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a b s t r a c t

The nanosized titanium dioxide (nano-TiO2) is produced abundantly and used widely in the chemical,
electrical/electronic and energy industries because of its special photovoltaic and photocatalytic activi-
ties. Past reports have shown that the nano-TiO2 can enter into the human body through different routes
such as inhalation, ingestion, dermal penetration and injection. The effects of nano-TiO2 on different
organs are currently being investigated and the concerns on its large scale applications such as sun-
screen, etc. indeed become more interesting for us to investigate and to find the possible right answers
for right doses for a safer application. In this research, the cytotoxicity of the nano-TiO2 was investi-
gated in PC12 cells, a cell line used as a model in vitro for the brain neurons research. While the PC12
cells were treated with different concentrations of nano-TiO2 (1, 10, 50 and 100 �g/ml), the viability of
poptosis
C12 cells

cells was significantly decreased in the periods of 6, 12, 24 and 48 h, showing a significant dose effect
and time-dependent manner. Meanwhile, the flow cytometric assay gave indication that the nano-TiO2

induced intracellular accumulation of reactive oxygen species (ROS) and the apoptosis of PC12 cells with
the increasing concentration of nano-TiO2. Interestingly, pretreatment of N-(mercaptopropionyl)-glycine
(N-MPG), known as a type of ROS scavenger formulations, could somehow inhibit PC12 apoptosis induced
by the nano-TiO2. These results might have revealed a key mechanism in PC12 apoptosis under the effect

s.
of the nano-TiO2 solution

. Introduction

There are increasingly concerns about development and pro-
uction route of nanomaterials and nanotechnology, as well as
heir wide ranges of applications. The new physical and chemical
roperties of novel engineered nanoparticle make them extremely
ttractive for use in the applications such as medical science
Emerich and Thanos, 2003), drug applications, agricultural, and
efense industries (Long et al., 2007). Despite the wide ranges of
pplications, there is a serious lack of information on the impact of
he nanoparticles on human health and the environment (Braydich-
tolle et al., 2005).

The nano-TiO2, has now been produced in a large industrial scale
nd used widely due to its high physical stability, anticorrosion and

hotocatalysis (Wang et al., 2007; Sun et al., 2004; Gelis et al., 2003).
herefore, potential widespread exposure may occur during both
anufacturing and end users (Wang et al., 2007). As an ultrafine

ized material, the nano-TiO2 can enter the human body through

∗ Corresponding author. Tel.: +86 22 23504364; fax: +86 22 23502554.
E-mail address: zhuoyang@nankai.edu.cn (Z. Yang).

300-483X/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.tox.2009.11.012
© 2009 Elsevier Ireland Ltd. All rights reserved.

different routes such as inhalation (respiratory tract), ingestion
(gastrointestinal tract), dermal penetration (skin), and injection
(blood circulation) (Jin et al., 2008; Oberdorster et al., 2005). The
extensive uses in medical research and industrial applications high-
light that there are many routes for the nano-TiO2 to potentially
enter into human bodies. Moreover, there is also a considerable
risk for exposure to livestock, and eco-relevant species (Long et al.,
2007). In the past 10 years, it has also been reported that the nano-
TiO2, once inhaled, could cause inflammation, fibrosis, pulmonary
damage (Afaq et al., 1998; Rahman et al., 2002). Amezaga-Madrid et
al. reported that photocatalytic TiO2 thin films can produce inhibi-
tion to bacterial in the range of 32–72%, to Pseudomonas aeruginosa,
which indicating the possible inhibition of cell growth by the
nano-TiO2 (Amezaga-Madrid et al., 2003). Work done in relations
to nanomaterials to intracellular calcium concentration showed
a rapid increase when the malignant cells were treated with the
nano-TiO2, indicating the damage of the plasma membrane and

followed the entrance of extracellular Ca2+ (Sakai et al., 1994).

PC12 cell is a cell line derived from a rat adrenal medulla
pheochromocytoma. Differentiated PC12 cells induced by nerve
growth factor (NGF) have the typical characteristic of the neu-
rons in the form and function, and therefore are widely used

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:zhuoyang@nankai.edu.cn
dx.doi.org/10.1016/j.tox.2009.11.012
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s a model in vitro for the neuron research, such as the apop-
osis and the differentiation of neuron (Rukenstein et al., 1991;
reen, 1978; Xiao et al., 2008; Ishima et al., 2008). The viability
f the cells was observed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT) assays. The oxidative stress

nduced by the nano-TiO2 and their mechanism was studied in
elation to the generation of reactive oxygen species (ROS).

. Materials and methods

.1. Materials

RPMI 1640 cell culture medium was purchased from GIBCO Invitrogen. MTT,
GF, horse serum and fetal bovine serum (FBS) and N-(2-mercaptopropionyl)-
lycine (N-MPG) were all purchased from Sigma Chemical Co., St. Louis, MO, USA.
OS testing kit was purchased from Genmed Scientifics Inc., USA. Annexin V-FITC
ropidium iodide (PI) apoptosis detection kit was from Bipec Biopharma Corpo-
ation, USA. Plastic culture microplates and flasks used in the experiment were
upplied by Corning Incorporated (Costar, Corning, NY, USA).

.2. Dispersion and characterization of the TiO2 nanoparticles

Commercial titanium dioxide nanoparticles (P-25 type, 21 nm in average size)
ere provided by Research Institute of Science and Technology (RSTI), University

f Hertfordshire, England. The material is photoactive, largely anatase form of TiO2.
he sizes of particles were tested using Transmission Electron Microscopy (TEM,
ecnai G2 20 S-TWIN, FEI, USA). And the average aggregate or agglomerate size of
he nano-TiO2 was measured by dynamic light scattering (DLS). Here, the nano-TiO2

as suspended in RPMI 1640 cell culture medium and dispersed by an ultrasonic
ibrator for 10 min, and then the suspension was characterized by the DLS using
Zeta PALS + BI-90 Plus (Brookhaven Instruments Corp., USA) at a wavelength of

59 nm. The scattering angle was fixed at 90◦ .

.3. Cell culture and nanoparticle suspension preparation

PC12 rat pheochromocytoma cells were obtained from Institute of Basic Med-
cal Sciences Chinese Academy of Medical Sciences. The cells were kept on plastic
ulture microplates with RPMI 1640 (pH 7.4) supplemented with 5% fetal bovine
erum and 10% horse serum. In the presence of nerve growth factor (NGF), PC12 cells
ill differentiate into sympathetic-like neurons, the medium was then replaced to

erum-free RPMI 1640 supplemented with 50 ng/ml NGF. The cells were cultured
ith the medium (with NGF) for 7 days, including changes every other day until the
eurites were removed. Then the cells were cultured with the medium contain 10%
BS. All medium included 100 U/ml penicillin and 100 U/ml streptomycin. Cultures
ere propagated at 37 ◦C in a humidified atmosphere of 5% CO2.

The suspension of titanium dioxide nanoparticles was prepared using the cul-
ure media and dispersed for 10 min by using a sonicator (Branson Inc., Danbury, CT,
SA) to prevent aggregation. From the suspension, different final concentrations of

he nano-TiO2 were prepared in cell growth medium. The cells were then treated
ith various concentrations of the nanoparticle suspension.

.4. Cell viability assay

The cell viability was assessed by using the MTT assay, which was based on
he reduction of the dye MTT to formazan crystals, an insoluble intracellular blue
roduct, by cellular dehydrogenases (Denizot and Lang, 1986). Cells were seeded
n 96-well plates with 1 × 104 cells in 200 �l medium per well and cultured 24 h
or stabilization. Then the freshly prepared nanoparticle suspension was dispersed
n the cell culture medium and diluted to appropriate concentrations (1, 10, 50 and
00 �g/ml). Cells were cultured in the medium containing different concentrations
f the nano-TiO2 for the periods 6, 12, 24 and 48 h. Culture medium without the
ano-TiO2 served as the control in each experiment. At the end of the exposure, 20 �l
TT was added to each well into a final concentration of 2 mg/ml and afterwards

he cells were cultured for 4 h at 37 ◦C. The medium was then removed carefully
nd 150 �l DMSO was added in and mixed with the cells thoroughly until formazan
rystals were dissolved completely. This mixture was measured in an ELISA reader
Elx 800, Bio-TEK, USA) with a wavelength of 570 nm. The cell viability was expressed
s a percentage of the viability of the control culture. Meanwhile, the concentration
f the nano-TiO2 used in assays of ROS and apoptosis were based on the results of
he MTT test.

.5. Measurement of ROS
The generation of ROS for the cells was evaluated by a fluorometry assay using
ntracellular oxidation of DCFH-DA. The cells in logarithmic growth phase were incu-
ated in a 6-well plates for 24 h for stabilization, then the medium was replaced with
edium containing different concentrations (0, 10, 50 and 100 �g/ml) of nano-TiO2

or 24 h. After exposure, the cells were washed with phosphate-buffered saline (PBS),
hen they were resuspended at a concentration of 1 × 106 cells/ml and were stained
7 (2010) 172–177 173

by the staining solution for 20 min, the cells were detected and analyzed by flow
cytometry.

2.6. Detection of apoptotic cells with flow cytometry

Apoptosis was assessed by annexin V-FITC and PI staining followed by analy-
sis with flow cytometry (Beckman-Coulter, USA). The methodology followed the
procedures as described in the annexin V-FITC/PI detection kit. The cultured cells
were exposed to the suspension of the nano-TiO2 with the concentration of 10 and
50 �g/ml for 24 h. Meanwhile, the cells and nano-TiO2 (50 �g/ml) mixture were pre-
treated with N-(2-mercaptopropionyl)-glycine (N-MPG) and followed incubation.
Eventually, the cells were resuspended in a 400 �l 1× binding buffer solution with a
concentration of 1 × 106 cells/ml, and the cells were stained with 5 �l annexin V-FITC
and 10 �l PI for 15 min at room temperature in the dark. Then the cell suspension
was ready for the analysis by the flow cytometry.

2.7. The effect of N-(2-mercaptopropionyl)-glycine (N-MPG)

The effect of N-MPG, known as a kind of ROS scavenger (Mitsos et al., 1986), was
detected by MTT assay. After stabilized on a 96-well plates, cells were pre-treated
with N-MPG (300 �mol/L concentration) for 30 min. Following the procedures of
standard method described above the nano-TiO2 suspension was to the final con-
centration of 50 �g/ml and followed incubation for 24 h. Cells cultured without the
nano-TiO2 were served as the control.

2.8. Statistical analysis

The results were expressed as mean ± SEM. The results of the groups treated
with the suspension of the nano-TiO2 were compared to those of the non-treated
control group and represented as the percentage of the control value. Data were
evaluated using ANOVA followed by Dunnett’s multiple comparison post hoc test.
A P-value of less than 0.05 was considered to be statistically significant.

3. Results

3.1. Characterization of nano-TiO2

The size of the nano-TiO2 was distributed from 20 to 50 nm as
shown in the images of Transmission Electron Microscopy (TEM)
(Fig. 1a). The dynamic light scattering (DLS) observation showed
that the particle size distribution had a wide range from 24 to
697 nm due to the aggregation or agglomeration, and the hydro-
dynamic diameter was 368.1 nm (Fig. 1b).

3.2. Cytotoxicity of the nano-TiO2

The MTT assay was used to examine the cytotoxicity of the nano-
TiO2. PC12 cells were treated with medium containing different
concentrations (1, 10, 50 and 100 �g/ml) of the nano-TiO2, and
viability was determined at 6, 12, 24 and 48 h after treatment. As
shown in Fig. 2, cell viability was decreased when the concentra-
tion and time period increased. After 6 h incubation, cell viability
was decreased, the viability of the cells incubated with the con-
centrations (1, 10 and 50 �g/ml) was not greatly altered, but only
the concentration of 100 �g/ml showed significance. With time
increasing, significant cytotoxicity of the nano-TiO2 was observed
at the concentrations of 10, 50 and 100 �g/ml. ANOVA analysis and
Dunnett’s test revealed that PC12 cells were inhibited both in a
dose-dependent and time-dependent manner by the nano-TiO2.

3.3. Measurement of ROS generation

To investigate whether the nano-TiO2 stimulated ROS genera-
tion in PC12 cells, the intracellular ROS level was measured using
the ROS test kit. DCFH-DA can passively enter the cell and react
with the ROS to produce a fluorescent compound dichlorofluo-

rescein (DCF). When the membrane is oxidized and damaged, the
fluorescence will attenuate significantly. After the PC12 cells were
exposed to the nano-TiO2 with the different concentrations of 0, 10,
50 and 100 �g/ml for 24 h, the generation of the ROS was proved
by the increased fluorescence intensity of oxidized DCF. As shown
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Fig. 1. Dispersion and characterization of the TiO2 nanoparticles were characterized
by TEM (a) and DLS (b). TEM images showed that the size of the nano-TiO2 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
hydrodynamic diameter was 368.1 nm.

Fig. 2. The viability of PC12 cells treated with different concentrations of the nano-
TiO2. Cell viability was assessed by MTT assays and the results were presented as a
percentage of control group viability. Cells were incubated with the nano-TiO2 (1,
10, 50 and 100 �g/ml) for 6, 12, 24 and 48 h. The result showed that cell viability was
greatly reduced in a dose-dependent and time-dependent manner after exposure
to the nano-TiO2. Results represent the means of three separate experiments, and
error bars represent the standard error of the mean. (Statistics: one-way ANOVA
with Dunnett’s post hoc test. *P < 0.05 compared with the control group, **P < 0.01
compared with the control group.)
7 (2010) 172–177

in Fig. 3, the ratio of DCF-positive cells was 3.72%, 24.45%, 51.49%
and 82.37% at the concentration of 0, 10, 50 and 100 �g/ml, respec-
tively. The results revealed that the level of ROS in PC12 cells, which
treated with the nano-TiO2 suspension, was increased in a positive
proportion of dose-dependent.

3.4. The apoptosis of PC12 cells induced by the nano-TiO2

The apoptosis of PC12 cells was tested by flow cytometry, as
shown in Fig. 4, the apoptosis rate of PC12 cells was increased from
5.27% in control group to 11.34% and 23.47% after the cell exposure
to the nano-TiO2 (10 and 50 �g/ml) for 24 h, respectively. However,
a pre-treatment to the cells using N-MPG (300 �mol/L) reduced the
cellular apoptosis to 10.26%. The result indicated that the nano-
TiO2 induced apoptosis of PC12 cells in a dose-dependent manner,
but pre-treated with the ROS scavenger can inhibit the nano-TiO2
induced apoptosis in PC12 cells.

3.5. Viability of PC12 cells with the pre-treatment of N-MPG

Cell viability was tested by MTT assay. As shown in Fig. 5, the
viability of PC12 cells cultured with the nano-TiO2 (50 �g/ml) for
24 h was 42.42%. When pre-treated with ROS scavenger N-MPG,
the viability of PC12 cells was significantly increased to 98.01%.

4. Discussion

Nanotechnology involves the creation and manipulation of
materials at nanoscale to create products that exhibit novel prop-
erties (Hussain et al., 2005). Nanomaterials, which range from 1
to 100 nm, have been used to create unique nanosized devices pos-
sessing novel physical and chemical properties (Suzuki et al., 2007).
Because of these special properties, nanomaterials are widely used
in many fields. nano-TiO2, a kind of nanomaterials, is widely used
because of its unusual properties. Therefore the potential risk of
nanoparticles to biological systems is needed to be investigated.

Several studies had reported that the nano-TiO2 can cause the
damage of different cells such as human lymphoblastoid cells
(Wang et al., 2007), syrian hamster embryo fibroblasts (Rahman
et al., 2002) and BEAS-2B cells (Park et al., 2008). The ultrafine TiO2
particles could be incorporated into cellular membranes, and might
be endocytosed from the extracellular fluid and made fused with
lysosomes, then led to the damage and destruction of organelles
(Jin et al., 2008).

In this study the cytotoxicity of the nano-TiO2 was assessed
in PC12 cells cultured with different nanoparticle concentrations.
Firstly the characterization of the nano-TiO2 was investigated as
shown in Fig. 1. The TEM images showed that the nano-TiO2 was
with a diameter <50 nm (from 20 to 50 nm). This size range of
anatase was considered to be more toxic than an equivalent sam-
ple of rutile (Sayes et al., 2006; Jin et al., 2008). Hussain et al.
reported that the nano-TiO2 induced inflammatory effects medi-
ated through oxidative stress and the biological responses were
related to the BET (Brunauer, Emmett and Teller) surface area of
the nano-TiO2 and the internalized amount (Hussain et al., 2009).
A study in vivo showed the micro-scale of nano-TiO2 (20 nm par-
ticle size) led to a greater pulmonary inflammatory response than
that of large scale of nano-TiO2 (250 nm) (Baqqs et al., 1997). The
past research indicated that the different sizes of nanoparticles
caused varying degrees of damage. In this study, we just studied
the injury caused by the nano-TiO2 with the size of 25 nm, and the

influence induced by other size of nano-TiO2 need further study.
In this study, the viability of PC12 cells incubated with the nano-
TiO2 in the concentration range was investigated. The MTT test
showed that cell viability was greatly reduced in a concentration-
dependent and time-dependent manner (Fig. 2). Also, the detection
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ig. 3. Measurement of ROS generation in PC12 cells. The cells were cultured with t
or 24 h. The generation of ROS was measured by flow cytometry. The level of ROS
ytometry was shown (E). n = 3, mean ± SEM, *statistically significant difference com

f the cell apoptosis showed that the nano-TiO2 induced the apop-
osis of PC12 cells. ANOVA analysis demonstrated that there was
statistical significance between different groups (Fig. 4, P < 0.05).
he results indicated that the nano-TiO2 decreased the cell viability
nd induced an apoptosis of the cells.

The cell apoptosis usually occurs when there is a destruction
f the internal environment. ROS is an important factor in the

poptotic process. Excessive generation of ROS induces mitochon-
rial membrane permeability and damages the respiratory chain
o trigger the apoptotic process (Jezek and Hlavata, 2005; Valko
t al., 2006; Park et al., 2008). It was reported that when the cells
xposed to the nano-TiO2, there was an increase in the antioxidant
no-TiO2 at concentrations of 0 �g/ml (A), 10 �g/ml (B), 50 �g/ml (C), 100 �g/ml (D)
increased as a dose-dependent manner. The corresponding linear diagram of flow
d with controls (P < 0.05), **P < 0.01.

enzymes in rat alveolar macrophages, but the cells still showed
an enhancement of lipid peroxidation and increased the rate of
hydrogen peroxide generation, which suggested that the nano-TiO2
may lead to the oxidative stress and the induction of antioxidant
enzymes by the cell self-protection. This might not be sufficient
enough to cope in against the toxic action of the nano-TiO2 (Afaq
et al., 1998).
In this study, we measured the ROS generation using fluo-
rescence microscope in DCFH-DA-treated PC12 cells (Fig. 3). The
result indicated that when the cells were incubated with the dif-
ferent concentrations of nano-TiO2, oxidative stress was occurred
in response to the treatment of the nano-TiO2, and the contents
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ig. 4. The nano-TiO2 induced apoptotic cell death in PC12 cells. The flow cytometr
�g/ml (A), 10 �g/ml (B), 50 �g/ml (C) of nano-TiO2 for 24 h. (D) The cells incubat

inear diagram of flow cytometry was shown. n = 3, mean ± SEM, *P < 0.05.

f the ROS was increased significantly (P < 0.05, P < 0.01). When
re-treated with N-MPG, a kind of ROS scavenger, there was a
isible effect that the ROS scavenger can reduce the cell damage
Fig. 5, P < 0.01). These results demonstrated that the nano-TiO2

ight induce the apoptosis of PC12 cells by enhancement of intra-
ellular ROS generation. Also the results showed that N-MPG could
mprove the cellular viability and reduce the damage caused by the
ano-TiO2.
Recent researches have demonstrated that oxidative stress and
OS generation play an important role in the pathogenesis of many
eurological diseases, as the brain contains low cellular concen-
ration of antioxidants and a large quantity of unsaturated fatty
cids which are easy to be oxidized (Ray et al., 2001). Some stud-
y was carried out for detection of apoptotic cells. (A–C) The cells were treated with
h the nano-TiO2 (50 �g/ml) were pre-treated with N-MPG. (E) The corresponding

ies indicated that nanoparticles can cross the blood–brain barrier
(Lockman et al., 2004; Oberdorster et al., 2004) and enter (in low
numbers) the central nervous system (CNS) of the exposed ani-
mals (Kreyling et al., 2002; Oberdorster et al., 2004). The study
in our lab reported that the nanoparticles of CuO could affect the
normal functions of the nervous system and may have potential
danger to nervous system disease (Xu et al., 2009). Oberdorster
et al. found that airborne solid ultrafine particles targeted CNS

via the olfactory nerve (Oberdorster et al., 2004), and there were
some other studies focused on the effect that nanoparticles made
when existed in CNS (Zhao et al., 2009). The findings of this study
are an important contribution to the researches on the neuro-
toxicity of the nanoTiO2. Meanwhile, the results provide indirect
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Fig. 5. Effect of N-MPG on the viability of PC12 cells incubated with the nano-TiO2.
Cells were pre-treated with N-MPG (300 �mol/l concentration) for 30 min, then the
nano-TiO2 suspension to the final concentration of 50 �g/ml and followed incubated
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or 24 h. Cells cultured without the nano-TiO2 served as the control. Results repre-
ent the means of three separate experiments, and error bars represent the standard
rror of the mean, *P < 0.05.

ata for the application safety based on maximum dose in neuron
ells.

In conclusion, the present study addressed potential mecha-
ism of cellular apoptosis and revealed that nano-TiO2 can induce
significant cytotoxicity in PC12 cells in a dose-dependent and

ime-dependent manner. Further studies are required to inves-
igate the molecular mechanism of the cell apoptosis caused by
ano-TiO2.
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