUJAR P, LADEIRO Y, BAUDRIMONT I,
DELANNOY E, LEBLAIS V, BEGUERET H, GALLAND MA,
BROCHARD P, MARANO F, MARTHAN R, MULLER B. Im-
pairment of NO-dependent relaxation in intralo-
bar pulmonary arteries: comparison of urban
particulate matter and manufactured nanoparti-
cles. Environ Health Perspect 2008; 116: 1294-
1299.

90) COURTOIS A, ANDUJAR P, LADEIRO Y, DUCRET T,
ROGERIEUX F, LACROIX G, BAUDRIMONT I, GUIBERT C,
ROUX E, CANAL-RAFFIN M, BROCHARD P, MARANO F,
MARTHAN R, MULLER B. Effect of engineered
nanoparticles on vasomotor responses in rat in-
trapulmonary artery. Toxicol Appl Pharmacol
2010; 245: 203-210.

91) LINNAINMAA K, KIVIPENSAS P, VAINIO H. Toxicity and
cytogenetic studies of ultrafine titanium dioxide in
cultured rat liver epithelial cells. Toxicol in vitro
1997; 11: 329-335.

92) HUSSAIN SM, HESS KL, GEARHART JM, GEISS KT,
SCHLAGER JJ. In vitro toxicity of nanoparticles in
BRL 3A rat liver cells. Toxicol in vitro 2005; 19:
975-983.

93) WANG L, MAO J, ZHANG GH, TU MJ. Nano-cerium-
element-doped titanium dioxide induces apopto-
sis of Bel 7402 human hepatoma cells in the
presence of visible light. World J Gastroenterol
2007; 13: 4011-4014.

94) SHI Y, ZHANG JH, JIANG M, ZHU LH, TAN HQ, LU B.
Synergistic genotoxicity caused by low concen-
tration of titanium dioxide nanoparticles and p,p'-
DDT in human hepatocytes. Environ Mol Muta-
gen 2010; 51: 192-204.

95) ZHANG AP, SUN YP. Photocatalytic killing effect of
TiO2 nanoparticles on Ls-174-t human colon car-
cinoma cells. World J Gastroenterol 2004; 10:
3191-3193.

96) KOENEMAN BA, ZHANG Y, WESTERHOFF P, CHEN Y,
CRITTENDEN JC, CAPCO DG. Toxicity and cellular re-
sponses of intestinal cells exposed to titanium
dioxide. Cell Biol Toxicol 2010; 26: 225-238.

97) KANG SJ, KIM BM, LEE YJ, HONG SH, CHUNG HW.
Titanium dioxide nanoparticles induce apoptosis
through the JNK/p38-caspase-8-Bid pathway in
phytohemagglutinin-stimulated human lympho-
cytes. Biochem Biophys Res Commun 2009;
386: 682-687.

98) VAMANU CI, CIMPAN MR, HØL PJ, SØRNES S, LIE SA,
GJERDET NR. Induction of cell death by TiO2

nanoparticles: studies on a human monoblas-
toid cell line. Toxicol in vitro 2008; 22: 1689-
1696.

99) WAN R, MO Y, ZHANG X, CHIEN S, TOLLERUD DJ,
ZHANG Q. Matrix metalloproteinase-2 and -9 are
induced differently by metal nanoparticles in hu-
man monocytes: The role of oxidative stress and
protein tyrosine kinase activation. Toxicol Appl
Pharmacol 2008; 233: 276-285.

100) WANG J, SANDERSON BJ, WANG H. Cyto- and geno-
toxicity of ultrafine TiO2 particles in cultured hu-
man lymphoblastoid cells. Mutat Res 2007; 628:
99-106.

101) MÖLLER W, HOFER T, ZIESENIS A, KARG E, HEYDER J.
Ultrafine particles cause cytoskeletal dysfunc-
tions in macrophages. Toxicol Appl Pharmacol
2002; 182: 197-207.

102) RENWICK LC, DONALDSON K, CLOUTER A. Impairment
of alveolar macrophage phagocytosis by ultra-
fine particles. Toxicol Appl Pharmacol 2001; 172:
119-127.

103) SCHANEN BC, KARAKOTI AS, SEAL S, DRAKE DR 3RD,
WARREN WL, SELF WT. Exposure to titanium diox-
ide nanomaterials provokes inflammation of an
in vitro human immune construct. ACS Nano
2009; 3: 2523-2532.

104) GONÇALVES DM, CHIASSON S, GIRARD D. Activation
of human neutrophils by titanium dioxide (TiO2)
nanoparticles. Toxicol in vitro 2010; 24: 1002-
1008.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi



105) ROTHEN-RUTISHAUSER BM, SCHÜRCH S, HAENNI B, KAPP

N, GEHR P. Interaction of fine particles and
nanoparticles with red blood cells visualized with
advanced microscopic techniques. Environ Sci
Technol 2006; 40: 4353-4359.

106) LI SQ, ZHU RR, ZHU H, XUE M, SUN XY, YAO, SD,
WANG, SL. Nanotoxicity of TiO(2) nanoparticles to
erythrocyte in vitro. Food Chem Toxicol 2008;
46: 3626-3631.

107) AISAKA Y, KAWAGUCHI R, WATANABE S, IKEDA M, IGISU

H. Hemolysis caused by titanium dioxide parti-
cles. Inhal Toxicol 2008; 20: 891-893.

108) NEMMAR A, MELGHIT K, ALI BH. The acute proin-
flammatory and prothrombotic effects of pul-
monary exposure to rutile TiO2 nanorods in rats.
Exp Biol Med (Maywood) 2008; 233: 610-619.

109) BIHARI P, HOLZER M, PRAETNER M, FENT J, LERCHEN-
BERGER M, REICHEL CA, REHBERG M, LAKATOS S, KROM-
BACH F. Single-walled carbon nanotubes activate
platelets and accelerate thrombus formation in
the microcirculation. Toxicology 2010; 269: 148-
154.

110) KOMATSU T, TABATA M, KUBO-IRIE M, SHIMIZU T, SUZUKI

K, NIHEI Y, TAKEDA K. The effects of nanoparticles
on mouse testis Leydig cells in vitro. Toxicol in
vitro 2008; 22: 1825-1831.

111) UCHINO T, TOKUNAGA H, ANDO M, UTSUMI H. Quan-
titative determination of OH radical generation
and its cytotoxicity induced by TiO(2)-UVA treat-
ment. Toxicol in vitro 2002; 16: 629-635.

112) DODD NJ, JHA AN. Titanium dioxide induced cell
damage: a proposed role of the carboxyl radical.
Mutat Res 2009; 660: 79-82.

113) L'AZOU B, JORLY J, ON D, SELLIER E, MOISAN F,
FLEURY-FEITH J, CAMBAR J, BROCHARD P, OHAYON-
COURTÈS C. In vitro effects of nanoparticles on re-
nal cells. Part Fibre Toxicol 2008; 19: 5-22.

114) SOLLAZZO V, CALMIERI A, PEZZETTI F, SCARANO A, MAR-
TINELLI M, SCAPOLI L, MASSARI L, BRUNELLI G,
CARAMELLI E, CARINCI F. Genetic effect of anatase
on osteoblast-like cells. J Biomed Mater Res B
Appl Biomater 2008; 85: 29-36.

115) DI VIRGILIO AL, REIGOSA M, DE MELE MF. Response
of UMR 106 cells exposed to titanium oxide and
aluminum oxide nanoparticles. J Biomed Mater
Res A 2010; 92: 80-86.

116) BERNTSEN P, PARK CY, ROTHEN-RUTISHAUSER B, TSUDA

A, SAGER TM, MOLLINA RM, DONAGHEY TC, ALENCAR

AM, KASAHARA DI, ERICSSON T, MILLET EJ, SWENSON J,
TSCHUMPERLIN DJ, BUTLER JP, BRAIN JD, FREDBERG JJ,
GEHR P, ZHOU EH. Biomechanical effects of envi-
ronmental and engineered particles on human
airway smooth muscle cells. J R Soc Interface
2010; 7(Suppl 3): S331-340.

117) HUANG S, CHUEH PJ, LIN YW, SHIH TS, CHUANG SM.
Disturbed mitotic progression and genome seg-

regation are involved in cell transformation medi-
ated by nano-TiO2 long-term exposure. Toxicol
Appl Pharmacol 2009; 241: 182-194.

118) ONUMA K, SATO Y, OGAWARA S, SHIRASAWA N,
KOBAYASHI M, YOSHITAKE J, YOSHIMURA T, IIGO M, FUJII

J, OKADA F. Nano-scaled particles of titanium
dioxide convert benign mouse fibrosarcoma
cells into aggressive tumor cells. Am J Pathol
2009; 175: 2171-2183.

119) XU A, CHAI Y, NOHMI T, HEI TK. Genotoxic respons-
es to t i tanium dioxide nanopar ticles and
fullerene in gpt delta transgenic MEF cells. Part
Fibre Toxicol 2009; 6: 3.

120) NAKAGAWA Y, WAKURI S, SAKAMOTO K, TANAKA N. The
photogenotoxicity of titanium dioxide particles.
Mutat Res 1997; 394: 125-132.

121) WARHEIT DB, HOKE RA, FINLAY C, DONNER EM, REED

KL, SAYES CM. Development of a base set of toxi-
city tests using ultrafine TiO- particles as a com-
ponent of nanoparticle risk management. Toxicol
Lett 2007; 171: 99-110.

122) OBERDÖRSTER G, OBERDÖRSTER E, OBERDÖRSTER J.
Nanotoxicology: an emerging discipline evolving
from studies of ultrafine particles. Environ Health
Perspect 2005; 113: 823-839.

123) GUO LL, LIU XH, QIN DX, GAO L, ZHANG HM, LIU

JY, CUI YG. Effects of nanosized titanium dioxide
on the reproductive system of male mice.
Zhonghua Nan Ke Xue 2009; 15: 517-522.

124) RUSHTON EK, JIANG J, LEONARD SS, EBERLY S, CASTRA-
NOVA V, BISWAS P, ELDER A, HAN X, GELEIN R, FINKEL-
STEIN J, OBERDÖRSTER G. Concept of assessing
nanoparticle hazards considering nanoparticle
dosemetric and chemical/biological response
metrics. J Toxicol Environ Health A 2010; 73:
445-461.

125) SCHULTE PA, SCHUBAUER-BERIGAN MK, MAYWEATHER C,
GERACI CL, ZUMWALDE R, MCKERNAN JL. Issues in
the development of epidemiologic studies of
workers exposed to engineered nanoparticles. J
Occup Environ Med 2009; 51: 323-335.

126) HÖHR D, STEINFARTZ Y, SCHINS RP, KNAAPEN AM, MAR-
TRA G, FUBINI B, BORM PJ. The surface area rather
than the surface coating determines the acute
inflammatory response after instillation of fine
and ultrafine TiO2 in the rat. Int J Hyg Environ
Health 2002; 205: 239-244.

127) SAYES CM, REED KL, WARHEIT DB. Assessing toxici-
ty of fine and nanoparticles: comparing in vitro
measurements to in vivo pulmonary toxicity pro-
files. Toxicol Sci 2007; 97: 163-180.

128) HEINREICH U, FUHST R, RITTINGHAUSE S, CREUTZENBERG

O, BELLMANN B, KOCH W, LEVSEN K. Chronic inhala-
tion exposure of Wistar rats and two different
strains of mice to diesel engine exhaust, carbon
black and titanium dioxide. Inhal Toxicol 1995; 7:
533-556.

507

Toxicological effects of titanium dioxide nanoparticles: a review of in vitro mammalian studies



508

129) TROUILLER B, RELIENE R, WESTBROOK A, SOLAIMANI P,
SCHIESTL RH. Titanium dioxide nanoparticles in-
duce DNA damage and genetic instability in vi-
vo in mice. Cancer Res 2009; 69: 8784-8789.

130) REHN B, SEILER F, REHN S, BRUCH J, MAIER M. Investi-
gations on the inflammatory and genotoxic lung
effects of two types of titanium dioxide: untreated
and surface treated. Toxicol Appl Pharmacol
2003; 189: 84-95.

131) TAO F, KOBZIK L. Lung macrophage-epithelial cell
interactions amplify particle-mediated cytokine
release. Am J Respir Cell Mol Biol 2002; 26:
499-505.

132) THEVENOT P, CHO J, WAVHAL D, TIMMONS RB, TANG

L. Surface chemistry influences cancer killing ef-

fect of TiO2 nanoparticles. Nanomed Nanotech-
nol Biol Med 2008; 4: 226-236.

133) ROLLER M. Carcinogenicity of inhaled nanoparti-
cles. Inhal Toxicol 2009; 21(Suppl 1): 144-157.

134) VILENO B, LEKKA M, SIENKIEWICZ A, JENEY S, STOESSEL

G, LEKKI J, FORRÓ L, STACHURA Z. Stiffness alter-
ations of single cells induced by UV in the pres-
ence of nanoTiO2. Environ Sci Technol 2007; 41:
5149-5153.

135) ZHAO J, BOWMAN L, ZHANG X, VALLYATHAN V, YOUNG

SH, CASTRANOVA V, DING M. Titanium dioxide
(TiO2) nanoparticles induce JB6 cell apoptosis
through activation of the caspase-8/Bid and mi-
tochondrial pathways. J Toxicol Environ Health A
2009; 72: 1141-1149.

I. Iavicoli, V. Leso, L. Fontana, A. Bergamaschi


