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Abstract—We show here that ultrasound-stimulated microbubbles can enhance cell death within tumors when
combined with radiation. The aim of this study was to investigate how different ultrasound parameters, different
microbubble concentrations and different radiation doses interact to enhance cell death. Prostate xenograft tumors
(PC-3) in severe combined immunodeficiency mice were subjected to ultrasound treatment at various peak nega-
tive pressures (250, 570 and 750 kPa) at a center frequency of 500 kHz, different microbubble concentrations (8, 80
and 1000 mL/kg) and different radiation doses (0, 2 and 8 Gy). Twenty-four hours after treatment, tumors were
excised and assessed for cell death. Histologic analyses revealed that increases in radiation dose, microbubble
concentration and ultrasound pressure promoted apoptotic cell death and disruption within tumors by as much
as 21%, 30% and 43%, respectively. Comparable increases in ceramide, a cell death mediator, were identified
using immunohistochemistry. We also show here that even clinically used microbubble concentrations combined
with ultrasound can induce significant enhancement of cell death. (E-mail: gregory.czarnota@sunnybrook.
ca) � 2013 Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Because radiation therapy is one of today’s primary
cancer treatment options, many attempts are being
made to improve its therapeutic value (Chodak 2010;
Cooperberg 2005). The common goal of these attempts
is to effectively radiosensitize cancerous tumors; this
can be achieved either by augmenting cell death or by
hindering cell proliferation within tumors prior to radia-
tion treatment. Manifold methods of radiosensitization
have been developed to date that usually alter gene or
protein expression with various biochemical and pharma-
ceutical techniques. The majority of these methods target
mechanisms of apoptosis by stimulating upstream tumor
suppressor genes or proapoptotic proteins such as
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caspases in cancer cells (Hall 2000). In addition to the
vast spectrum of radiosensitization methods, we describe
here a novel method of enhancing cell death in conjunc-
tion with radiation therapy. Instead of incorporating
molecular biology techniques, this method uses physical
forces created by microbubbles combined with pulsed
ultrasound to instigate tumor death.

Although radiation works primarily by damaging
cancer cell DNA to cause cancer cell death (Hall 2000),
it also causes endothelial cell death within the tumor
vasculature, leading to secondary tumor death (Folkman
and Camphausen 2001; Garcia-Barros et al. 2003;
Kolesnick and Fuks 2003; Paris et al. 2001;
Sathishkumar et al. 2005). Recent studies have suggested
that large single doses of radiation (.8–10 Gy) trigger
endothelial cell death via a ceramide-dependent mecha-
nism (Moeller 2004; Suit and Willers 2003). The effects
of this ceramide-dependent phenomenon may result in
the lethal damage that is responsible for tumor destruc-
tion (Garcia-Barros et al. 2003; Paris et al. 2001;
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Kolesnick 2002; Pena et al. 2000; Sathishkumar et al.
2005). Researchers have explored the use of secondary
tumor death as a route for enhancement of the radiation
response. For instance, endothelial cell killing with
anti-angiogenic agents prior to radiation therapy is being
used to generate synergistic destructive effects on tumors
and, eventually, arrest tumor growth (O’Reilly 2006;
Teng 2010). Recent studies have reported that in both
in vitro and in vivo settings, radiation response increases
after endothelial cell perturbation using microbubbles in
combination with ultrasound (Czarnota et al. 2012;
Karshafian et al. 2007; Tran et al. 2012). The latter studies
evaluated apoptotic cell death after combined ultrasound
andmicrobubble treatments and showed synergy between
the two modalities. In addition, a common pathway
dependent on ceramide as a messenger of endothelial
membrane stress (ceramide) was identified (Al
Mahoruki et al. 2012; Czarnota et al. 2012).

The use of microbubble contrast agents has become
increasingly prevalent worldwide because of their versa-
tility (Hauwel et al. 2010; Kogan et al. 2010). Because of
the small size of such agents, 3 to 4 mm in diameter on
average, they can freely pass through the microvascula-
ture of tumors. Current researchers also use microbub-
bles for targeting and delivery. Bubbles that are
engineered to encompass specific ligands are being
used to target and permeabilize cells of interest and assist
sonoporation in drug delivery. Recent studies have re-
vealed that bubbles driven by acoustic waves at their
resonant frequencies can disturb the functions of neigh-
boring cells and even destroy them by creating shear
stress, shockwaves and acoustic jets (Burns 2002). These
phenomena have been determined to facilitate permeabi-
lization of the plasma membrane and the subsequent
uptake of various therapeutic agents including genes
and pharmaceutical agents (Burns 2002; Cosgrove
2006; Eckersley et al. 2005; Kogan et al. 2010;
McDannold et al. 2006; Simpson et al. 2001). Today,
applications based on this mechanism are used for
many purposes ranging from permeabilization of the
blood–brain barrier for drug delivery (Baseri et al.
2010; Choi et al. 2007; Hynynen 2008; Hynynen et al.
2001; McDannold 2011) to treatment of intravascular
thrombi (Zhou et al. 2011). Our aim was to extend the
applications of bubbles and make tumors more suscep-
tible to radiation-induced death.

On the basis of our previous observations, we
hypothesized that increases in acoustic pressure, micro-
bubble concentration and radiation dose would enhance
endothelial cell death caused by apoptosis. We also pre-
dicted that the effects would still be achieved with clin-
ical, relatively low doses of microbubbles and radiation,
providing evidence of underlying biochemical and
genetic mechanisms (Al Mahrouki et al. 2012; Czarnota
et al. 2012). In line with this hypothesis, our goal in this
study was to determine the optimal biophysical parame-
ters of ultrasound-stimulated microbubble treatment for
maximizing endothelial cell death and disruption within
prostate tumors. We had previously investigated the
effects of ultrasound-stimulated microbubbles and radia-
tion on tumor cell death (Czarnota et al. 2012). Here we
investigated the effects of both modalities specifically
on tissue disruption. This included subtle treatment
effects not limited to tumor cell death.

Xenograft PC-3 prostate tumors in severe combined
immunodeficiency (SCID) mice were subjected to ultra-
sound treatments at different peak negative pressures
(250, 570 and 750 kPa) at a center frequency of 500
kHz, different microbubble concentrations (8, 80 and
1000 mL/kg) and different radiation doses (0, 2 and 8
Gy). Twenty-four hours after treatment, tumors were
excised and stained for ceramide, and cell death and
tissue disruption were quantified. Data indicated that
cell death and tissue disruption were dependent on micro-
bubble concentration, ultrasound peak negative pressure
and radiation dose. The effect of pressure appeared to
plateau near 750 kPa. In addition, the presence of ceram-
ide was correlated with the level of cell death and the
same physical parameters.
METHODS

Cell and animal system
PC-3 cells from a human prostate cancer cell line

(American Type Culture Collection, Manassas, VA,
USA) were cultured at 37�C in 5% CO2 using RPMI-
1640 growth medium (Wisent, St-Bruno, QC, Canada),
which was supplemented with 10% fetal bovine serum
(Thermo Scientific Hyclone, Logan, UT, USA) and 1%
penicillin/streptomycin (Gibco, Life Technologies, Bur-
lington, ON, Canada). Cells were split for passage or
collected for injection using 0.05 % trypsin–EDTA
(Gibco). For animal experiments, male SCID mice
(Charles River Canada, Saint-Constant, QC, Canada) 6
wk of age and 20–30 g in mass were used.
Animal preparation
Five mice were used for each of 30 different exper-

imental conditions (n 5 5 per group for a total of 150
mice). As PC-3 cells reached confluence, approximately
1 3 106 cells in 50 mL of phosphate-buffered saline
were injected into the hindleg of a mouse using a 27-
gauge needle. Tumors were allowed to grow to approxi-
mately 1 cm3 in volume and 7–15 mm in diameter before
use in ultrasound-stimulated microbubble and radiation
treatment. Mice were anesthetized with 2% isoflurane
in a 1 L/h O2 flow for 30 s, followed by 70 mL of an anes-
thetic blend (0.75 mL 150 mg/kg ketamine/0.25 mL 10



Fig. 1. Ultrasound-stimulated microbubble treatment system. Right: A mouse is secured in the water bath with its tumor
facing the transducer. The tail vein catheter is mounted upward, allowing the microbubbles to be easily injected. Left: The
ultrasound treatment complex consists of a pulse generator connected to computer, power amplifier and digital acquisition

system. The black arrows indicate the direction of acoustic signals.
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mg/kg xylazine diluted in 4 mL of saline) that was in-
jected intra-peritoneally with a 27-gauge needle. Tail-
vein catheters were inserted for microbubble injection,
and tumors were shaved for treatment. After this proce-
dure, mice were revived with 100-mL saline infusions
and introduction of O2 into their cages. Twenty-four
hours after treatment animals were sacrificed. The tumors
were excised and used for histology and immunohisto-
chemistry. All animal experiments discussed in this
article were conducted in compliance with protocols
approved by the Sunnybrook Health Science Centre Insti-
tutional Animal Care and Use Committee.

Microbubble preparation
We used Definity microbubbles (Lantheus Medical

Imaging, Billerica, MA, USA), which encapsulate per-
fluoropropane with a lipid monolayer. Prior to the exper-
iment, bubbles were warmed to room temperature for 30
min and then activated using a Vialmix device (Lantheus
Medical Imaging). Three different concentrations—8 mL/
kg (0.2 mL), 80 mL/kg (2 mL) and 1000 mL/kg (25 mL), or
respectively 0.01%, 0.1% and 1.0% of mean mouse blood
volume after injection—were formulated by dilution
with phosphate-buffered saline. The recommended dose
of microbubbles for diagnostic imaging is 10 mL/kg.

Ultrasound treatment
The applied treatment system comprised an arbi-

trary waveform generator (AWG 5014, Tektronix, Bea-
verton, OR, USA), a power amplifier (AR KAA4030P,
AR Worldwide-Modular RF, Bothell, WA, USA),
a 500-kHz immersion transducer with an element diam-
eter of 1.125 in. (Valpey Fisher, Hopkinton, MA) and
a digital acquisition system (Acqiris DC440/PXI8570,
Agilent Technologies Canada, Mississauga, ON, Canada)
(Fig. 1). The transducer had a nearfield/farfield transition
at 8.5 cm and was used as a planar source. A –6-dB beam
width of 31 mm resulted at that point. The digital acqui-
sition system was used to adjust the focal point of the
ultrasound beam prior to experiments. A reference needle
was placed in front of the transducer andmonitored by the
system so that the maximal signal was received at the
focus. Treatment was performed underwater with the
transducer located inside a water tank. The mouse was
secured partially submerged in a 37�C water tank in
a standing position with its head and tail up and hindlegs
down (Fig. 1). The tumor-bearing leg was oriented
directly in front of the transducer at the distance cali-
brated for the maximal focused acoustic signal (8 cm)
(Fig. 1). Microbubbles were administered through the
tail-vein catheter, which was then flushed with 150 mL
of phosphate-buffered saline (supplemented with 0.2%
heparin). Immediately after injection, the animals were
exposed for 5 min as before (Czarnota et al. 2012).
Tumors were exposed to 16 cycles of a 32-ms-long 500-
kHz tone burst followed by a gap, resulting in a pulse
repetition frequency of 3 kHz. This pulse sequence was
repeated for 150 periods within a 50-ms window, amount-
ing to approximately 5 ms of total ultrasound exposure.
The 50-ms window occurred every 2 s to permit blood
vessels to refill with bubbles. For the total treatment
time of 5 min (300 s), the ultrasound exposure time was
750 ms (150 periods 3 5 ms), resulting in an average
duty cycle of 0.25%. The peak negative pressures of ultra-
sound (250, 570 and 750 kPa) were achieved using a cali-
brated ultrasound transducer.
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Radiation treatment
After ultrasound treatments, mice were immediately

irradiated with a cabinet irradiator (CP160 X-Ray Irradi-
ation System, Faxitron Bioptics, Tucson, AZ, USA). The
mouse body except for the tumor was covered with
a 3-mm-thick lead sheet. Then 0, 2 or 8 Gy of 160-kVp
X-rays were delivered at the dose rate of 200 cGy/min.
The typical clinical dose of radiation in tumor treatment
ranges from 60 to 80 Gy in 1.8- to 2-Gy fractions. Our
choice of radiation doses should have the effects of clin-
ically recommended (2 Gy) and clinically extreme (8 Gy)
radiation.

Histology preparation
After excision, tumor tissue was fixed in 10%

formalin diluted with phosphate-buffered saline (PBS)
overnight, embedded in paraffin and then stained using
in situ end labeling (ISEL) and hematoxylin and eosin
(H&E). An unfixed portion of tissue was stored at
–80oC and used for ceramide staining later. For ceram-
ide staining, tumors were sectioned and mounted on
slides frozen. The tumors were stained according to
the Immunohistochemical Staining Protocol of Frozen
Sections from Relia Tech (Wolfenb€uttel, Lower Saxony,
Germany). A 103 diluted mouse monoclonal primary
antibody for ceramide (Alx-804-196-T050, Enzo Life
Sciences, CA-Brockville, ON, Canada) and Histostain-
Plus Kit (AEC, broad spectrum, Catalog No. 85-9943)
(Life Technologies, Burlington, ON, Canada) were
used.

Cell death and tissue disruption analysis
Low-magnification images of tumors were taken

with a light fluorescence microscope (Leica MZ FL III,
Leica Microsystems, Concord, ON, Canada) using
a 103 objective with the microscope attached to a CCD
camera. Higher-magnification images were taken using
a Leica DM LM with a 203 objective lens. Cell death
was assessed using cell morphology from hematoxylin
and eosin-stained samples, in addition to ISEL staining.
In the areas identified, the cell death rate was greater
than 50% within quantified regions of tissue disruption.
The selection was evaluated on the basis of the
morphology and the color of cells in ISEL-stained
tumors. The more reddish brown the cell was, the more
damaged was its DNA, whereas the more bluish purple
the cell was, the less damaged was its DNA. On the basis
of the gross contour of dead areas, identical regions of cell
death were re-selected and quantified using Image J Soft-
ware Version 1.45. For ambiguous regions of cell disrup-
tion, red-to-blue ratios derived from RGB histograms of
Image J were compared with that of an unaffected spot
that was marked earlier. The ratios indicating $50 %
cell death determined inclusion of the region. The entire
area of the tumor was also contoured and measured with
Image J so that the level of cell disruption within the
tumor could be calculated for analysis.
Statistical analysis
A two-way analysis of variance (ANOVA) (two-

factor without replication, a 5 0.05) was performed to
test for statistical significance in the trend of cell death
and ceramide production, using GraphPad Prism Soft-
ware Version 4 (GraphPad Software, La Jolla, CA, USA).
RESULTS

The aim of this study was to optimize the method
of enhancing cell death by modulating various physical
parameters under a large range of experimental condi-
tions. These parameters were systemically assorted to
better understand the range of effects. In the experi-
ments, three different microbubble concentrations (8,
80 and 1000 mL/kg), three different peak negative pres-
sures of ultrasound (250, 570 and 750 kPa) and three
different radiation doses (0, 2 and 8 Gy) were used.
Combinations of these parameters yielded 27 different
conditions (3 3 3 3 3); the inclusion of controls that
were not treated with microbubbles but exposed to the
three doses of radiation increased the total number of
conditions to 30.
Increases in microbubble concentration and radiation
dose result in increased cell death within prostate
xenografts

Cell death and disruption resulting from treatments
were identified by histologically quantifying areas con-
taining at least 50% dead cells as identified by ISEL.
Low-magnification images of each tumor stained with
H&E and ISEL revealed that as microbubble concentra-
tion and radiation dose increased, tumor cell death
increased in general. Affected regions were present in
both H&E- and ISEL-stained slides (Fig. 2a and b,
respectively). Severe cell damage in the center of
affected regions often consisted of the complete eradica-
tion of cells, leaving ‘‘retraction artifact’’ within tumor
sections. These areas of cellular disintegration appear
as clear areas on slides because of tissue retraction
(disintegration) during section cutting. For instance, at
a fixed radiation dose of 8 Gy and ultrasound pressure
of 570 kPa, the affected area increased approximately
8-fold (quantified below) as the microbubble concentra-
tion was increased from low to high (Fig. 2b). In addi-
tion, at the highest microbubble concentration (1000
mL/kg) and intermediate pressure (570 kPa), the level
of of cell death or disrupted tissue increased approxi-
mately 3-fold (quantified below) as the radiation dose
increased from 0 to 8 Gy (Fig. 2b).



Fig. 2. Low-magnification light fluorescence microscope images of PC-3 xenografts that were treated with ultrasound
pulses at 570 kPa and different radiation (XRT) doses and microbubble concentrations ([MB]). L, M and H represent
low (8 mL/kg), medium (80 mL/kg) and high (1000 mL/kg) microbubble concentrations, respectively. (a) Tumors
stained with hematoxylin and eosin. Non-affected cells are red, and affected cells are faded. (b) Tumors stained using
in situ end labeling. Non-affected cells are bluish purple, and DNA-damaged cells are reddish brown. CTRL 5 control;

Bar 5 1 mm.
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High-magnification images of corresponding
tumors were acquired to examine affected areas exhibit-
ing cell death in greater detail (Fig. 3). Moreover, they
showed specific apoptotic morphological changes in
affected cells. For example, H&E-stained sections
showed normal cells with intact nuclei in the tumor
periphery, whereas the tumor center contained affected
cells with condensed nuclei and damaged cells with frag-
mented nuclei (Fig. 3a). From these images, it was
apparent that as microbubble concentration or radiation
dose increased from low to high, the proportion of
condensed nuclei and fragmented nuclei resembling
apoptotic bodies dramatically increased, indicating
more disrupted cells (Fig. 3a). ISEL revealed similar
results. Streaks of brown debris along with brown-
stained prostate cancer cells were noted more frequently
as microbubble concentration and radiation dose
increased from low to high (Fig. 3b).

The effects of increased cell death and tissue disrup-
tion were similar when ultrasound-stimulated microbub-
ble exposure was combined with radiation treatment at
lower and higher ultrasound pressures. At a fixed ultra-
sound pressure of 250 kPa, the level of cell death and
disruption increased from 76 2% to 606 4% after treat-
ment with the highest microbubble concentration
combined with ultrasound and 8 Gy of radiation



Fig. 3. High-magnification light fluorescence microscope images of PC-3 xenografts that were treated with
ultrasound pulses at 570 kPa and different radiation (XRT) doses and microbubble concentrations ([MB]). The most
representative regions of cell death in tumors are shown. L, M and H represent low (8 mL/kg), medium (80 mL/kg)
and high (1000 mL/kg) microbubble concentrations, respectively. (a) Hematoxylin and eosin-stained cells. The black
arrow, black arrow with a white outline and white arrow with a black outline indicate normal cell with an intact nucleus,
affected cell with a condensed nucleus and apoptotic cell with a fragmented nucleus, respectively. (b) Cells stained using
in situ end labeling. Normal cells are bluish purple, and cells with damaged DNA are brown. CTRL 5 control;

Bar 5 25 mm.
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(Fig. 4ai). Likewise, at a fixed ultrasound pressure of
750 kPa, the level of cell death and disruption increased
from 7 6 2% to 74 6 5% after identical treatment
(Fig. 4aiii). Two-way ANOVA verified that the trends
shown with increasing microbubble concentration and
dose of radiation at fixed ultrasound pressures were
statistically significant (p , 0.05) (Table 1).

Results of experiments with microbubbles alone in
the absence of ultrasound and with ultrasound in the
absence of microbubbles, compared with the combina-
tion, are illustrated in Figures 1S–4S (online only). These
revealed no gross effect of treatment with microbubbles
alone in the absence of ultrasound or with ultrasound
alone in the absence of microbubbles.

Increases in cell death caused by increasing
microbubble concentration becomes less definite as
ultrasound peak negative pressure increases

As the pressure of ultrasound increased from low to
high (250 to 750 kPa), the increases in cell death and
disruption caused by increasing microbubble concentra-
tion became less apparent (Fig. 4ai to aiii). For instance,



Fig. 4. Quantification of level of cell death and disruption. Each bar represents the mean level of cell death and disruption
for five mice; the error bar indicates the standard error within the sample size. (a) Each graph shows the level of cell death
and disruption at different microbubble concentrations ([MB]) and radiation (XRT) doses at a fixed ultrasound pressure:
(i) 250 kPa, (ii) 570 kPa, (iii) 750 kPa. Two-way analysis of variance indicated that the effects caused by the changes in
both microbubble concentration and radiation dose were significant (p, 0.05). (b) Each graph shows the fraction of cell
death and disruption at different radiation doses and ultrasound pressures at a fixed microbubble concentration: (i) low
(8 mL/kg), (ii) medium (80 mL/kg), (iii) high (1000 mL/kg). Two-way analysis of variance indicated that the effects
caused by the changes in both radiation dose and ultrasound pressure were significant (p , 0.05). CTRL 5 control.

1382 Ultrasound in Medicine and Biology Volume 39, Number 8, 2013
at 250 kPa, increases in cell death were seen at 2 or 8 Gy
when bubble concentration was increased from low to
high. This was not apparent at 570 or 750 kPa, where
the level of cell death was the same in the presence of
any microbubble concentration. Two-way ANOVA
indicated significant differences between the different
bubble concentrations at these pressures (Table 1). At
the medium and high microbubble concentrations, the



Table 1. Results of statistical analysis performed on the
‘‘Quantification of Cell Death’’ using two-way analysis

of variance without replication

Fixed parameter Source of variation p value

P 5 250 kPa Radiation 0.02*
[MB] ,0.001**

P 5 570 kPa Radiation ,0.001**
[MB] ,0.001**

P 5 750 kPa Radiation ,0.001**
[MB] ,0.001**

[MB] 5 8 mL/kg US pressure ,0.001**
Radiation ,0.001**

[MB] 5 80 mL/kg US pressure ,0.001**
Radiation ,0.001**

[MB] 5 1000 mL/kg US pressure ,0.001**
Radiation ,0.001**

MB 5 microbubbles; US 5 ultrasound.
* Significant (p , 0.05).
** Very significant (p , 0.001).
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trend toward increasing cell death and disruption with
increasing pressure was not evident at 0 or 2 Gy of radi-
ation (Fig. 4bii and biii).
Treatment with ultrasound-stimulated microbubbles
followed by irradiation enhances ceramide production
in cells

We investigated ceramide as a marker of cell stress,
which can also induce apoptotic cell death, as this is
potentially caused by using high doses of bubbles and
radiation (Fig. 5). As expected, results were more
evident at 8 Gy of radiation, as ceramide production
became more evident as radiation dose increased from
0 to 8 Gy overall (Figs. 5 and 6). Likewise, ceramide
Fig. 5. High-magnification light fluorescence microscope ima
570 kPa and different radiation (XRT) doses and microbubb
can be distinguished from the bluish purple counterstaining.

of cell death occurring in the tumor. C
production increased as microbubble concentration
increased from ‘‘low’’ to ‘‘high’’ (Fig. 5). It was found
that ceramide was generated in both endothelial and
cancer cells and often localized in the cellular
membrane. However, at higher microbubble concentra-
tions or radiation doses, it was also observed inside cells
(Fig. 5). For example, at 570 kPa, the ceramide labeling
indices (CLIs) of cells treated with medium and high
microbubble concentrations combined with 8 Gy of
radiation increased 14-fold (34 6 6% and 34 6 3%,
respectively) compared with that of the control (2 6
1%) (Fig. 6aii). The cells treated with the low microbub-
ble concentration and 8 Gy of radiation showed a less
apparent increase in CLI (7 6 4%), 3-fold compared
with that of the control (Fig. 6aii).

Similar to the trend in levels of cell death and
disruption, the increase in CLI resulting from increasing
microbubble concentration became less definite and fluc-
tuated at higher ultrasound pressures. At 250 kPa, the
CLI generally increased as microbubble concentration
and radiation dose increased. At higher ultrasound pres-
sures, the increase in CLI resulting from increasing mi-
crobubble concentration, with 2 or 8 Gy of radiation,
almost plateaued (Fig. 6aii and aiii). Two-way ANOVA
indicated that the results affected by the increase in mi-
crobubble concentration were significant (p , 0.05)
(Table 2).

Ceramide quantification results were plotted at
fixed microbubble concentrations and pressures
(Fig. 6b). The data indicated that at a low microbubble
concentration, only the cells treated with 750-kPa ultra-
sound dramatically produced ceramide, whereas at the
ges of PC-3 xenografts treated with ultrasound pulses at
le concentrations ([MB]). Ceramide stained brown and
Each panel demonstrates the most representative region
TRL 5 control; Bar 5 25 mm.



Fig. 6. Quantification of ceramide production. Each bar represents the mean ceramide labeling index (CLI) of five
regions of interest, and the error bar indicates the respective standard deviation. (a) Each graph shows the CLI for different
microbubble concentrations ([MB]) and radiation doses at a fixed ultrasound pressure: (i) 250 kPa, (ii) 570 kPa, (iii) 750
kPa. For each graph the two-way analysis of variance indicated that the result affected by the increase in microbubble
concentration was significant (p, 0.05). (b) Each graph shows the CLI at different radiation doses and ultrasound pres-
sures at a fixed microbubble concentration: (i) low (8 mL/kg), (ii) medium (80 mL/kg), (iii) high (1000 mL/kg). Two-way
analysis of variance indicated that the result affected by the increase in ultrasound pressure was significant (p , 0.05).

C 5 control; L 5 low; M 5 medium; H 5 high.

1384 Ultrasound in Medicine and Biology Volume 39, Number 8, 2013
medium microbubble concentration, cells treated with
both 570- and 750-kPa ultrasound generated relatively
large amounts of ceramide (Fig. 6bi and bii, respectively).
Compared with the control, samples treated with high
ultrasound pressures and any bubble concentration con-
tained relatively significant amounts of ceramide
(Fig. 6biii). Two-way ANOVA indicated that these results
were significant (p , 0.05) (Table 2).
DISCUSSION

This study investigated the effects of ultrasound
parameters on enhancement of cell death caused by treat-
ment with ultrasound-stimulated microbubbles in combi-
nation with radiation. We had previously reported that the
mechanism underlying this phenomenon is the perturba-
tion of endothelial cells by microbubbles leading to their



Table 2. Results of statistical analysis performed on the
‘‘Quantification of Ceramide’’ using two-way analysis of

variance without replication

Fixed parameter Source of variation p value

P 5 250 kPa Radiation 0.08
[MB] 0.05*

P 5 570 kPa Radiation 0.4
[MB] ,0.001**

P 5 750 kPa Radiation 0.4
[MB] 0.04*

[MB] 5 8 mL/kg US pressure ,0.001**
Radiation 0.5

[MB] 5 80 mL/kg US pressure ,0.001**
Radiation 0.2

[MB] 5 1000 mL/kg US pressure 0.006*
Radiation 0.4

MB 5 microbubbles; US 5 ultrasound.
* Significant (p , 0.05).
** Very significant (p , 0.001).
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sensitivity to radiation (Czarnota et al. 2012). In the work
described here, microbubble concentrations ranged
from slightly lower (0.8 mL/kg) to 100 times greater
(1000 mL/kg) than the diagnostic dose. Ultrasound peak
negative pressures included 250, 570 and 750 kPa for
mechanical indices of 0.35, 0.81 and 1.1. The results indi-
cate that depending on the ultrasound pressure and micro-
bubble concentration, the two treatments interacted with
respect to their effect on cell death. It is believed that
a similar interaction was observed between the two treat-
ments with respect to induction of ceramide production as
detected by immunohistochemistry.

Specifically, in these experiments, histology indi-
cated responses of mixed apoptosis and necrosis in the
central core of the tumor. High-magnification analysis
indicated streaks of release of cytoplasmic content
when ultrasound-stimulated microbubble treatment was
combined with radiation treatment.

As expected, quantification of cell death and disrup-
tion revealed that as microbubble concentration
increased, the level of cell death significantly increased
overall (Fig. 4). However, as ultrasound pressure was
raised, apparent cell death plateaued as microbubble
concentration was increased. Consequently, at the lowest
ultrasound pressure (250 kPa), the trend of increasing cell
death with increasing microbubble concentration was
more prominent (Fig. 4ai) compared with that evident
at 750 kPa, where a plateau effect was evident (Fig. 4aiii).

One interpretation of these data is that at a lower
ultrasound pressure, where bubbles do not always burst
but can exert shear stresses on nearby cells (VanBavel
2007), their concentration may play a more significant
role and elicit effects proportional to the effects on cells
to which they apply forces. At pressures at which bubbles
may burst, damage to endothelial cells may be trans-
mitted by inertial cavitation (bubble burstings) in
a manner different from stable cavitation (bubble reso-
nance). For instance, at ultrasound pressures near
750 kPa, even the low microbubble concentration may
be used to produce completely saturated effects; this
was not so at 250 kPa. King et al. (2010) characterized
fracture threshold using double passive cavitation detec-
tion with respect to pressure level but spanning 900 kHz
to 7.1 MHz. Pressure levels above 570 kPa (or possibly
less) are likely sufficient to break up the microbubbles
and may be the reason for the saturation effect observed.

The results indicated that at a fixed ultrasound pres-
sure, the level of cell death and disruption significantly
increased as radiation dose increased (Fig. 4a). Overall,
the results indicated that 8 Gy was significantly more
effective than 2 Gy, which would be expected if the ce-
ramide pathway is a common mediator of response.
This was supported by the immunohistochemistry results
in this study (discussed further below). Effects of
combined treatment with ultrasound-stimulated micro-
bubbles and radiation were significant compared with
those of either treatment alone. For clinical translation,
it is suggested that the ultrasound pressure and microbub-
ble concentration be adjusted around the lowest fixed
radiation dose possible.

It was also observed that even at the lowest micro-
bubble concentration, cell death and tissue disruption
were induced (Fig. 4). This observation suggests that at
even a clinically recommended microbubble concentra-
tion, that is, 10 mL/kg, tumor treatment could be
enhanced. On the basis of our experimental results, the
most preferable conditions for achieving synergy were
obtained by treatment with ultrasound-stimulated micro-
bubbles followed by radiation therapy using a microbub-
ble concentration of 8 mL/kg, ultrasound pressure of
750 kPa and radiation dose of 2 Gy (Fig. 4aiii). The level
of cell death observed in this study was greater that
observed earlier (Czarnota et al. 2012); this difference
can be attributed to the larger size of the tumors in this
study with likely less intact vasculature. The definition
of cell death used here (areas in which $50% of cells
were dead) is more generous than that used earlier
(confluent areas of tumor destruction).

We focused on changing biophysical parameters that
could be easily controlled including microbubble concen-
tration, radiation dose and ultrasound peak negative pres-
sures. Ultrasound treatment in the presence of
microbubbles likely induces a mixture of stable and tran-
sient cavitation that varies depending on pressure.
However, ultrasound cavitation effects are best under-
stood in the context of biological effects (Hallow et al.
2006). There is as yet no consensus on identifying a scale
of effects related to a cavitation dose. Additionally, when
trying to identify a scale of effects in vitro, the identified
cavitation dose had lesser stringency on effects when
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used in vivo because of the body tissues surrounding
tumor tissue (Lafon et al. 2012). Biological effects can
also vary from mouse type to mouse type potentially de-
pending on genetic background with various genes
induced by bubble exposure (in vitro) (Al Mahoruki
et al. 2012). Here we took the approach of varying
controllable ultrasound physical parameters that can
easily illustrate the change without necessarily measuring
cavitation directly.

Our previous work assessed only cell death
(Czarnota et al. 2012). This study looked at total disrup-
tion including areas of death and any areas of leakage
where cellular fragments diffused into the tumor inter-
stitium. We found this to be the case with ISEL staining
in tumors treated with ultrasound-stimulated microbub-
bles. In addition, ceramide staining showed its presence
to be more widespread than cell death again, and this
was again caused by ultrasound-stimulatedmicrobubbles.

After treatment and radiation exposure, increased
production of ceramide was observed within tumor cells.
This followed a pattern similar to the cell death and tissue
disruption detected in that it appeared to be dependent on
microbubble dose and ultrasound pressure. Ceramide,
which is a bioactive lipid mediator, plays an essential
role in the stress response signaling pathway leading to
apoptosis, which was the predominant form of cell death
in the study here. Stress stimuli such as tumor necrosis
factor a, serum starvation, hypoxia, inter-leukin-1b,
heat, diabetes/obesity, aging and anti-tumor treatments
including irradiation and chemotherapeutic agents can
activate diverse biochemical pathways to generate ceram-
ide, which can trigger apoptosis (Nikolova-Karakashian
and Rozenova 2010). Studies have indicated that there
is an appreciable increase in ceramide accumulation in
reaction to irradiation, oxidative stress and chemothera-
peutic agents (Nikolova-Karakashian and Rozenova
2010). Thus, the effects of irradiation are now often esti-
mated by assessing the amount of ceramide generated in
cells. Ceramide production might be stimulated when our
ultrasound-stimulated microbubble treatment produces
stress stimuli such as oxidative stress and heat, which
could be generated at a microscopic level by perturbation
of blood vessels and bursting of bubbles, respectively.
Dynamic microstreaming caused by bubble activity
within the blood vessel could transmit shear stress to
nearby endothelial cells and cause vasodilation in
response to endothelium-derived factors such as nitric
oxide and superoxide anions (VanBavel 2007). The
effects of these phenomena are expected to be significant
especially in tumors, in which a larger fraction of micro-
vasculature is present compared with normal tissue.
Nevertheless, ceramide accumulation leading to
apoptosis-mediated cell death (VanBavel 2007;
Nikolova-Karakashian and Rozenova 2010) seems to be
an endpoint. Our results suggest that the degree of
ceramide production may be a critical determinant in
the induction of cell death. The antibody used in this
study is the only commercially available ceramide anti-
body and recognizes two forms of ceramide (C16 and
C24 ceramides) with different signaling pathways
(Gr€osch et al. 2012). The importance of these pathways
and their relative contributions to the effect assessed
here form the basis for future studies.

CONCLUSIONS

The research described here provides a guide to opti-
mizing a new application of microbubbles, which can
contribute greatly to radiation effects by creating another
route for enhancing cell death and tissue disruption. The
advantage of this new application is that ultrasound-
stimulated microbubbles can be used to conformally treat
tumors in an image-guided manner. Knowing that the
incidence of cancer increases continually, we anticipate
that this new technology will potentially condense radia-
tion treatments by using lower doses of radiation, save
patients from normal tissue damage by enhancing only
tumor destruction and improve overall survival.
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