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USMB Ultrasound and microbubbles
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XRT lonizing Radiation

Va  Expected additive cell viability
Ve Measured clonogenic cell viability

Abstract

Gold nanoparticles have been shown to enhance local radiation dose due to its high Z
value. Ultrasonically-stimulated microbubbles at therapeutic conditions can sensitize cells to
ionizing radiation and enhance cell permeability allowing gold nanoparticles to cross the plasma
membrane. In this study, ultrasound-microbubble potentiated enhancement of cell death in
combination with gold nanoparticles and ionizing radiation is investigated in vitro. A suspension
model of breast cancer (MDA-MB-231) cells was exposed to ultrasound and microbubbles
(USMB), gold nanoparticles (AuNP) and ionizing radiation (XRT). A 12 nm spherical AUNPs at
concentrations of 7.8 x10™ nps/mL and 1.6 x 10™ nps/mL were investigated at fixed USMB
conditions of 500 kHz pulse center frequency, 580 kPa peak negative pressure, 10 us pulse
duration, 60s insonation time, Definity® microbubbles at 3.3% (v/v) and XRT dose of 2 Gy.
Cdll viability post treatment was evaluated using clonogenic assay. The application of AUNP
and USMB induced a synergistic increase in cell death when combined with XRT. A 22 fold
increase in cell death was observed with the combined treatment (AuNP+USMB+XRT=3+0.4%)
compared to radiotherapy only (XRT=65+3%). The combined treatment of ultrasound-
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microbubbles with gold nanoparticles followed by radiotherapy induced a synergistic effect in

cell death.

I ntroduction

Therapeutic ultrasound, guided by
imaging modalities, can selectively enhance
treatment of diseased tissues while sparing
surrounding normal tissue by focusing the
acoustic energy within the body non-
invasively (1, 2). The application of
therapeutic ultrasound in combination with
microbubbles (USMB) has been shown to
enhance radiotherapy and chemotherapy in
preclinical tumour models (3-6).
Microbubble agents, comprised of shell-
encapsulated gas-core bubble, are generally
less than 5 pm allowing them to pass
through the systemic circulation following
peripheral venous administration (7). The
combined treatment of USMB and
radiotherapy synergistically enhanced cell
death, a~10 fold increase, of prostate cancer
(PC3) xenograft tumours (8, 9). In addition,
the combination of USMB and
chemotherapeutic agents has significantly
improved  therapeutic  outcome  of
chemotherapy in cancer models (3, 10-12).
Furthermore, the ability of USMB to
damage the microvasculature has been
demonstrated; both non-reversible anti-
vascular effect and reversible shutdown of
blood flow with fast flow-recovery (~few
minutes) has been observed (13). More
recently, it was shown that USMB enhanced
the therma dose of gold nanoparticles
combined with laser therapy, inducing a
synergistic enhancement in cell death (14,
15). The mechanism with USMB potentiated
therapies has been shown to be associated
with biomechanica perturbation of plasma
membrane, generating pores of around 50-
100 nm, and of blood vessedls. The
phenomenon of generating transient and
reversible changes in cell membrane
permeability is known as sonoporation (16-
21). In addition, it has been demonstrated
that the application of USMB can enhance

radiation response through biomechanical
perturbation of cell membranes causing
ceramide production (22-24). Furthermore,
USMB has been shown to induce anti-
vascular effects (25-28).

The  therapeutic  effects  of
radiotherapy can be enhanced in the
presence of gold nanoparticles (AuNP); it
has been shown that cell death increases by
up to 3 fold (29, 30). AuNPs have been
investigated as a method to radiosensitize
cancerous cells due to a high atomic number
and their relatively inert nature. Upon
irradiation of gold atoms with low energy
photons, the photoelectric effect dominates
gecting inner atomic shell electrons. The
atomic shell reorganizes, known as an Auger
cascade, and emits a localized dose of
radiation at microscopic scale (31). These
characteristics make AuUNPs a viable
radiosensitizing agent in radiotherapy (32,
33). The delivery of AuNPs to cancerous
tissues can be achieved through a passive
preferential uptake, known as enhanced
permeability and retention (EPR) effect (34).
The EPR effect has been shown to improve
in vivo tumour response when followed by
radiotherapy (35, 36). AuUNP can cross the
plasma membrane through endocytosis (37,
38), however, deivery efficiency depends
on the AuNP size, shape and concentration
(39, 40). The uptake of AuNP can be
enhanced by coating AUNPs with biological
targeting molecules (41, 42), and more
recently through the application of USMB
(14, 15). In this work, the effect of USMB
in combination with AuNP and XRT in
killing cancer cellsisinvestigated in a breast
cancer cell line. Cells in suspension were
treated with AuNPs, USMB, XRT and their
combinations at varying AuNP
concentrations.  Following the treatment,
cell viability was assessed using clonogenic
assay.
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Materials and M ethods

In vitro cell mode

A human adenocarcinoma breast cell line
(MDA-MB-231) from the American Type
Culture Collections (ATCC, MD, USA) was
cultured in RPMI-1640 medium
supplemented with 5%
penicillin/streptomycin antibiotic and 10%
fetal bovine serum. The cdls were
incubated a 37°C and 5% CO;
concentration. Cells were washed with
Dulbecco’s Phosphate Buffered Saline
(DPBS), trypsinized and suspended in media
at a concentration of 1.5x10° cells/mL.

Gold nanoparticles (AuNP)

Gold nanoparticle spheres (AuNP) of 12+1.5
nm in size prepared at 5.1x10" nps/mL in
Milli-Q water (no CTAB content) were
added to the cell suspension
(Nanopartz™, Inc., Loveland, CO, USA).
The concentrations of AuNP used were
7.8x10° npsmL and 1.6x10"nps/mL
corresponding to 60 nM and 116 nM for
AUNP, respectively. Cells were incubated
with  AuNP for 5 minutes a room
temperature and treated with XRT within 10
minutes without and with centrifuging the
samples prior to XRT. The centrifuging
process removes the AuNP from the cell
suspension.

Ultrasound and microbubble treatment

Cells were exposed to ultrasound in the
presence of Definity® (Lantheus Medical
Imaging, Inc., North Billerica, MA, USA)

microbubbles, which is aclinically approved
ultrasound contrast agent. The ultrasound
exposure system consisted of a single
element transducer of 500 kHz center-
frequency with 28.6 mm element diameter
focused at 85 mm and a — 6dB beam width
of 31 mm at the foca point (ILO509HP;
Vapey Fisher Inc, Hopkinton, MA, USA).
The transducer was mounted to a micro-
positioning system, and connected to a
power amplifier (RPR4000, Ritec Inc.,
Warwick, RI) and a waveform generator
(AWG520, Tektronix Inc., Beaverton, OR).
The cell exposure chamber was of
cylindrica shape with 12 mm interna
diameter and 10 mm diameter with Mylar
membrane windows across the cylinder and
a magnetic dtirrer within  the chamber
(Figure 1).

A 3 mL volume of cells in suspension was
placed in the exposure chamber along with
AuUNP and microbubbles and then exposed
to ultrasound pulses at 32 ps pulse duration,
1 kHz pulse repetition frequency, and 60 s
insonation time at 580 kPa negative peak
pressure in the presence of 3.3% viv
(volume  concentration) of  Definity
microbubbles. The USMB  exposure
conditions used in this study were based on
our previous published studies optimizing
intracellular uptake of cell-impermeable
molecules (16, 17). Following USMB and
AUNP+USMB exposure, cells were treated
with XRT within 10 minutes without and
with centrifuging the samples, which
removes the AUNP from the cell suspension
prior to XRT.
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Figure 1. A schematic diagram of the ultrasound exposure apparatus of the cell suspension
system.
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lonizing Radiation (XRT)

Prior to XRT treatment, cells were
transferred to 35 mm Petri dishes and
irradiated with 2 Gy single fraction dose at
160 kVp and 200 cGy/min dose rate
(Faxitron Xray Corporation, Lincolnshire,
IL, USA). Cells were exposed to XRT with
and without AuNP in the solution of the cell
suspension. XRT treatment was performed
either following centrifugation of cell-AuNP
suspension to remove excess AuNP from
solution (that is, XRT without AuNP in
solution) or without centrifuging where cells
were exposed to XRT with AuNP in
suspsension (that is, XRT with AuNP in
solution of the cell suspension).

Clonogenic assay

Following the combined treatment of AuNP,
USMB and XRT, cell viability was assessed
using clonogenic assay (V¢). Cels were
plated in 50 mm culture dishes and
incubated for 13-15 days. The cells were
then stained with methylene blue and
clusters of more than 50 cells counted.
Experiments were repeated with four
independent samples, and colony assay was
donein triplicate (n=12).

Analysis

Synergism of the combined treatment was
assessed using the Bliss independence
criterion (43), where the expected additive
effect on cell viability (V) for the combined
therapy was compared to experimental
measurements. The expected additive
response of the combined treatments was
caculated based on the measured cell
viability (V¢) of each treatment. The
combined treatment was considered
synergistic when V¢ was statistically lower
than Va. A Tukey post-hoc was done to
compare each treatment and determine its
significance. Vo and V¢ were compared
using a non-parametric t-test.

Results
AuUNP Sphereswith USMB and XRT
Clonogenic viability of cells treated
with USMB, XRT and AuNP spheres (12
nm) is shown in Figure 2; (A) and (B)
represents samples without AuNP in the
suspending solution (centrifuged samples)
and with AuNP in the suspending solution
(non-centrifuged samples), respectively.
Cell viability decreased by 22 and 11 folds
with AUNP+USMB+XRT compared to XRT
aone and AuNP+XRT, respectively. A
statistically  lower  cell-viability was
achieved with the combined treatment of
AUNP+USMB+XRT (Vc=310.4%)
compared to XRT aone (Vc=65+3%) and to
AUNP+XRT (V=34 +1%) (Fig.2A). Cdll
viability with AuNP and USMB or XRT
appeared to be independent of AUNP
concentration. Viability with AUNP+USMB
was 37+4% and 41+4%, and with
AUNP+XRT was 34+2% and 34+1% at low
and high spherica  AuNP concentrations,
respectively. Whereas, in the combined
treatment of AuUNP+USMB+XRT, a
statistically lower  cell-viability was
achieved at the higher spherical AuNP
concentration (V ¢c=3+0.4%) compared to the
lower AuNP concentration (Vc=14 +2%).
In addition, a statistically lower cell-viability
was  achieved with USMB+XRT
(Vc=18+£2%) compared to XRT aone
(Vc=65+3%) and USMB alone
(Vc=58+4%). No dSatistically significant
difference was observed with AuNP aone
compared to untreated control, whereas,
viability of cells treated with AUNP+USMB
decreased by 20% compared to USMB
alone. Furthermore, the presence of
spherical  AuNP in the cell suspension
(without centrifuging the sample prior to
XRT) in AUNP+XRT treatment (Vc~25%)
decreased cell viability by 2 fold compared
to centrifuged AuNP+XRT (Fig.2B). A
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similar fold decrease in cell viability was
observed in AUNP+USMB+XRT with the
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Figure 2: Clonogenic viability of MDA-
MB231 cells exposed to 12 nm AuUNP
spheres normalized with control. a Two
different concentrations of AuNP, USMB
fixed at 0.5 MHz frequency pulses with 580
kPa negative peak pressure and 3.3% (V/v)
microbubbles, and a 160 kVp 2Gy single
radiation dose and their combinations are
shown. The asterisks signify its statistical
significance (p < 0.01) in comparison to
samples without AuNPs, 0 nps/mL
concentration. The cell viability of AuNP,
USMB, and XRT combined treatments with
b) gold within solution. The asterisks in
Figure 1b) represents its statistical
significance compared with its counter
condition in Figure 1a). The error bars
represent the standard error of the mean.

Synergism of combined treatments

The calculated additive effect of the
combined treatments on cell viability (Va)
with different permutations of AUNP,

presence AUNP in the solution.

[Au] = 0 nps/mL
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USMB and XRT wusing the Bliss
independence criterion for spherical AUNP
is shown in Figure 3. The combined
USMB+XRT  treatment induced a
synergistic effect on cell viability (that is,
Ve was satisticaly less than Va), as
expected, whereas the combined treatment
was additive with AUNP+USMB (Fig.3A).
In addition, a synergistic effect on cell
viability was induced with
AUuNP+USMB+XRT a dl conditions
compared to the additive effect of three
treatments: AUNP, USMB and XRT. A V¢
of 3+0.4% (AuNP a 1.6x10" nps/mL)
compared to Va of 33t3% based on the
experimental cell viability observed with
each of the single treatments (V¢ of 87+4%,
58+4% and 65+3% with AuNP, USMB and
XRT, respectively). Furthermore, AUNP in
all permutations achieved a synergistic
effect at AUNP concentrations of 1.6 x 10™
nps/mL, however showed no synergistic
effect with AuNP concentrations of 7.8 x
10" nps/mL with a V¢ of 13% and Va of
34% (Fig.3B). Whereas, synergism was
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achieved with the additive combination of
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Figure 3: The calculated additive effect
(Va) of AuNP, USMB, and XRT on a)
AUNP and b) AuNR. The asterisks identify
the treatments that have a dsatisticaly
significant V¢ > Va. The error bars represent
the standard error of the mean.

Discussion

This study demonstrated for the first
time a significant radiosensitization effect of
ultrasound and microbubbles with gold
nanoparticles and ionizing radiation.  Cell
viability decreased by up to 22 fold using
spherically shaped AuNP of 12nm diameter
at a concentration of 116 nM and aclinically
relevant dose of 2 Gy. It has been shown
that in addition to the gold nanoparticle size,
the microscopic localization of the AuNP
plays aso an important role (44). This is
especialy true for low energy sources like
160 kVp beams as used in this study. AuNP
can be manufactured at various sizes and
shapes, and conjugated with biological
molecules to maximize ddivery to
biological tissues including cells, however,

(AUNR+USMB) with XRT.
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the hydrophobic nature of the semi-
permeable lipid bilayer of a cell membrane
prevents large molecules to diffuse across.
Many studies have shown that AuNP
accumulation in vitro is primarily due to
endocytosis and depends on AuNP size and
shape, and surface characteristics (37, 38,
40). Coated AuNP with bifunctional-PEG
under 40 nm in size have been shown to
improve circulation time (45) and prevent in
vivo renal retention (46) resulting in
enhanced tumour uptake. For therapeutic
effect, an incubation time of 16 hours — 15
days of PEG-AUNP may be necessary prior
to irradiation (45, 47). In addition, the
clinical applications of gold nanoparticles
remain limited by the amount of AuNP that
can be administered to the patient and their
localization in the vicinity or inside cancer
cells (38, 48, 49). Our results suggest that
the  application of  ultrasound-and-
microbubbles can potentially address these
limitations by reducing the dose of gold
nanoparticles and improve local delivery.
Furthermore, the enhanced therapeutic effect
of the combination of USMB with ionizing
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radiation further makes this strategy
clinically appealing.

The mechanism of synergistic
enhancement of cell death with the
combined treatment of AuNP, USMB and
XRT is associated with ultrasound and
microbubble induced uptake of gold
nanoparticles and biomechanical
perturbation of cell membranes (50-52)
causing an increase in ceramide production,
which in turn can induce apoptosis (23).
Ultrasonically-stimul ated microbubbles
generates transient pores within the cell
membrane alowing AuNP to enter the cell,
which results  in an increased
radiosensitization. The enhanced uptake of
AuNP and radiosensitivity by ultrasound-
microbubble indicates a possible mechanism
for the synergistic effect of AuUNP, USMB
and XRT and its dependence on
concentration in an in vitro setting.

Conclusions

The combined treatment of gold
nanoparticles, ultrasound-microbubbles, and
ionizing radiation is synergistic in MDA-
MB-231 cells compared to nanoparticles and
ionizing radiation. Cell viability decreased
by 22 fold with the combined treatment
compared to XRT aone. The synergistic
effects depended on the concentration and
the location of AuUuNP. This study
demonstrates that the combined treatment of
AUNP+USMB+XRT may significantly
enhance the desired effect of radiotherapy
and decrease the amount of AuUNP required
for atherapeutic effect.
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List of figures:

Figure 1. A schematic diagram of the ultrasound exposure apparatus of the cell suspension
system.

Figure 2: Clonogenic viability of MDA-MB231 cells exposed to 12 nm AuNP spheres
normalized with control. a) Two different concentrations of AuNP, USMB fixed at 0.5 MHz
frequency pulses with 580 kPa negative peak pressure and 3.3% (v/v) microbubbles, and a 160
kVp 2Gy single radiation dose and their combinations are shown. The asterisks signify its
statistical significance (p < 0.01) in comparison to samples without AuNPs, O nps/mL
concentration. The cell viability of AuNP, USMB, and XRT combined treatments with b) gold
within solution. The asterisks in Figure 1b) represents its statistical significance compared with
its counter condition in Figure 1a). The error bars represent the standard error of the mean.

Figure 3: The calculated additive effect (Va) of AuNP, USMB, and XRT on a AuNP and b)
AUNR. The asterisks identify the treatments that have a statistically significant V¢ > Va. The
error bars represent the standard error of the mean.
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