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a  b  s  t  r  a  c  t

In  this  paper  we  evaluated  the  effects  of  the  interaction  of  TiO2 nanoparticles  (nano-TiO2) with  bisphenol
A  (BPA)  on  their  physicochemical  properties  and  in  vitro  toxicity  in  human  embryo  L-02  hepatocytes.
Different  concentrations  of  BPA  (0,  0.1,  1, 10 �mol/L)  and  nano-TiO2 (0, 0.1,  1,  10  mg/L) were  mixed
to  analyze  the  size  distribution,  zeta  potential,  adsorption  capacity  and  uptake  of  nano-TiO2,  and  the
toxicity  of  nano-TiO2 and  BPA  in  L-02  cells.  The  addition  of  BPA  to  nano-TiO2 dispersions  increased  the
aggregation  level  and  zeta  potential  of  nano-TiO2 in  all media.  Nano-TiO2 had  a  similar  adsorption  capacity
in different  media,  although  a  higher  aggregation  level  was  observed  in  cell culture  medium.  Nano-TiO2,
with or  without  BPA,  could  enter  L-02  cells  after  24  h  exposure.  Nano-TiO2 alone  did  not  induce  significant
isphenol A
hysicochemical characters
ynergistic toxicity
-02 human hepatocytes

DNA  and  chromosome  damage,  but the  mixture  of nano-TiO2 and  BPA  increased  toxicity  via  increasing
oxidative  stress,  DNA  double  strand  breaks  and  micronuclei  formation.  The  aggregated  nano-TiO2 can
enrich  BPA  effectively.  The  BPA-bound  nano-TiO2 are  proven  to be uptaken  into  nuclei  of  exposed  cells,
which  may  increase  intracellular  BPA  and  nano-TiO2 levels  and  thus  lead  to synergistic  toxicity.  However
only  small  synergic  effects  were  observed  at the  concentrations  of  BPA  and  nano-TiO2 used in  this  study.
. Introduction

Titanium dioxide nanoparticles (nano-TiO2) have been widely
sed as additives in cosmetics, pharmaceuticals, food colorants,
unscreens and coatings for self-cleaning windows. Nano-TiO2

ay  react with a wide range of organic and biological molecules

nd then exhibit toxic effects in various cell lines, with or with-
ut photoactivation [1–3]. Several physicochemical characteristics,

Abbreviations: Nano-TiO2, titanium dioxide nanoparticles; BPA, bisphenol A;
MEM, Dulbecco’s minimum essential eagle’s medium; TEM, transmission electron
icroscopy; FT-IR, Fourier transform infrared spectrophotometer; DCFH-DA, 2,7-

ichlorofluorescin diacetate; MN,  micronucleus; LOQ, limit of quantification; LOD,
imit of detection; MDA, malonaldehyde; ROS, reactive oxygen species; OTM, The
live tail moment.
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such as particle shape and size, surface area, agglomeration
state, surface potential (zeta-potential) and surface chemistry are
reported to be connected with the toxicity of nanoparticles [4].
Furthermore, these properties are dependent on environmental
conditions. Particle concentrations, pH, the presence of electrolytes
and other chemicals can influence the agglomeration, size distri-
bution, zeta potential and stability of colloidal nano-TiO2 [5,6].
It was  reported that at higher concentrations, nano-TiO2 showed
increased agglomeration. Agglomeration levels of nano-TiO2 in
water and in cell culture medium were quite different [7].

Extensive usage of nano-TiO2 increases the risk of com-
bined exposure of nano-TiO2 with other environmental pollutants.
Bisphenol A (4,4-isopropylidine diphenol, BPA) is a monomer
widely used for the production of polycarbonate plastics and
epoxy resins, such as baby bottles, foodstuff containers and dental
sealants. Regular consumption of cold beverages from polycarbon-
ate bottles is associated with a substantial increase in urinary BPA
concentrations [8].  BPA is an environmental estrogen disruptor

that can cause adverse health effects on human beings by affect-
ing growth, development, and reproduction. A daily exposure dose
of 50 �g/kg body weight/day was  stated to be safe for humans by
the U.S. Food and Drug Administration and the U.S. Environmental
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rotection Agency in the 1980s. Several in vivo and in vitro studies
eported that significant adverse effects were observed at con-
entrations well below this predicted safe dose. Meanwhile other
tudies showed that no significant adverse effects were observed on
ats at concentrations higher (200 �g/kg/day) than this predicted
afe dose [9,10].  The extensive use of both BPA and nano-TiO2
auses the serious possibility that BPA can interact easily with
ano-TiO2 in the environment. For example, the nano-TiO2 pho-
ocatalytic degradation of BPA may  result in an increased exposure
isk of combined nano-TiO2 and BPA if the degradation is not fully
omplete. The interaction may  influence the agglomeration, col-
oidal stability and adsorption capacity of nano-TiO2, which could
ffect adsorption, distribution, fate, intracellular exposure level and
oxicity of both BPA and nano-TiO2. According to the best of our
nowledge, however, no study that focused on the interaction of
ano-TiO2 and BPA was reported.

The mixing of different compounds may  induce unexpected
oxic effects, even if the toxicities of the individual compounds
re well known. The complexity of mixture toxicity lies in the
otential for interaction between the mix  constituents [11]. In
ur previous study, trace nano-TiO2 that has no significant tox-
city to human embryo hepatic L-02 cells enhanced the toxicity
f trace p,p′-DDT synergistically. The effective adsorption of p,p′-
DT by nano-TiO2 may  contribute to this increase of toxicity [12].

nteractions of nanoparticles with organic chemicals were reported
o affect physicochemical properties and adsorption of nanopar-
icles [13,14]. Therefore, exceptional physicochemical properties,
dsorption kinetics and distribution of nano-TiO2 should be con-
idered together with the in vitro toxicity of nano-TiO2 and BPA
ixture at the same time.
In this study, effects of the interaction of nano-TiO2 with BPA on

he physicochemical properties (including particle size, zeta poten-
ial and adsorption kinetics), uptake of nano-TiO2 by L-02 cells and
n vitro toxicity of nano-TiO2 and BPA were studied synchronously.
he liver is the major organ to metabolite BPA [9],  and the loca-
ion in which nano-TiO2 accumulates mainly following either oral
dministration or intravenous administration [15,16].  Therefore,
e used human embryo hepatic L-02 cell as a model to study the
ptake and toxicity of BPA and nano-TiO2 exposure. Furthermore,
ano-TiO2 induced oxidative stress, DNA damage and micronuclei

ormation [1–3]. BPA produced oxidative stress and DNA damage
n cultured cells and in rodents [9,17,18]. For these reasons, we
sed intracellular oxidative stress, DNA breaks, chromosome dam-
ge and cell viability as indexes to evaluate the toxicity of nano-TiO2
nd BPA exposure in L-02 cells.

. Materials and methods

.1. Nano-TiO2 particle

Nano-TiO2 (Degussa P25) was obtained from Degussa (Hanau,
ermany). The crystalline anatase/rutile ratio is 8:2 with a primary
article diameter of approximately 25–50 nm (Fig. S1, support-

ng material) and BET surface area of 50 m2/g. Nano-TiO2 was
terilized in an autoclave and freshly suspended in distilled water
mmediately before use. Stock solution of BPA (20 mmol/L) was
repared in DMSO and stored at 4 ◦C.

.2. Dispersion stability of nano-TiO2

Size distribution and zeta potential of autoclaved nano-TiO2,

ith or without BPA in distilled water, 0.2 g/L CaCl2 solution or

erum-free Dulbecco’s minimum essential Eagle’s medium (DMEM,
ontaining 100 units/mL penicillin G and 100 �g/mL streptomycin,
h 7.7) were measured by dynamic light scattering using Zeta
terials 199– 200 (2012) 426– 432 427

Potential & Photon Correlation Spectroscopy (Beckman Coulter,
USA). Different concentrations of BPA and autoclaved nano-TiO2
were mixed, vortexed for 2 min, ultrasonicated for 10 min, and
then measured immediately. Time-dependent changes (0–60 min)
in dispersion stability were analyzed in the mixture of 10 �mol/L
BPA and 10 mg/L nano-TiO2.

2.3. Uptake of nano-TiO2 by L-02 cells

After L-02 cells were exposed to 10 mg/L nano-TiO2 alone,
10 mg/L nano-TiO2 and 10 �mol/L BPA for 24 h, the cells were col-
lected, washed and fixed in 2.5% glutaraldehyde, post-fixed with
OsO4 and dehydrated in graded concentrations of ethanol and
then embedded in Eponate-12 overnight. Ultra-thin sections were
cut (80 nm), counterstained with lead citrate and uranyl acetate,
and then observed with Tecnai G2 20 TWIN transmission electron
microscopy (Fei, The Netherlands) at 200 kV.

2.4. Adsorption kinetics

Nano-TiO2 suspension (10 mg/L) was  mixed with 10 �mol/L BPA
solutions (in distilled water, 0.2 g/L CaCl2 or serum free DMEM at
pH 7.7). The solutions were sealed and stirred at room temperature.
At different intervals, samples were taken out. The supernatants
were used for analysis after the solid particles were precipitated.
BPA solutions at different concentrations without nano-TiO2 were
used as references. To prevent photodegradation of BPA by nano-
TiO2, the samples were covered with aluminum foil during the
entire adsorption test. BPA in the supernatants was determined by
Waters 1512 HPLC system with a 2487 dual � absorbance detector
(Waters, USA) at 281 nm on a Waters Symmetry reversed-phase
ODS column (5 �m,  150 mm  × 4.6 mm i.d.). The mobile phase was
water–acetonitrile 5:5 (v/v). The calibration graph for BPA was lin-
ear in the range from 0.1 to 10 �mol/L with R2 = 0.9996. The limit of
detection (a signal-to-noise ratio of 3) was 0.01 �mol/L. The limit
of quantification (a signal-to-noise ratio of 10) was 0.1 �mol/L.

The binding of BPA to nano-TiO2 was also detected on a Bruker
VERTEX 70 Fourier transform infrared spectrophotometer (FT-IR)
equipped with ATR accessory. Considering the detection sensitivity
and requirements of FT-IR, high concentration of BPA (20 �mol/L)
was  mixed with high level (486.7 mg/L) of nano-TiO2 in distilled
water at pH 7.7 for 24 h. Then nano-TiO2 was separated and washed
4 times with distilled water. After being precipitated, the samples
were dried at 25 ◦C in a vacuum oven for 24 h prior to FT-IR analysis.
Scans of the region between 500 and 4000 cm−1 were collected for
each FT-IR spectrum.

2.5. Cell culture and treatment

A human embryo hepatic L-02 cell line was purchased from
the China Center for Type Culture Collection (Wuhan University,
China). L-02 cells were grown in DMEM containing 10% fetal bovine
serum, 100 units/mL penicillin G and 100 �g/mL streptomycin at
37 ◦C in a humidified atmosphere containing 5% CO2. Cells were
seeded in 24-well plates at a density of 1 × 105 cells/well. After
seeding for 24 h, the cells were washed and treated with a series
of nano-TiO2 (0, 1, 5, 10 mg/L) and/or BPA (0, 0.1, 1, 10 �mol/L),
respectively, in DMEM without fetal bovine serum in the dark. As
BPA was prepared in DMSO, control cells were treated with an equal
volume of DMEM containing 0.1% DMSO.

2.6. Cell viability
Intracellular ATP level was  used to determine the viability of
exposed L-02 cells. In brief, following either 6, 12, or 24 h of expo-
sure, DMEM medium was  removed and 2% trichloroacetic acid was
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pplied to the L-02 cells to extract ATP. Then the sample was  neu-
ralized to pH 7.7 and the trichloroacetic acid was diluted to a final
oncentration of 0.1% or less by adding Tris–HCl buffer (0.1 mol/L,
H 9.0). ATP was measured according to the protocol of ENLITEN
TP Assay kit (Promaga, USA).

.7. Intracellular oxidative stress

Intracellular reactive oxidative species (ROS) were measured
y flow cytometry using 2,7-dichlorofluorescein diacetate (DCFH-
A) as a probe [19]. After 24 h exposure, L-02 cells were washed

wice and mixed with 10 �mol/L DCFH-DA for 30 min  at 37 ◦C
n the dark. Fluorescent intensities were measured at 488 nm
xcitation, 525 nm emission using a FACS420 flow cytometer
Becton-Dickison, USA). Background fluorescence was subtracted
rom the measured values.

The levels of malonaldehyde (MDA) were determined following
he method of Yagi [20] according to the protocol of a MDA  assay
it (Jiancheng Bioeng Inst., Nanjing, China).

.8. DNA damage

DNA double strand breaks were detected by neutral comet assay
21]. After 24 h exposure, 1 × 105 cells suspended in 100 �L 0.5%
ow melting agarose in PBS were spread on normal melting agarose-
oated (1%) slides. The slides were covered with a coverslip and kept
t 4 ◦C to solidify the low melting agarose. Thereafter, the cover-
lips were removed and the slides were transferred to a lysis buffer
2.5 mol/L NaCl, 100 mmol/L Na2EDTA, 10 mmol/L Tris base, 1%
riton-X 100 and 10% DMSO) for 1 h at 4 ◦C. Slides were transferred
o an electrophoresis cell containing 300 mmol/L sodium acetate
nd 100 mmol/L Tris–HCl, pH 8.5 for 20 min  at 4 ◦C, then subjected
o electrophoresis for 40 min  at 25 V (240 mA). Subsequently, all
lides were rinsed with Tris–HCl buffer (0.4 mol/L, pH 7.5), stained
ith ethidium bromide (10 �g/mL), and examined with an Olym-
us fluorescence microscope at 515–560 nm excitation and 590 nm
mission. From each sample, 100 randomly selected cells were ana-
yzed. The Olive tail moment (OTM) of each comet was  calculated
sing CASP analysis software (Olive Tail Moment = percent of DNA

n the tail × distance between the center of gravity of DNA in the
ail and the center of gravity of DNA in the head).

.9. Chromosome damage

The in vitro micronucleus (MN) assay was performed [22]
o detect chromosome damage. After 24 h exposure, L-02 cells
ere washed twice with PBS. Cytochalasin B (final concentration

 �g/mL) was added in fresh DMEM for another 24 h. Thereafter,
ells were harvested and re-suspended in cold hypotonic solu-
ion (0.075 mol/L KCl) for 1 min, gently fixed in a methanol/acetic
cid (3:1) solution twice, re-suspended in a small volume of
ethanol/acetic acid, and dropped onto clean slides. The slides
ere stained with Giemsa solution (10%) and analyzed using a light
icroscope (Olympus DP70). Micronuclei in 3000 binucleated cells
ith well-preserved cytoplasm were scored for each group.

.10. Statistics

All physicochemical experiments were performed in triplicate.
ells experiments were performed in quadruplicate wells in three

ndependent tests. The results of 12 individual values are presented
s mean values and standard deviations. ANOVA and the Pearson

orrelation coefficient were carried out by SPSS (version 13.0). Sig-
ificance was assessed at the 95% confidence level (P < 0.05) for
ll tests. In vitro interactions were analyzed using a response sur-
ace model (RSM) by Design expert software (version 7.1). P-values
aterials 199– 200 (2012) 426– 432

generated using RSM indicate additivity if P ≥ 0.05, and synergy if
P < 0.05 [11].

3. Results and discussion

3.1. Effects of nano-TiO2 and BPA interactions on
physicochemical properties of nano-TiO2

Agglomeration and surface properties are important character-
istics that affect distribution and toxicity of nanoparticles [4–7,14].
High absolute values of the zeta potentials ensure a stable suspen-
sion in media because of the strong electrostatic repulsion [5,7,14].
Nano-TiO2 agglomerated more significantly in the cell medium
than in distilled water. However the influence of different phys-
iological media (PBS, HBSS, DMEM)  on agglomeration and zeta
potential of nano-TiO2 were similar [7].  A negative zeta potential
level (Table 1) indicated that nano-TiO2 (Dugass P25, Fig. S1)  used
in this study was negative charge at pH 7.7. Ca2+ (0.2 g/L CaCl2) is
the highest concentration of cation in DMEM medium. Compared
with distilled water, nano-TiO2 had a higher agglomeration level
and zeta potential in CaCl2 and DMEM.  However, nano-TiO2 had a
similar zeta potential and agglomeration level in CaCl2 and DMEM,
indicating that cations such as Ca2+ can combine with negatively
charged nano-TiO2 effectively by cation bridging to increase zeta
potential. High zeta potential was optimal to form agglomerates in
DMEM.  Furthermore, a higher nano-TiO2 concentration enhanced
direct particle-to-particle interaction [7],  which favored the forma-
tion of agglomerates (Table 1).

The addition of fetal bovine serum and human serum albumin to
DMEM reduced the agglomeration and zeta potential of nano-TiO2,
possibly due to the effect of steric stabilization [7].  In this study,
the addition of BPA in DMEM without fetal bovine serum increased
zeta potential and agglomeration of nano-TiO2 in a dose–response
(Table 1) and time-dependent (Fig. 1) model in all media. A higher
agglomeration level of nano-TiO2 was  observed in DMEM and CaCl2
than in distilled water. The agglomeration level and zeta potential
in DMEM were a little higher than in CaCl2, but the differences were
not significant (Table 1 and Fig. 1). The most significant changes on
agglomeration and zeta potential were observed between 10 and
20 min  after mixing (Fig. S2). These may  due to the fact that BPA (pKa

about 9.7) was  not markedly dissociated at pH 7.7. BPA can compete
with anions such as OH− around the surface of nano-TiO2 to reduce
the negative charges around nano-TiO2 and enhance agglomera-
tion. As the contact time and BPA level were increased, more and
more BPA was bound onto the surface of nano-TiO2. Therefore both
zeta potential and agglomeration were increased with the increase
of BPA concentration and binding time.

Size distribution and surface charge can modify the adsorp-
tion capacity of nano-TiO2 [12,14,23].  Electrostatic interaction and
ligand exchange were proposed for adsorption of natural organic
materials onto mineral surfaces of nano-TiO2 [14]. Moreover, lig-
and exchange was responsible for the binding of humic acid to
nano-TiO2 [12]. At pH 7.7, the binding capacity of nano-TiO2 in
water, CaCl2 and DMEM media were similar (about 0.23 �mol
BPA/g nano-TiO2, Fig. 2), although nano-TiO2 particles agglomer-
ated more significantly in CaCl2 and DMEM media (Table 1 and
Fig. 1). Well-defined plateaus were observed after 4–5 h adsorp-
tion when the initial concentration of BPA was  10 �mol/L (Fig. 2).
Agglomerated nano-TiO2 in CaCl2 or DMEM media had similar
adsorption capacity compared with less agglomerated nano-TiO2
in distilled water. Agglomeration did not affect adsorption capac-

ity of nano-TiO2. FT-IR spectra analysis showed that significant BPA
spectra were observed on nano-TiO2 surfaces, which further con-
firmed the effective adsorption of BPA by nano-TiO2 in distilled
water (Fig. 3). Because BPA did not ionize markedly at pH 7.7, the
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Table 1
Average particle size and zeta potential of nano-TiO2 and BPA mixture in different solutions (n = 3).

BPA (�mol/L) Particle sizea nano-TiO2 (mg/L) Zeta potential nano-TiO2 (mg/L)

1 5 10 1 5 10

Water
0 210.4 ± 7.29 275.5 ± 7.25 304.8 ± 8.18 −31.44 ± 1.38 −27.64 ± 1.14 −26.82 ± 1.38
0.1 220.1 ±  9.75 278.6 ± 7.30 313.27 ± 8.65 −31.43 ± 0.8 −27.55 ± 1.79 −26.33 ± 1.08
1 221.85 ±  7.00 320.5 ± 13.89 324 ± 8.23 −30.89 ± 1.61 −26.09 ± 1.37 −23.9 ± 1.08
10 224.7  ± 12.71 334.07 ± 3.99 337 ± 14.64 −30.63 ± 0.93 −25.85 ± 1.43 −23.27 ± 0.75

CaCl2
0 312.6 ± 6.99 414.9 ± 12.80 431.3 ± 2.72 −16.6 ± 1.06 −11.6 ± 0.56 −10.32 ± 0.87
0.1  371.3 ± 12.75 422.9 ± 7.24 448.4 ± 6.87 −4.205 ± 1.03 −11.18 ± 0.89 −9.06 ± 1.00
1 389.8 ±  4.11 448.7 ± 14.47 455.1 ± 6.01 −13.19 ± 0.81 −9.29 ± 1.18 −8.83 ± 0.72
10 404.9 ±  14.97 456.43 ± 13.49 478.3 ± 7.05 −12.985 ± 0.49 −7.2 ± 0.75 −6.92 ± 0.13

DMEM
0  322.3 ± 8.84 367 ± 9.03 482.45 ± 3.06 −25.27 ± 0.94 −12.725 ± 0.66 −8.015 ± 0.27
0.1 341  ± 9.39 390.9 ± 2.25 496.8 ± 5.34 −16.94 ± 1.53 −11.685 ± 1.22 −7.49 ± 0.43
1  380.2 ± 0.92 402.9 ± 4.95 517.7 ± 6.69 −12.15 ± 1.03 −10.865 ± 0.47 −6.15 ± 0.35
10  457.4 ± 5.92 481.5 ± 8.67 561 ± 5.28 −11.555 ± 0.77 −8.07 ± 0.32 −5.94 ± 0.29

a Average size of the entire population from the dynamic light scattering experiments was used.

Fig. 1. Time-dependent size distribution and zeta potential of nano-TiO2 in different
media. Control: 10 mg/L nano-TiO2 in distilled water; H2O: 10 mg/L nano-TiO2 in
d
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shown to be uptaken into nuclei of exposed L-02 cells, which will
facilitate the movement of both BPA and nano-TiO2 into exposed
cells and increase the intracellular exposure level. Higher intra-
cellular exposure levels may  enhance toxicity of both BPA and
istilled water containing 10 �mol/L BPA; CaCl2: 10 mg/L nano-TiO2 in 0.2 g/L CaCl2
olution containing 10 �mol/L BPA; DMEM:  10 mg/L nano-TiO2 in DMEM containing
0 �mol/L BPA. Average size of the entire dynamic light scattering data was used.

igand exchange may  be the main reason for the adsorption of BPA
n the surfaces of nano-TiO2.

.2. Effects of nano-TiO2 and BPA interaction on the uptake of
ano-TiO2 by L-02 cells

In vivo studies showed that nanoparticles can cross biologi-
al barriers without a specific transporter [24]. Nano-TiO2 was
istributed in cellular membranes, cytoplasm or loose-fitting
hagosomes in several cell lines [2,3]. The uptake and toxicity of

C-Co nanoparticle was independent of the initial nanoparticle

gglomeration state because agglomeration did not change the
urface area of WC-Co nanoparticles dramatically. The relatively
onstant surface area did not change the reactivity and toxicity
Fig. 2. Adsorption kinetics of 10 �mol/L BPA by 10 mg/L nano-TiO2 in different
media.

of the WC-Co nanoparticles significantly [25]. In this study, when
BPA was  mixed with nano-TiO2, interactions of nano-TiO2 with BPA
increased agglomeration and zeta potential (Table 1 and Fig. 1). But
both agglomerated BPA-bound nano-TiO2 (Fig. 4B) or nano-TiO2
alone (Fig. 4A) were visible within the cells and the nuclei after
the L-02 cells were exposed to 10 mg/L nano-TiO2 or 10 �mol/L
BPA and 10 mg/L nano-TiO2 for 24 h. The aggregated nano-TiO2 can
adsorb and enrich BPA effectively. The BPA-bound nano-TiO2 are
Fig. 3. FT-IR assay of BPA and nano-TiO2 mixture in water after 24 h exposure. BPA
concentration: 20 �mol/L BPA; nano-TiO2 concentration: 486.7 mg/L.
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Table 2
Viability of L-02 cells exposed to different concentrations of nano-TiO2 and BPA
(n = 6).

BPA (�mol/L) Nano-TiO2 (mg/L)

0 1 5 10

6 h
0 96.2 ± 5.1 97.3 ± 8.8 89.4 ± 3.2 91.5 ± 7.7
0.1  108.4 ± 8.1 92.3 ± 1.8 91.2 ± 5.5 88.4 ± 9.2
1 96.2 ± 7.4 91.1 ± 8.2 92.2 ± 2.7 92.8 ± 3.9
10  90.6 ± 5.5 97.1 ± 8.1 90.6 ± 4.3 88.3 ± 9.1

12  h
0 92.6 ± 6.5 93.9 ± 2.7 92.2 ± 4.8 92.5 ± 3.4
0.1 103.1 ± 8.9 87.3 ± 2.3 90.4 ± 5.7 91.3 ± 6.4
1 101.5 ± 6.6 95.4 ± 5.4 90.5 ± 8.8 89.3 ± 6.2
10  89.5 ± 4.5 90.4 ± 6.2 91.1 ± 10.2 88.7 ± 5.4

24  h
0 90.4 ± 5.2 91.1 ± 11.4 92.6 ± 7.2 89.6 ± 12.2
0.1  98.5 ± 9.2 90.8 ± 6.1 94.1 ± 9.3 90.5 ± 3.1
ig. 4. SEM of L-02 cells exposed to 10 mg/L nano-TiO2 alone (A) or 10 �mol/L BPA
nd  10 mg/L nano-TiO2 (B) after 24 h exposure. Arrow: NP, nano-TiO2 particles.

ano-TiO2 after the cells are exposed to low levels of BPA and
ano-TiO2.

.3. Toxicity of nano-TiO2 and BPA mixture on L-02 cells

No significant toxicity of nano-TiO2 (less than 1 mg/L) was
bserved in L-02 cells in our previous study [11]. Whereas BPA
an promote cell viability at low doses it is cytotoxic at high doses
9,17].  Therefore, 0, 0.1, 1, 10 �mol/L BPA and 0, 1, 5, 10 mg/L nano-
iO2 were used in this study. Different concentrations of BPA and
ano-TiO2, either used separately or as a mixture of the two  chem-

cals, did not significantly affect ATP level and cell viability at three
ime points (6, 12, and 24 h). Because mitochondria are the site of
TP production, a lack of significant change in ATP levels indicates

hat concentrations of BPA and nano-TiO2 used in this study did not
nduce noticeable mitochondrial dysfunctions. The similar cell via-

ility of every group also indicated that there were no false positive
esponses due to cytotoxicity in the subsequent analysis (Table 2).

Either nano-TiO2 or BPA alone can induce oxidative stress in vivo
nd in vitro. The ability of nano-TiO2 to induce oxidative stress is
1  90.2 ± 8.1 94.4 ± 7.7 98.5 ± 12.3 91.4 ± 5.3
10  92.4 ± 5.5 92.8 ± 6.3 89.6 ± 10.1 88.7 ± 13.4

correlated with the dose, chemical components and psychochemi-
cal characters of the nano-TiO2. The most cytotoxic nano-TiO2 was
also the most effective at generating ROS [26,27]. Reaction of nano-
TiO2 with cell membranes and distribution of ultrafine particles
inside mitochondria are potential mechanisms for the generation
of ROS and oxidative stress [1–3]. BPA application induced ROS in
Chang liver cells and in the liver and epididymal sperm of rats [28].
Urinary BPA concentrations were positively associated with MDA,
8-hydroxydeoxyguanosine and C-reactive protein levels in post-
menopausal women  [29]. When nano-TiO2 and BPA were exposed
together, BPA and nano-TiO2 mixture had higher ROS levels and
MDA  levels than the corresponding groups treated with nano-TiO2
or BPA alone (Table 3). Because P < 0.05 in an RSM model indicated
synergy [11], synergistic responses for ROS (F = 59.21, P < 0.0001,
Fig. S2A) and MDA  (F = 32.23, P < 0.0001, Fig. S2B) generated by
mixtures of BPA and nano-TiO2 were observed. However, the net
increases on ROS or MDA  levels in BPA and nano-TiO2 mixed groups
were not much higher than in the corresponding groups treated
with nano-TiO2 or BPA alone. Therefore, the synergistic effects on
ROS and MDA  levels were not very strong at concentrations of BPA
and nano-TiO2 used in this study (Table 3). Furthermore, ROS levels
changed more significantly than MDA  levels, suggesting that cel-
lular repair systems for oxidative damage were more capable of
reducing ROS than of decreasing MDA  levels after 24 h exposure to
nano-TiO2 and BPA. Effective uptake of agglomerated BPA-bound
nano-TiO2 increased intracellular BPA and nano-TiO2 level after
cells were exposed to low levels of BPA and nano-TiO2, which may
contribute to the increase in intracellular oxidative stress by the
nano-TiO2 and BPA mixture.

Intracellular BPA or nano-TiO2 can attack DNA to induce DNA
damage directly, or cause DNA damage indirectly via oxidative
stress in cultured cells, rats and humans [1,9,12]. A neutral comet
assay exclusively measures DNA double strand breaks [21]. In this
study, nano-TiO2 which did not induce DNA double strand breaks
on its own, enhanced the capability of low levels of BPA to cause
DNA double strand breaks (Table 4). According to an RSM model, a
synergistic response for neutral OTM levels generated by a mixture
of BPA and nano-TiO2 was  observed (F = 213.93, P < 0.0001, Fig. S2C).
But the increases of OTM levels in cells treated by BPA and nano-
TiO2 mixtures were not very high compared with cells treated by
nano-TiO2 or BPA alone, which suggested that only a small mag-
nitude synergism of OTM levels was  generated at concentrations

of BPA and nano-TiO2 used in this study (Table 4). Pearson’s anal-
ysis showed no significant correlation between neutral OTM levels
and oxidative stress (between OTM and ROS generation, r = 0.077,
P = 0.605; between OTM and MDA  level, r = 0.042, P = 0.779). These
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Table 3
Oxidative stress levels in L-02 cells exposed to different concentrations of nano-TiO2 and BPA for 24 h.

Groups (n = 3)

BPA(�mol/L) Nano-TiO2 (mg/L)

0 1 5 10

ROS (DCF fluorescence intensity)
0 56.07 ± 1.60 57.87 ± 1.40 64.05 ± 2.27a 67.62 ± 1.41a

0.1 63.40 ± 1.89a 60.46 ± 1.74 67.46 ± 2.34a 75.60 ± 1.46a,b,c

1 68.22 ± 2.87a 72.62 ± 1.46a,b 75.56 ± 2.69a,b,c 85.15 ± 2.48a,b,c

10 73.33 ± 2.96a 77.58 ± 1.73a,b 86.24 ± 1.71a,b,c 94.74 ± 2.59a,b,c

MDA  (�mol/L)
0 0.42 ± 0.26 0.43 ± 0.22 0.47 ± 0.19 0.56 ± 0.06
0.1  0.43 ± 0.14 0.49 ± 0.23 0.58 ± 0.13 0.67 ± 0.14
1 0.59 ±  0.07 0.72 ± 0.24 0.77 ± 0.25a 0.80 ± 0.02a

10 0.74 ± 0.25 0.77 ± 0.30a 0.97 ± 0.40a,b 1.25 ± 0.64a,b,c

a P < 0.05 compared with control.
b P < 0.05 compared with correlated nano-TiO2 groups.
c P < 0.05 compared with correlated BPA groups.

Table 4
Oliver tail moment (OTM) and micronucleus frequency in L-02 cells exposed to different concentrations of nano-TiO2 and BPA for 24 h.

Groups (n = 3)

BPA (�mol/L) Nano-TiO2 (mg/L)

0 1 5 10

OTM
0 0.45 ± 0.57 0.46 ± 0.27 0.58 ± 1.01 0.63 ± 0.89
0.1  0.57 ± 0.44 0.67 ± 1.35 0.74 ± 0.81 0.84 ± 0.29
1 0.84  ± 0.18a 1.22 ± 1.14a,b 1.39 ± 0.65a,b 1.45 ± 0.15a,b,c

10 1.14 ± 0.17a 1.30 ± 0.19a,b 1.51 ± 0.94a,b 1.82 ± 0.37a,b,c

Micronucleus frequency
0 2.33 ± 0.33 2.33 ± 0.33 2.00 ± 0.58 2.00 ± 0.05
0.1  3.00 ± 0.0.58 2.67 ± 0.88 3.00 ± 0.58 3.00 ± 0.58
1  3.67 ± 0.88 5.33 ± 1.20a,b 6.33 ± 0.88a,b,c 5.67 ± 0.88a,b

10 6.67 ± 0.33a 7.00 ± 0.58a,b 7.67 ± 0.88a,b 7.67 ± 0.67a,b

d
c
a
e
c
d

r
i
q
c
m
i
T
p
t
p
I
i
(
T
P
n
s
s
b
p

a P < 0.05 compared with control.
b P < 0.05 compared with correlated nano-TiO2 groups.
c P < 0.05 compared with correlated BPA groups.

ata indicated that oxidative stress was not the main reason to
ause DNA double strand breaks in L-02 cells exposed to nano-TiO2
nd BPA. Because BPA-bounded nano-TiO2 can enter the nuclei of
xposed cells (Fig. 4), direct DNA damage caused by enriched intra-
ellular nano-TiO2 and BPA may  be one reason to enhance DNA
ouble strand breaks.

DNA double strand breaks and mitotic dysfunction are two  main
easons for micronucleus formation. BPA or nano-TiO2 alone can
ncrease MN  frequency. A dose-dependent increase in MN  fre-
uency was observed in many cell lines treated by BPA, either
aused by DNA double strand breaks (clastogenic effects) or by
itotic dysfunction (aneugenic effects) [30]. A significant increase

n MN  formation was observed in SHE cells [26] treated with nano-
iO2 for 12–72 h, which may  be due to ROS and/or to the physical
resence of these particles around the mitotic apparatus. Oxida-
ive stress, DNA damage, and mitotic spindle dysfunction were
otential factors involved in nano-TiO2 induced MN  formation [26].

n this study, nano-TiO2, which did not induce MN  formation on
ts own, enhanced the capability of BPA to induce MN  formation
Table 4). An RSM model suggested that mixtures of BPA and nano-
iO2 induced a synergistic response to MN  frequency (F = 253.98,

 < 0.0001, Fig. S2D). But the magnitude of synergistic effect was
ot very high at concentrations of BPA and nano-TiO2 used in this

tudy according to results of ANOVA tests (Table 4). Further analysis
howed that no correlation between MN formation and DNA dou-
le strand breaks was observed (r = 0.026, P = 0.859). Nevertheless,
ositive correlations were observed in Pearson’s analysis between
MN formation and ROS levels (r = 0.559, P < 0.001), and between
MN and MDA  levels (r = 0.351, P = 0.015). BPA was reported to have
aneuploidogenic properties in CHO-K1 cells [31]. When BPA and
nano-TiO2 were mixed together, BPA-bound nano-TiO2 can enter
the nuclei of exposure cells (Fig. 2). Therefore, aneugenic effects
caused by ROS and/or the physical presence of BPA and nano-TiO2
around the mitotic apparatus were possible reasons for increas-
ing MN  formation in L-02 cells exposed to nano-TiO2 and BPA
together.

4. Conclusion

Interactions of nano-TiO2 with BPA increased agglomeration
and zeta potential, but did not influence the adsorption capacity
of nano-TiO2. The aggregated nano-TiO2 can enrich BPA and be
uptaken into nuclei of exposed cells, which may  increase intra-
cellular BPA and nano-TiO2 levels after L-02 cells are exposed to
low levels of BPA and nano-TiO2. Higher intracellular exposure lev-
els contributed to the synergistic toxicity of BPA and nano-TiO2
via increasing intracellular oxidative stress, DNA double strand
breaks and chromosomal damage in L-02 cells, although nano-TiO2
alone showed no significant cytotoxicity or genotoxicity. Only small

synergic effects were observed at the concentrations of BPA and
nano-TiO2 used in this study because none of the BPA and nano-
TiO2 mixtures yielded net responses that were two fold above the
additive (Tables 3–4 and Fig. S2).
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