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Abstract

Purpose To evaluate in vitro the feasibility of therapeutic
high-intensity-focused ultrasound (HIFU) combined with
microbubbles and titanium dioxide (TiO,).

Methods Oral squamous cell carcinoma cells (HSC-2)
were sonicated using a HIFU transducer with a resonant
frequency of 3.5 MHz, 30 mm in diameter, and focal
length of 50 mm. The ultrasound intensity was 210 W/cm?,
and two pulses (0.5 s each) were sonicated for each cell
sample (9 x 10* cells per well). Immediately after HIFU,
the viable cells were measured by an automated cell
counter. The survival rate was measured in the presence of
microbubbles (Sonazoid) and peroxo titania-silica (R-P-
TS) or anatase titania-silica (R-A-TS) TiO,.

Results Cell viability immediately following sonication
in the presence of TiO, (R-A-TS) and TiO, (R-P-TS) was
65.5 £ 0.7 and 59.4 £ 3.3 %, respectively. A marked de-
crease in cell viability was seen when microbubbles were
added to the above cell conditions. Specifically, cell via-
bility decreased to 14.0 &+ 0.1 and 4.4 &= 0.9 % when mi-
crobubbles were added to samples containing TiO, (R-A-
TS) and TiO, (R-P-TS), respectively.
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Conclusion Immediate in vitro cell killing was observed
with short pulsed duration HIFU sonication with a com-
bination of microbubbles and TiO,. This finding suggests
that TiO, could have caused enhanced mechanical cell
destruction by microbubbles.
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Introduction

High-intensity-focused ultrasound (HIFU) is a novel
therapeutic method that has emerged in recent years as a
‘focal’ treatment alternative in which various cancers can
be eradicated while greatly reducing the side effects of
radical treatment. Although the current clinical strategies
employ HIFU exclusively for thermal ablation of the target
sites, there is considerable interest in other mechanisms,
such as chemical and mechanical tissue damage from fo-
cused ultrasound, which have not been thoroughly
investigated.

Titanium dioxide (TiO,) is generally known as a pho-
tocatalyst, generating reactive oxygen species under ultra-
violet irradiation. Interestingly, Ogino et al. [1] discovered
an alternative TiO, activation method that uses ultrasound
(US) irradiation instead of ultraviolet irradiation. Addi-
tionally, Harada et al. [2] recently demonstrated the cell-
killing effect of TiO, nanoparticles under US irradiation
both in vitro and in vivo. The mechanism of cell damage
involving use of nanoparticle TiO, in the medical field has
drawn significant attention. On the other hand, in the field of
bubble dynamics, it is well known that microbubbles can
play a major role in killing cancer cells and also acceler-
ating thrombolysis [3], which mainly involves mechanical
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energy. This phenomenon is induced by transient bubble
disruption that generates shockwaves and microjets [4],
and with stable bubble oscillation, acoustic microstreaming
[5-71.

To date, there have been no studies on evaluation of
ultrasound cell killing in combination with TiO, and mi-
crobubbles in the literature. The aim of the present study
was to evaluate in vitro the feasibility of therapeutic HIFU
combined with microbubbles and TiO,. Furthermore, ex-
periments were carried out to determine whether the en-
hancement of microbubble mechanical damage can be
achieved by addition of TiO,.

Materials and methods
Cell culture

Cells from an oral squamous cell carcinoma cell line, HSC-
2 [purchased from Japanese Collection of Research
Bioresources (JCRB) Cell Bank], were maintained in a
MEM medium (Wako, Osaka, Japan) with 10 % fetal
bovine serum (Invitrogen, Tokyo, Japan) at 37.0 °C in
humidified air with 5 % CO,. Immediately before each
experiment, HSC-2 cells were collected by Trypsin-EDTA
(Gibco, NY, USA) treatment and centrifugation. Cell via-
bility before treatment was always over 98 %.

Aliquots of the final HSC-2 cell line suspension at a
volume of 500 pl (9 x 10 cells per well) were placed as a
completed medium onto a Lumox® Multiwell (SAR-
STEDT, Germany) plate with a flat film bottom (50 p
thickness) before each ultrasound treatment.

Titanium dioxide

A titania-silica aqueous solution was used as a sono-
catalyst. This solution is sold as a photocatalyst under the
name RINKOH (Titania Global Science and Technology
LLP, Fukuoka, Japan). RINKOH has an R-P-TS (peroxo
titania-silica) type and an R-A-TS (anatase titania-silica)
type. RINKOH is a special photocatalyst prepared by
coupling of titanium oxide and silicon oxide with hydrogen
peroxide. The solid concentration is 1.0 % in water sus-
pension, the hydrogen-ion concentration is 6-9 ppm,
nanoparticles are uniform with an average size of about
10-30 nm in diameter, and the color tone is milky. R-P-TS
solution contains 0.028-0.030 % peroxide on a hydrogen
peroxide conversion basis and 2.8-3.9 % peroxide per
solid weight. R-A-TS solution, on the other hand, contains
0.0008-0.0010 % peroxide on a hydrogen peroxide con-
version basis, and a maximum of 0.1 % peroxide per solid
weight. Comparing the two solutions, R-P-TS has a 30- to
39-fold higher peroxide concentration than R-A-TS per
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solid weight. Both of these materials were stable and had
no tendency of aggregation within biological fluids used in
the present experiment. Cell suspension containing a final
concentration of 10 % titania-silica solution was used for
each experiment.

Microbubbles

The microbubble contrast agent used in these experiments
was Sonazoid (phospholipid shell encapsulating per-
fluorobutane gas; Daiichi-Sankyo, Tokyo, Japan). Sona-
zoid is a clinically approved ultrasound contrast agent with
an average diameter of 3.2 um. Sonazoid microbubbles
were diluted with sterilized distilled water for at least
5 min before use. The final volume of Sonazoid was ad-
justed to 10 % of the medium within each sample cell
culture well.

HIFU sonication protocol

Sonication was carried out using an experimental non-
clinical laboratory sonicator device for all in vitro studies.
An ultrasound generator (SonoPore KTAC-4000, Nepa-
gene, Chiba, Japan) connected to a HIFU Transducer
(Nepagene) generated high-intensity-focused ultrasound
with a resonant frequency of 3.5 MHz. The diameter of the
transducer was 30 mm, the focal length was 50 mm, and
the diameter of the focal zone was 1.1 mm in the lateral
and 12 mm in the axial directions (full width at half
maximum, FWHM). Ultrasound intensity was measured in
a separate experiment in a large test tank with a rubber
absorber panel facing the transducer to eliminate wave
reflection. Ultrasound spatial-average pulse-average inten-
sity (Isapa) was 210 W/em?, and two pulses (0.5 s each)
were sonicated for each cell sample. Aliquots of the final
HSC-2 cell line suspension, at a volume of 500 pl (9 x 10*
cells per well), were placed as a completed medium onto a
24-well Lumox® Multiwell (SARSTEDT) plate, which has
a 50-um-thick gas permeable bottom. The bottom was also
acoustically transparent. The 24-well plate was placed on
top of the US transducer. Degassed water was circulated
between the transducer surface and the bottom of the plate.
Custom-made cylindrical acoustic absorbers (EUA101A,
Eastek, Japan, >40 dB at 1 MHz) were used on the op-
posite side of the US probe in order to reduce ultrasound
reflections and eliminate standing waves. No sign of
damage to the absorbers that could have led to elution of
toxic substances to the cells was observed. After adding the
cell suspension to each well, the absorbers were placed in
the plate nesting directly on the surface of the cell sus-
pension with no air pockets remaining between them.
Temperature measurement of cell suspension immediately
before and after treatment by US by a needle thermometer
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(Tele-Thermometer, Yellow Springs Instrument, OH,
USA) showed no significant change. The entire ex-
perimental setup is shown in Fig. 1. HIFU intensity was
fixed at 210 W/cm?>. Immediately after HIFU sonication,
the number of viable cells was evaluated by an automated
cell counter (TC20, BioRad, USA). A sample volume,
10 pl of 1:1 mixture of cell suspension with Trypan blue
dye, was loaded on a dual-chamber slide for cell viability
measurements. The viability ratio of cells was calculated
using the following formula:

of the slide glass container after 30 min. Cells treated with
TiO, were observed with an inverted microscope (Leica
DMI3000 B, Leica Microsystems, Germany) and all-in-one
BZ-X700 optical microscope (Keyence, Osaka, Japan).

Results

Cell viability of HSC-2 cells in the presence of TiO, (R-A-
TS) and TiO, (R-P-TS) was 99.0 & 1.3 and 86.5 £+ 4.5 %,

(total number of Trypan blue negative cells) x 100

Viability ratio (% )=

total number of Trypan blue positive cells + Trypan blue negative cells

The automated cell counter device uses multi-focal
plane analysis for live/dead cell count. Each acoustic and
drug condition consisted of at least three identical samples
(n = 3). Expression data from this study were analyzed
using unpaired ¢ test including Welch’s correction. Results
were considered to be significant when the corrected
P value was less than 0.05.

Microscope Observation

Optical microscopes were used in order to evaluate the acute
morphologic changes to cells immediately after treatment.
Cells were extracted from each sonicated or non-sonicated
sample and placed inside chamber slides. Observations were
started only after the cells gently settled down on the bottom

FrontBack (mmeters)

Focused ultrasound beams

Cell suspension in film
bottomed plate

respectively. TiO, (R-P-TS) alone showed greater cyto-
toxicity as compared with TiO, (R-P-TS) alone. No sig-
nificant cytotoxicity (P < 0.05) was observed with TiO,
(R-A-TS) alone as compared with untreated control cells.
Ultrasound alone (210 W/cm?, total duration 1.0 s) to the
cells showed cell viability of 94.1 £ 6.5 %. Cytotoxicity
of ultrasound exposure in the presence of microbubbles
showed a significant decrease in cell viability to
37.6 + 6.8 %.

HSC-2 cells were exposed to HIFU in the presence of the
two types of TiO, at an intensity of 250 W/cm? (duration
total 1 s). Cell viability immediately following sonication in
the presence of TiO, (R-A-TS) and TiO, (R-P-TS) was
65.5 =+ 0.7 and 59.4 £ 3.3 %, respectively. A marked de-
crease in cell viability was observed when microbubbles

Ultrasound generator

ool ]

Cylindrical acrylic chamber
‘\ filled with water

HIFU transducer

Fig. 1 Overview of the experimental setup. High-intensity-focused ultrasound transducer was placed to the bottom of the cancer cell suspension

culture well
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Fig. 2 Comparison of cell survival after ultrasound treatment at
various conditions. a Ti(A): Anatase titania-silica-type TiO,. b Ti(P):
peroxo titania-silica-type TiO,. MB, microbubble; US, ultrasound

were added to the above cell conditions. Samples contain-
ing TiO, (R-A-TS) and TiO, (R-P-TS) showed a decrease in
cell viability to 14.0 £ 0.1 and 4.4 £ 0.9 %, respectively,
in the presence of microbubbles (Fig. 2).

As the automated cell counter cannot detect the cells
that completely disappear due to treatment, the cell de-
struction percentage was estimated by counting the abso-
lute number of Trypan blue-negative live cells before and
after treatment. The cell destruction percentage was cal-
culated using the following formula:
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Fig. 3 Comparison of cell destruction after ultrasound treatment at
various conditions. a Ti(A): anatase titania-silica-type TiO,. b Ti(P):
peroxo titania-silica-type TiO,. MB, microbubble; US, ultrasound

Optical microscope (BZ-X700, Keyence) observation
revealed significant cell morphological changes and de-
crease in the number of cells (Fig. 5), before and after
HIFU sonication. Significant changes were most ob-
served in cells treated with HIFU sonication in the
presence of microbubbles and TiO, (R-P-TS). Figure 6 a
shows a representative image of cells with severely
damaged cell membrane. The absolute number of re-

__[(total number of Trypan blue negative cells before treatment) — (total number of Trypan blue negative cells after treatment)] x 100

(total number of Trypan blue negative cells before treatment)

The cell destruction percentage of HIFU sonication and/or
in the presence of TiOs and/or microbubbles is shown in
Fig. 3. The percentage of cell destruction in each ultrasound-
sonicated sample was greater in the TiO, (R-P-TS) + MB
groups than in the TiO, (R-A-TS) + MB groups. Compared
to the microbubble only groups, cell destruction showed a
two-fold increase in the TiO, (R-A-TS) group and a three-fold
increase in the TiO, (R-P-TS) group (Fig. 4).
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maining fragments that had any cell-like structure was
least observed in the microbubbles + TiO, (R-P-TS)
group. There were some giant blebs obviously induced
immediately after the ultrasound treatment (Fig. 6b).
There were brownish-tinted particles believed to be TiO,
on the cell membrane. Cells in the presence of TiO, (R-
A-TS) were at a glance morphologically intact, and few
blebs were observed (Fig. 6¢).
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Fig. 4 Enhancement ratio of cell destruction vs control US + MB.

Ti(A): anatase titania-silica-type TiO,. Ti(P): peroxo titania-silica-
type TiO,. MB, microbubble; US, ultrasound

Fig. 5 Optical microscopic
images of US and MB treated
cell in the presence Ti(A):
anatase titania-silica-type TiO,.
MB, microbubble; US,
ultrasound

Control / US only

Control / US and MB

Discussion

We investigated the immediate effects of cell killing by a
combination of short pulsed duration HIFU sonication with
TiO, and microbubbles in oral squamous cell carcinoma
cells (HSC-2) in vitro. The effect of cell killing was more
enhanced by the combination of HIFU sonication, TiO,,
and microbubbles compared to cells treated without TiO,.
These novel findings suggested that TiO, enhanced the
mechanical disruption of cells by ultrasound-induced mi-
crobubble collapse.

Titanium dioxide is widely used as a photocatalyst for
industrial and medical applications, such as disposal of
wastewater [8] and sterilization of bacteria, due to its

TiO2-A / US and MB
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Fig. 6 a Significant numbers of blebbing cell membrane in ultra-
sound treated group in the presence of microbubble and peroxo
titania-silica-type TiO,. b Giant blebbing of cancer cells immediately
after ultrasound treatment in the presence of microbubble and peroxo
titania-silica-type TiO,. ¢ Images of intact cell cancer cells treated
with ultrasound and anatase titania-silica-type TiO,. Notice the brown
particles on cell membrane which shows possible TiO, nanoparticles

useful physical and biological properties [9, 10]. It is well
known that photo-induced electrons and holes can be
generated on the TiO, surface under exposure to UV light
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[11, 12]. These excited electrons and holes have strong
reduction and oxidation activities that could further react
with hydroxyl ions or water. This results in the formation
of various reactive oxygen species (ROS), which have been
shown to significantly damage cancer cells [13, 14].

While the cytotoxic effects of TiO, nanoparticles have
been under intense investigation, the molecular mechan-
isms of this cytotoxicity remain unknown [15]. Shimizu
et al. [13] have suggested that various reactive oxygen
species (ROS) including not less than singlet state mole-
cular oxygen ('0,) and hydroxyl radicals (-OH) can be
generated when nano-sized TiO, powder is irradiated by
US. As it has been demonstrated that the presence of TiO,
accelerates the generation of OH radicals in an ultrasonic
bath, it is likely that the same phenomenon occurred with
the excitation of TiO, in our experimental setup during
HIFU irradiation of oral squamous cell carcinoma cells.
We did not conduct experiments to confirm the relationship
between increased ROS generation and the degree of cell-
killing enhancement. However, the cell destruction rate
doubled or tripled only when TiO, was added during HIFU
irradiation, which suggests some kind of effect induced by
this particular material. Furthermore, R-P-TS, which in-
cludes more hydrogen peroxide than R-A-TS solution, re-
sulted in significantly more cell damage, indirectly
suggesting ROS generation involvement. But as to why
TiO, enhanced the mechanical disruption of cells remains
to be evaluated in future experiments.

RINKOH technology, which we used to stabilize TiO,,
may have contributed to the enhancement of killing cancer
cells by microbubbles. As this technology is used for
sterilization, deodorization, dirt prevention, decomposition
of toxic materials, air quality control, water quality control,
and mist prevention of mirrors and elsewhere, a titania-
silica aqueous solution of this kind may affect the envi-
ronment around the cell membrane, which could lower the
cavitation threshold. It is a special photocatalyst prepared
by coupling of titanium oxide and silicon oxide with hy-
drogen peroxide. With the conventional technology, if a
solution containing anatase titania is left to stand for a long
time, the titania may be aggregated in the solution so that a
high dispersion state of titania cannot be maintained. This
problem was overcome in the present experiment, thus
increasing damage to the cell membrane. The cytotoxicity
results obtained in our experiments, especially in TiO, (R-
P-TS) containing hydrogen peroxide, suggest a relationship
based on the above view. Considering the optical obser-
vation results of our study, the cell membrane might have
become susceptible to peroxide in TiO, (R-P-TS), resulting
in increased damage to cells and induction of cell blebbing.

Our findings provide a rational basis for possible de-
velopment of an effective TiO, nanoparticle activation
method by HIFU sonication, especially in the presence of
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microbubbles. This is the first report demonstrating the
combination of TiO, and microbubbles for the treatment of
cancer cells in vitro. This technique may offer a new a
noninvasive therapy for localized oral cancers in the near
future.
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