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Abstract Several in vitro studies on the potential toxicity
of nano-TiO2 have been published and recent reviews have
summarised them. Most of these reports concluded that
physicochemical properties of nanoparticles are fundamen-
tal to their toxicological effects. No published review has
compared in vitro tests with similar test strategies in terms
of exposure duration and measured endpoints and for this
reason we have attempted to assess the degree of
homogeneity among in vitro tests and to assess if they
afford reliable data to support risk assessment. The

responses in different in vitro tests appeared to be unrelated
to primary particle size. The biologically effective concen-
trations in different tests can be seen to differ by as many as
two orders of magnitude and such differences could be
explained either by different sensitivities of cell lines to
nanoparticles or by effect of the test media. Our review
indicates that even when the in vitro tests measure the same
biomarkers with the same exposure duration and known
primary particle sizes, it is insufficient merely to use such
data for risk assessment. In the future, validated standard
methods should include a limited number of cell lines and an
obligatory selection of biomarkers. For routine purposes, it is
important that assays can be easily conducted, false negatives
and false positives are excluded and unbiased interpretation of
results is provided. Papers published to date provide an
understanding of the mode on nano-TiO2 action but are not
suitable for assessment and management of risk.

Keywords TiO2 nanoparticles . Risk assessment . Risk
management . Nanotoxicity. Size-dependent effects

Introduction

It has generally been assumed that in vitro toxicity tests
designed for soluble chemicals are appropriate for nano-
materials (Park et al. 2009). In vitro testing is popular due to
widely established methodologies, small set-ups with low
costs, few ethical problems, ease of interpretation, large
numbers of replicates and even miniaturization and automa-
tion (Hartung and Daston 2009). A major advantage of in
vitro testing is replacement or reduction of the use of the
laboratory animals but it has some disadvantages that are
obscured in broad applications. Extrapolation of in vitro
toxicology findings to humans can be difficult when the
mode of action and/or metabolic conditions in the cell culture
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model may not be relevant in humans. Chemicals may exert
carcinogenic effects in humans via non-genotoxic mechanisms
for which there are very few in vitro assays, and many in vitro
models have mutations and increased cell proliferation absent
in normal human cells. Additionally, many in vitro models do
not have cellular detoxification pathways that are available to
humans and in vitro assays study short-term exposures and
immediate effects, while cancer develops in humans over a
long exposure and latency period (Kirkland et al. 2007),
(Thybaud et al. 2007).

Available in vitro tests have been rapidly adopted
however for the assessment of the toxic potential of
nanoparticles. The selection of test cell lines has typically
been driven by the identity of possible target organs. The
biomarkers used in nanotoxicity testing are the same as
those used for other chemicals and focus on cell viability,
membrane stability and lipid peroxidation. Genotoxicity,
apoptosis and inflammation have also been examined.

A 2008 workshop held in Washington DC in October 2008,
devoted to material characterization in nanotoxicology studies
(http://www.characterizationmatters.org) suggested that nano-
toxicity data of particles should be accompanied by the
characteristics of nanomaterials such as particle size, shape,
dissolution rate, agglomeration state, and surface area and
chemistry (Oberdörster et al. 2005), (Sayes and Warheit
2008), (Powers et al. 2006), (Erickson 2008). Nanomaterials’
characteristics can greatly influence their biological reactivity
and are essential for proper interpretation of the findings
(Warheit 2008). Recently, some comprehensive reviews have
been published on the toxic potential of nano-TiO2 relevant to
human exposure (Aschberger et al. 2011), (Iavicoli et al.
2011) or environmental species exposure (Menard et al.
2011). The aim of these reviews was to provide an overview
of the detrimental impact of nano-TiO2 on organisms and to
define risk assessment for human health and ecosystems,
linking the observed effects to the exposure levels and
evaluating the hazard associated. Some recommendations
for future data generation were listed. Some of the
conclusions are:

(a) Physical as well as chemical characteristics of particles
are fundamental to their biological reactivity;

(b) Experimental conditions may modify the character-
istics of particles in a suspension, and both primary
and secondary characteristics of particles must be
recorded in experimental studies;

(c) Hazards associated with nanoparticles should be
evaluated in the light of the likely exposure levels;

(d) A predominant mechanism of nano-TiO2 toxicity seems
to be a ROS-driven effect that may lead to inflamma-
tion and potentially to geno- and cytotoxicity;

(e) Threshold mechanisms of toxicity are assumed to be
operative with nano-TiO2;Ta
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No published review compares the in vitro studies with
similar test strategies in terms of exposure duration and
endpoints measured. For this reason, the aim of the present
review is to provide evidence if the degree of consistency

among in vitro tests is sufficient to provide reliable data for risk
assessment. We reviewed the studies that measured mitochon-
drial membrane cellular membrane stability, formation of
intracellular reactive oxygen species and cell viability.

Fig. 1 a–f LOEC obtained from the MTT test in which the cells were
exposed for 6 (a), 24 (c) or 48 h (e). Corresponding primary particle
sizes tested in MTT test for 6 (b), 24 (d) and 48 h (f). White circle the

value of either LOEC or primary particle size; white triangle below
this concentration no response was observed; white square particle
size where response was not recorded
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In vitro studies reporting biomarker modifications
after nano-TiO2 exposure

The most frequently used biomarkers in in vitro tests of nano-
TiO2 include mitochondrial membrane stability (monitored by
an MTT assay), cell membrane stability (LDH assay),
intracellular reactive oxygen species formation (HDCF-DA)
and viability (trypan blue assay). Occasionally, the same
biological responses were interpreted differently. For exam-
ple, the MTT assay, which assesses mitochondrial stability, is
often described as a test for cell viability (Uchino et al. 2002).

To enable comparisons among the data, we have selected
and graphically presented the lowest observed effect
concentration (LOEC) for each test as reported in the
literature. Our aims were:

(a) Elucidation of whether responses are related to the
primary particle size and, when possible, the secondary
particle sizes;

(b) Elucidation of whether responses are time dependent;
(c) Comparison of the sensitivity of cells;
(d) Comparison of the sensitivity of the response.

Changes in mitochondrial membrane stability tested by
MTT assay were not related to primary particle size. One
can also draw no firm conclusion on time dependency.
Different cells generate very different LOEC data ranging
from 5 up to 1,000 μg/ml (Table 1). It was assumed that
similar exposure times to nano-TiO2 would provoke
generally similar changes in mitochondrial membrane
stability. The discrepancy can be attributed either to differ-
ences in secondary characteristics of particles or in the
sensitivity of cells to nanoparticles.

Lactate dehydrogenase (LDH) activity is used as an
indicator of cell membrane integrity. Similar conclusions
to those found in the case of affected mitochondrial
membrane stability (Fig. 1a, b, c, d, e and f) could be
drawn for cell membrane stability. In this case, however,

Fig. 2 a–d LOEC obtained from the LDH test in which the cells were
exposed for 24 (a) or 48 h (c). Corresponding primary particle sizes
tested in LDH test for 24 (b) and 48 h (d). White circle the value of

either LOEC or primary particle size; white square below this
concentration no response was observed; white square particle size
where response was not recorded

J. Valant et al.



far fewer data are available to support any firm con-
clusions. Results of the LDH assay appear not to be

related to primary particle size. Given the paucity of data,
it is not possible to draw any conclusions concerning the

Fig. 3 a–d LOEC obtained from DCFH-DA assay in which cells
were exposed for 6 (a) or 24 h (c). Corresponding primary particle
sizes tested in DCFH-DA assay for 6 (b) and 24 h (d). White circle the

value of either LOEC or primary particle size; white square no
response up to this concentration was observed; white square particle
size where response was not recorded

Fig. 4 a LOEC values obtained from trypan blue assay in which cells were exposed for 24 h. b Corresponding primary particle size determined with the
trypan blue assay after 24 h exposure

Defining in vitro toxicity of nano-TiO2



time dependency of the effect (Fig. 2a, b, c and d).
Different LOEC values obtained with different cell types
are pronounced. Even when the LDH test was conducted
on the same cell type (in this case, HEL-30 cells), different
results were obtained.

The cell-based assay which uses 2′,7′-dichlorofluorescin-
diacetate (DCFH-DA) is a useful indicator of reactive
oxygen species (ROS) but is used less frequently in
nanoparticle studies. Consequently, there is a paucity of
data and no useful data comparisons could be made
(Fig. 3a, b, c and d). A significant discrepancy in LOEC
with the same type of cells (HEL-30 cells) is evident but the
results appear to be unrelated to primary particle size.

The trypan blue exclusion test is based on the principle
that live cells possess intact cell membranes that exclude
certain dyes, such as trypan blue. Although few data are
available, significant differences in test results among
different cell lines are evident (Fig. 4a). The results are
unrelated to primary particle size (Fig. 4b).

Discussion

In this review, we compared the in vitro studies that sought
to evaluate the exposure of different cell lines to nano-TiO2.
The evaluations assessed similar biomarkers at the same
exposure times. The biomarkers cited included mitochon-
drial and cell membrane stability, intracellular reactive
oxygen species formation and viability. Responses in
different in vitro tests were not related to primary particle
size and were also not time dependent. The largest amount
of data is available for mitochondrial membrane stability
after exposure of different cells to nano-TiO2. A compar-
ison of these studies showed that the LOEC reported may
differ by almost two orders of magnitude. Such discrep-
ancies could be explained either by different sensitivities of
cell lines to nano-TiO2 or by interaction of the nanoparticles
and the media. It is known that human cell lines show
different sensitivities to the same chemical (Hensten-
Pettersen and Helgeland 1981) and it has also been reported
that cell line sensitivity varies with the assay technique used
with no cell line being consistently more sensitive than
others. Hensten-Pettersen and Helgeland (1981) also pro-
vided evidence that with soluble chemicals, not only the
sensitivity of the cells, but the type of medium applied
could affect the results obtained. When nanoparticles are
suspended in different media, it should be expected that the
medium will affect their agglomeration, determining the
secondary size of particles and defining their biological
reactivity (Murdock et al. 2008), (Meissner et al. 2009).
Even if the characteristics of a suspension of nanoparticles,
i.e. the secondary characteristics of particles are defined, it
cannot be known to what extent the sensitivity of the cell

lines and the incubation medium are responsible for the
nanotoxicity.

On the basis of this review, we conclude that even when
in vitro tests measure the same parameters with the same
exposure durations and with known primary particle sizes,
the resulting data are inadequate to support significant
conclusions. Typically, results from very sensitive cells will
be overestimated while when the medium interferes with
the nanoparticles, the actual biological potential of the
particles will be underestimated. The existing test results do
not allow assessment of the extent to which the medium has
modified the biological activity of the particles. The results
of such studies should be interpreted together with likely
exposure levels and finally, epithelial cells should be
expected to be exposed to higher doses as those encountered
by other cells.

For future studies aimed at risk assessment and manage-
ment, validated standard methods are required. The existing
in vitro studies on the effects of nano-TiO2 are a valuable
contribution to an understanding of the mode of action of
nano-TiO2 but they are inadequate for an evaluation of the
hazards associated with nano-TiO2 that would support risk
assessment.

We suggest that only validated standard methods be used
for generation of hazard information in the future. In vitro
tests could be used for this purpose, but they have to be
standardized in terms of exposure duration and parameters
measured. In addition, toxicity data should be reported with
reference to the primary and secondary characteristics of
nanoparticles. Selection of biomarkers should include those
defined with respect to different cellular compartments and
processes. Based on our present knowledge of the interactions
of nanoparticle with cells, assessment of cell and mitochon-
drial membrane stability, ROS generation, lipid peroxidation
and viability appear to be good candidates with which to
assess the effects of nanoparticles. Finally, for practical
purposes, it is important that selected assay be easy to
conduct, false negatives and false positives can be excluded
and unbiased interpretation of results is possible.
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