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a b s t r a c t

The photo-induced bioactivity of titanium dioxide was investigated in terms of determining the condi-
tions for photocatalytic treatment of cancer cells and also exploring the molecular mechanisms involved
in this process. Cultured MCF-7 and MDA-MB-468 breast cancer epithelial cells were irradiated, using UV-
A light (wavelength 350 nm) for 20 min, in the presence of nanostructured titania aqueous dispersions
prepared using the sol–gel technique. Detailed characterization of the titania sols confirmed the pres-
ence of the photocatalyst in the form of anatase nanoparticles. Two different techniques were employed
to examine the effects on cell cycle and the viability of the treated culture: propidium iodide (PI) flow
cytometric (FACScan) assays permitted the identification of treatment effects on the cell cycle and cell
anonstructured TiO2

poptosis

viability analysis (MTT assays) allowed the definition of the precise percentage of cells that are still alive
and functionable, after the treatment. A selective action of both TiO2 nanoparticles and photocatalytically
activated titania was observed on the highly malignant MDA-MB-468 cells. Upon irradiation, these cells
were induced to undergo apoptotic cell death, compared to the MCF-7 cells which were still unimpaired.
This was profoundly revealed via Western blot analysis. The molecular mechanism of apoptosis is associ-
ated at least in part with increase of caspase-3-mediated poly(ADP-ribose) polymerase (PARP) cleavage.
. Introduction

Titanium is widely used in biomedical applications. Its mechan-
cal properties and biocompatibility, conferred by a layer of oxide
resent on its surface, make titanium the material of choice for
arious implants (artificial hip and knee joints, dental prosthet-
cs, vascular stents, heart valves, etc.). Titanium implants have
lso been used widely and successfully for various types of bone-
nchored reconstructions. It is believed that properties of oxide
lms covering titanium implant surfaces are of crucial importance

or successful bone integration, in particular in compromised bone

ites [1]. Furthermore, the high refractive index of titanium oxide
s advantageous in biosensor applications based on optical detec-
ion methods. In both the above fields of application, novel surface

odification strategies leading to biointeractive interfaces (that
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trigger specific responses in biological systems) are continuously
sought.

Additionally, titanium dioxide has been intensively studied in
the last two decades for photocatalysis purposes [2–4]. In recent
studies making use of TiO2 nanoparticles, it was demonstrated that
application of the photocatalytic technology has a great impact and
high potential for restoring and keeping our living environment
clean and safe [5–7]. It is now well established that photoexcited
titanium dioxide (TiO2) can drive various chemical reactions due
to its strong oxidizing and reducing ability. Important applications
were confirmed on environmental issues such us removal of pollu-
tants from air (VOCs, NOx, odors) [4] and water (phenols, textile
azo-dyes, pesticides) [8]. By a judicious balance of their photo-
catalytic and superhydrophylic properties, it has also been proven
that titania-modified surfaces are not only able to photochemically
decompose harmful substances, but can also prevent stains forma-

tion and kill bacteria and viruses thus offering, besides efficient
self-cleaning, additional self-sterilisation [9–11].

Nanoparticles can affect cellular activity [12–14]. Previous stud-
ies have shown that Ti particles induce death by apoptosis in
different types of cells, such as mesenchymal stem cells [15],

dx.doi.org/10.1016/j.jphotochem.2010.06.031
http://www.sciencedirect.com/science/journal/10106030
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steoblasts [16], brain cells [17], and necrosis in fibroblasts [18].
ecently, it has been shown that ultrafine TiO2 can cause cyto- and
eno-toxicity and induce apoptosis in human lymphoblastoid cells
19]. Interestingly, the photocatalytic properties of TiO2-mediated
oxicity have been shown to eradicate cancer cells [20,21]. It is now
ell established that when TiO2 nanoparticles are excited by light
hose wavelength is <390 nm, the photon energy generates pairs

f electrons and holes which react with atmospheric water and
xygen to yield reactive oxygen species (ROS) which have been
roved to significantly damage cancer cells [22–27]. Therefore, TiO2
anoparticles are one of the promising photosensitizer against can-
er. Though photoexcited TiO2 nanoparticles have been proved to
e very effective in a variety of cancer, many of its anti-tumor
echanisms have not been demonstrated.
Recently, intensive research efforts in our group were focused

n the possible use of TiO2 as an anticancer agent in the pres-
nce of UV light. The aim of the present study was to investigate
he potential of TiO2 nanoparticles to induce cellular modifications
haracteristic for apoptosis and/or necrosis specifically in cancer
ells. The cell toxicity of photo-activated-TiO2 nanoparticles was
ssessed in two cancer cell lines, the MDA-MB-468 and the MCF-7,
oth derived from breast epithelium. Cells were exposed to nanos-
ructured titania aqueous dispersions, prepared using the sol–gel
echnique. We studied the induction of cell death employing the
ow cytometry based method: DNA quantification by propidium

odide (PI), the cell viability analysis (MTT) assay and western blot
nalysis of caspase-3-mediated PARP cleavage. We report here, that
oth TiO2 nanoparticles and photoexcited TiO2 nanoparticles exert
significant apoptotic effect especially in the highly malignant
DA-MB-468 cancer cells.

. Materials and methods

.1. Cell culture

Human breast epithelial cells (MCF-7 and MDA-MB-468) were
ultured in 75 cm2 flasks, in Dulbecco’s modified Eagle’s medium
DMEM) supplemented with 10% fetal bovine serum (FBS), 1% l-
lutamine, 1% sodium pyruvate and antibiotics (all media were
urchased from Biochrom Seromed, Berlin, Germany), and incu-
ated at 37 ◦C, in a 5% CO2 incubator. Also, trypsin–EDTA:
.05%/0.02% (w/v) (Gibco BRL, Life Technologies) were used for the
rypsinization of cells.

.2. Preparation and characterizations of the TiO2 sol

To prepare the titania material, the sol–gel technique was used
1]. Titanium (IV) tetrabutyl orthotitanate (15 ml) (Aldrich 97%)
as slowly added into 100 ml of 0.2 M nitric acid solution (HNO3,
arlo Erba) and the resulting white colloidal dispersion was rigor-
usly stirred for 4 h, after which the solution became completely
ransparent showing remarkable stability. The optical transmis-
ion spectra were recorded on a Hitachi 3010 spectrophotometer in
he wavelength range 300–500 nm by inserting the sol into 10 mm
athway quartz cells. Attempts to characterize the titania parti-
les in the liquid colloidal solution by Raman scattering were not
uccessful. Thus we covered a glass petri dish with sol droplets
nd left them to dry forming a titania film, white in color. Then
icro-Raman spectra were measured employing an InVia Ren-

shaw Raman spectrometer, equipped with a charge coupled device

or signal detection. Excitation was performed with a 514.5 nm
rgon ion laser, applying a power of about 0.2 mW on a 1 �m diam-
ter spot of the film. Dynamic light scattering (DLS) measurements
ere performed on aged titania sols (10 days after preparation)

fter filtering the solutions through a 0.45 �m millipore filter. An
otobiology A: Chemistry 214 (2010) 215–223

ALV/CGS-3 compact goniometer system (ALV GmbH, Germany)
was used, equipped with a He–Ne laser, operating at 632.8 nm,
which is interfaced with an ALV-5000/EPP multi-tau digital cor-
relator with 288 channels and an ALV/LSE-5003 light scattering
electronics unit for stepper motor drive and limit switch control.
Measurements were carried out at scattering angles of 90◦, 45◦

and 135◦. Average light scattering intensity from solutions was
recorded and autocorrelation functions were analyzed in order to
obtain the apparent hydrodynamic radii Rh as described in Ref. [28].

2.3. DNA quantification: propidium iodide (PI) staining and flow
cytometry (FACScan)

For the FACScan assays, MCF-7 and MDA-MB-468 breast epithe-
lial cells (1,000,000–2,000,000 cells) were seeded in 10 cm-dishes
at a density 1–2 × 106 cells, using Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum, 1% glutamine and
1% sodium pyruvate. In a series of experiments, the cell starting
number is 1 × 106 cells, for all experimental conditions. In another
series of experiments the starting number is 2 × 106 cells. Cells
were incubated at 37 ◦C, 5% CO2. They were allowed a 24-h dou-
bling time. Then the sol was added in the media, the samples were
irradiated in a laboratory constructed photocatalytic reactor, using
UV-A light for 20 min and further cultured for 48 h. The reactor
was equipped with four F15W/T8 black light tubes (Sylvania GTE),
presenting maximum emission at 350 nm and a power density of
71.7 �W cm−2 on the irradiated surface. The addition of a very small
amount of TiO2 sol (∼20 �l) in 1.5 ml cell culture medium (pH 7)
did not alter the pH of the medium.

Propidium iodide (PI) with a flow cytometric (FACScan) assay
was employed to check the effects on the cell cycle. At the end of
the exposure period (48 h) the cells were treated with pepsin and
suspended in a solution of 15% FBS (fetal bovine serum) and 85%
PBS, and cells were centrifuged at 200 × g (1200 rpm) for 10 min at
room temperature. Then the cells were washed twice in 10 ml PBS
and counted with a hemocytometer. The cells were in sequence re-
suspended in 5 ml PBS and centrifuged again. The supernatant was
removed and the cells were fixed by adding 70% cold ethanol and
30% PBS (1 ml totally) and stored at −20 ◦C overnight. The follow-
ing day the cells were centrifuged at 400 × g (1400 rpm) for 5 min.
The supernatant was removed, and the cells were washed (in 5 ml
PBS) and centrifuged again. The next step included transferring cells
into the FACS tubes, using the staining solution (20 �g/ml propid-
ium iodide (PI), 200 �g/ml RNase in PBS for a total volume of 1.5 ml
for each sample). The cells were left for 30 min at room tempera-
ture, in the dark. PI is a fluorogenic compound which is capable of
binding to DNA thus labeling it. Hence the fluorescence emission
was anticipated to be proportional to the DNA content of cells. The
percentage of the fluorogenic cells was measured by flow cytome-
try (FACScan, Beckton-Dickinson, 617 nm – emission wavelength,
535 nm absorption wavelength) [29]. Experiments were repeated
at least four times in duplicates. Analysis of the results showed
that the starting cell density (1 × 106 or 2 × 106 cells) in each set of
experiments had no effect on the obtained results.

2.4. Cell viability analysis (MTT assay)

To check the cell viability, the MTT assay protocol was used. The
MTT assay [30] is based on the ability of a mitochondrial dehydro-
genase enzyme from viable cells to cleave the tetrazolium rings of
the pale yellow MTT and form dark blue formazan crystals which

are largely impermeable to cell membranes, thus resulting in crys-
tal accumulation within healthy cells. Solubilization of the cells
by addition of a detergent results in the liberation of the crystals
which then become solubilized. The number of surviving cells is
directly proportional to the level of the formazan product created.
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mean crystalline size as low as 2 nm, applying the phonon con-
finement model. Such small titania anatase nanocrystals have been
examined by Raman spectroscopy [35,36], showing similar spec-
troscopic characteristics. Peaks at 923 and 1053 cm−1 are attributed
N. Lagopati et al. / Journal of Photochemistry a

he color can then be quantified using a simple colorimetric assay.
he results can be read on a multiwell scanning spectrophotometer
ELISA reader) [31].

On the day of the viability assay, the medium was removed
nd fresh medium was added (∼100 �l/well). Furthermore, 10 �l
f 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-terazolium bromide
MTT) solution [5 mg/ml in phosphate-buffered-saline (PBS)] was
dded to each well. The contents were incubated at 37 ◦C for at least
h. At the end of the incubation period, 110 �l of medium and MTT

olution were removed from each well and 100 �l of dimethyl sul-
oxide (DMSO) were added slowly. Then the 96-well plates were
ently shaken for 30 min. In this type of experiment, optical den-
ity was measured at 590 nm. Percentage viability was calculated
ompared with untreated control (100% viability).

For the MTT assays, MCF-7 and MDA-MB-468 cancer breast
ells (∼6000 cells/well) were seeded in 96-well plates, using DMEM
edium as described previously. Twenty-four hours after plating,

arious concentrations of TiO2 sol were added in the appropriate
amples, and the samples were irradiated, using UV-A light (wave-
ength 350 nm), for 20 min. The cells were further cultured for 48 h.
he experiment was repeated several times in order to determine
he minimal time of UV-activation of titania solutions and the opti-

al concentration of TiO2. When the appropriate conditions were
elected, the experiment for testing titania effects was repeated at
east five times, in quadruplicates. In all instances, similar effects

ere observed.

.5. Western blotting

For analysis of caspase-3-mediated PARP cleavage, cells were
craped into PBS, re-suspended in CHAPS buffer containing 1% (v/v)
rotease inhibitor cocktail (Sigma), and lysed. Protein concentra-
ion was determined by the BRADFORD colorimetric assay (PIERCE).
qual amounts of total protein of cell lysates were separated by
DS-PAGE, transferred to HYBOND-ECL nitrocellulose membranes
AMERSHAM). Membranes were probed with anti-PARP anti-
ody (CELL SIGNALLING). Proteins were detected by ECL-detection
ystem (PIERCE) after incubation with horseradish peroxidase-
onjugated secondary antibodies (AMERSHAM). To ensure equal
mounts of protein loading, the blots were stripped (RE-BLOT PLUS
estern Blot Stripping Solution, CHEMICON) and re-probed with

nti-�-tubulin monoclonal antibodies. Results were obtained from
hree independent experiments.

.6. Statistical analysis

Statistically significant differences between values were evalu-
ted by one-way ANOVA in SPSS program as appropriate. A p value
elow 0.05 was considered statistically significant.

. Results

.1. Photocatalyst characterization

The pH of the titania sol was 1.5 and its transmittance spectrum
s shown in Fig. 1. In order to estimate the band gap transition, we
ave calculated the absorbance ˛ = 100/log(T) and plotted (ah�)1/2

s. h� (see inset in Fig. 1), which accounts for an indirect band gap
ransition which is generally accepted for TiO2 [32]. Extrapolating
he linear part of the (ah�)1/2 curve at low and high energies we

stimated the energy band gap from the crosslinking point of the
wo lines, equal to 3.28 eV (see inset in Fig. 1). This value is very
lose to that of the crystalline anatase structure (3.25 eV) [33]. The
arginal blue shift of the energy gap, for 0.03 eV, could be due to

he emergence of quantum size effects, observable only for very
Fig. 1. UV–visible transmittance spectrum of the titania sol. Inset figure presents
the photon energy dependence of (ah�)1/2 (˛ = absorbance) where from band gap of
the titania nanoparticles is estimated.

small nanoparticles [34]. The absorption data exclude the possibil-
ity that the sol has the amorphous structure since the energy gap,
in such a case, should be significantly larger, at about 3.5 eV. In fact
the absorption threshold has been defined as an easy and reliable
technique for the determination of the structural phase in sol–gel
processed titania films [35].

The material was further structurally characterized by micro-
Raman spectroscopy, verifying the results of the transmission
spectra. The Raman spectrum of the as-prepared sol on the film
is shown in Fig. 2. For comparison, the spectrum of the titania sol
after annealing the film at 450 ◦C for 2 h, is also shown. The Raman
spectra show that, upon calcination, the sol nanoparticles collide
forming quite large anatase nanocrystals. The frequency and the
width of the Raman lines are in agreement with those observed
for large nanoparticles with a size above 10 nm [1]. The Raman
spectra of the as grown films present close similarities in the num-
ber and relative intensities of the peaks with those obtained after
calcination, which verifies that the sol is stabilized in the anatase
structure, in agreement with the optical results. However, signifi-
cant shifts and broadenings of the Raman lines in the as-prepared
sol are observed due to drastic phonon confinement effects on very
small titania nanocrystals. From the peak position (161.8 cm−1) and
linewidth (41 cm−1) of the strongest peak, we have estimated a
Fig. 2. Raman spectra of the anatase sol particles before and after calcinations at
450 ◦C for 2 h. Shift and broadening of the Raman lines in the as grown sol are due
to drastic phonon confinement in the nanoparticles boundaries.
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ig. 3. Distribution of the hydrosol hydrodynamic radii Rh at different scattering
ngles. Two distinct scattering centers are verified with average size 2Rh equal to
–6 and 40–45 nm, correspondingly.

o �(N–(OH)) and �1s(NO3) vibrations of the HNO3 acid in the sol
37].

In Fig. 3, the distribution of hydrodynamic radii at 90◦ for
he mature hydrosol is shown. Two distinct diffusing species
re present after analysis and conversion to intensity weighted
ydrodynamic radii distributions. The first one, with a mean hydro-
ynamic radius of 2.6 nm and narrow distribution is attributed to
ingle titania nanoparticles, while the other with a mean hydro-
ynamic radius of approximately 20 nm and a broad distribution

s related to nanoparticle aggregates. Since large aggregates scat-
er more light than the small ones, in this particular diagram the
apparent concentration” of larger aggregates is considerably over-
stimated. Under these conditions, it is rational that the number
f small nanoparticles (2–3 nm) is significantly higher than the
umber of larger aggregates (∼20 nm). The two distinct scatter-

ng centers are verified with dynamic light scattering at different
ngles (45 and 135◦) where the distribution functions are very well
eparated and the relative integrated intensities of the two peaks
re significantly different. Apparent hydrodynamic radius obtained
y DLS is certainly bigger than particle radius obtained by Raman
cattering, as generally expected [38].

.2. Effects of photoexcited TiO2 nanoparticles on the cell cycle

The effects of titania nanoparticles and UV irradiation on the
ell cycle of two different human breast cancer cell lines the MDA-
B-468 and MCF-7 were examined by using propidium iodide (PI)

taining and flow cytometric (FACScan) analysis. The MCF-7 line
etains several characteristics of differentiated mammary epithe-
ium including ability to process estradiol via cytoplasmic estrogen
eceptors and the capability of forming domes [39]. On the contrary,
he MDA-MB-468 cell line displays stem-cell-like characteristics
nd enhanced tumorigenicity and metastasis in vivo [39]. Since we

ntend to explore if activated-TiO2 nanoparticles have an effect on
pecific phases of the cell cycle, cells were not synchronized by
erum deprivation before treatment with TiO2 nanoparticles. In
ddition, it is known that cellular stresses such as serum depriva-
ion affect cell behaviour which is dependent to a great degree on
otobiology A: Chemistry 214 (2010) 215–223

the nutrients and growth factors found in the environment. Finally,
in vivo, in a proliferating cell population, cells are not synchronized.
The effects of TiO2 nanoparticles on the cell cycle are presented in
Fig. 4. The obtained data thus far indicate a selective action of the
titania photocatalysts on the highly malignant MDA-MB-468 cells.
Upon irradiation, we obtained experimental evidence that espe-
cially the MDA-MB-468 breast epithelial cancer cells were seriously
affected, whereas MCF-7 cells were not significantly affected by this
treatment. The effect of the TiO2 was unraveled by detailed exam-
ination of the peaks of the diagrams and comparison of the peaks
obtained from MCF-7 and MDA-MB-468 cells. The obtained dia-
grams depicted the phase of the cell cycle focusing on G1, S and
G2. Interphase (the period of growth) is the period between two
sequential cell divisions. During this phase, and especially during
the G1 phase, mRNA, tRNA, ribosomes and proteins are composed
[40,41]. The replication of DNA and the synthesis of nuclear his-
tone proteins occur in the synthetic phase (S). G2 is the phase in
which a cell contains two copies of each of the DNA molecules
present in the G1 and is a period of transition before the mitosis
(M). The first peak in each diagram gives the number of the cells at
the G1 phase (Fig. 5). The part of the graph between the first two
peaks depicts the S phase whereas the second peak corresponds to
the G2 phase. We observed that TiO2 or UV irradiation treatment
of MDA-MB-468 cells resulted in a decrease in the percentage of
cells found in G1 phase of the cell cycle (Fig. 4B M2 marker – His-
tograms b and c) compared to untreated cells (Fig. 4B M2 marker –
Histogram a). This effect became more pronounced upon exposure
of MDA-MB-468 cells to titania photocatalysts; a 70% decrease in
the number of cells found in G1 phase was observed (Fig. 4B M2
marker – Histograms d). In contrast, MCF-7 cells were not affected
by any treatment (Fig. 4A (a–d)). Thus, following exposure to pho-
toexcited TiO2 nanoparticles, the highly malignant MDA-MB-468
cancer cells were decreased in the G1 phase, indicating cell death
(necrosis and/or apoptosis), whereas the MCF-7 cells were not
affected (Fig. 6). On the contrary, control experiments (not shown)
in the presence of UV (in the absence of the photocatalyst) did
not reveal significant differences. These results suggest that the
stem-like MDA-MB-468 cancer cells exhibit higher sensitivity to
photoexcited TiO2 nanoparticles-induced cell death compared to
the more differentiated MCF-7 cells.

3.3. Effects of photoexcited TiO2 nanoparticles on cell viability

The dose effect of TiO2 nanoparticles on MCF-7 and MDA-MB-
468 cell survival were also evaluated using the MTT assay. Cells
were incubated with increasing concentrations of TiO2 for 48 h and
cell viability was determined. The obtained results are summarized
in Fig. 7 which shows the percentage of cell viability as a function
of the photocatalyst concentration. The cell viability was calculated
as follows:

Cell viability (%) = ABStreated

ABSuntreated
· 100%

where, ABStreated and ABSuntreated are the mean absorption values
at 590 nm for the treated and untreated samples, respectively.

A relative cell toxicity resulting from the photocalyst TiO2 alone
was confirmed for both the MDA-MB-468 and the MCF-7 cells. This
effect strongly depends on the titania concentration and is particu-
larly evident in the case of the MDA-MB-468 cells. In fact, a gradual
reduction of cell viability was observed (Fig. 7A), as the concen-

tration of untreated TiO2 increased. An amount of TiO2, equal to
16 �M was “toxic” since it resulted in the death of 50% of MDA-MB-
468 cells whereas viability of MCF-7 cells was less affected, since at
this concentration, the survival rate of MCF-7 cells is approximately
80%. The effect of the UV irradiation, on cell viability presented in



N. Lagopati et al. / Journal of Photochemistry and Photobiology A: Chemistry 214 (2010) 215–223 219

Fig. 4. Effect of photoexcited TiO2 nanoparticles on the cell cycle. MDA-MB-468 and MCF-7 cells were treated with 15 �M TiO2, UVA-irradiated for 20 min and incubated
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TiO2 nanoparticles) slightly up-regulated PARP cleavage compared
with the control group. However, when the cells were treated with
TiO2 nanoparticles or photoexcited TiO2 nanoparticles, PARP cleav-
age significantly increased (Fig. 8A and B), confirming that TiO2
or 48 h. Cells were then fixed and DNA quantification was performed by PI staining
ample were counted. The M2 gate demarcates the G1 cell population and the M3
iO2, (c) cells treated with UV-A, (d) cells treated with UV-irradiated titania. (B) FACS
ells (untreated) (b) cells treated with 15 �M TiO2 (c) cells treated with UV-A (d) ce

ig. 7B reveals a completely different pattern. The UV irradiation by
tself has a minor effect on cell viability (about 10% without TiO2,
ata not shown). Our results indicate that the cytotoxic effect of
V-irradiated TiO2 on MDA-MB-468 cells was also concentration
ependent. The effect of photo-activated-TiO2 on MDA-MB-468
ell survival is highlighted at concentration between 10 and 16 �M
f TiO2. A significant loss of cell viability (approximately 50–60%
iability) was observed at concentrations between 10 and 16 �M
f TiO2 (Fig. 7B) whereas under the same conditions, the viability of
CF-7 is around 75–85% (Fig. 7B). Thus, our results show that the

ighly malignant MDA-MB-468 cancer cells are more susceptible
o TiO2 nanoparticles- or UV-activated-TiO2 nanoparticles-induced
ell death compared to the MCF-7 cells.

.4. Effect of photoexcited TiO2 nanoparticles on
aspase-3-mediated PARP cleavage

The process leading to cell apoptosis is executed by the family
f caspases, including caspase-3. Activation of caspases contributes
o the morphological and functional changes associated with apop-

osis [42,43]. One of the main cleavage targets of caspase-3 in vivo
s PARP, a 113 kDa nuclear poly (ADP-ribose) polymerase, appears
o be involved in DNA repair in response to environmental stress
42,44,45]. Cleavage of PARP facilitates cellular disassembly and
erves as a marker of cells undergoing apoptosis [46]. To deter-
flow cytometric analysis. (A) FACS analysis of MCF-7 cells. Six thousand events per
he G2/M cell population: (a) control cells (untreated), (b) cells treated with 15 �M
sis of MDA-MB-468 cells. Six thousand events per sample were counted. (a) Control
ated with UV-irradiated titania.

mine whether the observed reduced cell viability was the result
of apoptotic induction, PARP cleavage was examined by Western
blot analysis in cells treated with UV-activated titania. Lysates of
cells treated for 24 h with 200 nM staurosporine or serum-depleted
cells were used as positive control for induction of PARP cleavage.
As shown in Fig. 8A and B, in MDA-MB-468 cells UV-A light (without
Fig. 5. Typical flow cytometric profile of the DNA content in cells stained with PI.
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Fig. 7. Effect of photoexcited TiO2 nanoparticles on cell viability. MCF-7 and MDA-
MB-468 cancer breast epithelial cells were treated with increasing concentrations
of TiO2, UVA-irradiated for 20 min and incubated for 48 h. Cell viability was deter-
mined by the MTT assay. (A) Effect of TiO concentration on cell viability. (B) Effect
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ig. 6. Comparative diagrams of the percentage of the cells existing in G1 and G2

hase of the cell cycle. Data represent the means ± SD from four independent exper-
ments. *P < 0.05 as compared to control (untreated) cells.

anoparticles treatment triggers apoptosis in MDA-MB-468 cells.
nder the same conditions, in MCF-7 cells, PARP cleavage was
ot detected (Fig. 8C and D). Taken together our results indicated
hat TiO2 nanoparticles alone or photoexcited TiO2 nanoparticles
nduced significant apoptosis especially in MDA-MB-468 cells.

. Discussion

TiO2 nanoparticles are widely used for industrial and medi-
al applications [47,48]. Since nanoparticles can interact with cell
embranes and cellular organelles in a manner not totally under-

tood there are increasing concerns about the adverse health effects
f TiO2 nanoparticles. Until now, data showing the cytotoxic effects
nd related mechanism of TiO2 in cultured cells have been incon-
istent. In this study, we investigated the cell toxicity effects of TiO2

anoparticles on two breast cancer cell lines the MDA-MB-468 and
CF-7. Our results showed that TiO2 nanoparticles possess cell-

pecific toxicity, depending on the concentration of the particular
articles. We found that concentrations of TiO2 or photoexcited
iO2 nanoparticles, between 10 and 16 �M, have low toxicity to

ig. 8. Photoexcited TiO2 nanoparticles induced caspase-3-mediated PARP cleavage. M
0 min and incubated for 48 h. Cells were then lysed and cell lysates were immunoblott
nd cleaved PARP. Cells treated with 200 nM staurosporine for 24 h or serum-depleted cel
nd re-probed with anti-tubulin antibody to normalize the blots for protein levels. (B and
epresent the means ± SD from three independent experiments. *P < 0.05 as compared to
2

of the concentration of UVA-irradiated TiO2 on cell viability. Data represent the
means ± SD from five independent experiments. *P < 0.05 as compared to control
(untreated) cells.

MCF-7 cells. However, under the same conditions TiO2 nanoparti-
cles induced significant cytotoxicity in MDA-MB-468 cells.

These findings are in agreement with many recent publications.
Specifically, Kiss et al. [49] reported that TiO2 nanoparticles exerted
significant and cell-type dependent effects on cellular functions
such as viability, proliferation and apoptosis in human skin-derived
cells in vitro. Thevenot et al. [50] demonstrated that TiO2 nanopar-

ticles have cell-specific toxicity, depending on the concentration
of the particular particles. TiO2 particle-mediated cell toxicity is
potentially due to particle–cell interactions possibly related to the
surface properties of the TiO2 particles [51]. It has been reported

DA-MB-468 and MCF-7 cells were treated with 15 �M TiO2, UV-A-irradiated for
ed with anti-PARP antibody. (A and C) Representative Western blots of uncleaved
ls were used as positive control for induction of PARP cleavage. Blots were stripped
D) Densitometric quantification of cleaved/uncleaved PARP to tubulin levels. Data
cleaved/uncleaved PARP/tubulin levels of untreated cells.
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n several in vivo studies that TiO2 can travel in the bloodstream
ia binding to plasma proteins, through the lymphatic system after
hagocytosis by macrophages, or to the bone marrow via mono-
ytes [52,53]. The specific interactions between TiO2 particles and
roteins are not well understood. Studies have revealed that TiO2
articles have a net negative charge (at pH 7) and also bind prefer-
ntially to amino acids containing –OH, –NH, and –NH2 in their side
hains [54,55]. These observations indicate that TiO2 particles may
eact with cell membrane proteins and contribute to cell particle
nteraction.

Our results indicate that the effect of TiO2 nanoparticles on
ell toxicity is cell-dependent. MCF-7 cells showed no significant
esponse to TiO2 particles compared to MDA-MB-468 at con-
entrations as high as 16 �M. These differences may be due to
rotein composition of the cell membrane and the manner in
hich membrane proteins interact with the TiO2 particles. In the

ase of the MCF-7 cells, weaker particle membrane interactions
ay explain the insignificant influence and higher survival rates

f particle-exposed cells (Fig. 5). In contrast, TiO2 nanoparticles
xert significant influence on MDA-MB-468 cell toxicity, possi-
ly as a result of increased interaction between the TiO2 particle
nd the cell membrane. Indeed, MDA-MB-468 cells demonstrat-
ng stem-cell-like characteristics (high expression of cancer stem
ells (SCCs) markers CD44/CD133 and high functional activity of
ldehyde dehydrogenase (ALDH), an enzyme involved in stem cell
elf-protection, compared to MCF-7 (39). In vitro, MDA-MB-468
ells demonstrated increased growth, colony formation, adhe-
ion, migration and invasion. Furthermore, in vivo, cells showed
nhanced tumorigenicity and metastasis relative to MCF-7 cells
39]. Our results are in agreement with recent findings suggesting
hat the degree of TiO2 nanoparticles cytotoxicity is depended on
he interactions between TiO2 nanoparticle and the properties of a
articular cancer cell’s membrane [50]. Alternatively, the observed

ow toxicity of TiO2 on MCF-7 cells could be attributed to the fact
hat these cells are generally very resistant since they contain a
enobiotic transporter (BCRP) that appears to play a major role
n the multidrug resistance. However, it was reported that nano-
iO2 increased the drug accumulation in target cancer cells and
lso acted as an effective anti-multidrug-resistant agent to inhibit
he relative drug resistance in leukemia cells [56]. Thus, although
reatment of cancer MCF-7 cells with TiO2 nanoparticles had no
ignificant effect on cell viability, it is possible that the effective-
ess of photo-activated-TiO2 nanoparticles on MCF-7 cells will be
evealed upon simultaneous treatment of cells with an anticancer
rug. Synergistic action of photo-activated-TiO2 nanoparticles and
nticancer drug to drug-resistant tumor cells may further provoke
ignificant changes to the cellular membrane of the cancer cell
hus enhancing the chemotherapy effect for the targeted tumor
reatment.

We also examined whether reduced cell viability is related to
poptotic cell death. Western blotting for PARP revealed that TiO2-
nduced MDA-MB-468 cell death is associated, at least in part, with
poptosis. These results are in agreement with recent publications
eporting increased apoptotic induction in TiO2 exposed H1299
on-small cell lung cancer cells [57] and the skin melanoma A-375
ells [58].

Recently, intensive efforts are focused on the production and
he use of targeted cytotoxicity of TiO2 nanoparticles for photo-
ynamic therapy of cancers. It was reported that modification of
iO2 nanoparticles with some biomolecules that can specifically
ind to cancer cells improved selectivity and efficiency of TiO2 to

estroy cancer cells [59]. Rozhkova et al. [60] demonstrated that
iO2 particles covalently tethered to an antibody via a dihydroxy-
enzene bivalent linker, which enables absorption of a visible part
f the solar spectrum by the nanobio hybrid, specifically induced
ntiglioblastoma cell phototoxicity. The phototoxicity is mediated
otobiology A: Chemistry 214 (2010) 215–223 221

by reactive oxygen species (ROS) that initiate programmed death
of the cancer cell.

Oxidative stress is known to induce cellular death by apopto-
sis or necrosis [61]. The production of reactive oxygen species, i.e.
oxidative stress has been proven to increase with the nano-TiO2
concentration [17,62] even without ultraviolet radiation [16]. In
the presence of ultraviolet (UV) light with a wavelength <390 nm,
nano-TiO2 produce electrons and holes leading subsequently to
the formation of ROS such as hydroxyl radicals, superoxides and
hydrogen peroxide. These oxygen species are highly reactive with
cell membranes and the cell interior, including DNA, with dam-
aged areas depending on particle location upon excitation. Such
oxidative reactions affect cell rigidity and chemical arrangement
of surface structures, leading to cell toxicity [50,63–65]. Molecu-
lar scavengers of both hydrogen peroxide and hydroxyl radicals,
such as catalase and N-acetylcysteine could effectively diminish
cell death when added to cell samples. These findings provide evi-
dence that hydroxyl radicals and hydrogen peroxide play a role in
cell death [66–68].

It has been proposed that cell damage induced by nanoparticles
occurs in two stages. In the first stage, binding of TiO2 nanoparticles
to cell membrane is followed by oxidative damage by the photogen-
erated holes. This leads to permeabilization of the cell membrane,
but does not produce a significant decrease in cell viability. The
decrease in cell viability, eventually cell death, occurs in a second
stage as a result of leaking intracellular components, or nano-TiO2
trafficking into the damaged cells that directly attack nuclei and
other intracellular components [64]. Thus, oxidant-mediated cell
damage may be a relevant cause for the cellular modifications seen
in our study and should be investigated further since additional
insights are required into intracellular signalling resulting in cell
death induced by photoexcited TiO2 nanoparticles. According to
our results, TiO2 nanoparticles had no significant effects on MCF-
7 cell survival, whereas the highly malignant MDA-MB-468 cells
were seriously affected. It is then possible that also in humans, TiO2
might only be toxic to advanced cancers and not cancers at the ini-
tial stages (which would be composed of something like MCF-7
cells).

Nano-TiO2 can induce cancer cell apoptosis and be used as a
photosensitizer in photodynamic therapy for endobronchial and
esophageal cancers [69]. The observed photocatalytic killing effect
of TiO2 nanoparticles on human epithelial breast carcinoma MDA-
MB-468 cells further supports the idea of cancer treatment using
TiO2 nanoparticles and light irradiation. Under these conditions, it
could be adapted to an anticancer modality by the local or regional
treatment of the tumor with TiO2 nanoparticles, followed by light
irradiation focusing on the tumor. Although UVA light cannot pen-
etrate the human body, cancer cells can be selectively killed as the
light beam can be introduced via a fiber optic near a tumor region,
where titanium oxide photocalysts are also applied by simple injec-
tion [2]. Thus, it may be possible that this modality will be applied
to several human tumors in the future.

5. Conclusion

Focusing our research on the photocatalytic activity of titanium
dioxide (TiO2) aqueous sols, prepared using the sol–gel technique,
we established the possible use of the material as an anticancer
agent. Cultured MCF-7 and MDA-MB-468 breast cancer epithelial
cells, were irradiated, using UV-A light (wavelength 350 nm) for

20 min, in the presence of nanostructured titania. The effects of
photocatalytic treatment on the cell cycle and cell viability were
analyzed and identified, thus obtaining preliminary evidence about
selective destruction of the MDA-MB-468 cancer breast epithe-
lial cells by both TiO2 nanoparticles and UV-activated titania.
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he photoexcited TiO2 sol containing anatase nanoparticles can
emarkably induce apoptosis in MDA-MB-468 cells. Although the
recise molecular mechanism involved in the preferential death of
hese cancer cells is under intensive investigation and needs addi-
ional exploration, the obtained results indicate that the anti-tumor
rocess of apoptosis is closely associated with increased caspase-
-mediated PARP cleavage. Since UVA irradiation is harmful for
ells, further optimization of the photocatalytic cancer treatment
ffective for targeted cancer therapy is possible, by tuning the TiO2
anoparticles size or surface engineering the nanoparticles and

nducing activation using visible-light. Furthermore, examination
f the cancer killing effect of photo-activated-TiO2 nanoparticles,

n vivo, in animal models with cancer, is required to unravel the
pecificity of anti-tumor effect of photoexcited TiO2 nanoparticles.
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