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Au/TiO, nanocomposite particles were synthesized by a method based on intense X-ray irradiation
without adding any reducing agent or stabilizer. The nanocomposite exhibits promising photocatalytic
and biological properties at physiologically relevant concentration ([Au]=0.028 mM, [TiO,]=0.5 mM).
The structure and photocatalysis were examined by X-ray diffraction, electron microscopy and
ultraviolet-visible spectroscopy demonstrating that gold nanoparticles of 2-5 nm size were successfully
deposited on TiO, nanoparticle surfaces. The nanocomposite exhibited good colloidal stability within a
typical cellular environment and was nontoxic to cancer cell according to evaluations under controlled
conditions. The Au/TiO, nanoparticles were also found to enhance the photocatalytic efficiency of UV
radiation and even more that of X-ray radiation. In vitro studies indicated that the cell-killing effect
under X-ray irradiation is more pronounced with the addition of Au/TiO; nanoparticles than of bare TiO,
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1. Introduction

The photocatalytic efficiency of TiO, nanoparticles is an impor-
tant performance factor for their practical applications in areas such
as solar cells [1], sanitation [2] and cancer therapy [3]. This effi-
ciency can be improved by adding Au [3-5], Ag [6,7] or Pt [7,8]
to their surface. To guarantee the effectiveness of this approach,
the metal coating cannot completely cover the substrate photo-
catalytic surface and should be in the form of small nanoparticles.
The surfaces of both TiO, and of the metal nanoparticles must be
optimized to achieve maximum efficiency. This is not trivial with
solution chemistry [9,10] and gas phase condensation methods [11].

We present here the successful synthesis of such nanocom-
posites by a non-conventional X-ray irradiation method and the
characterization of the results in view of possible phototherapeuti-
cal applications. The first demonstration was for Au nanoparticles
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on TiO, nanoparticles. Au is indeed particularly interesting because
of its biocompatibility and of its enhancements of the radiation
response [12,13].

Most formation processes for the Au-TiO, nanocomposite are
based on reducing precursor gold ions on the pre-formed TiO,
nanoparticles. By adapting a recently developed one-step X-ray
irradiation synthesis method of Au nanoparticles [14-17], the Au-
TiO, nanocomposite synthesis could be achieved with no additional
reducing agent, organic solvent or stabilizer. The nanocomposite
so produced exhibits good colloidal stability and size uniformity
that enabled us to prepare high concentration solutions with high
biocompatibility and excellent colloidal dispersion.

The high intensity of synchrotron X-rays produced a synthesis
yield order of magnitude larger than other photosynthesis methods.
A detailed characterization of the nanocomposites revealed other
positive features such as the uniformity of the nanoparticle size and
of the distribution in the nanocomposite, as well as the possibility
of precise fabrication control.

In view of possible applications to radiation cancer treatment,
we analyzed the colloidal stability within the cellular environments
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Fig. 1. Scheme of our experimental setup.

and the cytotoxicity of our Au/TiO, nanoparticles. We found higher
colloidal stability and enhanced cell-killing effect with X-ray irra-
diation than that of unmodified TiO, nanoparticles and nontoxicity
up to 0.5 mM as far as the EMT-6 cell line is concerned.

Cancer treatments based on photocatalytic process were already
realized. In vivo animal studies confirmed remarkable effective-
ness [18,19]. In previous studies of photodynamic therapy (PDT),
most authors used metal oxide semiconductor materials with
ultraviolet (UV) irradiation. However, UV light is affected by seri-
ous problems: its penetration is low and it is difficult to focus.
Highly penetrating X-ray radiation is promising for the treat-
ment of cancers in deep organs without optics fibers or surgery.
Notwithstanding the potentially negative effects of a large dose,
X-rays are already widely used in standard therapeutical proce-
dures. Furthermore, we already proved that X-ray irradiation is
very effective in activating TiO, nanoparticles in solution (data not
shown).

We explored the impact of the addition of Au nanoparticles to
the TiO, surface on the photocatalytic effectiveness of both UV radi-
ation and X-rays. We found that in both cases the effectiveness is
enhanced, as demonstrated by measurement of the decomposition
of methylene blue (MB) [20].

The possibility of therapeutic applications is enhanced by the
high biocompatibility of the Au/TiO, nanoparticles and by other
factors. Note in particular the use of an aqueous solvent instead
of the organic solvents (e.g. acetonitrile or toluene) for chemical
reduction methods and the absence of reductants and stabilizers,
resulting in better compatibility for biological applications. In addi-
tion, the exposure time to obtain fully reduced Au nanoparticles
is much shorter than with conventional chemical [10] and photo-
chemical [7] approaches or even vy-ray radiation-induced synthesis
[21].

2. Experimental
2.1. Nanoparticle preparation

Au/TiO, nanoparticles were synthesized by an X-ray irradiation method sim-
ilar to our previous works [16,17], with some modifications. Typically, 0.01g of
commercial P25 TiO, (anatase phase, specific surface area 50+ 15m? g1, average
primary particle size 21 + 3 nm, purity >99.5%) were added to 10 ml of de-ionized
water to prepare a well-mixed TiO, nanosol. A well-mixed aqueous solution contain-
ing 0.02 M of gold precursor (hydrogen tetrachloroaurate trihydrate, HAuCly4-3H,0,
Aldrich) with an appropriate amount of NaOH (0.1 M) was subsequently added while
stirring. The resulting solution was then exposed to a high flux of X-ray photons at
the BLO1A beamline of the Taiwan National Synchrotron Radiation Research Cen-
ter (NSRRC)—where an unmonochromatized beam is emitted by a 4.5 T wavelength
shifter with a broad photon energy distribution from 8 to 15 keV, centered at ~12 keV
[22]. The schematic experimental setup is shown in Fig. 1. The synthesis time was

used to control the size of the Au nanoparticles and typically ranged from few
seconds to few minutes.

To evaluate the photocatalytic properties of Au/TiO, nanoparticles, analytical
grade MB was used as a model dye. 0.4ml TiO, or Au/TiO, nanosol were added
to 10ml of de-ionized water (18.2 M2 cm, Millipore, Milli-Q, MA, USA) or RPMI
medium with 10% serum mixed with MB, producing the desired concentration of the
TiO; or Au/TiO, nanosol (0.5 mM). Before irradiation, each nanosol was magnetically
stirred in the dark for 15 min to reach the adsorption/desorption equilibrium. The
photocatalytic studies were performed using X-rays from the same NSRRC beamline,
with different exposure times (5, 10, 15, 205s).

2.2. Characterization

2.2.1. Synchrotron powder X-ray diffraction (SP-XRD)

XRD measurements were implemented on the BL17A wiggler beamline of NSRRC
at the X-ray wavelength of 0.1333 nm. The diffraction signal was accumulated for
15 min and recorded by an imaging plate 0.12 m from the sample. The spectrum was
converted to the equivalent Cu Ko (1.5418 A) radiation spectrum for JCPDS indexing.
The Au/TiO, samples for diffraction were prepared by drying concentrated colloidal
solution drops overnight in a pumped dessicator. The nanocrystalline size was esti-
mated by the broadening of the diffraction peaks using Scherrer’s formula with a
K-value of 0.9.

2.2.2. Transmission Electron Microscopy (TEM)

The structure, morphology and size of nanoparticles were examined by a field
emission electron microscope (FE-TEM, JEOL, JEM-2100F) operating at 200 KV with
a LaB6 filament and with Energy Dispersive X-ray Spectroscopy (EDXS) module
including an ultra-thin window X-ray detector and an Oxford Instruments Plc. com-
puter system. The samples for TEM analysis were prepared by putting droplets of
nanoparticles containing solution on carbon-coated Cu grids and allowing them to
dry at ambient atmosphere. The size of immobilized Au nanoparticles was derived
by analyzing more than 30 particles.

2.2.3. UV-vis absorption spectra

The photocatalytic effects of TiO, and Au/TiO, nanoparticles activated by syn-
chrotron X-ray irradiation were evaluated by a UV-vis spectrometer (GBC UV-160).
The absorbance of the remaining MB in the mixture was measured at the wave-
length of 664 nm in the UV spectrum after each irradiation. The concentration of MB
was quantitatively evaluated using a calibration graph constructed using reference
solutions at different concentrations.

2.2.4. Dynamic light scattering (DLS)

The variations of the hydrodynamic size of colloidal TiO, and Au/TiO, nanosols
in DI water or in an RPMI (Royal Park Memorial Institute culture medium, Gibco)
medium containing 10% fetal bovine serum (FBS) were monitored during up to 4h
by a DLS size analyzer (Horiba L-500, Horiba Inc., Japan). 0.4 ml of TiO; or Au/TiO;
nanosol were added to 10 ml of water or medium producing the 0.5mM TiO, or
Au/TiO, nanosol.

2.3. Cell culture and MTT assay
EMT-6 cells were cultured in RPMI (GIBCO) medium containing 10% FBS,

1% antibiotics (penicillin at 100Uml~! and streptomycin at 100 wgml-') and
L-glutamine at 37°C in a humidified 5% CO, incubator. For MTT assay, MTT
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Fig. 2. SP-XRD diffraction patterns of anatase TiO, nanoparticles and pure Au
nanoparticles, as well as synthesized Au/TiO, nanoparticles particles for X-ray expo-
sure times of 5, 10 and 15 min.
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Fig. 3. TEM images of synthesized Au/TiO, nanoparticles for different X-ray exposure times. Labels: (a) 1 min, (b) 5 min, (c) 10 min, and (d) 15 min.

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl blue,
Sigma-Aldrich, USA) reagent was dissolved in phosphate buffered saline (PBS, pH
7.4) and filtered through a 0.22 pm filter. EMTs were seeded within 24-well culture
dishes before nanoparticle treatment. After seeding the cells for 24 h, the desired
concentrations of TiO, or Au/TiO, nanosol were obtained and retained for 1h, then
washed with fresh medium, further incubated for 24 h, and subsequently used for
the MTT assay. MTT solution was added to each well and incubated for 3-4 h.

Cellular reduction of MTT produces an insoluble, purple formazan. At the end
of the incubation period the formazan crystals were dissolved in dimethyl sulfoxide
(DMSO) and the absorbance at 570 nm was measured with a standard micro plate
reader (Sunrise, Tecan, Switzerland). The quantity of formazan crystals as measured
by the absorbance at 570 nm is directly proportional to the number of living cells
in the culture. The relative cell viability (%) was calculated as [Alest/[Alcontror X 100,
where [Alest is the absorbance of the sample with gold nanoparticles and [A]control iS
that of the control sample without nanoparticles. Each experiment was performed
three times. The cells thus prepared were irradiated by the monochromatized X-ray
beam (6.5 keV in photon energy) obtained by appropriately tilting a single crystalline
silicon wafer (1 00) with respect to the incident white X-rays at the BLO1A beamline
of NSRRC. The total dosage was measured [20], but we cannot exclude effects from
a relatively small fraction of X-rays that are of higher energy and due to higher
harmonics emission.

3. Results and discussion
3.1. Characterization of Au/TiO, nanoparticles
Detection of low intensity of diffraction signals from nanopar-

ticles is challenging with a conventional powder X-ray diffrac-
tometer, but easier with the high flux and high brightness of a

synchrotron X-ray source. Fig. 2 shows X-ray diffraction patterns
of Au, TiO, and Au/TiO; nanoparticles for different exposure times
(15, 10, and 5 min). The results demonstrate the desired structure
and phase purity of the Au, TiO,, and Au/TiO, nanoparticles.

The average Au particle size was derived from the broadening
of the Au (11 1) reflection peak, obtaining 1.11, 0.98 and 0.83 nm
for different Au/TiO, samples after X-ray exposure during 5, 10 and
15 min; the results suggest a decreasing trend. The average particle
size of TiO, derived from the (101) TiO, reflection peak was the
same (24-26 nm) for all the samples.

Note that whereas the accuracy of the XRD derivation of
nanoparticle sizes is questionable, the statistical value for the
overall nanocomposites is good. TEM was also used to confirm
the size distribution and morphology of the Au nanoparticles.
Fig. 3 shows a typical set of TEM images of Au/TiO, samples after
drying in solution. These images confirm that the Au nanopar-
ticles are uniformly formed on the TiO, surface. A short X-ray
exposure time (1 and 3 min for Fig. 3(a) and (b)) leads to larger
gold nanoparticles than a long one (10 and 15 min for Fig. 3(c)
and (d)), consistent with the XRD results. The size of the Au
nanoparticles was estimated to be 2-5 nm depending on the X-ray
exposure time. For example, according to the TEM image processing
analysis the size of the Au nanoparticles for 1 min X-ray expo-
sure was 4.58 +1.06 nm, while for 15 min X-ray exposure it was
2.59 £+ 0.88 nm. Au nanoparticles in this range exhibit high catalytic
activity [23].
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Fig. 4. Atomic ratio of Au/Ti for Au/TiO, nanoparticles as a function of the X-ray
exposure time derived from TEM-EDXS analysis.

We also found that an increase in the irradiation time leads to
a larger amount of Au nanoparticles on the TiO, surface. Semi-
quantitative measurements were performed with EDXS and shown
in Fig. 4. The average compositions were determined with three
independent measurements. The atomic ratio of Au/Ti in synthe-
sized Au/TiO, nanoparticles after X-ray exposure for 1, 5, 10 and
15 min were 0.010, 0.012, 0.019, and 0.050. Thus, the amount of Au
nanoparticles on the TiO, was found to increase with the expo-
sure time. In the following discussions, unless otherwise noted,
“Au/TiO,"” refers to the particles formed with the optimum X-ray
irradiation time of 15 min.

3.2. Comparison of the photocatalytic activity of TiO, and
Au/TiO, nanosols

In view of the possible use for cancer treatment, the photocatal-
ysis effectiveness of Au/TiO, nanoparticles with physiologically
relevant concentration was investigated. The X-ray and UV pho-
tocatalytic enhancement induced by the Au nanoparticles was
examined by UV-vis spectrometer. Fig. 5 shows the visible light
MB spectral changes in the de-ionized water in the presence of TiO,
nanosol or X-ray synthesized Au/TiO, nanosol (the initial concen-
tration was TiO, =0.5 mM; Au/TiO; =0.028 mM/0.5 mM) after UV
irradiation with a wavelength of 254 nm for 30 and 60 min. The

5
a. Pure MB without UV irradiation
b. TiO2 nanosol after UV irradiation for 30min
44 c. TiO2 nanosol after UV irradiation for 60min
o d. Au/TiO2 nanosol after UV irradiation for 30 min
g 34 e. Au/TiO, nanosol after UV irradiation for 60min
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Fig. 5. Absorption spectral MB changes in the presence of TiO, or Au/TiO,
(Au/Ti=0.050) nanoparticles in de-ionized water. The initial concentrations were:
MB =0.25 mM; TiO, = 0.5 mM; Au/TiO; =0.028 mM/0.5 mM.

3.0
2.54 0
5
10
8 29 15
20
©
_e 154 sec
[+3
3
< 10-
0.54
0.0
I

500 550 600 650 700 750 800
Wavelength (nm)

Fig. 6. Absorption spectral MB changes in the presence of TiO, nanoparticles in de-
ionized water as a function of the X-ray irradiation time. The initial concentrations
were: MB=0.25mM; TiO; =0.5 mM.

decrease in the absorbance at 664 nm reflects the MB degradation
resulting from the photon-induced decomposition effect and can
be used to evaluate the photocatalytic activity [4]. This clearly indi-
cates that our Au/TiO, nanosols strongly enhance the photocatalytic
MB decomposition compared to pure TiO5.

Single metal oxide semiconductor nanoparticles exhibit in
general relatively poor photocatalytic effectiveness. This was
attributed to the fact that most photogenerated charge carri-
ers undergo recombination immediately after being generated
and are therefore unable to contribute to photocatalysis. There-
fore, the Au nanoparticle enhancement of photocatalysis can
be explained by assuming that such nanoparticles act as elec-
tron traps and promote electron-hole separation [9,24]. The
electrons then transfer to adsorbed O, acting as electron accep-
tor to form reactive oxygen radicals finally leading to the MB
decomposition.

Effects similar to those for UV radiation were also found for syn-
chrotron X-rays. Fig. 6 shows the visible light spectral changes of MB
in de-ionized water in the presence of 0.5 mM of TiO, nanosol after
different X-ray irradiations. Similar results were obtained when the
TiO, nanosol was replaced with Au/TiO, nanosol (data not shown).
The photodegradation ratio C/Cy (C=remaining methylene blue
concentration; Cg = initial concentration) was derived from the nor-
malized 664 nm peak heights and the results are shown in Fig. 7(a).
Compared to the pure TiO, nanosol, the Au/TiO, nanosol exhibits a
slight increase (~5%) of the MB photodegradation in the de-ionized
water after X-ray irradiation for 20s. Similar results are shown in
Fig. 7(b) after replacing the de-ionized water with the medium.
The Au/TiO, nanoparticles in the cell culture medium exhibited
a larger enhancement (~11%) compared to de-ionized water after
X-ray irradiation. The causes of this difference are still under inves-
tigation.

3.3. Colloidal stability analysis and cytotoxicity assay

Good colloidal stability within cellular environments is criti-
cal for investigating the interactions between nanoparticles and
cells. The evolution of the hydrodynamic size of TiO, and Au/TiO;
nanosols in the RPMI medium or de-ionized water was monitored
during up to 4h by dynamic light scattering and the results are
summarized in Table 1. For suspensions in distilled water, the initial
average hydrodynamic size of the Au/TiO, nanosol was 225.3 nm,
which is almost the same as that of the TiO, nanosol (239.1 nm).
The average hydrodynamic size of TiO, nanoparticles increased
to ~ 342.5nm after 4h of incubation; on the contrary, no such
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Fig. 7. Photocatalytic MB degradation for TiO, and Au/TiO; (Au/Ti=0.050) nanopar-
ticles in (a) de-ionized water and (b) cell culture medium, as a function of the X-ray
irradiation time. The initial concentrations were: MB=0.25mM; TiO, =0.5 mM;
Au/TiO, =0.028 mM/0.5 mM.

increase was observed for Au/TiO, nanoparticles whose average
size remained almost unchanged (246.2 nm).

For suspensions in cell culture medium, the initial average
hydrodynamic size of TiO, and Au/TiO, nanoparticles (487.2 and
318.7 nm) was large compared to distilled water. The TiO, nanopar-
ticle size increased significantly to 635.1 nm after 4 h of incubation,
whereas the growth was more limited for Au/TiO, nanoparticles
(341 nm). All these results indicate that the colloidal stability of
Au/TiO, nanosol is much better than pure TiO, nanosol both in
distilled water and in the cell culture medium. The size increase
of nanoparticles in the cell culture medium can be explained by
protein absorption [25].

Table 1

Hydrodynamic particle mean size for TiO, and Au/TiO, (Au/Ti=0.050) nanosols
derived from dynamic light scattering results; condition: MB=0.25mM;
TiO, = 0.5 mM; Au/TiO; =0.028 mM/0.5 mM.

Suspension Actual mean particle

size in suspension (nm)

Incubating time

Oh 4h
TiO; in DI water 225.3 342.5
TiO, in medium 487.2 635.1
Au/TiO; in DI water 239.1 246.2
Au/TiO, in medium 318.1 341
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Fig. 8. Cytotoxicity of Au/TiO; (Au/Ti=0.050) nanoparticles for the EMT-6 cell line
in the dark and after X-ray irradiation for 5 min.

The cytotoxicity of Au/TiO, nanosols for EMT-6 cells was once
again assessed by MTT assay. Fig. 8 clearly demonstrates that the
introduction of Au/TiO, nanoparticles did not affect the mito-
chondrial function and revealed no cytotoxicity (up to 0.5 mM). In
addition, the enhanced cell killing by adding Au nanoparticles to the
TiO, surface after X-ray exposure could also be observed. For exam-
ple, after 5 min X-ray exposure, the viability was 43.8 and 38.7% for
the cell treated with TiO, nanoparticles and Au/TiO, nanoparticles.

4. Conclusion

We presented an X-ray radiation synthesis/reduction method
that requires no additional reducing agent and no stabilizers to pro-
duce well dispersed Au/TiO, nanocomposites in aqueous solutions.
Gold nanoparticles with controlled size (2-5nm) were uniformly
produced on the surfaces of anatase TiO, nanoparticles. The result-
ing Au/TiO, nanoparticles are more effective photocatalysts during
X-ray irradiation than unmodified TiO, nanoparticles at physio-
logically relevant concentrations. In addition, the Au/TiO, nanosol
exhibits sufficient colloidal stability in a cellular environment and
is nontoxic with respect to the EMT-6 cell line. Moreover, the
enhancement of X-ray irradiation-induced cancer cell-killing effect
by Au/TiO, nanoparticles is more pronounced to that of bare TiO,
nanoparticles. These findings could possibly lead to the use of
Au/TiO, nanoparticles for enhanced radiotherapy.
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