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The use of TiO2 in photodynamic therapy for the treatment of cancer has generally been studied in cultured cancer cells in serum-
containing RPMI 1640 medium under visible light application rather than ultraviolet (UV) light. An ordered channel array of
N-doped anodic titanium dioxide (ATO) has been successfully made for visible light application. ATO nanotubes in the anatase
form with a length of 10 μm are more effective than nanotubes of 1.8 μm in length as a photocatalyst for radical multiplication
in buffer solution by generating hydroxyl radicals and superoxide radical anions under UV-A exposure. Only the N-doped ATO is
applicable to visible light photocatalysis for radical multiplication in RPMI 1640 + 1% FBS and acrylamide, a free radical carrier.

1. Introduction

TiO2 in the anatase crystalline form, which behaves as a
classical n-type semiconductor, has been widely studied for
photocatalytic and photochemical applications due to its
excellent photocatalytic properties, such as strong oxidizing
power, for the decomposition of unwanted organic com-
pounds, as well as inorganic and microbial pollutants [1–3].
ATO (anodic titanium oxide) is excited only by ultraviolet
(UV) radiation (λ < 380 nm) in photoresponse, which
restricts its applications in the visible light range. To enhance
the efficiency in the visible range, there has been extensive
investigation of approaches that involved doping of suitable
impurities into the TiO2 crystal structure to improve its
response to the natural solar spectrum around λ = 500 nm.

Considerable success has been achieved in increasing the
photocatalytic activity by decreasing the band gap of ATO
under optimal conditions. This leads to higher photocurrents
under visible irradiation. N-doping of ATO is the most

promising path toward narrowing the band gap energy, as
it does not cause structural damage that strongly reduces
the photon conversion efficiency. The efficiency of nitrogen
doping is strongly dependent on the kind of nitrogen
compounds, treatment method, and treatment temperature
that are used [4]. Photodynamic therapy is a relatively
new treatment for certain cancers, such as endobronchial
and esophageal cancers [5]. The photocytotoxic effects of
ATO have been normally studied on cell lines cultured in
various media with a pH suitable for cell survival. Cancerous
cell lines, such as HeLa cells and human adenocarcinoma
cells, are generally maintained in RPMI 1640 (Roswell Park
Memorial Institute 1640) medium that contains calf serum
or FBS (fetal bovine serum) [6]. The serum included in
these media provides protein factors that are required for cell
growth and attachment [7].

Few reports have been published on the visible light
photocatalysis and size effects of ATO applied to a buffer
medium for cell cultivation. The aim of this study is to
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Figure 1: SEM top views of the nanotubular layer of N-doping in a mixed gas of N2/Ar. The inset shows the thickness of nanotube layer in
cross-section.

investigate the effect of visible light photocatalysis of N-
doped ATO on radical multiplication in serum-containing
RPMI 1640, when compared to the effects of ultraviolet
radiation (UV). The acrylamide solution was chosen as a
positive control for radical multiplication because it is known
as a free radical carrier during gel polymerization reactions
[7].

2. Experimental Methods

Titanium foil (99.7% purity, 0.127 mm thick) was annealed
in an air furnace at 450◦C for 3 h to release stress. It was
then rinsed in deionized water (DI). As-prepared samples
were clamped onto the holder, immersed in the electrolyte,
and anodized at 60 V for 1 h. An ordered channel-array
anodic ATO nanotube layer was formed. The length of the
ATO nanotubes was about 10 μm, which was achieved in an
electrolyte composed of 0.5-wt% ammonium fluoride mixed
with ethylene glycol at 60 V for 1 h. The 1.8 μm length of
the ATO nanotubes was performed in an aqueous solution
comprising 0.5% hydrofluoric acid and deionized water
for 1 h at 15 V. The anodization was conducted in a two-
electrode cell, using a platinum foil as the counter electrode
under 15 V for the 1.8 μm nanotubes and 60 V for 10 μm
nanotubes at 25◦C without stirring. After anodization, the
undoped samples were annealed 450◦C for 3 h to form the
pure anatase structure in perfect channel array of nanotubes
with the best photocatalytic efficiency under UV. In order
to compare the nitrogen doping effect, the 10 μm thick ATO
were chosen and annealed at 550◦C for 4 h in Ar for undoped
samples and in a mixed atmosphere of 40-vol% N2/60-
vol% Ar for N-doped samples, respectively. The band gap of
photoluminescence (PL) for samples was measured using a
He-Cd laser as the light source with an excitation wavelength
of 325–700 nm. The chemical composition of the N-doped
samples was analyzed by X-ray photoelectron spectroscopy
with a resolution of 0.1 eV. Al Kα monochromatic radiation

(15 keV; 200 W) was utilized as the excitation source, and the
results showed the standard peaks of Ti at a binding energy
of 459 eV, O at 529 eV, C at 285 eV, and N at 396 eV and
400 eV. The photocatalytic effect of annealed ATO and N-
doped ATO was determined in RPMI 1640 + 1% FBS and
10% (w/v) acrylamide solution. The media were irradiated
with two kinds of light sources, including UV-A (wavelength
of A = 366 nm) and visible light for 100 s after stabilization
for a period of 100 s. The distance between the sample and
the light source was approximately 10 cm. The intensity of
the UV-A irradiance was 0.1 mW/cm2 as measured using
a UV meter. One of two platinum wires as a working
electrode, the other as an auxiliary electrode, and Ag/AgCl as
a reference electrode were immersed into the well of a tissue
culture plate containing ATO, which was filled with a specific
medium. The electrical potential of the well was recorded
under exposure to the two different types of irradiation
aforementioned. The redox potential changes produced by
ATO in RPMI 1640 and acrylamide solution under UV-A or
visible light were determined under five tests for each case of
several independent experiments.

3. Results and Discussion

The morphology of the top views of the N-doped (in
Figure 1) ATO shows self-organized TiO2 nanotubular layers
after treatment at 550◦C for 4 h in a mixed atmosphere of
N2/Ar. The insets show that the thickness of the nanotubular
layer was pproximately 10 μm. A similar morphology appears
for 1.8-μm thick, undoped nanotube arrays after 450◦C
annealing.

To verify the wavelength-related band gap energies of
various annealed TiO2 nanotube arrays, photoluminescence
(PL) spectra were measured at a temperature of 10 K. The
N-doped ATO nanotubes (TiO2−xNx) had emission energy
of approximately 2.47 eV shifted from original 3.18 eV of
undoped ATO nanotubes, which corresponds to a longer
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Figure 2: PL of (a) undoped ATO, (b) N-doped ATO, and (c) XPS spectra of the nitrogen-doped ATO nanotubular layer of the sample in
Figure 1.

wavelength of 500 nm and is feasible for a visible light source
(Figure 2). To check whether the nitrogen was doped into
the TiO2, the chemical composition of the sample surface
was identified by X-ray photoemission spectroscopy (XPS),
through chemical element electron configuration shifts due
to changes in the chemical bonding of the sample atoms. As
shown in Figure 2(c), the 1s core levels of the N spectrum
for the N-doped TiO2 nanotubular layer in Figure 1. The
nitrogen spectral signal (N 1s) reveals two peaks, at 396 ±
0.2 eV and 400 ± 0.2 eV. The former corresponds to a β-N
state, which is essentially atomic N or NO in the form of
mixed titanium oxide-nitride (TiO2−xNx), and the latter is
assigned to the γ-N state, which is molecularly chemisorbed
N2. This result indicates that indeed N-doped heat treatment
successfully leads to the substitution of some oxygen sites by
nitrogen [8, 9].

The accuracy of our measurement for the potential
changes after photocatalytic reaction is shown by the small
(2 to 5%) variation of the mean in Figure 3. Each bar
graph shown in Figure 3 indicates the mean and standard
deviation of several independent experiments. The effect of
nanotube length on redox potentials of undoped ATO in the
cancer cell culture medium RPMI 1640 + 1% FBS and in
acrylamide, a well-known free radical carrier, is compared
in Figure 3(a) after photocatalysis under UV-A and visible
light, respectively. In the case of undoped ATO annealed
at 450◦C with pure anatase structure in Figure 3(a), the
redox potentials of photocatalysis in longer nanotubes of
10 μm about 3.80 mV for acrylamide and about 4.00 mV
for RPMI 1640 + 1% FBS were higher than that in shorter
nanotubes of 1.8 μm about 1.75 mV and 1.80 mV under
UV-A exposure. Perhaps a longer ATO nanotube (10 μm)
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Figure 3: Potential change after photocatalytic reaction of (a) the 1.8 μm and 10 μm thick layer of nanotubes with pure anatase structure, in
various buffer media under UV-A and visible light exposure, and the 10 μm thick ATO samples in (b) acrylamide and (c) RPMI + 1% FBS
under two kinds of light sources.

has more area for photocatalytic activity and low trapping
and electron-hole pair recombination effects. Therefore, an
ATO with a long nanotube length has a higher reactive
potential than an ATO with the short nanotube length.
Valence electrons under UV-A were excited to the conduction
band for 1.8 μm and 10 μm thick undoped ATO, whereas the
same samples exhibit nearly null potential, or no reaction,
under visible light in both acrylamide solution and RPMI
1640 + 1% FBS buffer in Figure 3(a). Because undoped ATO
does not include the chemical compound titanium oxide-
nitride (TiO2−xNx) aforementioned to produce a midgap
band, there is insufficient energy or intensity to excite the
electron.

For comparison of the N-doping effect, Figures 3(b) and
3(c) show the results of light types on the photocatalytic
redox potential for undoped and N-doped ATO with the
same 10 μm long nanotubes. The redox potential of acry-
lamide (Figure 3(b)) and RPMI 1640 + 1% FBS (Figure 3(c))
under UV-A radiation has a certain amount of change by
using N-doped ATO at 550◦C, although its magnitude about
2.88 mV and 2.80 mV is not as strong as that of using
undoped ATO annealed at 450◦C with full anatase at about
3.80 mV and 4.00 mV. In the meantime, redox potential
of acrylamide (Figure 3(b)) about 1.50 mV and of RPMI
1640 + 1% FBS (Figure 3(c)) about 1.30 mV under UV-
A radiation also demonstrated the relatively lowest value
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in using undoped ATO annealed at 550◦C than at 450◦C
(Figure 3(a)), caused by a small amount of residual rutile
coexisting in the anatase at 550◦C. This result is consistent
with literature reports detailing that titanium oxide in the
full anatase form has a better catalytic performance than that
of either the rutile form, mixtures of anatase and rutile, or
amorphous structures [10]. Eventually similar to the longer
10 μm nanotubular ATO, the undoped ATO annealed at
550◦C appears null potential, or no reaction under visible
light in both acrylamide (Figure 3(b)) and RPMI 1640 +
1% FBS (Figure 3(c)). The advantage of N-doped ATO is
that the reaction of the redox potential occurs effectively
under visible light, in addition to UV-A, about 1.50 mV
for acrylamide as shown in Figure 3(b) and about 1.75 mV
for RPMI 1640 + 1% FBS in Figure 3(c). In other words,
only N-doped ATO can be applicable to the visible light for
photocatalysis. This attributes to the chemical compound
titanium oxide-nitride (TiO2−xNx) formation to produce a
midgap band with 2.47 eV, resulting in the demand of the
appropriate small energy or intensity to excite the electron
with a loner wavelength of 500 nm. The anatase phases of
annealed ATO under UV-A radiation and N-doped ATO
under both of UV-A and visible light have the ability to
photocatalyze and activate the culture media to release free
hydroxyl radicals or oxygen radicals effectively by breaking
a deoxyribonucleic acid (DNA) supercoiled plasmid after
light irradiation [11, 12]. The increase in the redox potential
after UV-A and visible light irradiation in the acrylamide
medium in the presence of ATO and N-doped ATO could be
explained by the electron-accepting capacity of acrylamide.
(CH2CHCONH2), as shown in Scheme 1.

Consequently, many free radicals are brought into inten-
sive contact with the acrylamide molecules [6, 11, 12]. Previ-
ous studies have demonstrated that the photocytotoxicity of
ATO depends on the concentration of the photocatalyst, the
dose of irradiating light, the morphology of TiO2, and the
incorporation of the photosensitizer into the target cells [13].
The results suggest that the electron-accepting capacity of
the aqueous environment around or within target cells might
influence the photocytotoxic activity of ATO on target cells.
The N-doped ATO under visible can also cause the breakage
of a deoxyribonucleic acid (DNA) supercoiled plasmid, in
addition to sterilize the environment. Although, it has been
reported that there is no direct relationship between the visi-
ble light photoactivity and surface nitrogen concentration of
nitrogen-doped TiO2 by the thermal treatment of nanotube
titanic acid in an NH3 flow from 400◦C to 700◦C [14]. The
future research is encouraged to investigate the effect of N-
doped ATO concentration on visible light photocatalysis for
radical multiplication of buffer media.

4. Conclusion

The crystal structure and nanotube length influence the
magnitude of the radical multiplication and photocatalytic
potential of acrylamide and RPMI 1640 + 1% FBS. The
longer nanotubes have more area for photocatalytic activity,
resulting in less trapping or electron-hole pair recom-
bination. Only N-doped titanium oxide-nitride (ATO) is
feasible for use in cell cultivation media in visible light
besides UV irradiation, resulting from the existence of the
midgap band for absorbing the 500 nm wavelength. The
N-doped ATO under visible can also cause the breakage
of a deoxyribonucleic acid (DNA) supercoiled plasmid, in
addition to sterilize the environment.
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