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Recently, our group discovered an alternative titanium dioxide (TiO2) activation method that uses ultra-
sound irradiation (US/TiO2) instead of ultraviolet irradiation. The pre-S1/S2 protein from hepatitis B virus,
which recognizes liver cells, was immobilized to the surface of TiO2 nanoparticles using an amino-cou-
pling method. The ability of the protein-modified TiO2 nanoparticles to recognize liver cells was con-
firmed by surface plasmon resonance analysis and immuno-staining analyses. After uptake of TiO2

nanoparticles by HepG2 cancer cells, the cells were injured using this US/TiO2 method; significant cell
injury was observed at an ultrasound irradiation intensity of 0.4 W/cm2. Together with these results, this
strategy could be applied to new cell injuring systems that use ultrasound irradiation in place of photo-
dynamic therapy in the near future.

� 2010 Elsevier Ltd. All rights reserved.
Titanium dioxide (TiO2) is a photocatalyst and reactive oxygen
species (ROS) can be generated on the surface of TiO2 by ultraviolet
irradiation (k <390 nm).1,2 Because ROS strongly catalyze reactions
that result in degradation of many harmful chemicals, the killing of
microorganisms,3,4 and injury of mammalian cells,5,6 TiO2 has been
used as a photocatalyst in sanitization processes to maintain clean
environments in hospitals.7 Recently, our group discovered an
alternative TiO2-activation method that uses ultrasound irradiation
(US/TiO2) instead of ultraviolet irradiation.8 The US/TiO2 method
produced an OH radical upon combination with methylene blue—a
typical substrate for photocatalytic reactions—and other various
radical scavengers. Although ultrasound irradiation in aqueous
media is known to produce various ROS, including OH radicals and
superoxide anion oxygen radicals (O�2 ), it was assumed that produc-
tion of ROS, including OH radicals, was enhanced using the US/TiO2

method. Furthermore, production of ROS using the US/TiO2 method
with pellet-type TiO2, such as ceramics, had been previously ap-
plied to chemical degradation8–10 and to killing microorganisms
such as an Escherichia coli11,13 and Legionella strains.12 The advan-
tage of the US/TiO2 method over the typical photo-excitation and
ultraviolet irradiation methods is that it can be used on non-trans-
parent media. Because sound waves generated by ultrasound can
All rights reserved.
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transmit through non-transparent media, TiO2 located within
non-transparent media, such as the human body, can be activated
by ultrasound, but not by photo-excitation or ultraviolet radiation.

Photodynamic therapy (PDT) is well-known as a novel approach
to cancer treatment based on the produced ROS. Typical PDT is car-
ried out using the combination of a photosynthesizer, such as por-
phyrin IX, and an activator, typically a laser. PDT works by
producing ROS that result in cell injury or death. However, the appli-
cation of PDT is limited to the laser-irradiated area, so the clinical use
of PDT has been restricted to cases of skin cancer.14,15

Because the ROS generated on the surface of TiO2 have very short
half-lives,16 a large portion of the ROS disappear during diffusion in
aqueous media without participating in any cell injuring or killing.
Therefore, delivery of TiO2 nanoparticles to specific target tissues
is required for effective cell injuring using the US/TiO2 method. How-
ever, TiO2 has no cell-recognition potential. Moreover, the OH resi-
dues on the surface of TiO2 nanoparticles easily associate with
each other at neutral pH, resulting in aggregation of nanoparticles.17

After aggregation occurs, the nanoparticles are no longer able to
transfer into blood and therefore have no adaptation to clinical util-
ity. Sonezaki et al. constructed TiO2 nanoparticles that remained in
suspension at neutral pH by surface modification of the nanoparti-
cles with polyacrylic acid (PAA) at high temperature.18 Because the
dissociation constant of the carboxylic acid group of PAA is approx-
imately pKa = 4.0,19 the carboxylic acid group of PAA can dissociate
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Table 1
Average particle size of GST-GFP-pre-S1/S2-modified TiO2 nanoparticles

Particle type Average size (nm)

PAA-TiO2 102
GST-GFP-pre-S1/S2 immobilized TiO2 (immediately) 120a

GST-GFP-pre-S1/S2 immobilized TiO2 (after 1 day) 136a

GST-GFP-pre-S1/S2 immobilized TiO2 (after 2 days) 174a

a The particle size distribution analysis was performed after re-suspension in
DMEM.
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into anionic ion in neutral pH solution, and these electric charge as-
sist of stable formation of TiO2 nanoparticle. In addition, the carbox-
ylic acid group of PAA allows an immobilization of proteins to the
nanoparticles via covalent bond with amino groups.

Therefore, based on the concept of ROS utilization in cancer
therapy, in sanitation, and in methods of modifying TiO2 nanopar-
ticles, the purpose of the present study was to apply the US/TiO2

method to mammalian cell killing or injuring via ROS production.
To achieve this goal, the ability of protein-modified TiO2 nanopar-
ticles targeted to specific tissues was investigated. In particular, the
pre-S1/S2 protein, which is part of the L protein from hepatitis B
virus20 and recognizes hepatocytes, was immobilized on the
surface of TiO2 nanoparticles. Subsequently, the ability of the
protein-modified TiO2 nanoparticles to produce OH radicals was
investigated.

Escherichia coli BL21(DE3) (Merck KGaA Novagen, Darmstadt,
Germany) was used for the recombinant protein expression. The
plasmids, pGEX-GFP-pre-S1/S2 and pGEX-GFP,21 were used for
production of the fusion recombinant proteins, GST-GFP-pre-S1/
S2 and GST-GFP, respectively. Using the production of GST-GFP-
pre-S1/S2 as an example, a single colony of the transformant, har-
boring the pGEX-GFP-pre-S1/S2 plasmid, was inoculated into a test
tube containing 3 ml of LB medium [1% (w/v) tryptone, 0.5% (w/v)
yeast extract and 0.5% (w/v) NaCl] supplemented with 100 lg/ml
ampicillin and incubated at 37 �C for 8 h with shaking (200 rpm).
The culture medium (1 ml) was then seeded into a flask containing
200 ml LB medium with 100 lg/ml ampicillin, and incubated at
37 �C for approximately 3 h. When the absorbance at 600 nm of
the culture medium reached 1.0 by spectrophotomer (U-3000,
Hitachi, Tokyo, Japan), the cultivation temperature was decreased
to 17 �C and IPTG was added to the culture medium at a final con-
centration of 0.1 mM for inducing of recombinant protein produc-
tion. After 12 h of incubation, the cells were collected by
centrifugation at 10,000g for 10 min, rinsed twice with running
buffer (20 mM Hepes buffer (pH 8.0)), and suspended in 30 ml of
running buffer containing 100 lg/ml PMSF as a protease inhibitor.
The cytoplasmic fraction was extracted by ultrasonication on ice
for 5 min (output = 100 W, duty = 40%, frequency = 20 kHz), and
the supernatant was collected by centrifugation at 10,000g for
10 min. The pellet containing the inclusion body fraction was
washed twice with 10 ml of wash buffer (20 mM Hepes, 0.5%
(v/v) Triton X-100, and 1 mM EDTA, pH 8.0), re-suspended with
folding buffer (20 mM Hepes, 1 mM DTT, and 1 mM EDTA) contain-
ing 8 M urea, and incubated at room temperature for 1 h. After cen-
trifugation, the supernatant containing the denatured recombinant
protein was dialyzed with folding buffer containing 4 M urea for
3 h at 4 �C. Subsequently, the supernatant was dialyzed with fold-
ing buffer containing 2 M urea for 3 h at 4 �C, and then dialyzed
with folding buffer overnight at 4 �C. The sample then was centri-
fuged at 10,000g for 10 min, and the supernatant containing the
recombinant GST-GFP-pre-S1/S2 protein was immobilized on
PAA-TiO2 nanoparticles as follow: Polyacrylic acid-modified TiO2

particles (PAA-TiO2, average diameter of 102 nm) were constructed
as previously described18 using a MPT-422 TiO2 suspension
(Ishihara Sangyo Kaisha, Ltd, Osaka, Japan) as the starting material.
GST-GFP-pre-S1/S2 and GST-GFP were immobilized onto the sur-
face of the TiO2 nanoparticles by chemical coupling at the carboxyl
residue. The PAA-TiO2 suspension (1.5% (w/v), 2.5 ml) was gently
mixed with 0.5 ml of activating solution (0.2 M 1-ethyl-3(3-
dimethyl-aminopropyl)carbodiimide hydrochloride (ECD) and
0.05 M N-hydroxy succinimide (NHS)), and the mixture was incu-
bated at room temperature for 1 h. Then, the PAA-TiO2 suspension
was applied to a PD-10 column (GE Healthcare Bio-Science AB,
Uppsala, Sweden) to exchange the buffer solution for 20 mM
HEPES buffer (pH 8.0), and remove un-reacted ECD and NHS. An
eluted sample (3.5 ml) of the activated PAA-TiO2 suspension was
mixed with 2.5 ml of the recombinant protein solution (approxi-
mately 1–2 mg/ml), and the mixture was incubated at 4 �C over-
night. Subsequently, 1.0 ml of 0.1 M ethanolamine solution was
added to block activated carboxyl residues and the mixture was
incubated at 4 �C for an additional 30 min. The reacted mixture
was separated using size exclusion chromatograph equipped with
a AKTA FPLC (GE Healthcare Bio-Science AB, Uppsala, Sweden). In
detail, 2.0 ml of sample was subjected to a Sephacryl S-500 HR col-
umn (16 � 300 mm, total bed volume 64 ml (GE Healthcare Bio-
Science AB, Uppsala, Sweden)) that had been pre-equilibrated with
20 mM HEPES buffer (pH 7.4). Elution was performed with 0.5 ml/
ml, and a sample was collected every 8 min (4 ml/tube). The size
distribution of the protein-modified TiO2 nanoparticles in each
fraction was measured using a high performance particle sizer
(HPP5001, Sysmex, Kobe, Japan). Immobilization of the recombi-
nant protein on the TiO2 nanoparticles was confirmed by surface
plasmon resonance (SPR) analysis and sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS–PAGE). The weight of
the TiO2 particles was determined by the difference in particle
weight before and after drying at 650 �C for 30 min. SPR analysis
of the protein-modified TiO2 nanoparticles was carried out using
a BIACORE2000 (Biacore Life Sciences, Uppsala, Sweden). Anti-
pre-S1 protein (80 ll) monoclonal antibody (0.5 mg/ml, Institute
of Immunology Co., Ltd, Tokyo, Japan) was immobilized onto the
CM-5 chip by chemical coupling with EDC and NHS according to
the manufacturer’s instruction manual. The interaction between
GST-GFP-pre-S1/S2 protein-modified TiO2 nanoparticles and the
antibody was analyzed. The interactions of BSA-modified and
unmodified TiO2 nanoparticles with the antibody also were
analyzed. In addition, for topographic observation of TiO2 nanopar-
ticles using atomic force microscopy (AFM), 10 ll of GST-GFP-pre-
S1/S2 protein-modified TiO2 nanoparticle suspension (0.002 (%)
(w/v)) was dropped onto a cover glass (Matsunami, Japan) and
dried under an air atmosphere. The topographic observation and
average particle size analysis were performed using the dynamic
force mode of AFM (SPA400 equipped with Nanonavi computer
station, SIINT, Tokyo, Japan) with SI-DF20 as a cantilever.

Recombinant GST-GFP-pre-S1/S2 protein was recovered from
the inclusion body fraction of cultivated transformant E. coli and
refolded to form the soluble protein by dialyzing with folding buf-
fers containing graded concentrations of urea (8 M to 0 M). The
recovered sample was confirmed to be a single protein, approxi-
mately 72 kDa in size, by SDS–PAGE analysis (data not shown),
and the purified protein concentration was estimated to be
2.98 mg/ml using the Bradford method. The GST-GFP-pre-S1/S2
protein was immobilized on the surface of the TiO2 nanoparticles
(average diameter 102 nm, see Table 1) by chemical coupling be-
tween the terminal amino group of the protein and the terminal
carboxyl group of polyacrylic acid. The protein-modified TiO2

nanoparticles were purified by size exclusion chromatography.
The protein-modified TiO2 nanoparticle suspended in 20 mM
HEPES buffer was eluted in the void fraction and was completely
separated from the unbound free protein (data not shown). The
protein-modified TiO2 nanoparticle suspension was stable in cul-
ture medium for at least 2 days (Table 1), although there was slight
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particle aggregation after static incubation at 4 �C. Furthermore,
AFM analysis of GST-GFP-pre-S1/S2-modified TiO2 nanoparticles
showed protein-modified TiO2 nanoparticles were of similar diam-
eter (Fig. 1), and the average particle size based on topographic
measurements was estimated to be 152 nm (data not shown). Each
evaluation result was well agreed, and strongly indicated that the
protein-modified TiO2 nanoparticle form 100 to 150 nm scale size
nanoparticle without particle aggregation. The molecular interac-
tion between the anti-preS1 antibody and the protein-modified
TiO2 nanoparticles was investigated using a SPR sensor. First, a
solution of free GST-GFP-pre-S1/S2 protein was applied to a
CM-5 chip coated with anti-pre-S1 antibody equipped with
BIACORE2000 (Fig. 2A). The resonance unit was increased in a
dose-dependent manner and the antibody immobilized on the chip
recognized pre-S1 protein. Next, GST-GFP-pre-S1/S2-modified TiO2

nanoparticles were applied to the same chip (Fig. 2B). Although the
immobilized protein concentration of the TiO2 nanoparticle sus-
pension was 0.8 lM, a significant interaction was observed. As a
control, TiO2 nanoparticles were modified with the same concen-
tration of bovine serum albumin (BSA); there was no significant in-
crease in the resonance unit. Therefore, it was concluded that the
GST-GFP-pre-S1/S2 protein was covalently bound by chemical cou-
pling to the surface of the TiO2 nanoparticles without any denatur-
ation of the protein.

Human hepatoma HepG2 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM, Nakarai Tesqu, Kyoto, Japan), sup-
plemented with 10% (v/v) fetal bovine serum (FBS; Invitrogen GIB-
CO, Carlsbad, CA, USA), 60 lg/ml penicillin (Nakarai Tesqu, Kyoto,
Japan), and 100 lg/ml streptomycin (Nakarai Tesqu, Kyoto, Japan).
The cells were maintained at 37 �C and under a 5% CO2 atmo-
sphere. Approximately 2 � 105 HepG2 cells, counted by hematom-
eter, suspended in 2 ml DMEM were seeded in 35-mm culture
dishes and incubated for 24 h. Then, the recombinant protein-
modified TiO2 nanoparticles suspension were added to the culture
medium at a final concentration of 0.01% (w/v) (=0.1 g/l) of TiO2

and cultured for an additional 6 h because it was reported about
the complete uptake of BNC was attained within 6 h in HepG2.20

After additional cultivation, the culture dishes were washed twice
with 500 ll of PBS(�) buffer. To immobilize the cells, 500 ll para-
formaldehyde (PFA) solution (4%) was added to the dish, followed
Figure 1. Topographic observation of GST-GFP-pre-S1/S2-modified TiO2 nanopar-
ticles using AFM. Scale bar indicates 50 nm.
by incubation at room temperature for 15 min. After removal of the
PFA solution, cells were permeabilized with 500 ll of 0.25% (w/v)
Triton X-100 in PBS(�) buffer for 15 min. Then, the primary
antibody solution (500 ll of 1 lg/ml anti-pre-S1 or 4.4 lg/ml
anti-GFP monoclonal antibody (Nakarai Tesqu, Kyoto, Japan)) in
PBS(�) buffer was added to the dish, followed by an overnight
incubation at 4 �C. After washing three times with 0.03% (w/v) Tri-
ton X-100 in PBS(�) buffer, the secondary antibody solution
(500 ll, 4 lg/ml Alexa Fluor 555 goat anti-mouse IgG antibody
(Invitrogen, Carlsbad, CA, USA)) was added to the dish, followed
by incubation at room temperature for 1 h. After washing three
times with 0.03% (w/v) Triton X-100 in PBS(�) buffer, uptake of
protein-modified TiO2 nanoparticles by HepG2 cells was observed
using a fluorescent microscope (BZ-8000, KEYENCE, Osaka, Japan).
After incubation of HepG2 cells with protein-modified TiO2 nano-
particles for 6 h, the uptake of TiO2 nanoparticles was observed
by fluorescent microscopy (Fig. 3). Cell morphology was un-
changed by incubation with TiO2 nanoparticles (Fig. 3A, C, G, and
I) or with free protein (Fig. 3B and H). Free GST-GFP-pre-S1/S2 pro-
tein recognized HepG2 cells, and its clearance was nearly complete
after a 6-h incubation period (Fig. 3E and K). The uptake of GST-
GFP-pre-S1/S2-modified TiO2 nanoparticles also was observed by
staining with anti-preS1 and anti-GFP monoclonal antibodies
(Fig. 3D and J). The fluorescence signal was observed proximal to
the cell membrane. The GST-GFP-pre-S1/S2-modified TiO2 nano-
particles appeared to adhere to the cell membrane, but did not
translocate into the cytosol fraction. As a negative control, the
uptake of GST-GFP-modified TiO2 nanoparticles also was investi-
gated (Fig. 3F and L); there was no evidence of GST-GFP-modified
TiO2 nanoparticle uptake. In addition, there was no evidence of
non-specific endocytosis of TiO2 nanoparticles by HepG2 cells
(Fig. 3L). Based on these observations, it was assumed that the
GST-GFP-pre-S1/S2-modified TiO2 nanoparticles specifically recog-
nized the HepG2 cells.

Aminophenyl fluorescein (APF, Daiichi Pure Chemicals Co., Ltd,
Tokyo, Japan) was used to quantify OH radicals. The APF solution
(1 lM) was prepared with PBS(�) buffer. APF solution (2 ml) was
added to each dish, and subsequently, protein-modified TiO2 nano-
particles were added at a final concentration of 0.01% (w/v). Then,
each dish was irradiated with high frequency ultrasound (1 MHz)
at intensity varied between 0 and 2.0 (W/cm2) for 30 s. The amount
of fluorescein generated from the reaction of APF with OH radicals
was measured using a multi-well plate reader CytoFluor 4000 (Ap-
plied Biosystems, Foster City, CA, USA) at an excitation wavelength
of 490 nm and an emission wavelength of 515 nm. OH radical gen-
eration from both rutile and anatase TiO2 particles using ultra-
sound irradiation has been confirmed.8 This method has been
established for killing of various microorganisms, such as E. coli
and Legionella.11–13 Based on these previous findings and on the
targeting potential of protein-modified TiO2 nanoparticles, effec-
tive cell injuring using the combination of ultrasound irradiation
and TiO2 nanoparticles was investigated. First, the OH radical gen-
eration ability of TiO2 nanoparticles in the absence of cultured cells
was measured by high frequency ultrasound irradiation (1 MHz)
(Fig. 4). Although ultrasound irradiation itself has OH radical-gen-
erating potential, the additional PAA-TiO2 nanoparticles enhanced
OH radical production 1.3–1.5-fold at intensity of 0.4 W/cm2. In
addition, the capacity of protein-modified TiO2 nanoparticles to
generate OH radicals exhibited the same response (data not
shown). Therefore, it was assumed that PAA-TiO2 nanoparticles
had the potential to generate OH radicals.

For evaluating of cell injury resulting from the combination of
TiO2 nanoparticles and ultrasound irradiation, after incorporating
protein-modified TiO2 nanoparticles, HepG2 cells were washed
three times with fresh DMEM (2 ml) and were then re-suspended
in 2 ml DMEM. Ultrasound irradiation was performed as follows:



Figure 3. Immuno-staining of HepG2 for uptake of GST-GFP-pre-S1/S2-modified TiO2 nanoparticles. The uptake of GST-GFP-prs-S1/S2-modified TiO2 nanoparticles (A, D, G, J),
free GST-GFP-pre-S1/S2 protein (B, E, H, K) and GST-GFP-modified TiO2 nanoparticles (C, F, I, L) was confirmed by fluorescent microscopy after staining with anti-preS1
monoclonal antibody (A–F) and anti-GFP monoclonal antibody (G–L), respectively. Phase-contrast images are shown in panels A–C and G–I and fluorescent images are
presented in panels D–F and J–L. Each scale bar indicates 50 lm.

Figure 2. Confirmation of GST-GFP-pre-S1/S2 immobilization on the surface of TiO2 nanoparticles. The sensorgram of free GST-GFP-pre-S1/S2 (A) and GST-GFP-pre-S1/S2-
modified TiO2 nanoparticles (B) using anti-preS1 antibody was analyzed using BIACORE2000.
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frequency, 1 MHz; duty, 50%; and, irradiation time, 30 s. After irra-
diation, lactose dehydrogenase (LDH) activity leaked from dam-
aged cells into the culture medium was measured using a
CytoTox-One homogeneous membrane integrity assay kit (Prome-
ga, Madison, WIS, USA). In brief, the fluorescence intensity of the
final product, resorufin, which is produced by a sequential reaction
involving LDH, was measured using a multi-well plate reader,
CytoFluor 4000, at an excitation wavelength of 560 nm and an
emission wavelength of 590 nm. Cell-injury was performed using
the US/TiO2 method and cell damage was monitored by measuring
the amount of LDH that leaked out of the cell (Fig. 5). At 0.6 W/cm2,
the fluorescent intensities, which were indicative of leaked LDH,
were saturated in each experimental condition; therefore, it was
assumed that most cells were killed. In contrast, there were no sig-
nificant differences among the three conditions at intensity of
0.2 W/cm2. Therefore, this irradiation intensity was deemed
insufficient for significant cell injury, as OH radicals were not gen-
erated under this condition (Fig. 4). At an irradiation intensity of
0.4 W/cm2, LDH leakage was subsequently increased by addition
of TiO2 nanoparticles, and LDH activity was saturated in the



Figure 4. Measurement of OH radical generation by modified TiO2 nanoparticles as
a result of high frequency ultrasound irradiation. Generation of OH radicals was
measured using ultrasonic irradiation with PAA-TiO2 (open box) and without any
particle (close diamond). Data are the mean of six independent experiments, and
the error bar indicates the standard deviation.

Figure 5. Membrane injury in HepG2 cells as a result of the combination of TiO2

nanoparticles and ultrasound irradiation. LDH leaked from cells as a result of
membrane injury was measured. Data are the mean of seven independent
experiments, and the error bar indicates the standard error. *Significant difference
between groups (p <0.05, one-way ANOVA).
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presence of GST-GFP-pre-S1/S2-modified TiO2 nanoparticles. Based
on these results, it was assumed that TiO2 nanoparticles localized
to HepG2 cells as a result of the pre-S1/S2 protein-enhanced OH
radical generation, thereby injuring the cells.

The PAA-TiO2 nanoparticles were approximately 100 nm in
diameter; protein-modification increased particle diameter (Table
1). The increment in diameter was 20 nm, and it was assumed that
the increased length was equivalent to the sum of the diameters of
two protein molecules, as immobilized protein covered the TiO2

nanoparticles in a single layer. Based on the theory of Flory, the
diameter of GST-GFP-pre-S1/S2 was estimated to be 7 nm;22 there-
fore, the increased diameter of the nanoparticles was consistent
with this theoretical estimate. The number of protein molecules
immobilized on each TiO2 nanoparticle was estimated to be 420
using the following parameters: average diameter of each TiO2

nanoparticle, 100 nm; protein concentration of GST-GFP-pre-S1/
S2, 64 mg/L; TiO2 nanoparticle concentration, 3 g/L; specific gravity
of TiO2 nanoparticles, 4.5 g/cm3; and, the putative globule diameter
of GST-GFP-pre-S1/S2 protein, 10 nm. The theoretical values for
these parameters were as follows: number of protein molecules
per nanoparticle, approximately 440; putative globule protein
diameter, 10 nm; and, nanoparticle diameter, 100 nm. Applying
these theoretical values to TiO2 nanoparticles covered with a single
layer of protein molecules, there was good agreement between the
measured and theoretical number of protein molecules per nanopar-
ticle. The theoretical estimates suggest that the surface of TiO2 nano-
particles was completely covered with protein molecules.

The GST-GFP-pre-S1/S2 protein displayed on the surface of the
TiO2 nanoparticles was recognized by the anti-preS1 antibody
(Fig. 2B), and allowed the nanoparticles to be localized to the
HepG2 cells (Fig. 3D and J). Moreover, the protein-modified TiO2

nanoparticles were capable of OH radical generation even though
the particle surface was covered with protein (Fig. 4). Based on
these results, it was concluded that the protein-modified TiO2

nanoparticles have a dual function: targeting TiO2 nanoparticles
to specific cells and generating OH radicals that result in cell injury.
The GST-GFP-pre-S1/S2-modified TiO2 nanoparticles were local-
ized in the vicinity of the cell membrane (Fig. 3D and J), while
the free GST-GFP-pre-S1/S2 protein translocated to the cytosol
(Fig. 3E and K). Although the fusion between hepatitis B virus
and liver cells was complete after 6 h in a previous study,20 only
partial fusion occurred between the nanoparticles and HepG2 cells
in this study. Therefore, it was assumed that the protein-modified
nanoparticles cannot be cleared by endocytosis.

Ultrasound irradiation at intensity of 0.4 W/cm2 and a fre-
quency of 1 MHz to HepG2 cells that had incorporated TiO2 nano-
particles resulted in cell damage (Fig. 5). The number of OH
radicals generated in the presence of TiO2 nanoparticles at 0.4 W/
cm2 was equivalent to that at 0.6 W/cm2 in the absence of TiO2

nanoparticles (Fig. 4). Therefore, it was assumed that cell damage
could be induced by these OH radical concentrations, regardless
of the experimental conditions. Because the high ultrasound irradi-
ation intensity could be damage to the TiO2 non-delivered cell, a
comparable lower intensity should be required for target cell dam-
aged irradiation. There are several possible ways to improve cell
damage efficiency at lower ultrasound irradiation intensity as fol-
lows: enhance the immobilization efficiency of GST-GFP-pre-S1/S2
protein to the TiO2 nanoparticles; improve, either directly or indi-
rectly, the ultrasound irradiation method; and change the fre-
quency of ultrasound irradiation. Furthermore, the combination
of ultrasound and ultraviolet irradiation could be gain an advanced
improvement of irradiation efficiency. In addition, the mechanism
of cell injury that occurs as a result of the US/TiO2 method warrants
investigation, as it has not been studied.

As a conclusion, this is the first study demonstrating the use of
TiO2 nanoparticles to cause cell-specific damage. The protein-mod-
ification in the TiO2 nanoparticles served the dual functions of spe-
cific cell-recognition and OH radical generation. Modification of
TiO2 nanoparticles with various targeting proteins, such antibodies
or epidermal growth factor (EGF), will allow this method to be
used to target specific cancer cells. Furthermore, the combination
of ultrasound irradiation and TiO2 nanoparticle will be an alterna-
tive targeted tissue specific cancer cell treatment methodology
such like a PDT in the near future.
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