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Abstract
Titanium dioxide nanoparticles (TiO2 NPs) are generally considered to be biologically inert. However, TiO2 occurs 

in several crystalline forms, the two most common being rutile and anatase. Although both forms are tetragonal, the 
different crystalline forms give rise to different physical and chemical characteristics such as hardness, refractive 
index and photocatalytic ability. We hypothesized that the two forms of TiO2 NPs would also elicit different cellular 
responses. Three cell-based biosensors, using B-cell Translocation Gene 2 (BTG2), heat shock protein70B' 
(HSP70B') and nuclear factor kappa B (NF-кB) sensor cells, were used to determine if the different forms of TiO2 
NPs cause different cellular responses. The cellular responses induced by TiO2 NPs were detected using HSP70B' 
and NF-кB sensor cells; we found that the different forms of TiO2 NPs resulted in the same HSP70B' and NF-кB 
response. BTG2 expression is up-regulated by DNA damage via p53 activation. A cellular DNA damage response 
stimulated by different forms of TiO2 NPs was detected by our cell-based DNA damage biosensor. The results 
showed that an increased DNA damage response is elicited by the anatase form compared to the rutile or mixed 
rutile/anatase forms. Our work indicates that the crystalline form of NPs is an important point to investigate when 
studying the interaction between nanomaterials and cells.
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Introduction
The increased generation, use and disposal of nanomaterial-

containing products has led to an increase in the potential exposure 
risk to nanomaterials for both humans and the environment [1]. For 
example, titanium dioxide nanoparticles (TiO2 NPs) are generally 
considered to be biologically inert and have recently become a common 
commercially-used material. Increasingly, however, in vivo studies 
have caused researchers to be concerned that inhaled TiO2 NPs could 
lead to inflammatory response, changes in fibroblast cell adhesion and 
proliferation, and even genetic damage [2-5]. Consequently, TiO2 NPs 
have been reclassified by the IARC as a group 2B carcinogen, indicating 
that TiO2 NPs are possibly carcinogenic to humans [6].

TiO2 occurs in nature in several crystalline forms, of which the rutile 
and anatase forms are the most common. The only difference between 
these two forms is that the anatase crystal form has a longer vertical axis. 
Because of its different properties, the rutile form of TiO2 NPs is highly 
effective in the absorption of ultraviolet radiation, and thus is used in 
sunscreens to protect against UV-induced skin damage. In contrast, the 
anatase form is widely used as a photocatalyst at visible or ultraviolet 
wavelengths [7]. The anatase form can also oxidize oxygen or organic 
materials directly, with active TiO2 NP photocatalysis in aqueous media 
generating reactive oxygen species (ROS) such as superoxide (O2¯), 
hydroxyl radical (HO•), hydrogen peroxide (H2O2), and singlet oxygen 
[8,9]. All of these ROS can cause DNA damage [10,11]. Moreover, 
studies have indicated that TiO2 NPs induce photo-damage to DNA in 
human cells, mouse lymphoma cells, and phage [12-14].

In nature, cellular DNA damage is caused by ionizing radiation, 
ultraviolet light, and oxidizing agents [15]. Damage to DNA can lead 
to uncontrollable proliferation and cancer. In response to such damage 
p53, a tumor suppressor would be activated. p53 is the central sentinel 
transcription factor that controls the cell cycle, apoptosis, and DNA 
repair [16,17]. Recently, it was reported that p53 is one of the most 

important tumor suppressors in human cancers caused by zinc oxide 
nanoparticle-induced DNA damage [18]. B-cell translocation gene 2 
(BTG2) is implicated in cell cycle regulation, DNA repair, apoptosis 
and senescence [19-22]. BTG2 expression is up-regulated by p53 after 
DNA damage induced by a genotoxic agent [23,24]. We previously 
demonstrated that BTG2 is a useful marker of cytotoxicity involving 
DNA damage, and we developed a highly sensitive DNA damage 
biosensor using the BTG2 promoter to detect such cytotoxicity [25].

Live cell-based biosensors have been employed to detect the cellular 
response stimulated by NPs. Such biosensors are highly sensitive, simple 
and effective compared with traditional detection methodologies [26]. 
We previously reported cell-based biosensors for detecting BTG2 [25], 
heat shock protein70B' (HSP70B') [27], and nuclear factor kappa B (NF-
кB) [28]. These biosensors used promoter-reporter plasmids, which are 
sensitive to changes in relative promoter activation in response to toxic 
substances or other external stimuli. The HSP70B' biosensor is sensitive 
to the cellular protein denaturation response and the NF-кB biosensor 
is sensitive to the inflammatory response. We have shown that two types 
of sensor cells, used to detect HSP70B’ and NF-кB response, could also 
detect the cellular response stimulated by TiO2 NPs [28,29].

We here investigated whether the different TiO2 NP forms cause 
different cellular responses by using three kinds of sensor cells. Due 
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to their different photocatalyst characters, the three cell types should 
exhibit different DNA damage responses upon exposure to different 
forms of TiO2 NPs. Our data show that our cell-based BTG2 biosensor 
using the BTG2 promoter-reporter plasmid could detect the differences 
in DNA damage response caused by exposure to different forms of 
TiO2 NPs. The results indicate the important role of crystalline form 
on the interaction between nanomaterials and cells. Furthermore, our 
cell-based biosensor could offer a means for evaluating the safety of 
nanomaterials for humans and the environment.

Materials and Methods
Preparation of TiO2 NP suspension 

The TiO2 NP preparation and characterization methods were 
described previously [28,29]. Raw titanium (IV) oxide nanoparticles 
with different forms (rutile, anatase, mixed rutile and anatase) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). For mixed 
samples, about 80% of the TiO2 was in the anatase form and 20% in the 
rutile form. TiO2 NPs with different forms were dispersed in distilled 
water and autoclaved at 120°C for 20 min. After cooling to room 
temperature, the TiO2 NP suspensions were sonicated for 10 min at 200 
kHz using a high frequency ultrasonic sonicator (MidSonic 600, Kaijo, 
Japan). The concentration of TiO2 NPs in the samples was determined 
using a UV-VIS spectrophotometer (UV-1600, Shimadzu, Japan). All 
samples were stored at 4°C until use. TiO2 NPs were adjusted to the 
desired concentration just before use by adding cell culture medium 
supplemented with 10% FBS (the same medium as used for cell culture). 
In order to characterize TiO2 NP in a cell culture condition, the TiO2 
NP dispersed in culture medium incubated at 37°C in a humidified 
atmosphere with 5% CO2 overnight as same as cell culture conditions. 
Then particle size distribution and zeta-potential of the TiO2 NP 
solutions were measured by dynamic light scattering (Zetasizer Nano-
ZS, Malvern Instruments, Malvern, UK). The values are shown in table 
1. The sizes of these aggregated TiO2 NPs are stable for several weeks, 
although less uniform.

Cells and cell culture

The human hepatocellular carcinoma cell line, HepG2, was 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Nacalai 
Tesque, Inc., Kyoto, Japan) supplemented with 10% Fetal Bovine Serum 
(FBS, Biowest, UK), 100 U/mL penicillin, and 100 μg/mL streptomycin 
(Nacalai Tesque, Inc., Kyoto, Japan) at 37°C in a humidified atmosphere 
with 5% CO2.

Cell viability test

Cell viability was measured using a CellTiter-GloTM Luminescent 
Cell Viability Assay kit (Promega, Madison, WI, USA) according to 
the manufacturer’s instructions. 1.0 × 104 HepG2 cells were seeded in 
each well of a white opaque-walled 96-well cell culture plate (Nunclone, 
Roskilde, Denmark). On the second day the cells were treated with 
different concentrations of a suspension of TiO2 NPs, ranging from 1 
ng/mL to 100 μg/mL. Cell viability was then estimated 0, 3, 6, 12, 24, 

48, 72 and 96 h after the addition of TiO2 NPs, and the cytoplasmic ATP 
concentration was analyzed using a Luminescent cell viability assay 
reader (Wako Jyunyaku, Japan).

Plasmids employed

pGL3-Control Vector (pGL3 plasmid; Promega Corp.) was 
employed as a blank control reporter plasmid. Three reporter plasmids 
were used: BTG2 promoter-reporter plasmid (BTG2 promoter-
reporter plasmid, the region from nt -100 to -20 bp of the BTG2 gene 
containing the p53 binding site mutation [25]), HSP70B' promoter-
reporter plasmid (HSP70B' promoter-reporter; the region from -287 to 
+112 bp of the HSP70B’ promoter gene [30]) and GL4.32[luc2P/NF-
кB-RE/Hygro] Vector (NF-кB reporter plasmid, Promega Corp.). All 
the plasmids contained the SV40 promoter and enhancer sequences, 
resulting in strong expression of luc+ in many types of mammalian 
cells. The pRL-CMV vector (CMV, renilla luciferase control plasmid; 
Promega Corp.) contained the CMV promoter upstream of the Renilla 
luciferase gene and served as an internal control for variations in 
transfection efficiency. 

Construct cell-based BTG2 biosensor cells

Reporter plasmid (blank control reporter, pGL3 plasmid or BTG2 
promoter-reporter plasmid) and CMV were co-transfected into HepG2 
cells to prepare a cell-based BTG2 biosensor. The transfection was 
performed with LipofectamineTM LTX Reagent (Invitrogen, Carlsbad, 
CA, USA) according to the supplier’s protocol. HepG2 cells were seeded 
in 48-well plates. After overnight incubation, cells were co-transfected 
with the plasmids using LipofectamineTM LTX Reagent. The medium 
was replaced with fresh medium after 4~6 hours transfection.

Construct cell-based HSP70B' biosensor cells

Reporter plasmid (blank control reporter, pGL3 plasmid or HSP 
promoter-reporter plasmid) and CMV were co-transfected into HepG2 
cells to prepare a cell-based HSP70B' biosensor [29]. The transfection 
was performed with LipofectamineTM LTX Reagent according to the 
supplier’s protocol as described above.

Construct cell-based NF-кB biosensor cells

Similarly, reporter plasmid (blank control reporter, pGL3 plasmid 
or NF-кB reporter plasmid) and CMV with or without toll-like 
receptor 4 expression vector (TLR4, pUNO1-hTLR04a, InvivoGene, 
San Diego, CA, USA) were transfected into HepG2 cells to prepare a 
cell-based NF-кB biosensor [28]. The transfection was performed with 
LipofectamineTM LTX Reagent according to the supplier’s protocol as 
described previously.

Assessment of exposure toTiO2 nanoparticles, and luciferase 
activity 

One day after transfection, the culture medium was replaced 
with medium containing TiO2 NPs at the intended concentration, and 
then the cells were harvested and assayed for luciferase activity after 
the indicated exposure times. In addition, TiO2 NPs were added to the 
culture medium immediately before the medium was added to the cells.

Luciferase activity was assessed using the Dual-Luciferase Reporter 
Assay System (Promega) as described previously [28,29]. After exposure 
to TiO2 NPs, the cells were lysed in 1 × PLB buffer and luciferase, then 
the number of renilla light units was measured using a Lumat LB9507 
(Berthold Technologies, Germany) luminometer according to the 
manufacturer’s protocol for the Dual Luciferase assay. 

Different forms of 
TiO2 NP

Raw particle size 
(nm) 

Average size of NP 
in dispersion (nm)

Zeta-potential (mV)

Anatase < 25 458.6 ± 71.3 -36.73 ± 1.71
Rutile <100 533.5 ± 101.0 -35.35 ± 4.65
Mixed Form < 100 491.5 ± 164.8 -41.64 ± 1.75

Data shown are the mean ± standard deviation (n=3)
Table 1: Raw particle size, dispersed particle size and zeta potential of TiO2 NPs 
with different crystalline forms.
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All results shown are from at least three independent tests. Results 
are expressed as means ± standard deviation (SD).

Results and Discussion
HepG2 cells were exposed to NPs in order to investigate the cellular 

effects of different crystalline forms of TiO2 NPs. Cells not exposed to 
NPs acted as controls. The concentration of cytoplasmic AT signals 
the presence of metabolically active cells. Thus, to determine the 
effect on cell viability of exposure to NPs, the concentration of AT was 
determined after cell exposure to NPs (ranging in concentration from 
1 ng/ml to 100 µg/ml and exposure times ranging from 3 h to 72 h). 
Long exposure (72 h) to NPs caused a decrease in cell viability, as did 
increasing the NP concentration (e.g., 80% viability at 100 µg/ml NPs; 
Figure 1). There was no apparent effect on the viability of HepG2 if 
exposed for shorter times to NPs. This finding indicates that there is no 
significant difference in cytotoxicity caused by TiO2 NPs in the anatase, 
rutile, or mixed form. In further assays, the concentration of NPs was 
standardized at 10 µg/ml.

A cell-based biosensor for DNA damage response detection was 
used to investigate whether different crystalline forms of TiO2 NPs cause 
a different cellular DNA damage response. In our previous work, a BTG2 
biosensor for the BTG2 promoter response detected the cytotoxicity 
caused by DNA strand breaks with high sensitivity [25]. It is clear from 
figure 2 that short exposure to NPs (from 3 h to 48 h) results in similar 
BTG2 response as measured by the BTG2 promoter-luciferase reporter 
plasmid. However, if the NP exposure time is longer (from 72 h to 96 h), 
then the different forms of TiO2 NPs provide individual BTG2 responses: 
the anatase form provides the highest BTG2 response of the three 
samples, and the rutile form provides a lower BTG2 response than the 
anatase or mixed form. These distinct responses of the three samples 
are evident both at 72 and 96 h. The data suggest that long exposure to 
TiO2 NPs could induce cellular DNA damage and possibly cancer, with 
the anatase form having a higher likelihood of causing DNA damage 
than the rutile or mixed form of TiO2 NPs. The different levels of DNA 
damage probably result from the photocatalytic activity of the anatase 
and rutile forms of TiO2. TiO2 NPs in the anatase crystalline form may 
behave as a classical semiconductor [31]. The strong oxidative potential 
of the positive holes could oxidize water to create hydroxyl radicals. 
Thus, in comparison to the rutile form, the higher photocatalytic 
activity of the anatase form could generate more ROS. Although it will 
be difficult to obtain a microscopy image to prove that TiO2 NPs are 

incorporated in the cell nucleus, ROS such as H2O2 generated by TiO2 
NPs can easily diffuse into and be incorporated into the cell nucleus, 
leading to DNA damage [11].

We previously demonstrated that exposure to TiO2 NPs causes 
cellular protein denaturation [29]. Therefore, a cell-based HSP70B' 
biosensor using HSP70B’ promoter-luciferase reporter plasmid was 
used to investigate the protein denaturation response stimulated by 
different forms of TiO2 NPs. The HSP70B' response in HepG2 exposed 
to different TiO2 NPs is shown in figure 3. An over 15-fold increase in the 
HSP70B' response is obtained from all the samples, with no significant 
difference observed between the samples. This suggests that all the 
TiO2 NPs (anatase, rutile or mixed form) can induce a high protein 
denaturation response.

We previously showed that a cell-based NF-кB biosensor comprised 
of NF-кB reporter and TLR4 expression vectors could detect cellular 
inflammatory responses. In conjunction with a cell surface receptor, 
TLR4, the NF-кB response induced by exposure to TiO2 NPs could 
be monitored [28]. In the current study, the cellular inflammatory 
response stimulated by different forms of TiO2 NPs was also investigated. 
The NF-кB response was evaluated using HepG2 exposed to different 
TiO2 NPs (Figure 4). A similar NF-кB response, with or without TLR4 
overexpression, could be elicited by all three samples, suggesting that 
all TiO2 NPs, even of different forms, can induce a similar inflammatory 
response.

In this work, three TiO2 NP samples with different crystalline forms 
(anatase, rutile and mixed form) were used to test their ability to induce 
cellular DNA damage response. DNA damage response induced by 
TiO2 NPs was much delayed compared to cellular protein denaturation 
response and inflammatory response, perhaps because it takes time 
for NPs to generate ROS and induce cellular DNA damage. Thus, long 
exposure to TiO2 NPs induces a pronounced BTG2 response. The anatase 
form of TiO2 NPs may cause greater DNA damage due to its greater 
photocatalytic activity. In contrast, there was no significant difference 
in the degree of cellular protein denaturation and inflammatory 

Figure 1: Cell viability determined by cytoplasmic ATP concentration. HepG2 
cells were exposed to the indicated concentrations of TiO2 NPs for 72 h. The 
results are shown as the mean ± s.d., n ≥ 3 for each concentration.

Figure 2: Time course of TiO2 NPs incubated with HepG2 cells transfect-
ed with BTG2 promoter-reporter plasmid. Scattergram of lg-logistic growth 
curve plot of BTG2 response (fold induction) of HepG2 cells transfected with 
BTG2 promoter-luciferase reporter plasmid exposed to 10 μg/mL TiO2 NPs for 
various lengths of time. Each plot was produced from at least 3 times replicated 
measurements. All values are presented as mean ± s.d. (n ≥ 3). Data were sta-
tistically analyzed with the Student’s t test (*p<0.05).
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response induced by the three TiO2 NP samples. Our work shows that 
the crystalline form of TiO2 NPs may impact the interaction between 
nanomaterials and cells, and that our cell-based biosensor can be used 
to evaluate the safety of nanomaterials.
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