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ABSTRACT
Purpose Pluronic has been shown to sensitize various tumor cell
lines to chemotherapy and hyperthermia by altering the mem-
brane fluidity, depleting ATP, and modulating the heat shock
protein 70 expression. In our prior work, Pluronic was also used
to formulate nanosized ultrasound contrast agents. In the current
study we evaluate the use of these contrast agents as vehicles for
image-guided delivery of Pluronic to improve outcomes of tumor
radiofrequency (RF) ablation.
Methods Lipid-shelled Pluronic nanobubbles were prepared
and examined for size distribution, zeta potential, stability,
biodistribution, accumulation of nanobubbles in the tumor, and
treatment efficacy. LS174-T xenograft tumor-bearing mice were
used to evaluate tumor growth suppression and measure treat-
ment efficacy after RF ablation.
Results The average diameter of Pluronic bubbles was 230 nm,
and initial bubble echogenicity was 16 dB. In vitro, cells exposed to
Pluronic nanobubbles exhibited low cytotoxicity in the absence of
ultrasound, even if heat (43ºC) was applied. When the cells were
exposed to Pluronic nanobubbles, heat, and ultrasound; viability
was significantly reduced. In vivo, tumors treated with ultrasound-
modulated nanobubbles prior to RF ablation showed a significant
reduction in growth compared to the RF alone (P<0.05).
Conclusion Lipid and Pluronic-shelled, echogenic nanobubbles
combined with ultrasound modulation can serve as an effective
theranostic method for sensitization of tumors to RF ablation.
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INTRODUCTION

Radiofrequency (RF) ablation is a minimally invasive proce-
dure which is commonly utilized in the management of
unresectable tumors (1–3). However, tumor treatment by RF
ablation alone produces highly variable results, with recur-
rence rates ranging from 4 to 78% (4,5). In particular, patient
outcomes have been shown to be affected by factors including
the tumor size and number, the surgical approach for ablation,
as well as the location of the lesion (4,5). The location of the
lesion is particularly important because if the treatment vol-
ume contains large vessels, the flow of blood acts as a heat sink,
reducing efficacy of the treatment (4,5). As a result of the
cooling effect of blood vessels, the local recurrence rate in the
marginal areas of the treatment volume is elevated by a process
called peripheral cooling. Not only do physical barriers reduce
the treatment efficacy of RF ablation, but the presence of
endogenous protective mechanisms such as those provided
by heat shock protein (Hsp) 70 have also been shown to
increase a cell’s ability to recover from mild hyperthermia
(6). As a result, techniques that regulate blood flow (7) or the
cellular ability to recover from hyperthermia have become the
focus of techniques designed to improve RF ablation. One
particularly effective thermosensitizer is the nonionic surfac-
tant Pluronic (8), which has been shown to be effective in
improving outcomes of tumor ablation.

Pluronic is a nonionic triblock co-polymer surfactant
consisting of hydrophilic poly (ethylene oxide) (PEO) and hy-
drophobic poly (propylene oxide) (PPO) groups in the form of
(EOx-POy-EOx). Depending on the number of PEO and PPO
units, Pluronic exhibits properties that depend on the molecu-
lar structure, and has been shown to display diverse biological
activity (9–11). Importantly, due to its amphiphilic nature,
Pluronic can interact with hydrophobic surfaces and biological
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membranes, making it amenable to encapsulation in lipid
vesic les , or del ivery as a micel le (12,13) . The
chemosensitization effect of Pluronic occurs by modulat-
ing the fluidity of the cell membrane, depleting intracel-
lular ATP, and changing the G-glycoprotein pump in
multidrug resistance (MDR) cells (14–16). Additionally,
chemosensitization using Pluronic P85 was shown to be
selective in sensitizing only multidrug resistant cells to
doxorubicin exposure (17). The thermosensitization effect
of Pluronic has been shown in our previous studies to be
due in part to the reduction of Hsp 70 expression as a
result of low grade hyperthermia (8). Although Pluronic
demonstrates a synergistic effect with low grade hyper-
thermia, treatment of solid tumors using free Pluronic
has limitations, such as complicated procedures for
targeting treatments to the site, limited intracellular up-
take due to passive transport, and lack of simple tracking
strategies (18). Therefore, development of an effective,
image-guided delivery method for Pluronic could provide a
means for improving clinical treatment efficacy of RF ablation
and improving clinical outcomes.

A theranostic approach for delivering Pluoronic while con-
currently visualizing the in vivo behavior is the incorporation of
the surfactant into an ultrasound contrast agent. Ultrasound
contrast agents are typically comprised of lipid-shelled, gas-
filled bubbles, which provide contrast due to the difference in
the acoustic impedance of the gas core of the bubble with the
surrounding fluid. These agents have recently received more
attention in their role of evaluating tumor perfusion (19), tumor
characterization (20,21) and treatment response in cancer ther-
apy (22–24). In pharmaceutical applications, ultrasound driven
microbubbles have gained increased attention due to the ability
to form acoustically induced pores (sonoporation) in the cell
membrane, leading to enhanced cellular drug uptake (25,26).
However, clinical application of these microbubbles is restrict-
ed mainly due to their size (1–10 μm), which is too large to
extravasate out of the circulatory system into tumor parenchy-
ma, limiting their use as blood pool agents. Due to the en-
hanced permeation and retention (EPR) effect, nanoscale ve-
hicles may be accumulated within the tumor for a threshold
particle diameter below 400 nm (27), preferably less than
200 nm for a maximized transfection effect (28). As these
nanoparticle-based systems are capable of delivering a thera-
peutic agent as well as providing contrast, they could be utilized
for treatment in addition to diagnostics of tumor perfusion
and treatment efficacy (29,30). Importantly, the contrast ca-
pabilities of these nanoparticle systems could enable targeted
(or site-specific) drug delivery through image guidance. The
primary goal of the current work was to develop such a system
for more efficient Pluronic delivery to tumors prior to thermal
ablation therapy.

Our previous studies have shown that nano-sized ultra-
sound contrast agents, nanobubbles (11), can be formulated

by incorporating Pluronic into lipid-shelled bubbles filled with
perfluoropropane gas (C3F8). The resultant nanobubbles pro-
vide contrast on par with or better thanmicrobubble agents or
the clinical contrast agent Definity® (31,32). Pluronic was
shown to increase nanoparticle stability by interacting with
the lipid membrane (33), and can also change the fluidity of
the lipid membrane, reducing the resonant frequency
and increasing the echogenicity of the bubbles (31). In
the current study, we examined the efficacy of Pluronic
nanobubbles as an ultrasound-based theranostic delivery
system to achieve an image-guided therapeutically active
diagnostic system. Pluronic-lipid nanobubbles were pre-
pared and characterized in terms of size, zeta potential,
echogenicity, and ability to induce cell death in vitro. The
efficacy of Pluronic nanobubbles in enhancement of tu-
mor thermal ablation was investigated by studying the in vivo
biodistribution, accumulation of nanobubbles within the tu-
mor, tumor ablation, and tumor growth/suppression in
tumor-bearing nude mice.

MATERIALS AND METHODS

Cell Culture

LS174-T human colorectal adenocarcinoma cells (ATCC,
Manassas, VA) were cultured in complete MEM medium
(10% fetal bovine serum, 1% penicillin-streptomycin;
Invitrogen, Carlsbad, CA) and placed in a humidified atmo-
sphere at 37°C and 5% CO2. Cells were passaged until they
were 90% confluent, then detached with 0.25% trypsin-
EDTA (Invitrogen, Carlsbad, CA).

In Vitro Cell Viability

One day prior to the treatment, cells were passaged at con-
fluence and plated in flat bottom, clear, cell culture treated 96-
well plates (Falcon, Franklin Lakes, NJ) using a cell density of
6.25×104 cells/cm2. After 24 h of incubation, plates were
aspirated and cells were treated with Pluronic test solutions
(50 μl of Pluronic L10, at 0–1.0 mg/ml concentrations, 5 wells
for each treatment) for 20 min and incubated at 37°C. Heat
treatment was applied by keeping cell plates in a 43°C
circulating water bath for 20 min. Test solutions were then
aspirated, washed with 100 μL incomplete medium, and
replaced with 200 μL completed medium. After 24 h incuba-
tion at 37°C, the medium was aspirated from the plates, then
100 μL of diluted (1:10 with incomplete medium) WST-1 cell
proliferation reagent (Roche, Indianapolis, IN) was added.
The cells were then incubated for 1 h in a 37°C humidified
atmosphere in the dark. The absorbance at 450 nm was
measured using a TECAN plate reader (infinite M200, San
Jose, CA).
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Nanobubble Formulation and Characterization

Pluronic Bubble Formulation

To formulate Pluronic nanobubbles, lipids DPPC (1,2-
Dipalmitoyl-sn-Glycero-3-Phosphocholine), DPPE (1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine), and DPPA
(1,2 Dipalmitoyl-sn-Glycero-3-Phosphate; Avanti Polar
Lipids, Pelham, AL) with a 5:2:1 mass ratio were dissolved
in chloroform (using 8 mg of total lipids for every 10 ml of
chloroform). The solvent was then removed by evaporation,
which resulted in the formation of a lipid film. The film was
hydrated by adding 1ml of 0.6 mg/ml Pluronic solution in the
presence of glycerol (50 μl) at 68°C for 30 min. Next, air was
removed from the sealed vials and replaced with
octafluoropropane until the pressure inside the vial was equal-
ized. Finally, the vial was shaken on a VialMix shaker (Bristol-
Myers Squibb Medical Imaging, Inc., N. Billerica, MA) for
45 s and the bubble vials were stored at 4°C until use.

Nanobubble Characterization

The mean diameter and polydispersity of Pluronic nanobubbles
were measured using photon correlation spectroscopy (PCS)
(90 Plus particle sizer, Brookhaven Instruments Corp).
Measurements were performed at 25°C, with a laser
wavelength of 660 nm at an angle of 90°. Bubble size
was measured by diluting a sample formulation 1:1000,
with PBS at pH 7.4 (n=3). The bubble size was report-
ed as the number average. The zeta potential of
Pluronic nanobubbles was determined by using a Zeta
Plus Analyzer (Brookhaven Instruments Corp.). The zeta
potential was measured by diluting bubble samples in
1 mM KCl solution. Measurements were performed at
25 ° C and each sample was run using 5 repetitions,
and the average was reported.

Nanobubble Visualization Using Scanning Electron
Microscopy (SEM)

Nanobubble morphology was imaged using scanning electron
microscopy. In order to prepare samples, a drop of freshly
prepared bubble solution was placed on dust-free foil and kept
in a desiccator to evaporate the solvent. Then the samples
were sputter coated with palladium and images were obtained
using scanning electron microscope (Hitachi S4500) with a
gun acceleration voltage of 3.0 kV and 7mmworking distance
(34).

In Vitro Ultrasound Contrast Agent Characterization

In order to analyze echogenicity and in vitro decay rate of the
nanobubbles, a custom tissue-mimicking phantom (ATS

Laboratories, Bridgeport, CT) was immersed in a 1 L glass
beaker containing 700ml of PBS (Fisher Scientific; Pittsburgh,
PA) solution at 37°C (Fig. 3a). Nanobubble solution (700 μl)
was injected into the PBS solution and continuously stirred at
150 rpm to agitate the bubbles. The change of the contrast as
a function of time was measured using a linear array trans-
ducer PLT-1204BT equipped to a clinical ultrasound imaging
system AplioXG SSA-790A (Toshiba Medical Imaging
Systems, Otawara-Shi, Japan). An 8.0 MHz ultrasound fre-
quency, with a 0.1 mechanical index (MI), a 65 dB dynamic
range, and an 80 dB gain was used to obtain images for
60 min. Linear raw data images, which provide ultrasound
intensity proportional to contrast agent concentration were
stored for analysis (32). Regions of interest (ROI) were drawn
in both the tissue phantom and in the contrast agent area. The
data was then exported to Excel (Microsoft, Redmond, WA)
and normalized by the contrast of the tissue phantom. The
signal intensity as a function of time was plotted to obtain the
decay rate of nanobubbles. To acquire the rate of nanobubble
dissolution over a 24 h period, 10 images were obtained at the
designated time points (t=0, 1, 2, 4, 6, 24 h), and the signal
intensity was plotted as a function of time.

Formulation of Pluronic Solutions for Cell Viability
Studies

Pluronics L10 (Sigma Aldrich, St. Louis, MO) was used as
received. The molecular weight (Mw) of L10 was 3200 with
PPO/PEO units of 49.7/7.3. Pluronic stock solutions were
prepared by dissolving 25mg/ml of the polymer in incomplete
(without serum) MEMmedium (ATCC, Manassas, VA) over-
night at 4o C. Solutions were sterilized by passage through a
sterile 0.22 μm syringe filter (Millipore, MA), then further
diluted to prepare test solutions and stored at 4°C until use.

Ultrasound-Mediated Delivery of Pluronic In Vitro

LS-174 T cells were maintained as described above. In
preparation for the ultrasound studies, cells were seeded in
a 96 well plate (Falcon, Franklin Lakes, NJ) at a density of
6.25×104 cells/cm2. After incubation at 37°C for 24 h, each
well was filled with 350 μl of either PBS, free Pluronic L10
(0.3 mg/ml), or diluted nanobubble suspension (1:500 in
PBS). The plates were sealed with Parafilm® M (Fisher
Scientific; Pittsburgh, PA) and inverted in order to ensure
contact of the cells with gas filled bubbles. For ultrasound
treatment, cells with the various treatments were then ex-
posed to therapeutic ultrasound with an Omnisound 3,000
device (Accelerated Care Plus Corp., Reno, NV), at 3 MHz
at 2 W/cm2 power density and 20% duty cycle for 1 min
(35). Heat treatment was performed by incubating the cell
plates in a 43°C water bath for 20 min. After each treatment,
the solution was removed from the wells, washed with
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incomplete MEM medium, and incubated in completed cell
medium for 24 h at 37°C with 5% CO2. The WST-1 cell
viability assay was used, as described above, to analyze cell
viability. Cells were incubated with a 1:10 diluted solution of
WST-1 reagent for 1 h and scanned using a TECAN plate
reader (infinite M200, San Jose, CA) at 450 nm.

Tumor Inoculation

Mice were handled according to a protocol approved by the
Institutional Animal Care and Use Committee at Case
Western Reserve University in accordance with all applica-
ble protocols and guidelines in regards to animal use.
Athymic nude mice (NCRnu/nu) were purchased from the
Athymic Animal and Xenograft Core Facility of Case
Western Reserve University. In all procedures, mice were
anesthetized with 3% isoflurane with 1 L/min oxygen. Then,
LS-174 T cells (1×107 cells) suspended in 200 μl of medium
were injected subcutaneously into the flank of each mouse to
inoculate the mouse with the tumor.

In Vivo Biodistribution of Nanobubbles

Two weeks after inoculation, mice with tumor diameters ap-
proximately 0.8 cm, were selected for biodistribution studies
(n=3). Liver, kidney, and right subcutaneous tumor of the
animal was imaged through the sagittal plane (Fig. 5a).
Fifteen seconds after raw data acquisition started, the
nanobubble suspension (100 μl of 1: 4 times diluted 0.6 mg/ml
Pluronic L10 bubbles) was administered intravenously (IV),
and image acquisition continued for 8 min. After the first
8 min, images were acquired at 15 min intervals for 1 h.
Images were acquired using the Contrast Harmonic Imaging
(CHI) algorithm, at a frequency of 8.0 MHz; an MI of 0.12; a
dynamic range of 65 dB; a gain of 80 dB; and an imaging
frame rate of 1 frames/s. Images were collected in raw data
format as a function of time. Raw data was processed with
onboard CHI-Q software (ToshibaMedical Imaging Systems).
The liver, kidney, and tumor areas were then delineated by
drawing regions of interest (ROIs - Fig. 5b) and the change in
signal intensity in each ROI over time was used to calculate the
time intensity curves (TIC). The data were exported to Excel
(Microsoft, Redmond,WA), and the calculated peak value was
used to obtain the decay rate of US contrast. The data was fit
by simple linear regression over the course of the first 8 min
after the peak signal intensity to derive the decay slope.

Evaluation of Treatment Efficacy In Vivo

Once the tumor diameter reached approximately 0.8 cm,
mice were divided into 7 groups: Untreated control (n=3),
ultrasound alone (US; n=5), RF ablation only (RF; n=5),
free Pluronic injection followed by RF ablation (n=5), free

Pluronic followed by ultrasound and RF ablation (n=4),
Pluronic nanobubble injection followed by RF (n=5), and
Pluronic bubble followed by ultrasound and RF ablation
(n=5). For ultrasound treatment, tumors were exposed to
therapeutic ultrasound (3 MHz at 2 W/cm2 power density
and 20% duty cycle) for 1 min immediately after intravenous
injection of bubble solution or free Pluronic (35). RF treat-
ment was applied using a 17-gauge, 1 cm active single tip RF
probe placed into the tumor and the probe was heated to
80°C for 3 min. For free Pluronic/ Pluronic nanobubble +
ultrasound + RF treatment, RF was applied 30 min after
ultrasound treatment. Tumor size (using a caliper) and animal
weight were recorded every other day. The tumor volumes
were computed by: Vt=4π(at. bt

2) / 3, where at is the longest
tumor diameter and bt is the perpendicular diameter (36).

Histological Analysis

Histological evaluation were processed by selecting 3 treat-
ment groups; untreated control (n=2), ultrasound mediated
Pluronic followed by RF ablated (n=3), and ultrasound me-
diated Pluronic bubbles followed by RF ablated (n=3). Forty
eight hrs after the treatment, the ablated tumor was harvested.
One half of the tumor was embedded in OCT and snap
frozen on dry ice for NADH staining. Tumor tissues were
cut into 16 μm thick slices using a Leica CM1850 cryostat
(Leica, Germany). Tissue slides were incubated at room tem-
perature (22°C), for 1 h with an incubation medium contain-
ing 0.8 mg/ml NADH (Sigma-Aldrich) and 1 mg/ml Nitro-
Blue Tetrazolium (NBT, Sigma-Aldrich) dissolved in 0.05 M
Tris Buffer, pH 7.6 (Sigma-Aldrich). Samples were washed
with deionized water, then placed in acetone baths (30%,
60%, 90%) to remove unbound NBT. Samples were then
washed with deionized water and stored at 4 ° C. The second
half of the tumor was fixed overnight in 4% paraformalde-
hyde in PBS and then soaked in 30% sucrose (w/v) in PBS for
48 h at 4°C. The tissue was then transferred to OCT for cryo-
sectioning (10 μm thickness slices). Standard hematoxylin-
eosin (H & E) staining was performed (37). Images of the
entire tissue section were obtained by montage imaging
through the automated tiling function of the microscope
(5X magnification) and analyzed using AxioVision V 4.8.1.0,
Cals Zeiss software (Thornwood, NY).

Statistical Analysis

All data are presented as mean ± STDEV (standard devia-
tion) unless otherwise noted. Statistical significance between
experimental groups was derived using a one-way ANOVA
model. Two-tailed unpaired Student’s t-test with unequal
variants was used to determine the significance of the out-
come in some instances. Data analysis was performed with
Excel (Microsoft, Redmond, WA).
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RESULTS

In Vitro Cell Viability

Cells treated with Pluronic alone did not show a signifi-
cant change in cell viability over the concentrations eval-
uated (Fig. 1). All treatment groups showed a decrease in
cell viability when exposed to heat and Pluoronic.
However, when 0.3 mg/ml Pluronic L10 was combined
with heat, the mitochondrial enzyme activity reduced to
35.0±3.1%.

Nanobubble Formulation and Characterization

Pluronic L10 bubbles had an average diameter of
230±99 nm with a polydispersity of 0.26±0.12 measured
by the DLS (n=5). The diameter was similar to other
Pluronic bubbles tested in our previous studies (31). The zeta
potential observed from the ZetaPlus Analyzer was
−62.4±6.4 mV. Surface morphology and the size distribution
of L10 nanobubbles were obtained using SEM imaging. SEM
images (Fig. 2b) confirmed that the nanobubbles were
300±70 nm sized (with the range of 190–500 nm), spherical
and non-aggregated.

In Vitro US Characterization

The decay rate of the L10 nanobubbles was −0.115±
0.009 dB/min over the course of 60 min. After 1 h the
contrast was reduced by only 53±2% of the initial value

(Fig. 3c). The results confirmed that the nanobubbles were
stable in vitro over 60 min. The nanobubble acoustic charac-
terization was also extended for period of 24 h (Fig. 3d),
where little to no signal was observed after 6 h (at 6 h, signal
was 2% of the initial).

Ultrasound-Mediated Delivery of Pluronic In Vitro

As summarized in Fig. 4, cells exposed to ultrasound alone or
nanobubbles alone did not exhibit significantly reduced enzyme
activity. When cells were exposed to either free Pluronic L10
alone, or heat treatment alone there was negligible effect on cell
viability. However, when cells were treated with free Pluronic
L10 + heat there was a significant decrease in viability com-
pared to Pluronic L10 nanobubble + heat (34±7% compared
to72±5% of untreated control, P<0.001), indicating that the
heat does not support the release of Pluronic from the
nanobubbles. When ultrasound was applied prior to heat treat-
ment, the reduction of enzyme activity in the nanobubble group
(19±6% of untreated control) was significantly greater
(P<0.001) than what was observed in the free Pluronic +
ultrasound + heat treatment group (35±9% of untreated con-
trol) (Fig. 4).

In Vivo Biodistribution of Nanobubble

The enhancement of kidney and liver reached maximum en-
hancement 0.80±0.31 min and 0.69±0.07 min after
nanobubble administration respectively. Peak contrast enhance-
ment occurred less rapidly in the tumor (at 1.08±0.22 min post
injection, Fig. 5c). As shown in Fig. 5d, there was a gradual
washout, with the rates of −0.78±0.34 dB/min for liver,
−0.82±0.46 dB/min for kidney, and −1.73±0.22 dB/min for
tumor for 8 min period (P<0.05). Moderate enhancement was
observed in tumor regions for an extended time even up to 1 h.

Pluronic L10 Bubble Combined with Ultrasound
Cavitation and RF Ablation Suppress Tumor Growth
In Vivo

Tumors in the untreated control and ultrasound only treated
groups grew rapidly, reaching more than 200% of the initial
volume at day 12 (280±90% for untreated control and
226±49% for ultrasound only; Fig. 6a). Seven days after
all the treatments, tumor volume significantly increased
131±36% (P<0.01) of the initial values. Afterward, tumor
volumes started to decrease in all groups except untreated
and ultrasound controls. After 15 days recurrence began in
the RF ablated tumors, and tumor growth continued for the
duration of the study (30 days). Recurrence was also seen
with the Pluronic nanobubble + RF treated tumors starting
23 days after the treatment and tumor growth continued for
the duration of the study. In contrast, tumor sizes decreased

Fig. 1 Cell viability of LS-174 T cells after exposure to Pluronic L10 for
20 min or exposure to a combination of L10 and heat (43˚C). The data was
normalized to untreated control to generate dose-response curves (n=3±-
STDEV). *Cell viabilities of each Pluronic treatment group as measured by
WST-1 assay were significantly different from untreated control (P<0.05).
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continuously in free Pluronic + RF ablated, free Pluronic +
ultrasound + RF ablated and Pluronic nanobubble + ultra-
sound + RF treated groups. The decrease in tumor size in the
Pluronic nanobubble + ultrasound + RF ablated group was
greater than the free Pluronic + ultrasound + RF ablated
group, but not significantly different. Thirty days after free
Pluronic + ultrasound + RF treatment, the tumor volume
decreased by more than half (34.9±131.2%) of the initial size.
While the Pluronic nanobubble + ultrasound + RF treatment
group had a smaller average final tumor volume than all other
groups (13±39% of initial), there was no significant difference

observed between the Pluronic + ultrasound + RF treatment
or the Pluronic nanobubble + ultrasound + RF. However
both groups were significantly different from the RF alone
group (P<0.05). Error bars were omitted from the Fig. 6 for
presentation clarity and all the data were summarized in the
Table I.

Body Weight Changes During Treatment Period

The mice had an average mass of 30.4±1.7 g on the day of
treatment, with no significant differences in weight between

Fig. 2 (a) Size distribution of the
nanobubbles obtained by DLS
measurements; (b) the surface
morphology of the nanobubbles
visualized using scanning electron
microscopy (SEM).

Fig. 3 Analysis of in vitro bubble stability. (a) In vitro experimental setup; (b) representative ultrasound image of L10 nanobubbles, showing the selection of
region of interest (ROI) in both tissue phantom area and in the contrast agent vicinity; (c) ultrasound intensity as a function of time for 1 h period; (d) ultrasound
intensity as a function of time for 24 h period (n=3±STDEV).
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all groups. During the period tested and at day 30, no
significant loss of body weight was observed in any of the

treatment groups (Fig. 6b). In the untreated control group
and the ultrasound treated group, the mice gained weight
gradually, which may have been due to the massive growth
of the tumor. These results indicate that RF treatment com-
bined with either free Pluronic or Pluronic nanobubbles
were within an effective and tolerable therapeutic dose for
treatment of LS-174 T human colon cancer cells.

Histological Analysis

Figure 7 shows representative NADH and H & E stained
images of tumors 48 h after RF ablation. As shown in panel
a and b, NADH staining is blue, and H & E stains were red/
blue. The stains were evenly distributed in the untreated
controls, which indicated the presence of viable tumor tissues.
The tumor sections obtained after ultrasound mediated
Pluronic RF ablation are displayed in panel c and d. Both
NADH and H & E stained tumor tissues show a distinct
histological change in the RF ablated area compared to the
untreated control. The images of NADH and H & E stained
tissues after ultrasoundmediated Pluronic nanobubble and RF
treatment (panel e and f) showed complete thermocoagulation
and absence of viable tumor tissue cells within the central zone
of the ablated site.

Fig. 4 Cell viability of LS 174-T cells for different treatments normalized to
untreated control to generate dose-response curves (n=3±STDEV). The first
four columns represent the control treatments (untreated, heat only, ultrasound
only, ultrasound + heat). The second four columns represent results from the
above treatments combined with Pluronic, and last four columns correspond to
results from the above treatments combined with Pluronic nanobubbles. The
data was averaged and normalized to untreated control (n=3±STDEV). *
Results were significantly different from the untreated control.

Fig. 5 (a) Experiment setup for biodistribution studies; (b) regions of interests (ROIs) delineating the liver (L), kidney (K), and subcutaneous tumor (T).
Ultrasound images showing the contrast in each organ and the tumor after the bubble injection; (c) ultrasound intensity of each organ and the tumor as a
function of time for 1 h period (n=3); (d) ultrasound intensity of each organ and the tumor as a function of time for 8 min period, showing the peak
enhancement (n=3).
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DISCUSSION

Our studies demonstrate the efficacy of ultrasound-visible
nanobubbles as a theranostic delivery vehicle of Pluronic for
hyperthermia cancer therapy. According to in vitromitochon-
drial enzyme activity results carried out using the human
colorectal cancer cell model (LS-174 T), Pluronic L10 alone
showed negligible toxicity. However, when hyperthermia
was combined with Pluronic L10, the enzyme activity re-
duced drastically, proving the effectiveness of the synergistic
sensitizer treatment. Pluronic L10 nanobubbles have a size
range of 230±99 nm, which is an appropriate size for imag-
ing and delivery application via the EPR effect (11). Due to
the considerably large negative zeta potential, Pluronic L10
nanobubbles have a tendency to repel each other reducing
bubble aggregation (38).

The data obtained from our in vitro bubble echogenicity
studies showed a lower decay rate of nanobubbles com-
pared to the decay rate of the commercially available
microbubble, Definity ® (−0.115±0.009 dB/min compared
to −0.142±0.012 dB/min (32)). Even after 1 h, more than
half of the initial contrast (53%) was still present, indicating the
echogenic stability of the Pluronic bubbles. Pluronic has been
recognized as a stabilizing agent in lipid membranes (33) and
has the ability to increase the cell membrane fluidity (15). We
hypothesize that the potential increase in membrane fluidity
may lead to a reduction in the resonant frequency of the
bubbles and hence result in an increased echogenicity

compared to other more rigid nanovesicles and microbubbles.
According to acoustic theory, the acoustic signal is reduced
with the size of the particles (39). However, the increase in
membrane fluidity may balance the loss of acoustic signal.
The time-intensity curve for the 8 min period in liver, kidney,
and subcutaneous tumor obtained from in vivo biodistribution
studies follows a linear decay. In addition, 8 min after the
injection, the tumor showed fairly enhanced contrast
suggesting the effectiveness of Pluronic nanobubbles in tumor
enhancement for cancer diagnostic therapy.

In vitro ultrasound assisted bubble delivery studies showed a
significant reduction in cell viability when cells were treated
with Pluronic nanobubbles in combination with ultrasound
and heat, compared to the free Pluronic with ultrasound and
heat treatment. We hypothesize that the improvement in treat-
ment efficacy is a result of improved Pluronic delivery caused
by cavitation of the nanobubbles, leading to sonoporation of
the cell membrane (25,26,40). The resultant formation of pores
in the cell membrane would lead to an increase in the intracel-
lular uptake of the therapeutic agent. The application of ther-
apeutic ultrasound has also been shown to improve nanopar-
ticle accumulation in tumors by dropping the intratumoral
pressure and increasing the tumor vascular permeability, pro-
viding a potential route for elevated drug uptake in vivo after
systemic administration (41).

Importantly, in vivo studies with intravenously injected
Pluronic nanobubbles did not demonstrate any adverse effect,
indicating that the nanobubbles are not toxic. An increase in

Fig. 6 (a) Change in volume of
LS-174 T tumors in mice relative
to the initial size before the
treatment. Tumor volume was
measured after administration of
free Pluronic or Pluronic bubbles
combined with RF with and
without ultrasound. Error bars
were omitted for presentation
clarity. * Results with a treatment
were significantly different from
the RF ablated only. (b) Body
weight of LS-174 T tumor bearing
mice after the treatment.

Table I Summary of Tumor Vol-
ume Changes (% of Initial Size)

Unless otherwise specified, data
are means ± STDEV

*Significantly different from RF
treated group with, P<0.05

**Significantly different from RF
treated group with, P<0.001

Weeks 1 2 3 4

RF alone 118.6±30.1 95.3±21.6 93.4±27.2 153.3±54.9

Pluronic nanobubble + RF 92.3±27.1 120.0±25.3 69.1±12.0 94.4±47.1

Pluronic nanobubble + ultrasound + RF 143.1±37.6 81.9±77.4 36.2±68.4 8.7±44.6**

Free Pluronic + RF 191.9±50.1 135.1±97.9 70.01±123.5 41.4±66.6*

Free Pluronic + ultrasound + RF 110.2±56.1 99.0±33.0 72.1±81.9 34.9±131.2

Ultrasound alone 118.4±30.3 225.8±49.4**
Untreated control 122.1±36.9 279.8±90.6**
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tumor volume was observed 7–9 days after each treatment as
a result of edema due to the inflammatory reaction of the
tumormicroenvironment in response to the therapy. Over the
course of the 30 day study, the most effective treatment
emerged as RF combined with both Pluronic (free or deliv-
ered as a nanobubble) and ultrasound, with no significant
difference in the reduction in tumor size between the two
delivery methods. While we anticipated a statistically greater
reduction in tumors treated with the Pluronic bubbles, the
short circulation time may have limited the degree to which
the bubbles extravasate, reducing the enhanced drug delivery
into the cell that would have occurred with sonoporation.
Additionally, delivery of Pluronic by nanobubbles provides a
method by which not only can the biodistribution of the agent
be determined, but cavitation of the imaging agent results in
the on-demand release of payload, which can be targeted to a
specific location. By improving bubble stability, circulation
time may be improved leading to greater treatment efficacy.
Future studies using more mice in each group may also be
necessary to determine which system is the most effective.

Due to the heat produced by the local RF ablation, tissue
viability was decreased, and damage to tissue architecture was
observed in the lesion. Prior studies have established that the
progression of histological changes of coagulative necrosis
following RF ablation occur after 24–48 h of the treatment
(42). Histological analysis of tumor tissues obtained from 48 h
after the treatment of ultrasound mediated Pluronic RF abla-
tion and ultrasound mediated Pluronic nanobubble showed

distinct histological changes in RF ablated area compared to
the untreated control.

Our results suggest the Pluronic nanobubbles combined
with ultrasound modulation provide an adequate Pluronic
delivery system to the tumors and lead to an enhanced ther-
apeutic effect of RF ablation. The theranostic capability of
Pluronic nanobubbles provides ameans by which not only can
the therapeutic agent be delivered to and specifically released
within the lesion, but the changes in tumor vascularization can
be observed, without the use of more expensive imaging
modalities.

CONCLUSION

Our study demonstrates that ultrasound-sensitive nanobubbles
can be used to deliver Pluronic to the cancer cells both in vitro
and in vivo. Pluronic nanobubbles showed enhanced ultrasound
signal and prominent accumulation in the tumors com-
pared to the commercially available microbubble, Definity
®. Efficacy studies confirmed successful Pluronic delivery
from nanobubbles with the aid of ultrasound and due to
improved uptake by cells due to sonoporation of the cell
membrane, improve sensitivity of cells to mild grade hyper-
thermia. Future investigations will focus on stabilizing
Pluronic nanobubbles to achieve longer circulation times
and designing vehicles for more tumor specific delivery by
introducing molecular targeting techniques.

Fig. 7 Images of LS-174 T
tumor sections 48 h after RF
ablation (magnification, 5X).
NADH stained images of (a)
untreated control, (c) ultrasound
mediated Pluronic and RF ablated
tumor, (e) ultrasound mediated
Pluronic nanobubble and RF
ablated tumor, and corresponding
H&E stained images (b, d, f).
Scale bar represents 100 μm.
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