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The photocatalytic inactivation effecting of gold-doped TiO2 (Au/TiO2) nanocomposites on human colon carcinoma LoVo cells
was investigated for the first time. The Au/TiO2 samples containing different amounts of Au (1–4 wt%) were prepared by
deposition-precipitation (DP) method. These synthesized Au/TiO2 nanocomposites were characterized by transmission electron
microscopy (TEM) and inductively coupled plasma atomic emission spectroscopy. It was found that the photocatalytic inactiva-
tion effect of TiO2 nanoparticles on LoVo cancer cells could be greatly improved by the surface modification of Au nanoparticles.
Furthermore, the loading amount of Au on the surface of TiO2 nanoparticles affects the photocatalytic inactivation efficiency
strongly, and it was found that the most efficient nanocomposites were TiO2 nanoparticles doped with 2 wt% Au. When 50 μg/mL
2 wt% Au/TiO2 nanocomposites were used, all of the LoVo cancer cells were killed under the irradiation of UV light (λmax =
365 nm, Intensity = 1.8 mW/cm2) within 100 minutes. But for 50 μg/mL TiO2 nanoparticles, only 40% cancer cells were killed
under the same condition.

Copyright © 2007 Juan Xu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

The rising incidence of cancer in the world demands an in-
crease in effort towards the development of novel and effec-
tive photocatalysts for killing cancer cells in photodynamic
therapy (PDT). TiO2 nanoparticles have been proved to be
an important photocatalyst because of their good photocat-
alytic properties [1–9]. When TiO2 nanoparticles were illu-
minated by UV light with wavelength of less than 385 nm,
photo-induced electrons and holes could be created [10].
Moreover, these photo-induced electrons and holes could
further react with hydroxyl ions or water to form powerful
oxidative radicals (e.g., OH·, HO·

2) [11], which are capable
of destroying the structure and the component of tumor cells
[6]. Therefore, TiO2 nanoparticles exhibited good antitumor
activity for cancer cells as well as for animal autochthonous
tumor models under the irradiation of UV light. For clini-
cal application, the UV light could be specifically delivered
to the photocatalyst in contact with tumor directly through
UV light fibers as described by Fujishima [6]. However,

the photo-generated holes are easy to recombine with the
photo-induced electrons, which greatly reduced the photo-
catalytic inactivation efficiency of TiO2 [12–14]. We aim to
enhance the photocatalytic inactivation efficiency of TiO2

on tumor cells by the surface modification of Au nanopar-
ticles.

In recent years, gold-doped TiO2 (Au/TiO2) nanocom-
posites have been investigated to enhance the photocat-
alytic efficiency of TiO2 in decomposing organic compounds
and photokilling bacteria [15–18]. In addition, Au/TiO2

nanocomposites have also attracted great interest for their
applications in solar energy conversion [19, 20].

In this paper, Au/TiO2 nanocomposites were prepared by
deposition-precipitation method, and then used as photocat-
alysts to kill human colon cancer LoVo cells. It was the first
time to investigate the photocatalytic inactivation effect of
Au/TiO2 on cancer cells. The experimental results show that
the photocatalytic inactivation efficiency on human colon
LoVo cancer cells could be greatly increased by the modifi-
cation of Au on TiO2 nanoparticles.
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2. MATERIALS AND METHODS

2.1. Materials

The materials used in this research were hydrogen tetra-
chloroaurate(III) trihydrate [HAuCl4·3H2O] (Aldrich Che-
mical Co., Germany), Degussa P25 TiO2 (BET surface
area = 45 m2g−1, nonporous, 75% anatase and 25% rutile;
Degussa, Germany), MTT [3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] kits (Beyotime Co. Ltd.,
Nantong, China), trypsin-EDTA (Invitrogen Co., USA),
polyethylene glycol (PEG, 20.000, Sigma Chemical Co., Ger-
many), human colon carcinoma LoVo cells (American Type
Culture Collection, USA) (ATCC), and Ham’s F12 medium
(PAA laboratories, Australia) supplemented with 2.0 mM L-
glutamine, 1.5 g/L sodium bicarbonate (NaHCO3), 50 μg/ml
penicillin, and 15% fetal calf serum (FCS). All other chemical
reagents were of analytical grade. The water employed in all
preparations was purified by a Milli-Q system (Millipore).

2.2. Preparation of Au/TiO2

nanocomposites suspension

The Au/TiO2 nanocomposites were synthesized in the dark
using the deposition-precipitation method [21]. Before the
preparation, P25 TiO2 was dried in the air at 100◦C for
24 hours Then one g of TiO2 powder was added into 100
mL aqueous solution containing 0.42 M of urea and certain
amount of HAuCl4. The amount of HAuCl4 we added was
calculated according to the designed loading amount of gold
in the Au/TiO2 nanocomposites. For example, to prepare
2 wt% Au/TiO2 nanocomposites, 0.04 g HAuCl4·3H2O was
used. It was proposed that urea (CO(NH2)2) could react with
water and gently produce hydroxide ions (OH−), and could
avoid the violent increase of pH value in a local solution [21].
Therefore, the gold hydroxide could be homogeneously and
equably precipitated. Afterwards, the suspension was kept at
constant 80◦C for four hour under vigorous stirring. Then
the suspension was centrifuged at 12.000 rpm for 10 min-
utes, washed with deionized water, and centrifuged again.
These washing and centrifuging procedures were repeated
four times in order to remove residual Cl− thoroughly. The
yellow sediment was dried under vacuum at 100◦C for two
hours and ground into yellow powder in an agate mortar,
and finally became the precursor. The fabrication of Au/TiO2

nanocomposites was carried out via a heat treatment of the
precursor under a flowing mixture atmosphere consisted
of 95% Ar and 5% H2. The precursors were heated from
room temperature to 300◦C at a rate of 1◦C·min−1, and then
maintained at 300◦C for four hours This calcination treat-
ment leads to the reduction of adsorbed Au (III) complexes
into gold nanoparticles. The Au/TiO2 nanocomposites were
stored in the dark under vacuum in a desiccator at room tem-
perature.

Various Au/TiO2 samples with different Au ratio were
milled in a rotating agate mortar with 2 mL ethanol at
450 r/min for ten hours, and then dried at 70◦C. Then they
were ultra-sonically dispersed in the phosphate buffer so-
lution (PBS, pH 7.4) to produce the Au/TiO2 suspensions.

Afterwards, polyethylene glycol (PEG, 1 mg/mL) was added
into the Au/TiO2 suspensions in order to prevent the precip-
itation of Au/TiO2 nanoparticles. Finally, the Au/TiO2 sus-
pensions were sterilized using an autoclave. The pure P25
TiO2 suspension was prepared through a similar procedure.

2.3. Characterization of
nanoparticles/nanocomposites

The chemical quantitative analysis of Au in the samples
was performed by using an IRIS Intrepid inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES, USA).
The concentration of Au in the samples is expressed as the
weight of Au in per gram of sample (Au wt%), which equals
[mAu/(mAu + mTiO2 )] × 100%, where mAu and mTiO2 are the
weight of Au and TiO2, respectively. The morphology and
size of the Au/TiO2 nanocomposites and TiO2 nanoparticles
were studied with a JEOL 2011 transmission electron micro-
scope (TEM, Japan).

2.4. Cell culture and pretreatment

Human colon carcinoma LoVo cells were cultured in vitro in
Ham’s F12 culture medium in a humidified incubator with
5% CO2 at 37◦C. LoVo cells were subcultured with a mix-
ture of ethylenedinitrile tetraacetic acid (EDTA) and trypsin.
All experiments were performed using cells during the expo-
nential growth phase. The cell concentration was measured
by using a hemocytometer and the cell density was adjusted
to the required final concentration.

2.5. Photokilling LoVo cells using Au/TiO2

nanocomposites or TiO2 nanoparticles as
photocatalysts

The photocatalytic inactivation effects of Au/TiO2 and pure
TiO2 on LoVo cells were evaluated according to [1, 6] with a
slight modification. The experimental processes were as fol-
lows. Firstly, LoVo cells in the exponential growth phase were
trypsinized and suspended in the F12 culture medium at a
concentration of 5 × 104 cells/mL. Secondly, 2 mL LoVo cell
suspension was added into a sterile dish (Diameter = 35 mm)
and incubated for 24 hours. It is very important to disperse
the cells as evenly as possible at this step. Thirdly, the culture
medium in the sterile dish was replaced by a mixture of 1 mL
Au/TiO2 (or TiO2) suspension and 1 mL fresh F12 medium.
LoVo cells were incubated continuously for another 24 hours
and then the incubation solution was removed. Finally, 1 mL
fresh F12 medium was added into the sterile dish, and then
the UV-light irradiation process was performed. Four paral-
lel tests were performed for each sample to ensure accuracy,
and each experiment was repeated three times. The variation
region and the mean value of the experimental data are pre-
sented in each resulting diagram.

In the UV-light irradiation process, a 20-W (G20T10,
USA) and a 40-W (G40T10, USA) UV light lamps (the light
peak wavelength was λmax = 365 nm) were used as the light
source, and the light intensity on the samples was measured
by using a power meter (Thermo Oriel 70260, USA ). The
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Table 1: The contents of gold in Au/TiO2 composites prepared by
DP methods.

Designed Au loading
amount (wt%)

Actual Au loading
amount (wt%)

1 0.7 ± 0.02

2 1.8 ± 0.01

4 3.6 ± 0.04

choice of UV light with wavelength of 365 nm is very impor-
tant, because it has much lower influence on the living cell
than that of UV light with much shorter wavelength.

2.6. Measurement of the viability of LoVo cells

The viability of the LoVo cells in the experiments was de-
tected by a MTT staining method [1, 22–24]. In the MTT
assay, the number of living cells was proportional to the ab-
sorbance of formazan at 570 nm, which was produced in the
cleavage process of MTT. In addition, only the living cells
can react with MTT and produce the formazan. Briefly, after
LoVo cells were treated with different condition, 250 μL MTT
solution from the MTT kit was added into each 35-mm cul-
ture dish and incubated with cells for 4 hours at 37◦C until
purple formazan crystals appeared. Then, two mL formazan-
dissolving solution from the MTT kit was added into each
dish and mixed thoroughly to dissolve these purple crystals.
After continuing incubation for several hours at 37◦C to en-
sure that all purple crystals were dissolved, the purple solu-
tion was dispensed into wells of 96-well plates. The 96-well
plates were evaluated spectrophotometrically at 570 nm with
a BIO-RAD M-450 microplate reader, and the optical ab-
sorptions [A]t was measured. The survival fraction could be
calculated according to [A]t/[A]i, where [A]i is the optical
absorption of the untreated cells.

3. RESULTS AND DISCUSSION

3.1. Characteristic of TiO2 nanoparticles and
Au/TiO2 nanocomposites

There are several ways to deposit noble metal nanoparti-
cles on the surface of TiO2 nanoparticles, such as chemical
reduction, deposition-precipitation, electrochemical depo-
sition, photodeposition, sol-gel, and self-assembly methods
[18, 21, 25, 26]. In this work, the deposition-precipitation
method was chosen to prepare Au/TiO2 nanocomposites
with different Au ratio (1–4 wt%). The representative sam-
ples were characterized by TEM and ICP methods.

The TEM images of pure TiO2 particles and 2 wt% gold-
doped Au/TiO2 particles are presented in Figure 1. As can
be seen, most of the TiO2 particles are spherical or square-
shaped with a particle size of 15–35 nm (Figure 1(a)). The
gold nanoparticles (dark spots with diameter of 2–5 nm)
were uniformly deposited on the surface of TiO2 supports
(Figure 1(b) and (c)).

The elemental composition of these samples was ana-
lyzed by IRIS Intrepid inductively coupled plasma atomic
emission spectroscopy. Table 1 presents the contents of gold

in the Au/TiO2 nanocomposites, and indicates that in the
preparing process, most of the gold from the raw mate-
rial HAuCl4 is deposited on the surface of TiO2 nanoparti-
cles.

3.2. Photocatalytic killing effect of TiO2 nanoparticles
and Au/TiO2 nanocomposites

3.2.1. Cytotoxicity of TiO2 nanoparticles or Au/TiO2

nanocomposites in the dark

It is required that the photosensitive antitumor drugs used in
PDT not only have high photocatalytic inactivation capabil-
ity under irradiation, but also have no toxicity in the dark. So
it is very important to investigate the self-engendered cyto-
toxicity of TiO2 nanoparticles or Au/TiO2 nanocomposites.
The cytotoxicity of TiO2 or Au/TiO2 was measured by expos-
ing LoVo cells in the F12 medium containing various con-
centrations of TiO2 or Au/TiO2 for 24 hours in the dark, re-
spectively. The results showed that when the concentrations
of TiO2 nanoparticles or Au/TiO2 nanocomposites were in
the range of 0–400 μg/mL, the surviving fraction of LoVo
cells was always greater than 90% (Figure 2). According to
the suggestion in [6], in this case, the TiO2 nanoparticles and
Au/TiO2 nanocomposites could be considered as non-toxic
materials for cancer cells in the dark. This conclusion was
consistent with those in [1, 6].

3.2.2. Influence of the gold loading amount on
the photocatalytic inactivation effect

Figure 3 shows the photocatalytic inactivation effect of
50 μg/mL Au/TiO2 nanocomposites with different Au load-
ing amount under the UV light irradiation. The intensity
of UV light is 1.8 mW/cm2. It can be seen that the high-
est photocatalytic inactivation efficiency could be obtained
when 2 wt% Au/TiO2 nanocomposites were added. Within a
100-minute irradiation, 100% LoVo cancer cells were pho-
tokilled when 2 wt% Au/TiO2 nanocomposites were used,
but only 66% and 75% cells were killed in the cases us-
ing 1 wt% Au/TiO2 and 4 wt% Au/TiO2 nanocomposites, re-
spectively. Moreover, it should be noted that the photocat-
alytic killing effect of 4 wt% Au/TiO2 is lower than that of
2 wt% Au/TiO2. It may be due to light shadowing by the de-
posits when too much noble metal nanoparticles covered the
surface of TiO2 particles [27]. Similar results were observed
when a UV light with intensity of 4.0 mW/cm2 was used, as
shown in Figure 4. The 2 wt% Au/TiO2 nanocomposites also
presented the highest photocatalytic inactivation efficiency
under the irradiation of UV light.

3.2.3. Influence of the concentration of TiO2 nanoparticles
or Au/TiO2 nanocomposites on the efficiency of
photocatalytic inactivation LoVo cancer cells

Figure 5 presents the photocatalytic inactivation effect of
various concentrations of TiO2 nanoparticles or Au/TiO2
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Figure 1: TEM images of TiO2 nanoparticles (a), and 2 wt% Au/TiO2 prepared by deposition-precipitation method with different magnifi-
cation (b, c). The magnifications of (a), (b), and (c) are 150.000, 40.0000, and 150.0000, respectively.
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Figure 2: Surviving fraction of LoVo cells after being incubated
in culture medium containing different amounts of (a) TiO2, (b)
1 wt% Au/TiO2, (c) 2 wt% Au/TiO2, and (d) 4 wt% Au/TiO2 in the
dark for 24 hours. Bars represent the region of measured data and
the points represent the mean value from three measurements.

nanocomposites on LoVo cancer cells. LoVo cells were cul-
tured in the culture medium containing various concentra-
tions of TiO2 nanoparticles or Au/TiO2 nanocomposites for
24 hours, and then exposed under the UV light irradiation
for 60 minutes. As can be seen, the photocatalytic inacti-
vation effect of TiO2 nanoparticles or Au/TiO2 nanocom-
posites on LoVo cancer cells enhanced with the increase of
their concentration in the culture mediums. In addition,
Au/TiO2 nanocomposites presented much higher efficiency
in photokilling LoVo cancer cells than TiO2 nanoparticles.
For example, in the presence of 100 μg/mL 2 wt% Au/TiO2

nanocomposites, all the LoVo cancer cells could be pho-
tokilled within 60 minutes. But for TiO2 nanoparticles, only
38% LoVo cancer cells could be killed under the same condi-
tion.

Although a higher concentration of Au/TiO2 nanocom-
posites could achieve a higher-photocatalytic killing effect,
but it is not preferable to use a very high concentration of

160140120100806040200

Irradiation time (min)

0

0.2

0.4

0.6

0.8

1

Su
rv

iv
in

g
fr

ac
ti

on

abc d

Figure 3: Surviving fraction of LoVo cells as a function of ir-
radiation time after being incubated in culture medium contain-
ing 50 μg/mL Au/TiO2 nanocomposites with different Au ratio: (a)
0 wt%, (b) 1 wt%, (c) 2 wt%, and (d) 4 wt%. The wavelength of UV
light is 365 nm, and the intensity is 1.8 mW/cm2. Bars represent the
region of measured data and the points represent the mean value
from three measurements.

photocatalyst for practical consideration because it might
block the blood vessel [1]. Thus herein, the concentration
of TiO2 and Au/TiO2 was recommended as < 100 μg/mL,
with which the cytotoxicity of Au/TiO2 nanocomposites in
the dark could be neglected (see Figure 2).

3.2.4. Photocatalytic inactivation effect of Au/TiO2

nanocomposites on LoVo cancer cells

Figure 6 presents the photocatalytic inactivation efficiency
of TiO2 nanoparticles or Au/TiO2 nanocomposites on LoVo
cells under the UV light irradiation. The wavelength of UV
light is 365 nm and the intensity is 1.8 mW/cm2. In the
control experiment without adding TiO2, about 18% LoVo
cells were killed within a 100-minute irradiation (curve a).
When 50 μg/mL TiO2 nanoparticles were added, the LoVo
cells were killed at a higher rate. After a 100-minute irradi-
ation, 40% of the LoVo cells were killed as shown in curve b.
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Figure 4: Surviving fraction of LoVo cells incubated in the medium
containing 50 μg/mL Au/TiO2 nanocomposites with different Au
ratio: (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, and (d) 4 wt%. The wave-
length of UV light is 365 nm, and the intensity is 4.0 mW/cm2. Bars
represent the region of measured data and the points represent the
mean value from three measurements.
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Figure 5: Surviving fraction of LoVo cells measured after the irra-
diation of UV light for 60 min as a function of concentration of (a)
TiO2 nanoparticles and (b) 2 wt% Au/TiO2 nanocomposites. The
wavelength of UV light is 365 nm, and the intensity is 1.8 mW/cm2.
Bars represent the region of measured data and the points represent
the mean value from three measurements.

Once 50 μg/mL 2 wt% Au/TiO2 nanocomposites were added,
the photocatalytic inactivation effect increased dramatically
as shown in curve c. After a 100-minute irradiation, all
the LoVo cells were photokilled. These results reflected that
the modification of gold on the surface of TiO2 nanopar-
ticles greatly enhanced the photocatalytic inactivation ef-
fect of TiO2 on LoVo cells. The photocatalytic mechanism
of Au/TiO2 nanocomposite is shown in Scheme 1. When
Au nanoparticles were modified on the surface of TiO2, the
photo-induced electrons can transfer to the surface of gold
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Figure 6: Surviving fraction of LoVo cells under the irradiation of
UV light after being incubated in culture mediums: (a) with no
TiO2, (b) containing 50 μg/mL TiO2, and (c) containing 50 μg/mL
2 wt% Au/TiO2. The wavelength of UV light is 365 nm, and the in-
tensity is 1.8 mW/cm2. Bars represent the region of measured data
and the points represent the mean value.
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Scheme 1: Interfacial charge transfer process of gold-doped TiO2

nanocomposites under the irradiation of UV light.

nanoparticles and reduce the dissolved O2 easily. In the mean
time, the photo-generated holes on the TiO2 surface can react
with water to produce powerful oxidative radicals OH· and
HO2

·. This process inhibited the recombination rate of the
photo-produced electrons and holes, so the photocatalytic
activity of TiO2 nanoparticles was increased obviously by the
modification of Au, as suggested in references [28, 29].

4. CONCLUSION

Au/TiO2 nanocomposites were prepared using the depo-
sition-precipitation method, and were firstly applied to pho-
tokill human colon LoVo cancer cells in vitro. The exper-
imental results show that the deposition of gold on TiO2

nanoparticles greatly increased the photocatalytic inactiva-
tion effect of TiO2 on tumor cells, and the optimum content
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of Au in the Au/TiO2 nanocomposites was about 2 wt%.
On the other hand, the photocatalytic inactivation effect on
LoVo cancer cells increased monotonically as the concen-
tration of the TiO2 nanoparticles or Au/TiO2 nanocompos-
ites increased. The high photocatalytic inactivation effect of
Au/TiO2 nanocomposites on human colon LoVo cancer cells
suggests that it may have a promising future for cancer treat-
ment.

ACKNOWLEDGMENT

This work was financially supported by National Natural Sci-
ence Foundation of China.

REFERENCES

[1] A.-P. Zhang and Y.-P. Sun, “Photocatalytic killing effect of
TiO2 nanoparticles on Ls-174-t human colon carcinoma cells,”
World Journal of Gastroenterology, vol. 10, no. 21, pp. 3191–
3193, 2004.

[2] R.-X. Cai, Y. Kubota, T. Shuin, H. Sakai, K. Hashimoto, and
A. Fujishima, “Induction of cytotoxicity by photoexcited TiO2

particles,” Cancer Research, vol. 52, no. 8, pp. 2346–2348, 1992.
[3] H. Sakai, E. Ito, R.-X. Cai, T. Yoshioka, K. Hashimoto, and

A. Fujishima, “Intracellular Ca2+ concentration change of T24
cell under irradiation in the presence of TiO2 ultrafine parti-
cles,” Biochimica et Biophysica Acta, vol. 1201, no. 2, pp. 259–
265, 1994.

[4] Y. Kubota, T. Shuin, C. Kawasaki, et al., “Photokilling of T-
24 human bladder cancer cells with titanium dioxide,” British
Journal of Cancer, vol. 70, no. 6, pp. 1107–1111, 1994.

[5] H. Sakai, R. Baba, K. Hashimoto, Y. Kubota, and A. Fujishima,
“Selective killing of a single cancerous cell T24 with TiO2 semi-
conducting microelectrode under irradiation,” Chemistry Let-
ters, vol. 24, no. 3, pp. 185–186, 1995.

[6] R.-X. Cai, K. Hashimoto, K. Itoh, Y. Kubota, and A. Fujishima,
“Photokilling of malignant cells with ultrafine TiO2 powder,”
Bulletin of the Chemical Society of Japan, vol. 64, no. 4, pp.
1268–1273, 1991.

[7] D. M. Blake, P.-C. Maness, Z. Huang, E. J. Wolfrum, J. Huang,
and W. A. Jacoby, “Application of the photocatalytic chemistry
of titanium dioxide to disinfection and the killing of cancer
cells,” Separation and Purification Methods, vol. 28, no. 1, pp.
1–50, 1999.

[8] W. G. Wamer, J.-J. Yin, and R. R. Wei, “Oxidative damage to
nucleic acids photosensitized by titanium dioxide,” Free Radi-
cal Biology and Medicine, vol. 23, no. 6, pp. 851–858, 1997.

[9] A. Fujishima, T. N. Rao, and D. A. Tryk, “Titanium dioxide
photocatalysis,” Journal of Photochemistry and Photobiology C,
vol. 1, no. 1, pp. 1–21, 2000.

[10] A. L. Linsebigler, G. Lu, and J. T. Yates, “Photocatalysis on TiO2

surfaces: principles, mechanisms, and selected results,” Chem-
ical Reviews, vol. 95, no. 3, pp. 735–758, 1995.

[11] N. Serpone, A. Salinaro, S. Horikoshi, and H. Hidaka, “Ben-
eficial effects of photo-inactive titanium dioxide specimens
on plasmid DNA, human cells and yeast cells exposed to
UVA/UVB simulated sunlight,” Journal of Photochemistry and
Photobiology A: Chemistry, vol. 179, no. 1-2, pp. 200–212,
2006.

[12] P. V. Kamat, “Photochemistry on nonreactive and reactive
(semiconductor) surfaces,” Chemical Reviews, vol. 93, no. 1,
pp. 267–300, 1993.

[13] C. He, Y. Xiong, J. Chen, C. Zha, and X. Zhu, “Photoelectro-
chemical performance of Ag-TiO2/ITO film and photoelec-
trocatalytic activity towards the oxidation of organic pollu-
tants,” Journal of Photochemistry and Photobiology A: Chem-
istry, vol. 157, no. 1, pp. 71–79, 2003.

[14] W.-Y. Ahn, S. A. Sheeley, T. Rajh, and D. M. Cropek, “Pho-
tocatalytic reduction of 4-nitrophenol with arginine-modified
titanium dioxide nanoparticles,” Applied Catalysis B: Environ-
mental, vol. 74, no. 1-2, pp. 103–110, 2007.

[15] H. Li, Z. Bian, J. Zhu, Y. Huo, H. Li, and Y. Lu, “Mesoporous
Au/TiO2 nanocomposites with enhanced photocatalytic activ-
ity,” Journal of the American Chemical Society, vol. 129, no. 15,
pp. 4538–4539, 2007.

[16] J. Haber, P. Nowak, and P. Zurek, “Electrodeposition of
Hedgehog-shaped gold crystallites on TiO2 surface and their
behavior in anodic oxidation of oxalic acid,” Langmuir, vol. 19,
no. 1, pp. 196–199, 2003.

[17] X. Z. Li and F. B. Li, “Study of Au/Au3+-TiO2 photocatalysts
toward visible photooxidation for water and wastewater treat-
ment,” Environmental Science and Technology, vol. 35, no. 11,
pp. 2381–2387, 2001.

[18] G. Fu, P. S. Vary, and C.-T. Lin, “Anatase TiO2 nanocompos-
ites for antimicrobial coatings,” Journal of Physical Chemistry
B, vol. 109, no. 18, pp. 8889–8898, 2005.

[19] N. Chandrasekharan and P. Y. Kamat, “Improving the photo-
electrochemical performance of nanostructured TiO2 films by
adsorption of gold nanoparticles,” Journal of Physical Chem-
istry B, vol. 104, no. 46, pp. 10851–10857, 2000.

[20] R. Koole, P. Liljeroth, S. Oosterhout, and D. Vanmaekel-
bergh, “Chemisorption determines the photovoltage of a
Ti/TiO2/Au/dye internal electron emission photovoltaic cell,”
Journal of Physical Chemistry B, vol. 109, no. 19, pp. 9205–
9208, 2005.

[21] R. Zanella, S. Giorgio, C. R. Henry, and C. Louis, “Alternative
methods for the preparation of gold nanoparticles supported
on TiO2,” Journal of Physical Chemistry B, vol. 106, no. 31, pp.
7634–7642, 2002.

[22] X. Zhang, G. Le Pennec, R. Steffen, W. E. G. Müller, and
W. Zhang, “Application of a MTT assay for screening nutri-
tional factors in growth media of primary sponge cell culture,”
Biotechnology Progress, vol. 20, no. 1, pp. 151–155, 2004.

[23] S.-J. Kim, H.-R. Park, E. Park, and S.-C. Lee, “Cytotoxic and
antitumor activity of momilactone B from rice hulls,” Journal
of Agricultural and Food Chemistry, vol. 55, no. 5, pp. 1702–
1706, 2007.

[24] M. Friedman, K.-R. Lee, H.-J. Kim, I.-S. Lee, and N. Kozukue,
“Anticarcinogenic effects of glycoalkaloids from potatoes
against human cervical, liver, lymphoma, and stomach can-
cer cells,” Journal of Agricultural and Food Chemistry, vol. 53,
no. 15, pp. 6162–6169, 2005.

[25] V. Iliev, D. Tomova, R. Todorovska, et al., “Photocatalytic
properties of TiO2 modified with gold nanoparticles in the
degradation of oxalic acid in aqueous solution,” Applied Catal-
ysis A, vol. 313, no. 2, pp. 115–121, 2006.

[26] R. S. Sonawane and M. K. Dongare, “Sol-gel synthesis of
Au/TiO2 thin films for photocatalytic degradation of phenol
in sunlight,” Journal of Molecular Catalysis A, vol. 243, no. 1,
pp. 68–76, 2006.

[27] H. Tran, J. Scott, K. Chiang, and R. Amal, “Clarifying the role
of silver deposits on titania for the photocatalytic minerali-
sation of organic compounds,” Journal of Photochemistry and
Photobiology A: Chemistry, vol. 183, no. 1-2, pp. 41–52, 2006.



Juan Xu et al. 7

[28] V. Subramanian, E. E. Wolf, and P. V. Kamat, “Influence of
metal/metal ion concentration on the photocatalytic activity
of TiO2-Au composite nanoparticles,” Langmuir, vol. 19, no. 2,
pp. 469–474, 2003.

[29] M. Jakob, H. Levanon, and P. V. Kamat, “Charge distribution
between UV-irradiated TiO2 and gold nanoparticles: determi-
nation of shift in the Fermi level,” Nano Letters, vol. 3, no. 3,
pp. 353–358, 2003.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Inorganic Chemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal ofPhotoenergy

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Carbohydrate 
Chemistry

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Physical Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com

 Analytical Methods 
in Chemistry

Journal of

Volume 2014

Bioinorganic Chemistry 
and Applications
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Spectroscopy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Chromatography  
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Applied Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Theoretical Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Spectroscopy

Analytical Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Quantum Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Organic Chemistry 
International

Electrochemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Catalysts
Journal of


