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Abstract. The ability of ultrafine particles of TiO,, WO3 and iron-doped TiO; to kill cancer cells in the presence
of UV irradiation was investigated. The best photokilling effect on carcinoma cells SCVII cultured in vitro showed
iron-doped TiO, ultrafine particles synthesized by the sol-gel procedure with starting chemicals Ti(IV)-isopropoxide
and anhydrous Fe(II)-acetate. It was found that a small particle size and high dispersity influenced citotoxicity and
photocatalytic efficiency. The remarkable photokiling effect of highly iron-doped TiO, ultrafine particles (the molar
ratio Fe/Ti=0.136) in the presence of UV irradiation was observed. The influence of ultrafine metal oxide particles
on the inhibition of cancer cell proliferation was measured using a >H-thymidine incorporation test. The possible
mechanism involved in the photokilling of carcinoma cells with ultrafine particles of selected metal oxides was

discussed.
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1. Introduction

Photoexcited semiconductor metal oxide particles can
be considered as small electrochemical cells able to
provoke various redox reactions. TiO, is one of the
most promising photocatalysts, stable in various sol-
vents under photoirradiation and an inexpensive mate-
rial relatively easy to synthesize in the laboratory. TiO,
was extensively used as a photocatalyst in the investi-
gation of the conversion of solar energy into chemical
energy and in the environmental applications of the
photooxidation of organic pollutants in drinking and
waste waters [1, 2]. On the other hand, there are rather
few investigations about the applications of TiO, in
biology. In early applications of TiO, in biology Mat-
sunaga et al. [3] showed that microbial cells in wa-
ter could be killed by contact with a platinum-loaded
titanium oxide powders (TiO,/Pt) upon illumination
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with a near-UV light for 60 to 120 min. Cai et al.
[4] were the first to show that HeLa cells cultured
in vitro could be effectively killed in the presence of
TiO, with UV irradiation using a 500 watt mercury
lamp.

Huang et al. [5] investigated the photokilling of
U937 cells with ultrafine TiO, particles produced us-
ing the sol-gel method [6, 7]. However, the photocat-
alytic studies with cancer cells were mainly performed
with P 25 TiO,, commercially available from Degussa
or Nippon-Aerosil Co. Degussa P 25 TiO; is a non-
porous 75:25 anatase-to-rutile mixture with a BET sur-
face area of about 55 m? g~! and crystallite sizes of
~30 nm in 200 to 400 nm aggregates. The main dis-
advantage in practical photochemical applications of
pure TiO, phase is its relatively low absorption in the
visible portion of the solar spectrum. The iron dop-
ing extended the absorption threshold of TiO, particles
into the visible part of the spectrum, whereas the sub-
stitutional doping of TiO; particles with iron increased
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the charge-carrier lifetime from nanoseconds for pure
TiO, to minutes and even hours for iron-doped TiO5.
Wang et al. [8] showed a strong influence of the syn-
thesis procedure on the distribution of iron in the TiO,
matrix. The samples with a more uniform iron dis-
tribution in TiO, showed an enhanced photocatalytic
activity.

In the present work we have focused on the pho-
tokilling of squamous carcinoma cells SCCVII with
ultrafine particles of TiO,, WO;3 and iron-doped TiO;.
The ability of TiO, to kill cancer cells in the presence
of UV irradiation was studied by comparing the pho-
tokilling effect of the commercially available Degussa
P 25 TiO; and a series of TiO, and iron-doped TiO,
ultrafine particles synthesized by the sol-gel procedure
in laboratory. In addition to it, the inhibition of can-
cer cell proliferation using the *H thymidine test was
investigated.

2. Experimental

The experimental conditions of the synthesis of metal
oxide particles are given in Table 1, whereas Table 2
shows phase composition, crystallite sizes and specific
surface areas of the same metal oxide particles used
in this work. Detail structural properties of iron-doped
TiO, samples will be discussed elsewhere [10].
Before being added into a plastic Petri dish (manu-
factured by Corning) containing cultured cancer cells,
the metal oxide particles (0.05 g) were ultrasonically
dispersed between 3 and 8 min in water (15 ml), pre-
viously treated with Millipore-Milli-Q filtration sys-
tem. The metal oxide particles were then left to sed-
iment for 10 to 20 min, whereas the P 25 TiO, par-
ticles were centrifuged at 8000 r.p.m. for 1 min in
order to separate ultrafine metal oxide particles from
the particle aggregates. Thus prepared highly dispersed

Table 1. Experimental conditions for the synthesis of TiO,, iron-doped TiO, and WOj3 particles. History of the metal oxide particles and

their properties.

Sample Sample history

P25 TiO; supplied by Degussa.

T94 TiO; obtained by the sol-gel procedure using 5 ml of isopropanol, 25 ml of Ti(IV)-isopropoxide, 300 ml of Re H,O and 1 ml of
the HNO3 catalyst is added. Synthesis performed in an oil bath at 80°C with reflux in a specially designed all-glass assembly.
Sample dried in a Petri dish at 50°C for 42 h [9].

PGO TiO, obtained by the sol-gel procedure using 75 ml of isopropanol, 25 ml of Ti(IV)-isopropoxide, 120 ml of Re H,O and 5 g of

poly(ethylene) glycol (PEG). Synthesis performed in an oil bath at 70°C in a specially designed all-glass assembly with reflux
and a bubbling N,. Sample dried in a Petri dish at 50°C for 48 h. Calcination performed at 500°C [10].

FT1 Iron-doped TiO; sample obtained by the sol-gel procedure using 75 ml of isopropanol, 25 ml of Ti(IV)-isopropoxide, 62 ml of Re
H,0 + 8 ml of 0.1 mol dm~? of Fe(NO3)3 and 50 ml of NH3 (25%). The molar ratio of Fe/Ti is 0.007 as determined by PIXE®.
Synthesis performed in an oil bath at 70°C in a specially designed all-glass assembly with reflux and a bubbling N>. Sample
dried in a Petri dish at 50°C for 48 h. Calcination performed at 500°C [10].

NTF1 Iron-doped TiO, sample obtained by the novel sol-gel procedure using 50 ml of extra dry ethyl alcohol (99.9%), 25 ml of Ti(IV)-
isopropoxide and 25 ml of a purified glacial acetic acid 4+0.189 g of anhydrous Fe(I)-acetate. HyO molecules for hydrolysis
generated “in situ” by an esterification reaction between the acetic acid and ethanol. Synthesis is performed in an oil bath at 70°C
in a specially designed all-glass assembly with reflux and a bubbling extra dry N,. Sample dried in a Petri dish at 60°C for 42 h.
Calcination performed at 500°C. The molar ratio of Fe/Ti is 0.012 as determined by AASP [10].

NTF5 Tron-doped TiO, sample obtained by the novel sol-gel procedure using 50 ml of extra dry ethyl alcohol (99.9%), 25 ml of Ti(IV)-
isopropoxide and 25 ml of a purified glacial acetic acid +0.783 g of anhydrous Fe(Il)-acetate. H,O molecules for hydrolysis
generated “in situ” by an esterification reaction between the acetic acid and ethanol. Synthesis is performed in oil bath at 70°C
in a special designed all-glass assembly with reflux and a bubbling extra dry N;. Sample dried in a Petri dish at 60°C for 66 h.
Calcination performed at 580°C. The molar ratio of Fe/Ti is 0.053 as determined by AASP [10].

NTF15  Iron-doped TiO, sample obtained by the novel sol-gel procedure using 50 ml of extra dry ethyl alcohol (99.9%), 25 ml of Ti(IV)-
isopropoxide and 25 ml of a purified glacial acetic acid 4-2.313 g of anhydrous Fe(II)-acetate. HO molecules for hydrolysis
generated “in situ” by an esterification reaction between the acetic acid and ethanol. Synthesis performed in an oil bath at 70°C
in a specially designed all-glass assembly with reflux and a bubbling extra dry N». Sample dried in a Petri dish at 60°C for 40 h.
Calcination performed at 420°C. The molar ratio of Fe/Ti is 0.136 as determined by AASP [10].

WO;3 Sample obtained by passing the 0.1 M Na; WOy solution through Dowex cation exchange resin until the pH reaches 1.8. Thus
obtained clear solution was left in a closed flask at room temperature for 40 h. An intense green-yellow precipitate was formed.
It was isolated by decantation and centrifugation, washed twice with doubly distilled H>O, and then dried in a Petri dish at 60°C

for48 h [11].

2The amount of iron in a sample was determined using the Proton Induced X-ray Emission (PIXE) facility at the Ruder Boskovi¢ Institute.
bThe amount of iron in a sample was determined using the Atomic Absorption Spectroscopy (AAS).
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Table 2. Phase composition, crystallite sizes and specific surface areas of the metal oxide particles used in this work.

XRD phase composition Crystallite  Specific surface area

Sample (approximate molar fraction)®® Raman phase composition size®/nm by B.E.T./m?g~!
P25 Anatase + Rutile (0.3) 30 78.5¢
T94 Anatase + Brookite (small amount) Anatased (dominant phase) + Brookite 7.8
PGO Anatase + Brookite (small amount) 15
FT1 Anatase Anatase 30
NTF1 Anatase + Rutile (0.05) Anatase 17 43.8
NTF5 Rutile + Anatase (0.5) Anatase + Rutile (~50 mol%) 19 24.1
NTF15  Anatase 4 Rutile (0.03) 4 very small 9 102.3

amount of unidentified phase
WO3 WOs3« H,O <100

2 Approximate molar fraction determined by XRD patterns;

bCrystallite size of anatase determined by broadening the most intense anatase diffraction line;

°The specific surface area declared by manufacturer is ~55 m>g~!;

dParticle diameter determined from the position of Low-frequency Raman peak was 8.8 nm [10].

aqueous suspensions of ultrafine metal oxide particles
were employed in citotoxicity experiments. The con-
centration of ultrafine particles in the aqueous suspen-
sion was determined by a simple calculation of the
weight/volume ratio, after the evaporation of an aque-
ous phase up to dryness from the known volume of an
aqueous suspension.

Squamous carcinoma cells SCCVII (mice C3H
strain) were cultured in a RPMI 1640 medium sup-
plemented with 10% fetal calf serum in a humidified
incubator with an atmosphere of 5% CO, in airat 37°C.
Before plating the cells were counted by using the try-
pan blue cell viability test and the initial concentration
of cells in each Petri dish was fitted to 210 cells ml~!.

The squamous cells were plated as a monolayer cul-
ture in 30 mm plastic Petri dishes for 24 h at 37°C in
CO; to allow cell attachment. 400 uL of an aqueous
metal oxide suspension was added into each Petri dish
with 3 ml of medium during the exponential growth of
cells (103 cells ml~"). The final concentrations of ul-
trafine metal oxide particles in Petri dishes containing
cultured cells were ranged from 35 to 100 ;g ml~!. It
was proved that the concentration gap between 35 and
100 g ml~! had no effect on citotoxicity results. The
cells were recultured in the presence of ultrafine metal
oxide particles at 37°C for 24 h in the dark, then the
old cultured medium was replaced with a freshly pre-
pared RPMI 1640 medium. The observation of cancer
cells before and after the addition of metal oxide parti-
cles by an inverted phase-contrast microscope showed
that metal oxide particle were well distributed in Petri
dishes and that most of them were incorporated into
the cells. The morphology of the cells was not changed
on addition of ultrafine metal oxide particles.

The cells thus prepared in 30 mm Petri dishes were
irradiated with a home-made apparatus (metal halide
lamp, 2000 W, model Philips HPI-T 2000/220 V with-
out a hard glass tubular envelope). The quartz lens of
3” diameter having 150 mm focus length was used in
order to obtain concentrated parallel light beams. The
UV irradiation experiments were performed by using
bandpass filters, provided by Schott, Germany, Catalog
No. KG-3, thickness 2 mm, to minimize IR radiation
and No. UG-1, thickness 2 mm, to obtain UV irradia-
tion between 320 nm and 396 nm (maximum relative
transmission of 55% at 365 nm). The UV light intensity
at the liquid surface of a Petri dish with attached cells
was 7 to 8 mW cm~2, as measured by the Pyroelet-
ric Radiometer Rk-5100, Laser Precision Corporation.
Hyperthermia effect was avoided, since the tempera-
ture of the medium measured at the position of the
Petri dish during the UV experiments (30 cm from the
lamp) did not exceed 37°C.

After irradiation the medium was again replaced
with a freshly prepared RPMI 1640 medium. The ir-
radiated cells and control cells with or without metal
oxide particles were recultured for 24 h and the cell vi-
ability test was performed by using the standard trypan
blue method.

Citotoxicity to cancer cells was determined for the
cells treated with (a) ultrafine metal oxide particles
without irradiation, (b) ultrafine metal oxide particles
in the presence of UV irradiation and (c) UV irradiation
alone. Each citotoxicity result was an average value of
three measurements.

To check the proliferative ability of survived
cancer cells after treatments a, b or ¢ described
above, a standard *H-thymidine incorporation test was
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performed. For this purpose the survived cells af-
ter treatments a, b or ¢ were trypsinated and recul-
tured in 96 well plates for 48 h. In each well ~10*
cells resuspended in 200 gL of the RPMI 1640
medium supplemented with 10% fetal calf serum were
added. After that, 25 uL of radioactive 3H-thymidine
(6->H-thymidine, Amershem, specific radioactivity 24
Ci mmol~") was added and the cells were recultured
for the next 24 h (altogether 72 h). Cultivation was
then terminated and the cell cultures were filtered us-
ing the filters (Schleicher Schuell, Dassel, Germany)
with a PHD Cell Harvester (Cambridge Technology
Inc., Watertown, USA). The degree of radioactivity in
the cells was determined using a 8-scintillation counter
(Wallac 1209 Rockbeta Liquid Scintillation Counter
Pharmacy, Uppsala, Sweden). The results of the *H-
thymidine incorporation test were expressed as a mean
value (Zstandard deviation) of four replications. Sta-
tistical significance of differences between the control
cells and the specific ultrafine metal oxide particles was
evaluated using the unpaired two-sided student’s-t-test.
P levels <0.05 were considered significant.

3. Results and Discussion

The citotoxicity of selected metal oxide semiconduc-
tor particles to squamous carcinoma cells cultured in
the dark is shown in Fig. 1. The citotoxicity of oxide
particle to the cells was investigated using two differ-
ent types of aqueous suspensions. The first suspension
was prepared by redispersion of as-synthesized or as-
received metal oxide particles in Milli-Q water. The
second suspension was obtained by collecting the finely
dispersed particles from the surface of the first aqueous
suspension. The open bars represent the citotoxicity to
carcinoma cells cultured in the presence of lowly dis-
persed aqueous suspension, whereas the dark bars rep-
resent the citotoxicity to cells cultured in the presence
of highly dispersed (ultrafine) metal oxide particles.
Figure 1 indicates that the surviving fraction of the
cell was on the average greater than approximately 0.7
when the well dispersed (ultrafine) metal oxide parti-
cles from the second suspension were applied. On the
contrary, poorly dispersed metal oxide particles were
very toxic to carcinoma cells and the surviving fraction
of the cell decreased enormously. The final concentra-
tion of metal oxide particles in the medium with cul-
tured cancer cells ranged from 35 to 100 ug ml~!. In
this concentration range there was no significant influ-
ence of the concentration on the citotoxicity of cancer
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Figure 1. The survival fraction of squamous carcinoma cells cul-
tured in the dark in the presence of various types of metal oxide
particles. Open bars show the results of the survival fraction of cells
cultured in the presence of lowly-dispersed metal oxide particles,
whereas black bars show the results of survival fraction of cancer
cells cultured in the presence of highly-dispersed metal oxide par-
ticles, i.e. most of them were incorporated into the cells (see the
experimental section). The history of metal oxide samples and their
notations are given in Table 1. The concentration of metal oxide par-
ticles in a medium with cultured cancer cells was in the range of
35 to 100 g ml~'. Cancer cells cultured with no ultrafine metal
oxide particles were used as a control probe. The survival fraction
of 1 corresponds to the average number of cells in a control probe
(1,289,000 cells per 3 ml of medium in a 30 mm plastic Petri dish).
Experiments were performed in triplets and repeated three times.

cells, thus proving that a small particle size and high
dispersity were important parameters in determining
the citotoxicity of metal oxide particles to cancer cells.

Figure 2 shows the results of the surviving fraction
of squamous carcinoma cells in dependence on the type
of metal oxide photocatalyst upon irradiation with UV
light for 10 min. The UV irradiation itself showed a lit-
tle cytotoxic effect on SCVII cells (surviving fraction
0.773). In the presence of UV irradiation and ultrafine
metal oxide particles the cells were killed more effec-
tively. Among the metal oxide particles investigated
in the present work, the WO;3 photocatalyst showed
the lowest photokilling effect. Standard photocatalyst
P 25 TiO, showed a better photocatalytic activity in
the killing of cancer cells than WOj3, but still much less
than the pure TiO, (samples T94 and PGO) produced
in the present work by the sol-gel procedure.

The iron-doped TiO, sample, FT1 (the molar ratio
of Fe/Ti is 0.007), produced by the sol-gel procedure
under alkaline conditions showed an intermediate pho-
tocatalytic effect on the killing of SCVII cells, com-
parable with the photocatalytic activity of undoped
TiO, (samples T94 and PGO). The best photokilling
effect showed the iron-doped samples NTF1, (the
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Figure 2. The survival fraction of squamous carcinoma cells upon
their irradiation for 10 minutes with UV light alone (UV) and with
UV light in the presence of various types of ultrafine metal oxide
particles (P 25 to NTF15). In the UV irradiation experiment alone
(survival fraction 0.773), the control probe was the number of cells
cultured in the dark without an addition of metal oxide particles.
The number of survived cells cultured in the dark with metal oxide
particles was used as a control probe in the UV 4 cancer cells +
metal oxide irradiation experiments. The notations of samples are
given in Table 1.

molar ratio of Fe/Ti is 0.012), NTF5 (the molar ratio
of Fe/Tiis 0.053) and NTF15 (the molar ratio of Fe/Ti
is 0.136), synthesized by the sol-gel procedure using
Ti(IV)-isopropoxide and anhydrous Fe(II)-acetate as
precursors of titanium and iron. In this synthesis pro-
cedure the precursors were mixed and subsequently
hydrolyzed with H,O molecules generated in situ by
an esterification reaction between the acetic acid and
alcohol. It was expected that the distribution of iron in
TiO, of the particles synthesized by this sol-gel pro-
cedure would be the most uniform and, consequently,
these samples showed the best photokilling effect.
After the treatment in the dark or in the presence of
UV irradiation, the survived cancer cells could be eas-
ily recovered by exponential growth, in case they had
not lost their ability to synthesize new DNA molecules.
To check this, the *H-thymidine incorporation test was
conducted. Figure 3 shows the incorporation of *H-
thymidine into the survived cells after their reculturing
in optimal conditions for 72 h (*H-thymidine during
the last 24 h). The Control bar represents the survived
cancer cells alone after their culturing in the dark. All
other experiments in the dark (black bars) were per-
formed in the presence of metal oxide particles and
their values of *H-thymidine incorporation into cells
were tested with respect to the Control bar using the
unpaired two-sided student’s-t-test. A slight decrease
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in the 3H-thymidine incorporation with the increase
in iron doping of the NTF1, NTF5 and NTF15 sam-
ples cultured in the dark is visible, but this decrease
is not statistically significant. Only the survived cells
cultured in the presence of P 25 in the dark showed
a significant inhibition of *H-thymidine incorporation
(asterisk-marked). This could be explained by a dif-
ferent origin of P 25 TiO, preparation in comparison
with the iron-doped samples. Commercially available
P 25 TiO, photocatalyst was synthesized by aerosol
techniques, whereas our samples were originally syn-
thesized using the sol-gel technique. It is obvious that
the photocatalysts obtained by the sol-gel technique
are less dangerous in the term of proliferation of the
survived cancer cells than the commercially available
P 25 TiO, after culturing in the dark.

The effect of UV light with or without the presence
of metal oxide particles on the inhibition of cell pro-
liferation is shown by open bars in Fig 3. Each UV re-
sult was tested against its counterpart in the dark. UV
irradiation alone significantly inhibited cell prolifera-
tion compared with the control in the dark. Iron-doped
samples also significantly inhibited cell proliferation
in comparison with their controls in the dark. More-
over, the highest inhibition of cell proliferation shows
the lowest iron-doped sample (the difference between
NTF1 and NTF1UV). With the increasing iron con-
tent in iron-doped TiO, samples, the incorporation of
3H-thymidine into cancer cells was steadily increas-
ing. Sample P 25 shows by far the highest inhibition of
3H-thymidine incorporation. However, when compar-
ing the *H-thymidine incorporation level of P 25 sam-
ple activated by UV irradiation with its counterpart in
the dark (P25 and P25UV), the relative inhibition of
3H-thymidine incorporation becomes statistically sig-
nificant. This value is relatively the same as for the
highest iron-doped TiO, sample NTF15. The NTF1
and NTF5 samples show a relatively much higher inhi-
bition of *H-thymidine into cancer cells than P 25, due
to high inhibition of 3H-thymidine incorporation into
P 25 itself in the dark.

In reference literature the photocatalytic reactions of
fine particles of WO5 [12], TiO, [13] and iron-doped
TiO;, [8, 14-18] in an aqueous medium are well doc-
umented. It can be suggested that the photocatalytic
reactions also play an important role in photokilling
cancer cells with ultrafine particles of selected metal
oxides. This photocatalytic process generates Reactive
Oxygen Species (ROS) which, in principle, may be
fatal for cancer cells. It is important to note that the
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Figure 3. 3H thymidine incorporation into SCCVII cells recultured for 72 h CH thymidine during the last 24 h) alone (Control) or with the
ultrafine metal oxide particles exposed to either UV (open bars) or culturing in the dark (black bars). The results of >H-thymidine test were
expressed as mean value + standard deviations of four replicates. The lower amount of incorporation of >H-thymidine into the cells verifies
the higher degree of inhibition of cell proliferation. CPM denotes the number of counts per minute. The measurements marked with an asterisk
(*) document a significant inhibition of cell proliferation with the accuracy greater than the 0.05 probability level. (P < 0.05). All samples
cultured in the dark were statistically tested against the control cells alone, also cultured in the dark (Control), while each measurement obtained
in the UV experiments (open bars) were tested in respect of their counterparts in the dark (black bar on the left). Only the P 25 TiO, shows a
significant inhibition of cancer cells proliferation after culturing in the dark, whereas in the presence of UV light all samples and UV irradiation
alone (open bars) show a significant inhibition of survived cancer cells proliferation in comparison with their counterparts cultured in the dark.
The relative incorporation of >H-thymidine into survived cancer cell in the presence of UV irradiation increases continuously with the increase
of iron content in the iron-doped TiO; ultrafine particles (NTF15 > NTF5 > NTF1).

particles of selected metal oxides must be of nano-
metric dimensions, so that they can penetrate into
the cancer cells and take over the photokilling role to
these cells.

The mechanism of photokilling cancer cells using
selected ultrafine metal oxide particles is of a very com-
plex nature [3-5, 19-21]. Nevertheless, in this respect
the photochemical reactions at the interface MO/water
(MO = metal oxide) must be taken into account. For
example, the UV irradiation of very fine TiO, particles
will produce the electron/hole pairs:

TiOy +hv(Z Ey) — ht + e~ (formation of a
conduction band electron and a valence band
hole pair)

These electron/hole pairs will in an aqueous suspension
of colloidal TiO, induce a series of photochemical re-

actions generating ROS, as follows:

H,0+h* - "'OH+H"
O, +e” — O
0;” +H'" — HO;,
2HO, - 0, +H,0; or 'OH+ OH — H,0,
(nonproductive radical reactions)
H,O0, +0; — 'OH+ OH™ + O,

Generally, the improved photocatalytic performance
of iron-doped TiO, could be explained by iron cen-
ters acting as shallow traps for the valence band holes,
whereas electrons are trapped at Ti(IV) surface sites.
Local separation of electrons at the surface of ultra-
fine particles and the iron centers distributed over the
whole volume of the particle are responsible for the



inhibition of electron/hole recombination [22]. In pho-
tocatalytic oxidation of an organic pollutant with iron-
doped TiO,, the best photocatalytic activity showed a
low loaded iron-doped TiO; within the solubility limit
of iron in the TiO, matrix (about 1 mol% of doped
iron). Heavily iron loaded TiO, samples are photocat-
alytically inactive due to formation of separated iron
oxide phases that form heterojunctions, thus encourag-
ing electron-hole recombination [14, 15]. However, in
the present work an excellent photoactivity of relatively
highly iron-doped TiO, samples under UV irradiation
in the killing of SCVII cancer cells was observed. This
effect may be explained by the specific structural and
microstructural properties of synthesized iron-doped
TiO, ultrafine particles. In addition to this, a different
role of iron ions in non-living and living environments
cannot be excluded.

The attack by ROS, generated by the photocat-
alytic process outside the cells has been reported
to be the initial mode of killing bacteria and other
types of cells [20, 21]. Iron-doped TiO, ultra-
fine particles can be ingested into cancer cells, so
there is a possibility of photocatalytic attacks inside
the cells.

Navio et al. [15] reported the dissolution of 5 at% of
iron into the TiO, matrix. The dissolution was expected
to be more extensive under the UV irradiation. In a near-
neutral pH medium a hole-driven photo-oxidation of
surface >Fe-OH sites to (>Fe-OH)™ sites is reported
[23], whereas at higher pH values the reductive disso-
lution of Fe* ions is present. The photoreduction of
Fe** ions by dissolved organic substances in seawater
was also reported [24], and, based on that investiga-
tion, it was suggested that organic matter was respon-
sible for the photoreduction of Fe** ions in seawater.
Since in the present case very fine iron-doped TiO,
particles are incorporated into carcinoma cells, there
is a real possibility of the reduction of Fe** to Fe?*
upon UV and visible light irradiation. Moreover, the
process of phagocytosis allowed the cells to uptake a
relatively very large amount of iron in the form of iron-
doped TiO; ultrafine particles. The iron incorporated
into the cells can be dissolved and in accordance with
the photochemistry of Fe?* in an aqueous medium, the
reactive oxygen species (ROS) can be produced by the
photolysis of surface or homogeneous complexes via
the Fenton-type photo reaction [15, 20].

Upon the UV irradiation in the presence of a pho-
tocatalyst, along with highly reactive hydroxyl radi-
cals and superoxide ions, hydrogen peroxide can be
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produced. H,O, can be activated by a ferrous ion via
the Fenton reaction, in which H;O, decomposes into
a hydroxyl radical and a hydroxide anion through the
reductive cleavage with a ferrous ion [20]:

Fe’* + H,0, — Fe’* + OH™ + HO'

The HO® formed is very reactive and able to continue
interacting with the iron species, thus generating addi-
tional hydroxyl radicals via the Fenton reaction. When
both H,O, and the superoxide ion are present, catalytic
amounts of the ferric ion may participate in the iron
catalysed Haber-Weiss reaction [20] to yield more hy-
droxyl radicals, as follows,

Fe’™ + 0, — F’™ 4+ 0,
Fe’t + H,0, — Fe*™ + OH™ + HO'

thus increasing the photokilling effect of TiO, on car-
cinoma cells.

The present investigation showed dependence of
cancer cells proliferation on the content of iron frac-
tion in iron-doped TiO, ultrafine particles. From ref-
erence literature it is known that iron participates in
a range of reactions that are necessary for cell via-
bility and cell proliferation. For example, Furukawa
et al. [25] showed that exposure of cells to anti-
transferrin receptor antibody, which blocked the iron
supplement into the cells, caused a decrease in ribonu-
cleotide reductase activity and DNA synthesis. De-
crease in DNA synthesis was restored by the addition
of iron in the form of ferric nitriloacetate. These re-
sults showed that the iron-supply regulated cell pro-
liferation. Laskey et al. [26] showed that the inhibited
proliferation of both Raji and murine erythroleukemia
cells were rescued upon the addition of ferric salicy-
laldehyde isonicotinoyl hydrazone (Fe-SIH), due to
delivery of iron to Raji cells in the presence of the
blocking anti-transferrin receptor antibodies. In addi-
tion, it was found that Fe-STH slightly stimulated DNA
synthesis in phytohemagglutinin-stimulated peripheral
blood lymphocytes. Chenoufi et al. [27] showed that
DNA synthesis was likely to be related both to cell
proliferation and to DNA repair. Zager et al. [28]
showed that Oxypurinol and "OH scavengers (ben-
zoate; dimethylthiourea) suppressed in vitro tubular
cell proliferation, while “catalytic” iron (FeSO,) had a
growth-stimulatory effect. Chan et al. [29] showed that
the variant Chinese hamster ovary (CHO) cells, which



232 Ivankovicé et al.

were unable to acquire transferrin iron via the recep-
tor pathway, were able to uptake iron independently
from inorganic iron salts and thus provided cells with
a sufficient amount of iron for DNA synthesis and cell
proliferation.

In the present work a continuous increase in 3H-
thymidine incorporation into cancer cells with the in-
creased iron doping in iron-doped TiO, samples was
observed (Fig. 3). It can be concluded that iron as-
sisted in the recovery of cancer cells after the UV
treatment. This tendency could be attributed to pho-
tochemically activated iron that provided cells with
a sufficient amount of iron to stimulate the synthesis
of new DNA molecules and had a growth-stimulatory
effect on the survived cancer cells after UV treat-
ment. Therefore, our measurements showed two dif-
ferent roles of iron in the processes investigated. In
the first case, the presence of iron dopant in ultrafine
TiO, particles stimulated the photokilling of cancer
cells under UV irradiation. In the second case, when
the cancer cells were recultured for 72 h in the dark
after UV irradiation, iron provided the recovery of cell
proliferation.

4. Conclusions

The present work indicates that squamous carcinoma
cells SCCVII cultured in vitro can be killed by ul-
trafine particles of TiO,, WO3 and iron-doped TiO,
combined with UV irradiation. The best photocatalytic
performance in killing the SCVII cells was observed
for iron-doped TiO, ultrafine particles irradiated with
UV light. The enhanced photocatalytic activity of iron-
doped TiO; ultrafine particles in killing cancer cells in
the presence of UV irradiation may arise from the disso-
lution of iron, thus generating additional hydroxyl rad-
icals by means of the photo Fenton and iron catalyzed
Haber-Weiss reactions. It was shown that one of the key
parameters of the citotoxicity of cancer cells and a good
photocatalytic efficiency of metal oxide photocatalyst
is the degree of dispersion of ultrafine metal oxide par-
ticles. In the UV irradiation experiments, the inhibition
of 3H-thymidine incorporation into the survived cancer
cells continuously decreased with the increase in iron
content in the iron-doped TiO; ultrafine particles. The
iron dopant in ultrafine TiO; particles showed two dif-
ferent behaviors; (a) iron stimulated the photokilling of
cancer cells under UV irradiation and (b) iron provided
the recovery of cells proliferation after reculturing in
the dark.
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