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a b s t r a c t

The antitumor activity of irradiated Degussa P25 TiO2 nanoparticles (anatase/rutile ratio of about 3:1;
average diameters of the anatase and rutile particles estimated at 25 and 85 nm, respectively) was inves-
tigated in vitro: sarcoma cells killing, lipooxygenase enzymic action inhibition; and ex vivo: human
platelets aggregation, in order to get insight into the possible effects of photoexcited titanium dioxide in
cancer treatment. Irradiated and non-irradiated TiO2 concentrations (varying from 0.8 �M to 1000 �M)
did not show any toxicity when cultured with fibroblasts MRC-5. In vitro cultured sarcoma cells, derived
and isolated from sarcoma tumors produced on experimental Wistar rats after their treatment with
benzo-[a]-pyrene, were completely killed in the presence of TiO2 (40 �g/ml). The antimetastatic capa-
bility of titanium oxide in haematogenous spread of cancer cells was also confirmed in tests involving

fresh human platelets with a number of different stimulators, including sarcoma cells, platelet activated
factor (PAF), diphosphoric adenosine (ADP) and arachidonic acid. Sarcoma cells-human platelets mix-
tures irradiated by UV-C in the presence of TiO2 showed a significant decrease in aggregation, effect that
becomes more pronounced by increasing the titania concentration. Platelet aggregation triggered by PAF
and arachidonate addition was totally inhibited by photoexcited TiO2, while partial inhibition of aggre-
gation triggered by ADP was observed. Addition of TiO2 followed by irradiation with UV-C also resulted

of lip
in an important decrease

. 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). Furthermore, the high refractive
ndex of titanium oxide is advantageous in biosensor applications
ased on optical detection methods. In both of the above fields of
pplication, novel surface modification strategies leading to bioin-
eractive interfaces (that trigger specific responses in biological
ystems) are continuously sought [1]. Titanium implants have been
sed widely and successfully for various types of bone-anchored
econstructions. It is believed that properties of oxide films cov-
ring titanium implant surfaces are of crucial importance for a

uccessful osseointegration, in particular at compromized bone
ites [2].

It the literature it is well established that malignant cells are
nactivated by photoexcited titania. In fact, TiO2 particles are under
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intensive investigation for the photodecomposition of tumors, as
they can drive various chemical reactions due to their strong oxidiz-
ing and reducing ability. In one study, photoexcited TiO2 particles
completely killed HeLa cells cultured in vitro and significantly
suppressed the growth of HeLa cells implanted in nude mice. In con-
trast, very little effects were observed from TiO2 treatment without
UV irradiation [3]. The TiO2 antitumor photoinduced activity was
also investigated with success in vivo, under the skin of mice [4].
However, no relevant work was reported on sarcoma cells, one of
the most aggressive and easily become resistant to medicines and
treatments kinds of cancer.

It is also well established that platelets are involved in the
haematogenous process of cancer metastasis. Thus, it has been
observed that inhibition of platelets aggregation results in discon-
tinuing of haematogenous metastasis, which it is proved that highly
depends on the platelets environment [5–6]. Up to now however,
practically very little is known about the behavior and quantifi-
cation of the different factors expressing the platelets aggregation

[7] in the presence of UV-treated titania nanoparticles and these
effects need further clarification.

According to several research studies, lipoxygenase enzyme
is involved in expression of some types of cancer. In fact, it
has been reported that lipoxygenase inhibitors significantly sup-

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:papi@chem.demokritos.gr
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ressed cell growth [8,9], inhibit proliferation and induce apoptosis
n breast cancer cells in vitro [10]. Additionally, they inhibited
roliferation of human bronchiolar lung cancer cell lines [11,12]
hereas they hampered cell division and induced apoptotic cellular
eath on murine adenocarcinomas and lympholeukemia cells 388
13,14]. Furthermore, lipoxygenase enzyme also augments tumor
ell metastatic potential and it may serve as key target for the devel-
pment of anti-invasive agents useful for combating the spread of
rostate cancer [15–17]. However, besides a very rich literature on
he above pure biological processes, no data exist on the lipoxy-
enase enzyme expression modifications induced by photoexcited
itania nanoparticles, fact that could be very important in the case
f sarcoma cells treatment.

Although the discovery of the photoinduced effects of titanium
ioxide created new hopes for photocatalytic cancer treatment
nd therapy, in the literature there is a lack of systematic and
lobal approach on the anticancer activity of titanium dioxide,
specially in terms of process specification (in vitro and ex vivo),
electivity on neoplasm and inflammatory cells, and parallel pro-
esses such as cancer metastasis and promotion. To account for
hese effects, in the present study the antitumor activity of UV-
irradiated TiO2 nanoparticles (versus non-illuminated TiO2) was

tudied towards leiomyosarcoma cells (compared to normal fibrob-
ast cells), platelet’s aggregation and 2,3-lipoxygenase enzymic
ctivity.

. Experimental

.1. General

In the biological experiments (sarcoma cells, fibroblasts, aggre-
ation, lipoxygenase) Degussa P25 TiO2 nanopowder, containing
natase and rutile phases in a ratio of about 3:1 (where the aver-
ge diameters of the anatase and rutile particles are estimated to
e about 25 and 85 nm, respectively), was used [18]. UV-C irradi-
tion at 290 nm was assured using a 30 W lamp (Philips, 9 mm in
iameter) for 10 min. During treatment with TiO2 and or UV-C spe-
ial care was taken in order to keep stable sterilization conditions,
H and incubation temperature. Statistical analysis was performed

n all the experimental data, that were analysed using one-tailed t-
est, considering p < 0.005 as significant level (Microsoft office excel
003).

.2. Cells toxicity

.2.1. Toxicity of sarcoma cells
Sarcoma cells (mesenchymal tissue) cultures were treated

ith photoexcited TiO2 nanoparticles at different concentrations:
.8 �M, 1 �M, 5 �M, 10 �M, 30 �M, 50 �M, 100 �M, 200 �M,
00 �M, 800 �M, and 1000 �M. The cell line was established using
hemically induced carcinogenesis in experimental Wistar rats
19]. This model uses a polycyclic aromatic hydrocarbon, benzo-
a]-pyrene (B[a]P) to produce tumor cells of mesenchymal origin
hat have particularly aggressive growth patterns and demonstrate
ampant metastasis upon infusion. Cancer cells were seeded into
ultiwell dishes. The cells were exposed to multiplex concen-

rations of a test compound for 24-h and 48-h time periods. Log
ilutions from the highest concentration were diluted using Dul-
ecco’s modified Eagle’s medium (DMEM, GIBCO BRL). At the end
f the exposure period, the cultures were trypsinized and counted

n a hemocytometer equipped with a microscope (Nikon Labophot,
apan, line: 220/240 V, 50–60 Hz lamp: 6 V, 20 W, fuse: 0.5 A).

Measurements of in vitro cell toxicity have been carried out in
reliminary repetitions. Cell proliferation/survival was measured
%) in DMEM with 10% fetal calf serum (FCS, Sigma Chem. Co., St.
day 151 (2010) 58–63 59

Louis, MO, USA), incubated at 37 ◦C, 5% CO2. The test compounds
were each weighed and dissolved to equal a 1 mM solution. From
this solution a dilution was made into the test range concentration
of 0.8 mM down to 0.008 mM. Exponentially growing cancer cells
were seeded in 3.5 cm, six-well. Culture plates at 50,000 cells/ml
and allowed a 24-h doubling time then treated with 100 �l of var-
ious concentrations of tested compounds. After 24 and 48 h the
cells were washed with buffer solution detached from support with
trypsin-EDTA (Sigma Chem. Co., St. Louis, MO, USA), and counted
on a hemocytometer (Bauer slide, Germany) [3].

2.2.2. Toxicity of fibroblast cells (MRC-5)
The same concentrations of photoexcited TiO2 nanoparticles

(0.8–1000 �M) were also tested for toxic activity against fibroblast
cells (MRC-5), used as a biocompatibility reference [20]. The cell line
used was established following the literature [21]. Fibroblast cells
were seeded into multiwell dishes. The cells were exposed to mul-
tiplex concentrations of a test compound for 24-h time period. Log
dilutions from the highest concentration were diluted using Dul-
becco’s modified Eagle’s medium (DMEM). The procedure that was
carried out and the concentrations of the tested compound were
the same as described above for sarcoma cells. Exponentially grow-
ing fibroblast cells were seeded in 3.5 cm, 24-well. Culture plates at
250,000 cells/1.5 ml and allowed a 24-h doubling time then treated
with 100 �l of various concentrations of tested compounds and
were treated as sarcoma cells.

2.3. Platelet aggregation

The platelet antiaggregation function of TiO2 was evalu-
ated using an aggregometer from Chronolog Corporation with
Aggro/Link software for Windows was tested. Fresh blood sam-
ples were obtained and centrifuged immediately at low speed
(1000 ×g × 10 min) to obtain platelet rich plasma (prp) used as
test samples. The fresh blood was centrifuged again at high speed
(3000 × g × 10 min) to obtain a reference sample of plasma with
no platelets (platelet pure plasma or ppp). The platelet activators
ADP, Arachidonic acid, and PAF were provided by Chronolog and
prepared according to reagent directions.

The leiomyosarcoma cell line used was isolated from Wistar
rats. These cells are of mesenchyme origin and metastatic to the
lungs. Cells are maintained in DMEM with 10% FCS at 37 ◦C with 5%
CO2. Following trypsinization the cells are counted on a hemocy-
tometer and resuspended at 500,000/50 �l. It has been determined
in unpublished work that this is the dose giving peak reaction
(500,000 cells in a 500 �l platelet sample) in aggregation studies.
For test sample the titanium oxide dilutions (from 0.015 mM to
1 mM) were incubated in the platelet samples prior to adding the
activator [22].

2.4. Enzymatic kinetics of 2,3-lipoxygenase

Lipoxygenase activity was assayed by UV analysis of the kinetic
reactions of the enzyme at 254 nm at 37 ◦C, using a UV-VIS 1601
spectrophotometer form Shimadzu Corporation. The linear parts
of the curves were used to calculate reaction rates using a molar
extinction coefficient of 23 mM cm−1 for the conjugated dien
formation. The biosynthesis of 13-HPODE was accomplished by
2000 �l linoleic acid (0.2 mM), by 950 �l buffers solution (boric acid
0.2 M, NaOH 50% pH 9) and by 50 �l enzyme solution (50 �l buffers

or 500 units enzyme) in a total of the above 3 ml. The absorbance
of the reaction mixture at 234 nm was recorded every second for
16.5 min [23–26]. All the reagents we used (including linoleic acid,
boric acid and 2,3-lipooxygenase) were purchased from the Sigma
Chem. Co. (St. Louis, MO).
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. Results and discussion

.1. Photocytotoxicity of TiO2 towards sarcoma cells and
broblast cells (MRC-5)

Photoexcited TiO2 nanoparticles were tested in leiomyosarcoma
ells to evaluate their cytotoxicity. Sarcoma cells were harvested by
eiomyosarcoma tumor that was produced by the means of B[a]P
hemical carcinogenesis on experimental Wistar rats. These cells
ere cultured and incubated with titanium oxide. The cultures
ere performed in duplicates for each concentration of titanium

xide tested. One set of these duplicates was irradiated with UV-
for 10 min and the other set was not. Fig. 1 shows that at 24 h

he population of sarcoma cells treated with TiO2 only (without
V) is high and it is about the same amount as the population
f control cells without any TiO2 treatment. On the contrary, the
hotoexcited TiO2-treated cells seem to be significantly lowered

n population. At 5 �M concentration of the photoexcited com-
ound only half of the cell population survives. From 10 �M up
o 15 �M concentration a significant inhibition of the population is
bserved with a survival ratio approximately 35% at 10 �M and 4%
t 15 �M. At concentrations of 50 �M and up cells are completely

illed.

The above effects are more pronounced were the irradiation
ime was increased. Fig. 2 shows the cell population as it was
ecorded at 48 h of incubation. The cell number starts to decrease

ig. 1. Sarcoma cell population survived (average values ± SD), after 24 h of incuba-
ion in the presence of titanium oxide without (black) and with (grey) UV-C synergy
10 min), versus TiO2 concentration.

ig. 2. Sarcoma cell population survived (average values ± SD), after 48 h of incuba-
ion in the presence of titanium oxide without (black) and with (grey) UV-C synergy
10 min), versus TiO2 concentration.
Fig. 3. Fibroblast (MRC-5) cell population survived (average values ± SD) after 24 h
of incubation in the presence of titanium oxide without (black) and with (grey) UV-C
synergy (10 min), versus TiO2 concentration.

significantly even at 0.08 �M concentration of photoexcited TiO2,
and there is a complete cell death at 15 �M. Only 11% of the pop-
ulation of sarcoma cells survived after 48 h from treatment with
800 nM photoexcited TiO2, while all the cell population was killed
after 24 h when treated with the concentration of 50 �M. On the
other hand, the population remained also practically unaffected,
when the cells were incubated for 48 h in the presence of TiO2,
without UV irradiation.

Normal fibroblast cells were used to test the biocompatibility,
specificity and selectivity of photoexcited TiO2. The toxicity of both
irradiated and non-irradiated TiO2 was evaluated using the fibrob-
last cells MRC-5a normal cell line and TiO2 concentrations varying
from 0.8 �M to 1000 �M. In fact, fibroblast cells (MRC-5) were
cultured and incubated with titanium oxide following the same
procedure that was carried out for sarcoma cells. Cell counts were
taken only at 24-h after incubation with the tested compound. The
results presented in Fig. 3, confirm that cell population remained
unchanged using titanium oxide with or without UV-C synergy and
the same as the control ones.

Although misclassification of exposure and low exposure preva-
lence might have resulted in false negative results, there are studies
suggesting that occupational exposure to titanium dioxide does
not increase the risk of lung cancer [27]. As far as fibroblasts are
concerned, biocompatibility of TiO2 nanoparticle films has been
demonstrated by the successful cell culture of human dermal
fibroblast [20]. Concerning the mechanism of photoinduced cancer
cell death, the exact mechanism of particle-induced cytotoxicity
remains to be established. However, in vivo work on HeLa cells
implanted in nude mice suggested that the cells were killed by
the OH• and H2O2 produced from photoexcited TiO2 particles [3].
Under this option, the resistance of fibroblasts (normal cells) may
be attributed to the presence of species that can act as quenchers
of hydroxyl radicals and scavengers of hydrogen peroxide, respec-
tively. On the other hand, direct attack on the cell membrane can
not be excluded. In fact, the cell death process of the human blad-
der cell line T24 in the presence of UV-irradiated TiO2 particles
was associated with rapid increase in intracellular calcium con-
centration attributed to the fact that cell membrane permeability
to Ca2+ cations was promoted prior to cell death [28]. Some other
studies also refer to the role of reactive oxygen species (ROS) involv-
ing TiO2 [29]. However, the wide range of proposed applications

of oxide nanoparticles has raised questions about the potential
impact of these nanoparticles and their risks on the environment
and human health [30,31] and for this reason special care has to be
taken to use them properly, especially for their application in cancer
treatment.
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ig. 4. Percentage of platelet’s aggregation triggered by arachidonic acid (average
alues ± SD), after incubation in the presence of titanium oxide without (black) and
ith (grey) UV-C synergy (10 min), versus TiO2 concentration.

.2. Desegregation of human platelets

It is well known that platelets are involved in the haematoge-
ous process of cancer metastasis. To put more insight in the

ntimetastatic behavior induced by the UV-irradiated TiO2, the
itania nanoparticles were also tested on fresh human platelet’s
ggregation, by considering and evaluating a number of factors
timulating the aggregation effect, including: platelet activating
actor (PAF), arachidonic acid, diphosphate adenocine (ADP) and
arcoma cells.

Photoexcited TiO2 (concentrations tested were 0.015 mM,
.010 mM, 0.050 mM, 0.080 mM, 0.5 mM and 1 mM) were applied
o human’s platelets aggregation. Thus, for low concentrations,
e confirmed no effect of TiO2 (without UV-C synergy) on PAF
latelet’s aggregation, although statistically it may be a small effect,
hen concentration is equal or above 0.015 mM; Fig. 4). On the con-

rary, important PAF triggered desegregation was observed, when
uman platelets were treated with photoexcited titania. The results
oted on platelet’s aggregation were: 63% aggregation with addi-
ion 0.015 mM of the photoexcited compound, 7% aggregation with
.5 mM and complete desegregation (0%) with 1 mM. Similar effects
ere observed in the case of arachidonic acid (Fig. 5). In fact, when
.010 mM of photoexcited TiO2 is added to arachidonate-triggered
latelet aggregation it is recorded a 60% of aggregation, 0.015 mM
f photoexcited TiO2 gives 30% aggregation, 10% aggregation with
.080 mM, and at 0.500 mM there is no aggregation at all. When it
omes to ADP-triggered aggregations, the corresponding concen-

ig. 5. Percentage of platelet’s aggregation triggered by ADP (average values ± SD),
fter incubation in the presence of titanium oxide without (black) and with (grey)
V-C synergy (10 min), versus TiO2 concentration.
Fig. 6. Percentage of platelet’s aggregation triggered by platelet activating factor
(average values ± SD), after incubation in the presence of titanium oxide without
(black) and with (grey) UV-C synergy (10 min), versus TiO2 concentration.

trations of the photoexcited compound result in higher percentages
of platelet aggregation than the ones that were triggered by arachi-
donate. In that case (ADP-triggered platelet aggregation) the results
(Fig. 6) confirmed: for 0.010 mM of the photoexcited compound
there was a 93% aggregation, for 0.015 mM there was 82%, for
0.08 mM there was 50%, for 0.500 mM we recorded 42% and 35%
for 1 mM. It was of a great interest to verify analogous effects using
the sarcoma cell stimulators to trigger platelet aggregation. Indeed,
when the platelets was incubated with the photoexcited TiO2 and
then were activated by the means of sarcoma cells, significant
desegregation was initiated (Fig. 7): about 43% aggregation was
recorded at 0.010 mM while no aggregation was observed at con-
centrations of the photoexcited compound higher than 0.080 mM.
In contrast, when non-photoexcited TiO2 was tested on human
platelets, the platelets aggregation was unaltered (no change in
aggregation was observed), when one considers the corresponding
controls tests for each type of aggregation (Figs. 4–7). The above
results are in excellent agreement with the literature. In fact, the
blood compatibility of the titanium oxide film was established
by measurements of blood clotting time and platelet adhesion
[32]. Moreover, surfaces blasted with TiO2 do not inhibit fibroblast

attachment and smooth or finely grooved surfaces could be con-
ducive to cellular attachment [33]. Concerning the photoinduced
mechanism, the antiaggregation activity of the photoexcited TiO2
particles may be attributed to the increase the system hydrophilic-

Fig. 7. Percentage of platelet’s aggregation triggered by sarcoma cells (average val-
ues ± SD), after incubation in the presence of titanium oxide without (black) and
with (grey) UV-C synergy (10 min), versus TiO2 concentration.
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ig. 8. Percentage of inhibition of 2,3-lipoxygenase (average values ± SD), after
ncubation in the presence of titanium oxide without (black) and with (grey) UV-C
ynergy (10 min), versus TiO2 concentration.

ty, thus decreasing possible aggregation triggered by different
timulators [34–35].

.3. Enzymatic kinetics of 2,3-lipoxygenase

To account for the activity photoexcited TiO2 as a non-promoter
f cancer, its inhibitory effect on the lipoxygenase enzyme action
as also investigated. The kinetic method of lipooxygenase enzyme

ctually detects the production of 13-hyperoxolinoleic acid which
he precursor molecule of leukotrienes. In this study, titanium oxide
as incubated with the substrate and was irradiated for 10 min
ith UV-C. Then the kinetic reaction and its energetic (activity of

he enzyme) was performed and recorded. The irradiated samples
ere compared to control irradiated samples containing only the

nzyme, the substrate and the buffer with absence of the TiO2 com-
ound. The irradiation of all samples had the same duration time
nd no significant changes in the kinetic reaction of the enzyme
ere recorded.

Fig. 8 shows that titanium oxide is non-reactive without UV-
synergy as there is no change in the enzymic kinetic reaction.

n contrast, significant alterations in the enzymatic activity were
ecorded when UV-C synergy was applied, even for concentrations
s low as 0.020 mM. For the kinetic experiments with photoexcited
iO2 on lipooxygenase enzyme activity the following results were
ecorded: 18% inhibition of the enzymic activity of lipooxygenase
ith addition of 0.02 mM TiO2 irradiated with UV-C, 23% inhibi-

ion with 0.04 mM, 35% inhibition with 0.06 mM, 55% inhibition
ith 0.08 mM, 88% inhibition with 0.40 mM, 93% inhibition with

.8 mM. Complete inhibition (100%) of the enzymatic activity which
as achieved at 1 mM TiO2 concentration, although no alteration in

ipooxygenase’s activity was observed, when only UV-C irradiation
as applied.

The above results are well supported by the literature, postulat-
ng that TiO2 alone did not affect enzymatic release [36], whereas it
trongly influences the expression of adenosine triphosphate (ATP),
nucleotide that is produced following the action of lipoxygenase.
lthough a direct interaction between the lipoxygenase enzyme
nd the semiconductor cannot be excluded, our results however
re consistent with electrophilic enzyme properties and especially
heir proved ability to capture electrons from the photoexcited TiO2
37].
Thus, the findings of our experiments indicate that TiO2 when
rradiated with UV-C is effective in all three biological systems
waster rat’s sarcoma cell cultures, human’s platelet aggregation
nd lipooxygenase enzymatic activity), while TiO2 without syn-
rgy of UV-C is not active. Additionally, the final concentration of

[

[

day 151 (2010) 58–63

the photoexcited TiO2 that is noted to have the best effect when all
three biological systems (cells, platelets and enzyme) are combined
is 0.08 �M.

4. Conclusions

The antitumor activity of photoexcited TiO2 particles, studied
in vitro and in vivo as well as ex vivo, gave very promising results
for the possible use of this effect for cancer treatment. The per-
formed work indicates that titanium dioxide is effective in all three
experimental anticancer aspects: sarcoma cell cultures, platelet
aggregation and lipooxygenase enzyme’s activity. The results con-
firm that TiO2 nanoparticles irradiated with UV-C are able to inhibit
proliferation of sarcoma cells while it was found that they had no
effect when applied to a normal fibroblast cell line. Cell counts at
24 h after the addition of 5 �M photoexcited TiO2 showed that only
50% of the cell population survived while at 48 h no cell survived.
In contrast, when the cells were treated with the corresponding
concentrations of non-photoexcited TiO2 showed no alteration in
numbers compared to the control ones.

The irradiated titania nanoparticles also inhibit platelet’s aggre-
gation and hinder the expression of 2,3-lipoxygenase reaction. This
does not take place when TiO2 alone is applied. The optimum
concentration where the photoexcited TiO2 has the best effect
when all three biological systems (cells, platelets and enzyme) are
combined is 0.08 �M. Thus, TiO2 in conjunction with UV-C syn-
ergy are excellent candidates for anticancer, antimetastatic and
anti-inflammatory applications. Although work in progress shows
that the mechanism of photocatalytic cancer cells killing involves
apoptosis, however, further insight is required into intracellular
signaling and on the role of oxygen radicals. In addition, optimiza-
tion of the processes in terms of the nano-photocatalyst properties
(structure, particle size, surface area, band-dap) and corresponding
light parameters (intensity, wavelength) is also underway.
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