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Abstract Nanosized titanium dioxide (nano-TiO,) has
tremendous potential for a host of applications, and TiO,
nanoparticles (NP) possess different physicochemical prop-
erties compared to their fine particle analogs, which might
alter their bioactivity. Their adverse effects on living cells
have raised serious concerns recently for their use in health
care and consumer sectors such as sunscreens, cosmet-
ics, pharmaceutical additives and implanted biomaterials.
Many researches have demonstrated that the physicochemi-
cal properties including shape, size, surface characteristics
and inner structure of nano-TiO, particles have different
degrees of toxicity to different organism groups under dif-
ferent conditions. Some former reports have demonstrated
that nano-TiO, materials could enter into human body
through different routes such as inhalation, dermal pen-
etration and ingestion. After being taken by human body,
NP might induce oxidative stress, cytotoxicity, genotoxic-
ity, inflammation and cell apoptosis ultimately in mammal
organs and systems. Here, we summarized the update about
toxicity of nano-TiO, and aimed to supply a safety usage
guideline of this nanomaterial.
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Introduction

With the fast development of nanotechnology, there are
more and more nanomaterial applications in daily life, such
as electronics, commercial products, medical devices and
drugs (Emerich and Thanos 2003). Therefore, human expo-
sure to nanoparticles is becoming increasingly frequent.
Nanoparticles are considered to be a threat to environment
and human heath (Nel et al. 2006). Many evidences have
shown that some widely used nanoparticles in many fields
impaired human health (Han et al. 2012; Khan et al. 2012;
Xu et al. 2012a, b). Therefore, we should take the safety
use seriously when kinds of nanomaterials are introduced
to the market.

Ordinary speaking, TiO, is considered as a low toxicity
particles. However, this view was changed after The Inter-
national Agency for Research on Cancer (IARC) classified
TiO, as a Group 2B carcinogen (IARC 2006). Compared to
regular TiO, particles (including fine nano-TiO, and micro-
size nano-TiO,), nano-TiO, particles are more specific due
to their stronger catalytic activity. During these few years,
nano-TiO, has become the most widely used nanoparticle
and has been produced in large industrial scale. It could be
used as additives in pharmaceuticals and cosmetics, as fill-
ers in polymeric materials used to improve bone prostheses
and as scaffolds in biomedicine (Bernier et al. 2012; Chen
and Mao 2007; Jia et al. 2014).

TiO, occurs in nature in the form of three well-known
crystallographic structure: anatase, rutile and brookite. A
lot of studies reported that anatase showed higher activ-
ity than the rutile style so that it used more widespread in
commercial. Rutile is more stable than the other two struc-
tures. Anatase and brookite phase both convert to rutile
upon heating (Chen and Mao 2007; Park et al. 2014a).
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Fig. 1 SEM images of the nanoparticles prepared via sol-gel route
(a) and hydrothermal method (b) (Vijayalakshmi and Rajendran
2012)

The crystal phases of rutile and anatase TiO, are tetrago-
nal, whereas that of brookite is orthorhombic. Besides that,
brookite is difficult to synthesize, which has been reported
to have higher photocatalytic activity (Warheit et al. 2007).
Nano-TiO, could synthesize via different ways. Vijayalak-
shmi et al. have reported two main routes: sol-gel route
and hydrothermal route. They tried to analyze the two on
the basis of their crystallinity, crystallite size, band gap and
structural properties (Vijayalakshmi and Rajendran 2012).
The TiO, nanoparticles prepared via sol-gel route are
highly crystalline and have smaller crystallite size (~7 nm)
as compared to the one prepared by hydrothermal method
(~17 nm). The band gap of the synthesized nanoparticles is
found to be size dependent (Vijayalakshmi and Rajendran
2012). Figure 1 shows that transmission electron micro-
scope (TEM) image of nano-TiO, synthesized via sol-gel
route (a) and hydrothermal method (b).

The extensive usage of nano-TiO, particles is a double-
edged sword to human health and ecosystem. Nano-TiO,
materials have several different ways to enter human body,
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such as injection (blood circulation), inhalation (respira-
tory tract), ingestion (gastrointestinal tract) and dermal
penetration (skin) (Oberdorster et al. 2005). It has been
reported that nano-TiO, could induce inflammation, cyto-
toxicity, genotoxicity and phototoxicity in mammals and
other experiment animals. The fate of the TiO, nanoparti-
cles in the body may differ according to the size and sur-
face charge of TiO, nanoparticles even when their shapes
are the same. The major target organs for accumulation of
nanomaterials may be liver, kidney and spleen even at a low
level (Fabian et al. 2008; Liu et al. 2009; Park et al. 2014b).
Even though titanium dioxide induces apoptotic cell death
through reactive oxygen species-mediated Fas up-regu-
lation and Bax activation, their degrees in different cells
are varied (Park et al. 2014a; Yoo et al. 2012). The toxic-
ity of TiO, nanoparticles depends on the biological system
used in the experiment, which indicates that the degrees
of toxic and bioaccumulation were different. For instance,
expanded simple tandem repeat (ESTR) loci in mice are
sensitive markers of mutagenic effects on male germ cells
resulting from nano-TiO, exposures; however, female germ
cells show no increased ESTR mutation rates in F1 females
exposed in utero to UV-Titan nanoparticles (Boisen et al.
2012). Thus, there is a necessity to summarize and contrast
the different degrees of toxicity of different organs and sys-
tems, especially the research findings in recent years as an
update.

Toxicity of nano-TiO,
Toxicity of nano-TiO, on skin

Skin is the largest organ of the body and could serve an impor-
tant portal route for the entry of nanoparticles into mammals.
With the special properties and functions, nano-TiO, was
added into some sunscreen formulations to absorb and deflect
ultraviolet (UV) radiation. So this nanomaterial, as an addi-
tive in cosmetic and sunscreen, had great opportunity to get
exposed to skin directly. The assessment with respect to skin
absorption and toxicity made by the Scientific Committee on
Consumer Safety (SCCS) tended to consider the use of nano-
TiO, in dermal application could not pose significant risk to
human (Scientific Committee on Consumer Safety (SCCS)
2013), and they recommended not to use TiO, with substan-
tially high photocatalytic activity in sunscreen formulations.
Other TiO, nanomaterials that have a relatively lower but still
significant level of photocatalytic activity may be used. On the
other hand, several studies were conducted and published in
order to study all-sided and dig the potential toxicity of nano-
TiO, on skin depending on different conditions. In order to
make the effect of nano-TiO, on skin overall understood by
researches, we present some results hereinbelow.
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Human keratinocyte (HaCaT) cells were the most com-
mon in vitro model used in toxicology studies of skin. Jae-
ger et al. reported that HaCaT cells exposed to nano-TiO,
induced the mitochondrial “common deletion.” Moreover,
this nanomaterial displayed a ROS-mediated cytotoxic and
genotoxic potential in human keratinocytes (Jaeger et al.
2012). But this paper did not refer to the phototoxicity of
nanosized titanium dioxides in HaCaT keratinocytes. Yin
et al. (2012) have demonstrated that nano-TiO, is photo-
toxic to human skin keratinocytes, and this phototoxicity
is mediated by reactive oxygen species (ROS) generated
during UVA irradiation. Under UVA irradiation, electrons
in the TiO, valence band absorbed the photon energy and
jumped to the conduction band, leaving valence band holes
that extracted electrons from water or hydroxyl ions and
generated hydroxyl radicals (‘OH). Formation of other
ROS, including superoxide (O;) and singlet oxygen ('0,),
by different mechanisms has also been reported. So the
production of ROS is the key process in the generation
of phototoxicity under UVA irradiation. We could regard
this paper as a supplement of the former one. Another
paper reported that N-acetylcysteine (NAC), a sulfthydryl-
containing antioxidant, could prevent nano-TiO,-induced
oxidative stress and apoptosis in HaCaT cells. The protec-
tive effects of NAC on nano-TiO, induced apoptosis were
related to modulation of ROS and the intracellular nitric
oxide (NO) levels. These results suggest that NAC has
some potential as an antidote for nano-TiO, phototoxic-
ity (Xue et al. 2011). Furthermore, Ghiazza et al. (2014)
found that the ROS-mediated cytotoxicity and genotoxic-
ity of nano-TiO, toward human keratinocyte cells could be
inhibited by iron doping. They suggest that impregnation
with iron salts might be a promising strategy to reduce this
kind of cytotoxicity and genotoxicity. On the other hand,
Park et al. (2011) took out opposite results about the pho-
totoxicity of nano-TiO,, and their results demonstrated that
nano-TiO, particles induced no phototoxicity, acute cuta-
neous irritation or skin sensitization. Their findings might
be a little segmentary because the nanomaterial they used
was just one kind of numerous nano-TiO, and the diameter
was less than 25 nm. It was worth mentioning that Tucci
et al. (2013) reported that after treatment with 100 mg/ml
TiO, for 24 h, HaCaT cells showed the activation of cellu-
lar stress and reduced metabolic capacity. In addition, some
other cell types were also employed in the dermal toxicity
experiments. Shukla et al. investigated the genotoxicity of
human epidermal cells (A431) and suggested that ROS and
oxidative stress lead to oxidative DNA damage and micro-
nucleus formation, which was the probable mechanism of
genotoxicity (Shukla et al. 2011). Tay et al. focused on the
human oral epithelium, they compared nanohydroxyapatite
and nanotitanium dioxide, and they found that these two
nanomaterials showed different subcellular distribution;

nanohydroxyapatite displayed a higher preference to accu-
mulate near the cell membrane compared to nano-TiO,. An
elevated ROS level and expression of inflammatory tran-
scripts were observed when the cells were exposed to both
two nanomaterials. They further showed that nano-TiO,-
mediated cell death was independent of the classical p53-
Bax apoptosis pathway. Their findings provide insights into
the potential cellular fates of human oral epithelial cells
as they interface with industrial-grade nanohydroxyapa-
tite and nano-TiO, (Tay et al. 2014). A human lens epithe-
lial cell line (HLE B-3, ATCC) was used in another study,
and it was indicated that UVB irradiation could efficiently
inhibit the cell proliferation in vitro, generated excessive
cellular ROS and elevated the intracellular Ca>*, thereby
disrupted the intracellular calcium homeostasis, suggest-
ing that UVB irradiation and TiO, nanomaterial could exert
synergistically inhibitory effect on HLE B-3 cell prolifera-
tion. Moreover, TiO, nanomaterial had great potential for
the application of posterior capsular opacification (PCO)
treatment under UVB irradiation in clinical practice (Wu
et al. 2014). Wu et al. (2009) studied the penetration pro-
file and potential toxicity of titanium dioxide nanoparticles
not only in vitro but also in vivo via a dermal route. Their
results showed that nano-TiO, particles could penetrate
the skin and damage different organs in animals. The most
seriously damaged organs were skin and liver of mice. This
was a direct evidence that dermal exposure-induced tissue
damaged in other organs.

Toxicity of nano-TiO, on respiratory system

In the process of production, distribution, use and recy-
cle, nano-TiO, is easy to spread into the air. Therefore,
industrial or commercial titanium dioxide particles might
become one regular component of indoor or outdoor atmos-
phere. As inhalation was a common route of TiO, nano-
particles to enter human body, there was a risk that nano-
TiO, did harm to respiratory system. The respiratory tract
became the primary target organ system for the inhaled
nanoparticles. So there were lots of studies that paid atten-
tion to this significant problem. Some of them used A549,
a widely used human lung cancer cell line for inhalation
or pulmonary toxicity. Srivastava et al. (2012) reported
that exposure to nano-TiO, could induce oxidative stress,
apoptosis and genotoxicity. They also found that expres-
sional changes in apoptosis markers were having good cor-
relation with endpoints of oxidative stress and phenotypic
presentation of apoptotic/genotoxic events. Another similar
paper suggested that TiO, nanoparticles (NPs) caused an
oxidative stress and exhibited genotoxicity to A549 cells.
In addition, they confirmed that the smallest and spheri-
cal NPs exert the more pronounced toxic effects, but had
no relationship with their crystalline phase. They also
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observed that the DNA damage caused by nano-TiO, was
single-strand breaks and 8-oxodGuo, but not double-strand
breaks or chromosomal breaks or losses. Furthermore, the
nanoparticles inactivated both nucleotide excision repair
abilities (NER) and base excision repair (BER) pathways
leading to the losing of cell ability to repair the damaged
DNA (Jugan et al. 2012). Two more recent papers presented
similar conclusion. Wang et al. demonstrated that TiO, NPs
inhibited proliferation and caused DNA damage in A549
cells. Moreover, this study indicated that TiO, NPs induced
apoptosis in A549 cells via the mitochondrion-mediated
pathway (Wang et al. 2014). Kansara et al. (2015) put for-
ward that the generation of oxidative stress including ROS
leading to DNA damage, but they maintained that this dam-
age was double-strand break that was correlated with cell
cycle arrest in G2/M phase. On the other hand, Toyooka’
study showed distinct results in spite of the same usage of
cell line. They found that smaller TiO, particles had the
potential to cause genotoxicity, which was confirmed by a
sensitive DNA damaging marker, phosphorylated histone
H2AX (y-H2AX). The generation of y-H2AX in dependent
of cell cycle phases suggested the direct formation of dou-
ble-strand breaks (DSBs) by TiO, particles. However, ROS
did not contribute to the generation (Toyooka et al. 2012).
Tedja et al. (2011) compared A549 cell line with another
pulmonary cell line H1299. The results indicated that A549
cell line was showed to be relatively resistant to the total
uptake of TiO, particles, as measured by cell viability and
metabolic assays, while H1299 had a much higher capac-
ity to ingest TiO, particles and aggregates, with consequent
evidence of impact at concentrations as low as 30-150 pg/
ml. From another angle, Zhang et al. (2012) detected the
cytotoxicity of different-sized TiO, nanoparticles and
found that the 25-nm anatase particles induced stronger
cytotoxicity and oxidative stress than those of 5- and 100-
nm anatase particles. Both 5- and 100-nm anatase particles
had similar toxicity. Rutile particles caused lower toxicity
than anatase particles. They drew the conclusion that the
toxicity of TiO, nanoparticles could mainly depend on the
structural characteristics. Figure 2 shows that cell viabil-
ity of Ana-1 cells exposed to different-sized TiO, particles
(Zhang et al. 2012). Lagopati et al. (2014) also declared
that the cytotoxicity of TiO, nanoparticles of similar size
but different crystal structure gradually decreased as their
composition changed from pure anatase to anatase—rutile
mixtures. They found that pure anatase structure induced
apoptosis specifically in MDA-MB-468 cells. The molecu-
lar mechanism involved increased proapoptotic gene Bax
expression, caspase-mediated PARP cleavage and DNA
fragmentation, thus resulting in cell apoptosis. Both these
two papers confirmed that anatase structure showed more
severe cytotoxicity. Xiong et al. (2013b) found the size-
dependent cytotoxicity of TiO, nanoparticles could be due
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Fig. 2 Cell viability of Ana-1 cell exposed to TiO, particles. Con-
trol cells treated without TiO, particles are considered to have 100 %
activity. *P < 0.05 versus control cells. TiO,: titanium oxide (Zhang
et al. 2012)

to the fact that smaller particles with larger specific surface
area could absorb more biomolecules such as proteins in
the environment and so that the smaller particles brought
greater damage to organism. Another paper they have pub-
lished supported this view. Furthermore, they provided
the mechanism behind the phototoxicity of TiO, nanopar-
ticles and clued on how to alleviate such toxicity. They
suggested that using the surface coating of TiO, nanopar-
ticles with poly (ethylene-alt-maleic anhydride) (PEMA)
or chitosan could decrease their phototoxicity (Xiong et al.
2013a). Trevor et al. concerned that the toxicity of human
nasal septum carcinoma RPMI 2650 cell line by reasons
of nasal cavity was a key part of the respiratory system.
Their results demonstrated that microfluidic dispersion
influenced the in vitro toxicity of TiO, nanofilaments. Well-
dispersed TiO, nanomaterials processed by the microfluidic
device for TiO, were nontoxic in nasal cells as they did not
cause inflammation, alter cellular morphology, or reduce
the cellular viability. This result suggests that TiO, nano-
materials could be applied to drug delivery and bioimaging
(Tilly et al. 2014).

Jeon et al. (2011) took in vivo experiment to prove the
toxicity of respiratory system. In this study, local histo-
pathological changes, including alveolar septal thicken-
ing, neutrophil infiltration, and hyperplastic epithelial
changes were observed after accumulation of TiO, NPs
in lung. Collectively, these changes probably resulted in
the damage of lung function. Moreover, they also thought
that oxidative stress and inflammation were involved in
this process. There was an oncogenic risk because the
expression of cancer-related proteins (pyruvate kinase,
L-lactate dehydrogenase A chain, moesin and heat shock
protein 84b) was shown to be altered. Porter et al. (2012)
suggested that both nanospheres and long nanobelts
resulted in the lung deposition of 135 pg TiO,. At 112-
day after exposure, the lung burden was significantly
lower in nanosphere-exposed mice than that in nanobelt-
exposed mice. Leppénen et al. (2011) set up acute and
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repeated TiO, exposure model on outbred Crl:OF1 male
mice, finding nano-TiO2 mainly accumulated in the pul-
monary macrophages but did not cause nasal or pulmo-
nary inflammation. Tang et al. (2013) investigated tox-
icity of nano-TiO, to lung in two aspects, both in vitro
and in vivo. They found mitochondrial injury might be
the potential mechanism during the damaged process.
Besides that, Husian et al. (2013) stated that a small frac-
tion of nano-TiO, particles induced alterations in the
expression of several genes associated with ion homeo-
stasis, and muscle function may potentially interfere with
calcium, ion and lipid homeostasis, and affect pulmonary
smooth muscle contraction. They also discuss the nano-
TiO, translocation from lungs to blood and extra-pul-
monary organs and then toxicity to liver and heart tissue
(Husain et al. 2015).

Toxicity of nano-TiO, on liver and kidney

Once the nanoparticles entered animal body, they could
be distributed throughout body. The liver is the major
distributed site, followed by kidney. What is more,
nano-TiO, could accumulate in these two organs even
though the exposed level was low. Researchers all
over the world put attention to this issue and did lots
of work about it. Firstly, they used the human hepato-
cellular liver carcinoma cell line (HepG2) as a model
and discussed the mechanism behind the cell death
after treatment with nano-TiO,. Shukla et al. consid-
ered that the apoptosis of HepG2 was due to ROS-medi-
ated DNA damage via mitochondrial intrinsic pathway
(Shukla et al. 2013). Prasad et al. (2014) gave out sim-
ilar results, which indicated that exposure for 24 h of
HepG2 to nano-TiO, resulted in increased cellular inter-
action as measured by side scatter using flow cytometry,
DNA damage in the comet assay, micronuclei induction
and transcriptional activation of NF-kB but not activator
protein 1 (AP1). El-Said et al. (2014) suggested more
detailed mechanism about the generation of ROS and
apoptosis. They demonstrated that the exposure to TiO,
NPs caused oxidative stress, with increased H,O, and
‘OH levels leading to DNA damage and p53 activation,
and induced apoptosis by releasing cytochrome C into
the cytoplasm and activating caspase-3. Over-expres-
sion of toll-like receptor 3 (TLR3) protected against
oxidative stress-induced damage in response to TiO,
NP exposure, but over-production of toll-like receptor
4 (TLR4) enhanced the oxidative stress mediated by
TiO, NPs. Moreover, they found TiO, NPs induced the
expression of DNA damage marker genes, especially
the ataxia telangiectasia mutated (ATM) and inositol
hexakisphosphate kinase 3 (IP6K3) genes, which indi-
cated that the type of DNA damage was double-strand
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Fig. 3 Caspase-3 activities in TiO, NP-exposed HepG2 cells with
and without TLR3 or TLR4 transfection. The transfected cells were
exposed to 10 pg/ml TiO, NPs for 48 h. Each plot was produced
from at least 3 replicate measurements. All values are presented as
mean £ SD (n > 3), (*P < 0.05) (El-Said et al. 2014)

break as well as chromatin condensation, nuclear frag-
mentation and apoptosis. Figure 3 shows caspase-3
activities which indicate the apoptosis in TiO, NP-
exposed HepG2 cells with and without TLR3 or TLR4
transfection.

Meanwhile, some in vivo experiments were carried out
to prove the toxicity of liver. Attia et al. (2013) suggested
that TiO, NP had health hazard on liver as it affected the
architecture of the hepatic cords. The addition of N-ace-
tylcysteine (NAC) had hepatoprotective and ameliora-
tive effect on the biohazard caused by TiO, NP. We can
infer from the results that the hepatic injury has immedi-
ate connection with oxidative stress. Hong et al. (2014)
proved that hepatotoxicity was closely associated with
increased expression of some inflammatory factors, such
as interleukin (IL)-4, IL-5, IL-12, interferon (IFN)-vy,
GATA-binding domain (GATA)3, GATA4, T-bet, tran-
scription factor (STAT)3, STAT6, eotaxin, MCP-1 and
MIP-2 and decreased STAT1 expression due to TiO, NP
exposure in the mouse liver. Therefore, TiO, NP-induced
liver injury might be via the alteration of Th2 cytokine
expression and/or a possible IL-4-mediated pathway in
mice. Nano-TiO, also induced hepatotoxicity in rats, and
hepatic tissues were altered after intraperitoneal injec-
tions (Younes et al. 2015). Vasantharaja et al. studied on
serum biochemical changes in adult male Wistar rats.
The changes between levels of total protein, glucose,
aspartase transaminase, alanine transaminase and alka-
line phosphatase indicated that TiO, NPs induced liver
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damage. One prior research reported that the intraar-
ticular injected anatase TiO, nanoparticles had a poten-
tial toxicological effect on major organs and knee joints
of rats. The severe pathological injury of major organs
including liver was induced in the rats after exposure to
middle and high-dose TiO,, which was consistent with
the changes in serum biochemical parameters (Wang
et al. 2009).

The significant increase in the blood urea nitrogen
and uric acid indicated the renal damage in the TiO,
NP-treated rats. These results indicated that titanium
dioxide particles were accumulated not only in liver,
but also in kidney. Further, renal function was impaired
by these NPs. Human embryonic kidney cells (HEK-
293) were treated with titanium dioxide nanoparticles
(TiO, anatase, <25 nm). Nano-TiO, inhibited the pro-
liferation of HEK-293 cells by inducing cell apopto-
sis in a time- and dose-dependent manner. Moreover,
nano-TiO, might induce oxidative stress-mediated
DNA damage, which led to the activation of p53 gene
and the up-regulation of Bax and caspase-3 (Meena
et al. 2012). Hong et al. reported that administration of
nano-TiO, resulted in significant changes in nephrotox-
icity biomarkers in mice. Furthermore, the Wnt path-
way was directly activated after the administration of
nano-TiO, showing performance in directly increasing
the levels of expression of Wnts, Frizzled receptors
and the epithelial-to-mesenchymal transition mark-
ers (EMT), and decreasing the levels of expression of
Wnt antagonists, thus resulting in renal inflammation
and fibrosis. Another paper showed similar result but
different mechanism of nanoparticle toxicity on kid-
ney. Gui et al. showed that the significant increase
in NF-kB, tumor necrosis factor-a (TNF-a), mac-
rophage migration inhibitory factor (MIF), IL-2, IL-4,
IL-6, IL-8, IL-10, IL-18, IL-1B, cross-reaction protein
(CRP), transforming growth factor-p (TGF-g), INF-y,
cytochrome p450 1A (CYP1A) expressions and signifi-
cant decrease in heat shock protein 70 (HSP70) expres-
sion after being exposed with different concentrations
of nano-TiO,. These changes led to the increase in kid-
ney indices, inflammatory responses and cell necrosis
in mouse kidney (Gui et al. 2011). Furthermore, the
same group concluded that nephrotoxicity was closely
associated with the decreased nuclear factor eryth-
roid-2-related factor (Nrf2) expression using the same
experiment animal model. It contributed to the patho-
genesis of oxidative stress and inflammation and ampli-
fied their damaging effects on kidneys caused by TiO,
NP exposure. They suggested that the application of
TiO, NPs should be carried out cautiously, especially
in humans (Gui et al. 2013).
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From what we have listed above, as two major organs
easily accumulated nano-TiO, particles, liver and kidney
had a risk of injury both in vitro and in vivo.

Toxicity of nano-TiO, on reproductive system
and embryo

There was evidence showed that absorbed TiO, particles
might be able to move across the placenta into fetal tis-
sue and caused reproductive and developmental toxicity.
The exposed zebrafish to TiO, particles showed that nano-
particles can impair the normal development of zebrafish
embryo. Vicario-Parés et al. (2014) suggested that com-
paring nano-TiO, with CuO and ZnO NPs, the toxicity of
nano-TiO, was the least in these three metal NPs. Their
research result reminded us when we assessed NPs toxicity
using the zebrafish embryo model, it was important to con-
sider not only mortality, but also the sublethal effects pro-
duced by the exposures; otherwise, the NP-toxicity could
be under estimated. Another paper about zebrafish embryo
detected the effect of several metal-doped TiO, nanopar-
ticles. They demonstrated that the Fe-TiO, NPs exhibited
the highest toxic effects. Among the metals, the Mn-TiO,
NPs demonstrated the improved photocatalysis compared
to the other samples except for the Fe—TiO, NPs along with
the lowest toxic effects. For these reasons, the most suitable
doping metal was the Mn-TiO, NPs considering its energy
activity and environmental impacts (Park et al. 2014c).
Jia et al. (2014) used male Kunming mice as their experi-
ment subject and observed the effect of pubertal nano-TiO,
exposure on testosterone synthesis and spermatogenesis in
mice. The results demonstrated that the exposure of NPs
could cause adverse effects on male reproductive system.
Their data indicated that the decreased serum testosterone
(T) levels resulted not only from the decreased expres-
sion of P450 17a-hydroxysteroid dehydrogenase (P450-
17a) and 17B-hydroxysteroid dehydrogenase (178-HSD)
involved in T synthesis, but also from increased expression
of cytochrome P450-19 (Cyp19), which could convert T
to estradiol. Meena et al. (2014) reported that intravenous
administration of higher doses of TiO,-NPs caused apopto-
sis during spermiogenesis or sperm maturation, and sperm
caspase-3 activity seemed to affect the physiology of repro-
duction. They also found that the generation of oxidative
stress might be the reason of DNA damage and apoptosis.
Huang et al. (2014) paid attention to the ability of photo-
catalysis of nano-TiO,, and they investigated the photo-
catalytic oxidation properties of caffeine and isocaffeine
in the presence of nanostructured TiO, particles and UV
irradiation in different aqueous or organic solvents, includ-
ing dH,0, PBS and ethanol. The resulting oxidized prod-
ucts of caffeine or isocaffeine were shown to have higher
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cytotoxicity as well as genotoxicity on A2780 ovarian can-
cer cells than their unoxidized counterparts.

Toxicity of nano-TiO, on central nervous system

Generally speaking, brain is under the protection of blood—
brain barrier (BBB). The BBB is a highly selective perme-
ability barrier that separates the circulating blood from cer-
ebrospinal fluid and limits the entry of many substances into
brain. But nanomaterials could easily penetrate body barrier
such as BBB relatively unimpeded because of their particu-
lar physical and chemical property. Many studies have une-
quivocally showed that the treatment of nano-TiO, could be
transported to the central nervous system (CNS) and dam-
age brain neurons and tissue in vitro and in vivo. Mdrquez-
Ramirez et al. (2012) reported the uptake and internaliza-
tion of TiO, NPs by glial cells, induced an inhibition in their
proliferation. Strong morphological changes were found,
which were associated with depolymerization of F-actin and
apoptotic cell death. This result suggested that the exposure
of brain cells to TiO, NPs could cause brain injury and con-
tribute to the development of neurodegenerative diseases.
Sheng et al. (2014) also reported that nano-TiO, could
induce oxidative stress, destabilization of MMP and the
intracellular Ca®* elevation, and increase the expression of
apoptotic proteins in rat primary cultured hippocampal neu-
rons. The neuron apoptosis being involved in mitochondria-
mediated signal pathway and ER-mediated signal pathway
led to the impairment of neuron development, decreasing
the ability of learn and memory. Liu et al. (2010) suggested
that oxidative stress was the potential mechanism of cellular
apoptosis and revealed that nano-TiO, could induce a sig-
nificant cytotoxicity in PC12 cells in a dose-dependent and
time-dependent manner. Figure 4 shows the TEM images
(a) and dynamic light scattering (DLS) images (b) of the
nano-TiO, particles (Liu et al. 2010). The in vivo experi-
ments mostly focused on learning and memory of animals.
Meena’s study aimed to find out the effect of i.v. injected
nano-TiO, on brain of rats. They found that nano-TiO, was
smoothly transported to brain and crossed BBB after injec-
tion intravenously through caudal vein. After that, oxida-
tive stress, inflammatory, DNA damage and apoptosis were
detected in brain tissue, which might hamper the ability of
learning and memory (Meena et al. 2015). Younes et al.
(2015) suggested that TiO, NPs altered the neurobehavio-
ral performance of adult Wistar rats along with the damage
of hepatic tissue. Ze et al. (2014) studied the mechanism
of TiO, particle-induced neurotoxicity. They showed that
TiO, NPs could cause an increase in phosphate-activated
glutaminase (PAG) activity and a decrease in glutamine
synthetase (GS) activity in mouse hippocampus, which also
called “glutamate (Glu)—glutamine (Gln)” cyclic pathway.
Furthermore, the imbalance of Glu metabolism triggered

(b) 100
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Fig. 4 Dispersion and characterization of the TiO, nanoparticles
were characterized by TEM (a) and DLS (b). TEM images showed
that the size of the nano-TiO, was distributed from 20 to 50 nm. And
the DLS assay (b) stated that the particle size distribution had a wide
range from 24 to 697 nm due to the aggregation, and the hydrody-
namic diameter was 368.1 nm (Liu et al. 2010)

the inhibitions of N-methyl-p-aspartate receptor subunits
(NR)1, NR2A, NR2B and mGluR2 expressions in the TiO,
NP-exposed hippocampus. Their findings might apply the-
oretical basis, which could improve the ability of learning
and memory impaired by nano-TiO, exposure. Besides that,
some researchers compared nano-sized SiO, and TiO, to
discuss the different neurological effects after direct expo-
sure into the brain. Their findings indicated that exposure
to TiO, and SiO, NPs could possibly impair the locomotor
ability associated with microglial activation, and this deficit
may be possibly attributed at least to an inflammatory pro-
cess (Balvay et al. 2013).

Toxicity of nano-TiO, on peripheral blood cells
and spleen

To extend the knowledge of the toxicity of nanosized TiO,

particles, researchers tested nano-TiO, particles on periph-
eral blood cells. First of all, Kang et al. (2008) showed that
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Fig. 5 Summarization of
nano-TiO, potential toxicity on inhalation ingestion penetration injection
organs and system
skin lung liver kidney brain spleen blood

nano-TiO, had a genotoxic effect in both micronucleus and
Comet assays. Furthermore, p21 and Bax were not induced
by nano-TiO,-induced genotoxicity, but p5S3 DNA damage
check point signal. After that, Ghosh et al. demonstrated
the genotoxicity and cytotoxicity potential of nano-TiO,.
A reduction in mitochondrial dehydrogenase activity and
a reduction in membrane potential (MMP) were observed
in human lymphocyte cells. DNA damage induced by this
nanoparticle led to apoptosis. Meanwhile, they found that
hemolytic property of erythrocyte cells was broken by
titanium dioxide (Ghosh et al. 2013). Takaki et al. (2014)
noticed nuclear condensation, chromosomal DNA dam-
age, giant DNA fragmentation followed by ladder-like
DNA fragmentation and caspase-3 activation. Thus, they
concluded that nanosized TiO, particles induced caspase-
dependent apoptosis, and engulfment was not involved in
this effect of TiO, particles. Finally, some in vivo experi-
ments were carried out. Aziz et al. gave the treatment of
nano-TiO, on adult male albino rat and studied spleno-
cytes in rats. They observed that apoptosis of splenocytes
as well as milk thistle seeds extract could help in the pro-
tection of spleen against the toxic effect (Aziz and Awaad
2014). Wang et al. (2011b) reported that nanoparticulate
TiO, caused congestion and lymph nodule proliferation of
spleen tissue of mice by intragastric administration, and a
significant increase in ROS productions in spleen, and sub-
sequently led to a strong induction of heme oxygenase-1
(HO-1) via the p38-Nrf-2 signaling pathway. Similar con-
clusion could be drawn from another article, Fu et al. also
observed congestion and lymph node alternations. Further-
more, increased proliferation of spleen-derived T cells and
B cells following mitogen stimulation and enhanced NK
cell killing activity were found by repeated instillation of
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nano-TiO,. Sang et al. (2013) paid more attention to the
molecular mechanism in splenic injury induced by repeated
administration of nano-TiO,. They found that increasing
expression of cyclooxygenase (COX)-2 had a vital role in
splenic injury. Both these results showed that nano-TiO,
might be one of triggers to be responsible for the systemic
immune response and harmful to spleen and relevant cells.

Conclusion

As one of the most broad-spectrum nanoparticle, nano-
TiO, is related to our daily life compactly. Although this
nanomaterial has been studied intensively in recent years,
there are totally different conclusions about toxicity of
different organs and systems depending on the different
experimental conditions. Some papers present that there
is no evidence that TiO, nanosized particles pose a muta-
genic/genotoxic, phototoxic or photomutagenic/genotoxic
risk to humans, but protect human skin against UV-induced
adverse effects, including DNA damage and skin cancer
(Schilling et al. 2010). Another paper reports that combined
TiO, and UVA treatment can significantly reduce glioma
growth and prolong survival in an animal model (Wang
et al. 2011a). Although the usage of such nanomaterial
brings our society lots of advantages, we should pay close
attention to the toxicity induced by nano-TiO, due to the
diversified administration methods, doses and experimen-
tal animals. Some presented studies and theories demon-
strated that nano-TiO, induced oxidative stress, cytotoxic-
ity, genotoxicity and phototoxicity in kinds of cells. If the
conditions were deteriorated, the nanoparticles might cause
histopathological change and impair the function of skin,
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lung, liver, kidney, brain, spleen and other important organs
in mammal. We could infer that long-term exposure would
induce more serious damage. Figure 5 shows the sum-
marization of potential toxicity of nano-TiO, to organs in
mammals. There are some advices concerning this nano-
material possible health effects to support risk assessment
and management. At first, we should pay attention to the
biosafety of TiO, nanoparticle carriers for drug delivery
application because these NPs are unimpedingly entered
into living body. Second, the researches should value the
long-term animal studies to illuminate the toxicities and
oncogenicity of different structures of nano-TiO,. At last,
catabolism after nano-TiO, entering body should also
become a research hotspot area. Besides that, the molecular
mechanism of nano-TiO, toxicity needs more meticulous
discussion.

In summary, this review concludes the up-to-date stud-
ies about toxicity of nano-TiO, particles on different organs
and systems in vivo and in vitro. This would help us to real-
ize the risk of the NPs in daily life and make the applica-
tion of nano-TiO, safety use.
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