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Titanium dioxide nanoparticles (TiO, NPs) are manufactured worldwide for use in a wide range of applications. There are
two common crystalline forms of TiO, anatase and rutile with different physical and chemical characteristics. We previously
demonstrated that an increased DNA damage response is mediated by anatase crystalline form compared to rutile. In the present
study, we conjugated TiO, NPs with polyethylene glycol (PEG) in order to reduce the genotoxicity and we evaluated some oxidative
stress parameters to obtain information on the cellular mechanisms of DNA damage that operate in response to TiO, NPs different
crystalline forms exposure in hepatocarcinoma cell lines (HepG2). Our results indicated a significant increase in oxidative stress
mediated by the anatase form of TiO, NPs compared to rutile form. On the other hand, PEG modified TiO, NPs showed a significant
decrease in oxidative stress as compared to TiO, NPs. These data suggested that the genotoxic potential of TiO, NPs varies with

crystalline form and surface modification.

1. Introduction

With the development of nanotechnology, there has been
a tremendous growth in the application of nanoparticles
(NPs) for drug delivery systems, antibacterial materials,
cosmetics, sunscreens, and electronics [1, 2]. The increased
generation, use, and disposal of nanomaterial-containing
products have led to an increase in the potential exposure
risk to nanomaterials for both humans and the environment
[3]. Titanium dioxide (TiO,) NPs rank among the top five
NPs used in consumer products [4]. TiO, NPs are produced
abundantly and used widely because of their high stability
and anticorrosive and photocatalytic properties [5]. TiO, is
believed to be chemically inert. However, when the particles
become progressively smaller, their surface areas, in turn,
become progressively larger. Researchers have also expressed

concerns about the harmful effects of TiO, NPs on human
health, which are associated with this decrease in particle size
(6, 7].

TiO, naturally occurs in several crystalline forms, of
which the most commonly found forms are anatase and
rutile. The principal parameters of particles affecting their
physicochemical properties include shape, size, surface char-
acteristics, and inner structure. It has been suggested that
anatase TiO, has a greater toxic potential than rutile TiO,
[8, 9]. The rutile form of TiO, 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 [10]. The anatase form can
also oxidize oxygen or organic materials directly, with active
TiO, NP photocatalysis in aqueous media generating reactive



oxygen species (ROS) such as superoxide (O, ), hydroxyl
radical (HO"), hydrogen peroxide (H,0,), and singlet oxygen
[11, 12]. The excess ROS can damage cellular lipids, proteins,
or DNA, thus inhibiting their normal function. Because of
this, oxidative stress has been implicated in a number of
human diseases, as well as in the ageing process. While ROS
are products of normal cellular metabolism, they are also
known to play a deleterious role in living systems [13].

Surface modification, such as coating, influences the
activity of TiO, NPs. For example, diminished cytotoxicity
was observed when the surface of TiO, NPs was modified by
a “grafting-to” polymer technique combining catalytic chain
transfer and thiol-ene click chemistry [14]. Polyethylene
glycol (PEG) is nontoxic and nonimmunogenic and has
favorable pharmacokinetics and tissue distribution [15]. PEG
is a hydrophilic, nonionic polymer that exhibits excellent
biocompatibility [16]. When used for drug delivery purposes,
the addition of PEG to polymer particles results in increased
circulation time, which in turn prevented NPs uptake by the
reticuloendothelial system [17]. PEG increases hydrophilic
properties and porosity and decreases crystal size and the
potential for cracked film formation [18]. A water-dispersed,
PEG-modified TiO, nanoparticles exhibited photocatalytic
antitumor effects in a glioma cell line [19].

In previous study, we demonstrated that an increased
DNA damage response is mediated by the anatase crystalline
form compared to rutile and mixed forms [20] and that PEG-
TiO, NPs showed a reduction in DNA damage responses
compared to TiO, NPs [21]. We also showed that TiO,
NPs induced ROS, which are implicated in the genotoxicity
induced by TiO, NPs [22]. However, the molecular mecha-
nism of the DNA damage induced by the different crystalline
forms of TiO, NPs is unknown. In this study, we explored
whether the different crystalline forms of TiO, NPs cause
distinct oxidative stress responses due to differences in their
photocatalytic characteristics by measuring oxidative and
antioxidative parameters and studied also the effect of PEG
conjugation of TiO, NPs on oxidative stress in HepG2 cells.
The results indicate that the anatase form exposure induced
ROS generation with increased H,O,, decreased glutathione
peroxidase, and reduced glutathione levels more than rutile
forms; this effect is followed by release of cytochrome ¢ from
mitochondria to cytoplasm, increased caspase-3 activity, and
caused eventual DNA fragmentation and apoptosis in cells
treated with TiO, NPs anatase form more than rutile forms.
PEG-modified TiO, NPs treated HepG2 cells showed a
reduction in oxidative stress and apoptosis compared with
cells exposed to different forms of TiO, NPs. We anticipate
that our work will advance the understanding of interactions
between bionanomaterials and mammalian cells, thereby
improving their application in biology and medicine.

2. Materials and Methods

2.1. Cells and Cell Culture. HepG2 cells were cultured in Dul-
beccos Modified Eagle’s Medium (DMEM, Nacalai Tesque,
Inc., Kyoto, Japan) supplemented with 10% fetal bovine serum
(FBS, Biowest, Nuaillé, France, UK), 100 U/mL penicillin, and
100 pug/mL streptomycin (Nacalai Tesque, Inc.) at 37°C in a
humidified atmosphere containing 5% CO,.
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2.2. Preparation and Exposure to TiO, and PEG-TiO, NPs.
The preparation and characterization of TiO, NPs were
described in previous studies [23, 24]. Briefly, raw titanium
(IV) oxide nanoparticles of different forms (rutile, anatase,
mixed rutile, and anatase) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Mixed TiO, samples contained
approximately 80% anatase and 20% rutile form. TiO, NPs
were dispersed in distilled water and autoclaved at 120°C for
20 min. After cooling to room temperature, the TiO, NP
suspensions were sonicated for 10 min at 200 kHz using a
high frequency ultrasonic sonicator (MidSonic 600; Kaijo,
Japan). The concentration of TiO, NPs in the samples was
determined using a UV-VIS spectrophotometer at 340 nm
(UV-1600; Shimadzu, Kyoto, Japan). All samples were stored
at 4°C until use. TiO, NPs were adjusted to the desired
concentration just before use by adding cell culture medium
supplemented with 10% FBS (as above). In order to char-
acterize TiO, NPs under cell culture conditions, the TiO,
NPs were dispersed into the culture medium and subjected
to the same cell culture conditions as above. Then, particle
size distribution and zeta potential of the TiO, NP solutions
were measured by dynamic light scattering (Zetasizer Nano-
7S; Malvern Instruments, Malvern, UK). Prior to addition to
the cell cultures, the suspensions of TiO, NPs were diluted in
supplemented medium and used at a final concentration of
10 pg/mL as described above. PEG-modified TiO, NPs (PEG-
TiO,) were prepared as described previously [19]. Specifically,
TiO, or PEG-TiO, NPs were added to the culture medium
immediately before the medium was applied to the cells.
After a 48 h incubation period, the cells were harvested and
assayed.

2.3. DCF Assay for Oxidative Stress Determination. The accu-
mulation of intracellular free radicals from HepG2 cells
exposed to different forms of TiO, and PEG-modified TiO,
NPs was quantified using a ROS Assay Kit (OxiSelect; Cell
Biolabs, Inc., San Diego, CA, USA), with the cell-permeable
fluorogenic probe 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA). DCFH-DA is a ROS detector that can cross cell
membranes and be deacetylated by intracellular esterases to
nonfluorescent 2',7'-dichlorodihydroﬂuorescein (DCFH). In
the presence of ROS, DCFH is rapidly oxidized to the highly
fluorescent DCFE which is readily detectable. The fluorescence
intensity is proportional to the ROS levels within the cell
cytosol. HepG2 cells were cultured in 96-well black plates
overnight. The cells were treated with different forms of
TiO, NPs (anatase, rutile, mixed) and PEG-TiO, NPs for
48h and were then incubated with DCHF-DA for 30 min
at 37°C in the dark. Parallel sets of wells containing freshly
cultured cells not treated with nanoparticles and suspended
in the same concentration ratio of DPBS and DMEM were
used as the negative controls. The fluorescence emission of
DCF was monitored at regular intervals at an excitation
wavelength of 480 nm and an emission wavelength of 530 nm
using a fluorescence plate reader (Twinkle LB 970 Microplate
Fluorometer; Berthold Technologies GmbH & Co. KG, Bad
Wildbad, Germany). The amount of DCF formed was calcu-
lated from a calibration curve constructed using an authentic
DCF standard.
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2.4. Measurement of Glutathione Peroxidase (GPX). Glu-
tathione peroxidase activity was measured using a Glu-
tathione Peroxidase Assay Kit (Cayman Chemical Company,
Ann Arbor, MI, USA). Cells were washed in phosphate buffer
(pH 74) and collected by centrifugation (2000 xg for 10 min
at 4°C). Cells were homogenized in cold assay buffer (50 mM
Tris-HCL, pH 7.5, 5 mM EDTA, and 1mM DTT), centrifuged
at 10,000 xg for 15 min at 4°C, and the supernatant was used
for the assay. Assay buffer (100 uL), 50 uL of cosubstrate
mixture, and 20 L of sample were placed in the wells of a 96-
well plate, and the reaction was initiated by adding 20 uL of
cumene hydroperoxide. The samples were thoroughly mixed
by shaking and the absorbance was read at a minimum of 5
time points at 340 nm using a plate reader.

2.5. Measurement of Reduced Glutathione (GSH). The total
glutathione concentration (reduced and oxidized forms) was
determined in a microtitre plate assay using a Glutathione
Assay Kit (Sigma-Aldrich). After nanoparticle exposure,
HepG2 cells were washed twice with phosphate-buffered
saline (PBS), resuspended in 5% 5-sulfosalicylic acid solution,
and then centrifuged at 10,000 xg for 10 min. A 10 uL aliquot
of supernatant was mixed with 150 yL of working solution
and incubated for 5 minutes at room temperature, and then
50 uL of diluted NADPH solution was added. The absorbance
was measured at 412 nm using a plate reader, subtracting each
reading from the reagent blank (10 4L of 5% 5-sulfosalicylic
acid instead of sample). The final concentration of the
components in the reaction mixture was 95 mM potassium
phosphate buffer (pH 7.0) containing 0.95mM ethylene-
diamine tetra-acetic acid (EDTA), 0.038 mg/mL (48 uM)
NADPH, 0.031mg/mL DTNB, 0.115units/mL glutathione
reductase, and 0.24% 5-sulfosalicylic acid. All measurements
were performed in triplicate; GSH content (nmoles) could be
calculated in the unknown samples.

2.6. Measurement of Caspase-3. A Caspase-3 Assay Kit (Col-
orimetric; Sigma-Aldrich) was used to assess caspase-3 activ-
ity. HepG2 cells (1 x 10°) were cultured in 6-well plates and
treated as described above. At the end of the experiment, cells
were washed and lysed in 100 L of lysis buffer. Next, 80 yL of
the sample was added to 10 uL of 10x assay buffer and 10 L of
2mM Ac-DEVD-pNA chromogenic substrate in the wells of
a 96-well plate. Samples were incubated for 10 hours at 37°C,
and absorbance was read at 405 nm.

2.7. Confocal Microscopy Observation. Confocal laser scan-
ning microscopy was performed using a Zeiss LSM510
microscope (Carl Zeiss, Oberkochen, Germany). On the
following day, the culture medium was replaced with medium
containing the two crystalline forms of TiO, NPs (anatase or
rutile) at 10 ug/mL. Cells without NP exposure were used as
controls. After a 48-h incubation, the cells were washed with
PBS and fixed with 4% paraformaldehyde for 5min. Fixed
cells were then stained for nuclei with 1 yg/mL Hoechst 33342
(Dojin Chemical, Tokyo Japan) for 30 min at 5% CO,. Figures
were created using NIH Image] software.

2.8. Statistical Analysis. Data were expressed as the mean
+ S.D. (n > 3 independent experiments). The data were

2.8

2.4 -
2 - *
&
1.6 4 *
1.2

0.8

0.4

Relative ROS generation
(fold of induction versus control)

0.0 T T T T T T
0 1 10 100 1000 10000 1000001000000

Concentration of TiO, NPs (ng/mL, log scale)

—e— Nonmodified TiO,
— PEG-TIiO,

—o— Anatase
—~— Rutile

FIGURE 1: ROS generation by different crystalline forms of TiO, NPs
in HepG2 cells. HepG2 cells were exposed to the anatase and rutile
forms of TiO, NPs, as well as nonmodified mixed crystalline TiO,
NPs (nonmodified TiO,) and the crystalline form of PEG modified
TiO, NPs (PEG-TiO,). Cells were exposed to the TiO, NPs for 48 h
at the indicated concentrations. The results are normalized to values
obtained from control HepG2 cells without NP exposure. Each plot
was produced from triplicate measurements, with values presented
as mean + S.D. (P < 0.05).

analyzed using one-way analysis of variance (ANOVA)
to evaluate the statistical differences and multicomparison
between treated and control cells. Statistical significance was
accepted at P < 0.05.

3. Results and Discussion

3.1. ROS Generation by Different Forms of TiO, NPs. In the
present study, we compared the oxidative stress induced
by the different crystalline forms of TiO, NPs (anatase
and rutile) and different surface forms, that is, nonmodi-
fied mixed crystalline form (nonmodified TiO,) and PEG-
modified mixed crystalline form (PEG-TiO,) of TiO, NPs.
HepG2 cells were exposed to the various TiO, NPs and
ROS generation was evaluated according to dose dependency
(Figure 1) and time (Figure 2). We used different concen-
trations of NPs ranging from 1ng/mL to 100 ug/mL and
exposure times ranging from 3 h to 48 h. Cells not exposed to
NPs were used as controls. Our results showed that TiO, NPs-
induced ROS were generated in a dose-dependent manner. At
low NPs concentrations (1 to 1000 ng/mL), significant levels
of ROS were not generated in response to NPs exposure.
However, cells treated with 10 and 100 yg/mL of anatase
TiO, NPs showed a significant increase in ROS generation
as compared to cells treated with rutile form of TiO, NPs.
Changing the surface characters of TiO, NPs by coating with
PEG (PEG-TiO,) showed significantly less ROS generation
when compared with the nonmodified mixed form of TiO,
NPs (nonmodified TiO,) as shown in Figure 1.

Figure 2 shows the time course of ROS generation fol-
lowing treatment with the different types of TiO, NPs; the
concentration of NPs was standardized at 10 yg/mL. At 48 h
of NPs exposure, each NP caused a significant increase in
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FIGURE 2: Time course of ROS generation in HepG2 cells exposed
to different types of TiO, NPs. The cells were exposed to NPs
(10 ug/mL) for the indicated durations. The results are normalized
to values obtained from control HepG2 cells without NP exposure.
Each plot was produced from triplicate measurements, with values
presented as mean + S.D. (P < 0.05).

ROS generation; cells exposed to anatase TiO, NPs forms
showed a 2.2-fold increase, while cells exposed to rutile
TiO, NPs showed an approximately 1.75-fold increase. The
nonmodified TiO, NPs mixed forms exposed cells exhibited
2-fold increase and the PEG-TiO, NPs treated cells showed
1.6-fold increase in ROS generation compared to the control
cells. There was no effective change on the ROS generation
of HepG2 cells when exposed to shorter times to NPs. These
results indicate that cells treated with anatase form exhibited
significantly more ROS generation when compared with cells
treated with the rutile form and that PEG modification causes
a significant decrease in ROS generated by mixed TiO, NPs.
Therefore, the crystalline form and surface characters of TiO,
NPs are an important point to investigate when studying the
interaction of the nanomaterials with cells.

3.2. Oxidative Stress Determinations. Oxidative stress is
described as the deregulation of oxidants and antioxidants,
which is associated with several diseases. Hydrogen peroxide
(H,0,) is a main ROS that is produced endogenously by
several physiological processes, such as the inflammatory
respiratory burst and during oxidative phosphorylation.
ROS, including H,0,, also participate in pathway signaling
related to cellular proliferation, migration, and apoptosis [25].
Figure 3 shows H,O, induction by different types of TiO,
NPs exposure. HepG2 cells exposed to the anatase form
showed an approximately 2-fold significant increase in H,O,
levels (reaching 165 nmol/mL) compared to control cells. The
cells exposed to rutile TiO, NP generated 138 nmol/mL of
H,0,, an approximately 1.7-fold significant increase when
compared to control cells, and the H, O, level in cells exposed
to nonmodified TiO, NPs mixed form was 150 nmol/mL,
an approximately 1.8-fold significant increase compared to
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FIGURE 3: Measurement of H,0, concentrations in HepG2 cells
exposed to different types of TiO, NPs. Cells were exposed to
individual NPs (10 ug/mL) for 48 h. HepG2 cells without NP expo-
sure are shown as control. Each plot was produced from triplicate
measurements, with values presented as mean + S.D. (P < 0.05).

control cells. PEG-TiO, NPs exposed cells showed a sig-
nificant decrease in H,O, levels (115nmol/mL) compared
with nonmodified mixed forms of TiO, NPs; the one-way
analysis of variance (ANOVA) and multicomparison between
all treated cells and control cells showed that the variation
of means is significantly increased and P value is less than
0.05. The data suggested that HepG2 cells exposed to TiO,
NP showed H,0,-induced oxidative stress, and exposure to
anatase TiO, NPs caused significantly higher responses to
H,0,-induced oxidative stress than rutile TiO, NPs forms
exposure and PEG modification of TiO, NPs protected
HepG2 cells against H,O,-induced oxidative stress.

Antioxidant activities in HepG2 cells exposed to different
types of TiO, NPs were evaluated by measuring GPX activity
and GSH levels. GPX is the enzyme that catalyzes the
reduction of hydroperoxides, including H,O,. GPX activity
and GSH levels were evaluated to elucidate the mechanism
of H,0, detoxification during exposure to different types
of TiO, NPs. The results indicate that cells exposed to
anatase, rutile, and nonmodified TiO, NPs exhibited 38, 50,
and 40 nmol/min/mL of GPX activity, respectively. HepG2
cells treated with anatase TiO, NPs showed significantly
less GPX activity, indicating increased oxidative stress com-
pared to cells exposed to the rutile forms. Cells exposed
to PEG-TiO, exhibited a significantly more GPX activ-
ity (58 nmol/min/mL), indicating retention of antioxidant
capacity (Figure 4). The multicomparison data between all
treated cells and control showed significant changes except
cells exposed to anatase versus cells exposed to nonmodified
TiO, NPs which showed nonsignificant change with P value
greater than 0.05.

Similarly, HepG2 cells exposed to TiO, NP exhibited
reduced GSH levels. Specifically, cells exposed to anatase
TiO, NPs exhibited significantly decreased GSH levels com-
pared to cells treated with rutile forms. PEG-TiO, NPs
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FIGURE 4: GPx activities in HepG2 cells exposed to different types
of TiO, NPs. Cells were exposed to individual NPs (10 yg/mL) for
48h. Control values represent HepG2 cells without NP exposure.
Each plot was produced from triplicate measurements, with values
presented as mean + S.D. ("P < 0.05).

appeared to reduce the effects of TiO, NP exposure and
increased GSH levels (Figure 5). Statistical analysis of GSH
data and comparison between cells showed that significant
changes between cells only were observed in control versus
anatase exposed cells “**P < 0.001, control versus rutile
**P < 0.01, control versus nonmodified **P < 0.01, and
anatase versus PEG-modified treated cells “P < 0.05. These
results suggest that the antioxidant GSH is involved in H,O,
detoxification following TiO, NPs exposure and that anatase
TiO, produces greater oxidative stress than rutile TiO,, as
evidenced by their effects on GSH levels.

3.3. Assessments of Oxidative Stress-Induced Apoptosis. Cas-
pase-3 isan effector cysteine protease that is involved in apop-
tosis and necrosis and is activated by H,0, [26]. Caspase-
3 activity was measured to evaluate the apoptotic responses
to oxidative stress occurring in HepG2 cells exposed to
different forms of TiO, NPs. Our results showed a significant
increase in caspase-3 activity, which is a critical apoptotic
enzyme, as well as DNA fragmentation, in cells exposed to
anatase TiO, NPs (3.2 and 2.5 nmol/min/mL in anatase and
rutile NPs, resp.). Nonmodified TiO, NP exposure produced
2.7 nmol/min/mL of caspase-3 activity, while PEG-TiO, NP-
treatment resulted in 2.1 nmol/min/mL, which is virtually the
same as the control value of 2 nmol/min/mL (Figure 6). The
significant changes between cells were observed in control
versus anatase **P < 0.01, anatase versus rutile “P < 0.05,
and anatase versus PEG-modified treated cells *** P < 0.001.
Therefore, anatase TiO, NPs produced significantly greater
apoptotic responses than the rutile form in HepGz2 cells.

The induction of apoptosis in HepG2 cells exposed to the
two common crystalline forms of TiO, NPs was confirmed
by observing apoptotic cells using confocal microscopy. We
used Hoechst DNA staining to observe nuclear fragmen-
tation as an indication of apoptosis. The morphological
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FIGURE 5: GSH levels in HepG2 cells exposed to different types
of TiO, NPs. Cells were exposed to individual NPs (10 yg/mL) for
48 h. Control values represent HepG2 cells without NP exposure.
Each plot was produced from triplicate measurements, with values
presented as mean + S.D. ("P < 0.05).
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FIGURE 6: Caspase-3 activity in HepG2 cells exposed to different
types of TiO, NPs. Cells were exposed to individual NPs (10 zg/mL)
for 48 h. Control values represent HepG2 cells without NP exposure.
Each plot was produced from triplicate measurements, with values
presented as mean + S.D. (*P < 0.05).

changes observed include condensation of chromatin and
nuclear fragmentation, as shown in Figure 7. The microscopy
analysis confirmed that cells exposed to TiO, NPs undergo
programmed cell death (apoptosis) due to DNA damage.
Enumeration of apoptotic HepG2 cells in the absence of
TiO, NPs revealed the percentage of cells with nuclear
fragmentation to be 30% (Figure 7(a)), while 71% of HepG2
cells exposed to crystalline anatase TiO, NPs (Figure 7(b))
and 59% of cells exposed to rutile TiO, NPs were apoptotic
(Figure 7(c)). The results indicate that the crystalline anatase
TiO, NPs induce a greater degree of apoptotic cell death
compared with the rutile form.
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(a)

(c)

FIGURE 7: Confocal laser scanning microscopic images of HepG2 cells exposed to TiO, NPs. The confocal microscopic images show
condensation of chromatin and nuclear fragmentation in HepG2 cells exposed to different crystalline forms of TiO, NPs. (a) Control HepG2
cells without TiO, NPs exposure; (b) cells exposed to 10 ug/mL crystalline anatase TiO, NPs for 48 h; (c) cells exposed to 10 ug/mL crystalline
rutile TiO, NPs for 48 h. The white arrows indicate apoptotic cells with nuclear fragmentation.
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FIGURE 8: Localization of crystalline anatase and rutile TiO, NPs in HepG2 cells. Confocal microscopy of reflection images was used also to
verify the location of TiO, NPs in HepG2 cells. (a) Control HepG2 cells without TiO, NP exposure; (b) cells exposed to 10 g/mL crystalline
anatase TiO, NPs for 48 h; (c) cells exposed to 10 ug/mL crystalline rutile TiO, NPs for 48 h.

Confocal microscopy was used also to verify the location
of TiO, NPs in HepG2 cells. The images revealed that anatase
and rutile TiO, NPs were internalized by HepG2 cells to a
similar degree (Figures 8(b) and 8(c)), when compared to
control cells (Figure 8(a)). These results indicate that both
crystalline forms of TiO, NPs were incorporated by HepG2
cells to the same extent.

4. Discussion

Generally, anatase is more reactive than rutile. Anatase differs
from rutile in cleavage and the overall visible external shape
because of structural differences. Although both forms are
tetragonal, the different crystalline forms give rise to differ-
ent physical and chemical characteristics such as hardness,
refractive index, and photocatalytic ability. In the present
study, we compared the effects of the anatase and rutile

crystalline forms of TiO, NPs on cellular oxidative stress and
apoptosis in HepG2 cells. One of the most discussed mech-
anisms underlying the biological effects of ambient particles
is their ability to cause oxidative stress. The interactions of
NPs with cell membranes result in the generation of ROS,
and the resulting oxidative stress may cause a degradation
of membrane lipids, an imbalance of intracellular calcium
homeostasis, and DNA breakage [27, 28], which is con-
sidered an underlying molecular mechanism implicated in
the cytotoxic, inflammatory, and DNA damaging effects of
nanoparticles. Our results showed that anatase TiO, has a
greater ROS potential (mainly H,O,) than rutile TiO,.

Our study showed greater inhibition of GPX activity and
GSH levels in HepG2 cells exposed to anatase TiO, than the
rutile form. GPX and GSH are antioxidants used in the detox-
ification of H,O, and their inhibition confirms the retention
of H,0,. H,0, is a natural source of oxidative damage in
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cells, causing a spectrum of DNA lesions, including single
and double strand breaks [29]. DNA damage due to H,O,
results from the production of the hydroxyl radical ("OH)
in the presence of transition metal ions, such as iron, via
the Fenton reaction. H,0, can cause oxidative stress because
it uses water channels to rapidly cross cell membranes and
reach the nucleus where it can damage DNA. Caspases are a
family of proteases that regulate cell death and are important
mediators of apoptosis. Caspase-3 is a critical effector caspase
that plays a central role in initiating nuclear apoptosis,
including chromatin condensation, DNA fragmentation, and
blebbing [30]. Our results showed a significant increase in
caspase-3 activity in HepG2 cells exposed to anatase TiO,
NPs and to a lesser degree by exposure to the rutile form.
We hypothesized that the two forms of TiO, NPs would
elicit different cellular oxidative stress responses because,
compared to rutile, anatase has a lighter average effective
mass of photogenerated electrons and holes. The lighter
effective mass suggests that anatase TiO, particles exhibit
faster migration of electrons and holes from the interior to
its surface and hence greater ROS generation, compared to
rutile [31]. Our results support the contention that there is
no difference in the cellular incorporation of anatase and
rutile TiO, NPs. Therefore, the differences in genotoxicity
induced by the two crystalline forms of TiO, NPs were due
to differences in the generation of oxidative stress, which
initiates DNA damage and apoptosis in HepG2 cells.

One strategy to prevent the genotoxicity of TiO, nanofor-
mulations is through the use of a PEG coating. Modifying
the surface of NPs with PEG prevents agglomeration [32],
renders NPs resistant to protein adsorption, and enhances
their biocompatibility [33]. We conjugated the TiO, NPs
with PEG to examine whether TiO, NP-induced oxidative
stress was altered. The present results showed that ROS
generation was reduced following PEG modification, as
evidenced by reduced levels of H,O,, preservation of GPX
and GSH levels, and decreased caspase-3 activation, thus
confirming the decreased DNA damage and oxidative stress-
induced apoptosis in HepG2 cells exposed to PEG-TiO, NPs
compared to cells exposed to TiO, NPs.

5. Conclusions

Our results showed that HepG2 cells treated with differ-
ent types of TiO, NPs produced distinct oxidative stress
responses by affecting the oxidative balance. Specifically,
exposure to anatase TiO, NPs produced significantly greater
ROS formation, oxidative stress responses, and apoptosis,
when compared to rutile TiO, NPs. Furthermore, modifi-
cation of TiO, NPs with PEG showed decreased oxidative
stress and apoptosis in HepG2 cells, thereby confirming the
reduction of ROS induced by TiO, NPs. Therefore, exposure
of HepG2 cells to TiO, NP causes an elevation in ROS
levels and downregulates ROS scavengers associated with
protection from DNA damage and apoptosis. Furthermore,
anatase forms mediated these events to a greater degree than
rutile forms of TiO, NPs.
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