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PURPOSE. To study the ability of ultrasound (US) and micro-
bubbles (MB) to enhance chemotherapeutic efficacy against
retinoblastoma Y79 cells in vitro.

METHODS. The experiment was performed in three stages. The
authors first compared cell viability of Y79 cells exposed to
doxorubicin versus cells exposed to doxorubicin combined
with low-intensity, low-frequency US � MB. They then evalu-
ated enhanced cell permeability by studying the intensity of
intracellular fluorescence in cells exposed to doxorubicin ver-
sus those exposed to doxorubicin with US � MB. Lastly they
evaluated the morphologic characteristics of the cells by scan-
ning electron microscopy (SEM) to identify the presence of
pores.

RESULTS. The Y79 cells exposed to doxorubicin with US � MB
showed a significant decrease in cell viability at 72 hours
compared with those exposed to doxorubicin alone (P �
0.02). Cells also showed immediate increased permeability to
doxorubicin with the addition of US � MB compared with
doxorubicin alone, which continued to increase over 60 minutes.
SEM did not demonstrate physical pores at the lowest US �
MB intensity shown to enhance intracellular doxorubicin fluo-
rescence.

CONCLUSIONS. US � MB facilitates the uptake of chemotherapy
in retinoblastoma Y79 cells in vitro. This occurs in the absence
of visible pores, suggesting a possible secondary mechanism
for increased drug delivery. This experiment is the first step
toward enhancing chemotherapy with sonoporation in the
treatment of intraocular tumors. This technique may lead to
more effective chemotherapy treatments with less collateral
damage to ocular tissues and may allow reduced systemic
dosage and systemic side effects. (Invest Ophthalmol Vis Sci.
2011;52:3868–3873) DOI:10.1167/iovs.10-6501

Retinoblastoma is considered a curable cancer in the devel-
oped world, yet it can cause significant morbidity and,

rarely, mortality.1 In bilateral cases, treatment most often con-
sists of primary enucleation of the more involved eye, with
systemic chemotherapy plus local therapy or with local
treatment alone for the fellow eye, depending on group
classification. Local treatment modalities include laser pho-
tocoagulation, transpupillary thermotherapy, cryotherapy,
and brachytherapy.2– 4 Advanced tumors, especially in the
presence of vitreous seeding, require systemic combination
chemotherapy for tumor reduction with consolidative focal
therapy once the tumor burden decreases.4,5 Recurrent in-
traocular tumors remain a challenge, ultimately leading to
enucleation in 25% to 30% of eyes in which attempted
salvage fails.5 Tumor regrowth after systemic chemotherapy
most likely reflects transient and inadequate levels of the
agents achieved in the vitreous after systemic administration of
chemotherapy. Recent clinical efforts to improve eye-salvaging
therapies and minimize systemic side effects include intra-
ophthalmic artery chemotherapy6–9 and periocular injections
of carboplatinum.10 Sequestered delivery of agents from an
episcleral reservoir11 promises sustained delivery of higher
therapeutic drug levels while eliminating the dynamic barrier12

that has prevented viable transscleral drug delivery in the past.
Pre-clinical trials for this drug delivery method are underway
and clinical enrollment is expected to begin in Fall 2011 (NIH-
funded Grant 1RC3CA150730-01).

Recently, it has been demonstrated that ultrasound (US),
when combined with diagnostic microbubbles (MB) can en-
hance intracellular uptake, with wide implications for gene
therapy and drug delivery.13–15 MB are approved by the United
States Food and Drug Administration (FDA) for cardiac imag-
ing. They are composed of a lipid shell with a gas core that
oscillates in the presence of ultrasound, allowing enhanced
detection of blood flow in vessels and better delineation of
ischemic tissue.16 The ability of MB to enhance drug delivery is
thought to be due to cavitation: the alternate growing and shrink-
ing of MB under the influence of an ultrasonic field.14,16–18 When
the intensity of US reaches a certain threshold, the MB implode
and cause microjets that are thought to transiently perforate
the membranes of nearby cells.15 This, in turn, can have ther-
apeutic implications by enhancing the intracellular uptake of
drugs through these pores.18 Previous studies have shown that
MB-enhanced US promotes chemotherapy uptake in rat mod-
els19 and is effective against malignant melanoma of the eyelid
in a mouse model.20 Although this technique has been shown
to increase vascular permeability in the eye,21 it has never been
attempted to enhance chemotherapy to tumors located inside
the eye.

Vincristine, etoposide, and carboplatin are the agents com-
monly used systemically in the treatment of retinoblastoma.
The side effects of these agents, including abdominal pain,
nausea, vomiting, and myelosuppression, cause significant
morbidity to pediatric patients and significantly limit dosing.22
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We undertook this study to determine whether US � MB could
increase chemotherapeutic efficacy in retinoblastoma cell lines
in vitro. The successful translation of this approach into clinical
practice could allow significant reduction in the dosage and
systemic side effects of current therapy, with simultaneous
enhancement of local delivery of chemotherapy to the intra-
ocular tumor.

MATERIALS AND METHODS

Cell Culture

Retinoblastoma Y79 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; VWR International, St. Louis, MO) supplemented
with 10% fetal bovine serum (FBS; VWR International) at 37°C in a
humidified environment with 5% carbon dioxide.

Fetal retinal pigment epithelial (RPE) cells were cultured from fetal
eyes obtained from Advanced Bioscience (Alameda, CA).23 Typically,
gestation lasts between 18 and 22 weeks. Eyes were soaked in phos-
phate-buffered saline (PBS; VWR International) containing 5% penicil-
lin/streptomycin (Sigma-Aldrich, St. Louis, MO). The RPE layer was
gently peeled off under sterile conditions, and only the large pieces
were passed through a 70-�m filter (VWR International), then through
a 40-�m filter, isolating only the larger pieces. These pieces of RPE
were spun down for 5 minutes at 1200 rpm and were resuspended in
DMEM (VWR International) supplemented with 2 mM L-glutamine, 100
U/mL penicillin, 100 �g/mL streptomycin (Omega Scientific, Ventura,
CA), obtaining at least 25% FBS (Omega Scientific). Cells were plated
on laminin-coated plates (Sigma-Aldrich). Cells were confirmed to be
RPE cells by immunocytochemical staining using antibodies against
cytokeratin and endothelial cell antigen Factor VIII (DAKO, Carpinte-
ria, CA).

US � MB Procedure

Cells were sonoporated in 2 mL medium in six-well plates, at a con-
centration of 4 � 105 cells/well. Cells were gently pipetted immedi-
ately before ultrasound to ensure they were in suspension. The US
probe (Sonitron; Artison Corp., Inola, OK) was placed into each well,
and the tip was submerged into the medium. The US frequency used
was 1 MHz, the pulse repetition frequency was 10 kHz, and the duty
cycle was set at 20% throughout all experiments. We used Artison
microbubbles (Artison Corp.), which are 2.4 �m in diameter. They are
composed of a lipid shell and a perfluorocarbon gas core. Micro-
bubbles (0.1 mL) at a stock concentration of 13 � 108 micro-
bubbles/mL were added to the medium. Therefore approximately
13 � 107 microbubbles were added to 2 mL medium and cells for a
final concentration of 6.2 � 107 microbubbles/mL. The total fluid
volume in each well after the addition of microbubbles was 2.1 mL.

The duration and intensity of US exposure varied by experiment.
For the cell viability experiments, the US exposure was 10 seconds.
The intensities used were 1, 5, and 10 W/cm2 for US alone. With the
addition of MB, lower US intensities—0.3, 0.6, and 1 W/cm2—were
used. The chemotherapy experiments were performed with 10 sec-
onds of US exposure and 0.3 W/cm2 of US intensity. The SEM exper-
iment was divided into two groups; one group of Y79 cells was
exposed to 10 seconds of US with variable intensities. The second
group was exposed to 60 seconds of US with the intensity of 0.3
W/cm2 (0.94 mPa).

Cell Counts and Analysis of Cell Viability and
Chemotherapeutic Efficacy

To determine cell viability, Y79 cells were retrieved and counted using
the trypan blue exclusion assay. Cells were counted using a hemocy-
tometer and a light microscope. Every cell that stained blue after the
addition of trypan blue was marked as dead. Each experiment was
repeated six times, and cell viability was calculated from the number of
live cells divided by the number of total cells. This was done for cells

exposed to US only (before and after US exposure) and those exposed
to US � MB.

The experiment was repeated with doxorubicin (Sigma-Aldrich),
which was chosen as a chemotherapeutic agent because of its inherent
property of autofluorescence. The doxorubicin was dissolved in DMSO
to 10 mM and diluted with medium to 1 �M; it was then stored at 4°C.
Four microliters of doxorubicin was added to each plate, and Y79 cells
were added by gentle pipetting. The remainder of the experiment
proceeded as described in US � MB procedure. Cells were counted at
0, 24, 48, and 72 hours. Controls included cells with no exposures,
cells exposed to doxorubicin alone, and cells exposed to US � MB
without doxorubicin.

Analysis of RPE Cell Permeability Using
Doxorubicin with or without US � MB

Doxorubicin was diluted to 1 �M in media (DMEM � 10% FBS � 100
U penicillin/mL � 100 �g streptomycin/mL � 2 mM L-glutamine
[Omega Scientific] at 37°C [95% air, 5% CO2]). This was then pipetted
into a glass-bottom culture dish (MatTek Corporation, Ashland, MA)
containing the RPE cells in 2 mL media. Fetal RPE cells23 were treated
with 6.04 �L of 1 �M doxorubicin, 100 �L of MB, and US at 0.3 W/cm2

for 10 seconds. Control cells were treated with 5.75 �L of 1 �M
doxorubicin.

The US probe was placed in the middle of a glass-bottom cell
culture dish followed by the addition of MB and doxorubicin. Fluores-
cence and bright-field images of treated cells were acquired every 30
minutes for a period of 1 hour, using a spinning disc confocal (Ultra-
VIEW ERS; PerkinElmer, Waltham, MA) with Zeiss microscope (Carl
Zeiss, Inc., Thornwood, NY) and a 40� water immersion objective lens
(C-Apochromat; Zeiss) with a numerical aperture of 1.2. The fluores-
cent doxorubicin was stimulated with a 568-nm laser, using the same
setting and exposure times for each image. An emission discrimination
filter of 600 to 615 nm was used. Exposure time was 2000 ms for
fluorescence images and 250 ms for bright-field images. The same
exposure times and gain values were used for all images.

The intensity of the fluorescence was measured with the “analyze”
function of 3D image analysis software24 (Volocity, version 5.4;
PerkinElmer). A region of interest (ROI) of equal dimensions was
outlined in each image, and the mean intensity was then recorded for
each ROI (see Fig. 4).

Scanning Electron Microscopy

The Y79 cells were examined by SEM for morphologic evaluation. MB
were added just before the application of US. As stated in the US � MB
procedure, the cells were divided into two groups—cells exposed to
10 seconds and cells exposed to 60 seconds of US. The first group of
cells was fixed at time (t) � 10 seconds and t � 13 seconds. The
second group was fixed at t � 60 seconds. Control cells were fixed at
t � 0 seconds. To fix the cells, 100 �L Karnovsky solution was
aliquotted to each of the various treatment wells. Cells were incubated
in this solution for 1 hour. Cells were spun down using high-speed
centrifugation for 3 minutes, and then these samples were serially
washed with PBS three times and left in PBS overnight at 4°C. Cells
were washed in distilled water and refixed in osmium tetroxide and
cacodylate buffer for 30 minutes. The cells were then dehydrated
through successive serial washes with ethanol at 4°C (15 minutes at
25%, 50%, 75%, 95%, and then twice in 100% ethanol). Cells were
placed on porous filter paper within a Petri dish of 100% ethanol and
loaded into a critical point dryer for further processing. After dehydra-
tion, cells were gently sprinkled onto a carefully cut section of double-
sided tape mounted on a specimen stub. Caution was taken to ascer-
tain that all the available cells were transferred. The edges of the
double-sided tape were then covered with fast-drying colloidal silver
paint to maintain electrostatic integrity. Finally, each of the specimen
stubs was sputter-coated with gold before examination with the vari-
able pressure scanning electron microscope (JSM-6390LV/LGS; JEOL,
Tokyo, Japan).
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Statistical Analysis

For the entire data set, we used the mean � SE. P was ascertained using
the Student’s t-test when comparing data groups. P � 0.05 was con-
sidered statistically significant.

RESULTS

Effects of US Alone

To ascertain a safe dose of US that would not be directly toxic
to cells, we studied 1-MHz frequency, 20% duty cycle, 10-kHz
pulse repetition frequency, and a range of intensities from 1
W/cm2 to 10 W/cm2. We evaluated cell counts before and after
ultrasound (Table 1). At 10 W/cm2, there was a precipitous
(60%) decrease in cell viability seen on trypan blue exclusion
compared with controls (Fig. 1). At that intensity, there was
also a 70% decrease in total cell population after ultrasound
exposure. This result represented an order of magnitude de-
crease compared with the other intensities (Table 1), possibly
indicating that at such high intensities, the cell membranes lose
all integrity and become emulsified. At 5 W/cm2, there was a
15% decrease in cell viability (Fig. 1) associated with minimal
decrease in total cell counts (Table 1). At 1 W/cm2, there was
minimal effect on cell viability (Fig. 1).

Safe Intensities of US � MB for Sonoporation

The addition of MB has been shown to lower the threshold for
cell damage; because the previous experiment identified 1
W/cm2 as minimally damaging to cells, we explored cell via-
bility after the addition of MB for intensities �1 W/cm2. At 1

W/cm2, the addition of MB induced a statistically significant
decrease in cell viability compared with ultrasound alone (P �
0.016; Fig. 2). At intensities of 0.3 W/cm2 and 0.6 W/cm2 in the
presence of MB, there was no statistically significant decrease
in cell viability (Fig. 2). Based on these results, we limited the
subsequent experiments to 0.3 W/cm2 because there was
minimal loss of cell viability, thus limiting collateral damage to
the cells from the US � MB treatment.

Increasing the Efficacy of Chemotherapy

One of the main hypotheses of this study was that US � MB is
able to enhance the efficacy of chemotherapy. To examine this
hypothesis, we compared the viability of Y79 cells exposed to
doxorubicin alone versus cells exposed to doxorubicin � US �
MB versus untreated cells. There was no significant effect on
cell viability in any of the experimental groups within the first
24 hours. At 48 to 72 hours, however, cell viability decreased
significantly in all groups that were exposed to doxorubicin. At
48 hours, cells exposed to doxorubicin � US � MB had
significantly decreased cell viability (34.9%) compared with
those exposed to doxorubicin alone (50.9%) (P � 0.05). This
trend continued at 72 hours with 12.1% cell viability in the
doxorubicin group compared with 8.1% cell viability for cells
exposed to doxorubicin � US � MB. (P � 0.02; Fig. 3). Hence,
although doxorubicin leads to cell death by 48 hours, the
addition of US � MB can lead to statistically significant en-
hancement of chemotherapeutic effects.

Analysis of Sonoporation Efficacy

To further support our hypothesis that the addition of US � MB
increased the uptake of chemotherapy, we measured the in-

TABLE 1. Cell Counts and Trypan Blue Exclusion Assay of Y79 Cells Exposed to Ultrasound Alone

Before Ultrasound After Ultrasound

No. Cells Alive
No. Cells

Dead Total Cells No. Cells Alive
No. Cells

Dead Total Cells

Control 3.4 � 105 0 3.4 � 105 3.2 � 105 0 3.2 � 105

1 W/cm2 3.8 � 105 3000 3.83 � 105 3.17 � 105 3.3 � 104 3.5 � 105

5 W/cm2 3.43 � 105 1000 3.44 � 105 2.7 � 105 5.0 � 104 3.2 � 105

10 W/cm2 3.1 � 105 0 3.1 � 105 4.0 � 104 5.0 � 104 9.0 � 104

Ultrasound intensity �1 W/cm2 was directly toxic to Y79 cells; a 60% decrease in cell viability was
seen from exposure to ultrasound alone at an intensity of 10 W/cm2.

FIGURE 1. Cell viability after exposure to a range of ultrasound inten-
sities (n � 6). Compared with controls, cell viability decreased with
exposure to ultrasound in a linear fashion. Higher intensity ultrasound
caused a proportionally larger decrease in cell viability. *P � 0.01. Bars
represent SE.

FIGURE 2. The effect of low-intensity ultrasound with MB on cell
viability (n � 6). At 1 W/cm2 there is a statistically significant decrease
in cell viability with the addition of MB. *P � 0.05. Bars represent SE.
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tracellular fluorescence of doxorubicin alone compared with
that for doxorubicin � US � MB. As early as 1 minute after
sonoporation, cells treated with doxorubicin � US � MB
showed increased intracellular fluorescence compared with
cells exposed to doxorubicin alone. The mean intensity of
fluorescence in the control at 1 minute was 35.26 vs. 45.62 in
cells exposed to US � MB. This effect increased further at 30
minutes, where the mean intensity of fluorescence was 35.41

in control cells versus 57.72. At 60 minutes, the mean intensity
was 37.03 in controls versus 71.18 in cells treated with US �
MB. Figure 4 shows that compared with the early fluorescence
seen in cells exposed to US � MB, cells treated with doxoru-
bicin alone showed only trace intracellular fluorescence at 60
minutes.

Visualization of Pores

To investigate the duration and mechanism of increased per-
meability, we used SEM to image cells exposed to US � MB.
The experiments were carried out in two groups: cells exposed to
10 seconds versus cells exposed to 60 seconds of US �
MB. We were able to visualize pores (�1 �m in size) in cells
exposed to US � MB for 60 seconds (Fig. 5d). However, these
pores were not visible in cells exposed to the same intensity of
US � MB for 10 seconds only (Figs. 5b, 5c).

DISCUSSION

This study shows that the chemotherapeutic efficacy of doxo-
rubicin against retinoblastoma cells in vitro is enhanced with
the addition of MB and low-intensity (0.3 W/cm2), low-fre-
quency (1 MHz) US for 10 seconds. We showed a statistically
significant decrease in cell viability at 48 and 72 hours in cells
treated with this therapy compared with cells treated with
chemotherapy alone. Although targeted drug delivery of che-
motherapy with sonoporation has been studied in primary
cutaneous melanoma,18,20 lymphoma,25 prostate cancer,26 and
oral cancer,27,28 this is the first study to show the effectiveness
of this treatment against retinoblastoma cells in vitro.

Another aim of this study was to identify whether physical
poration was linked to enhanced drug delivery. We performed
SEM on cells that were fixed at different time points during

FIGURE 3. Cell viability for cells exposed to doxorubicin (DOX),
ultrasound (US), and microbubbles (MB) in various combinations. The
cells exposed to doxorubicin � US � MB had a statistically significant
decrease in cell viability compared with cells exposed to doxorubicin
alone or with ultrasound. Each experiment was repeated three times.
*P � 0.05 when compared to DOX only treatment group. Bars repre-
sent SE.

FIGURE 4. Bright-field and fluorescent microscopic images of cells exposed to doxorubicin alone versus doxorubicin with ultrasound and
microbubbles (US � MB). As early as 1 minute after US � MB exposures, the cells showed increased intracellular fluorescence that increased over
60 minutes. Cells exposed only to doxorubicin showed trace intracellular fluorescence at 60 minutes. Boxes represent ROIs for measuring levels
of fluorescence, and values indicate mean intensity of fluorescence within the ROI.
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exposure to US � MB. We identified pores in cells exposed to
60 seconds of US � MB but not during or after 10 seconds of
US � MB. Interestingly, in vitro fluorescence showed that
doxorubicin uptake significantly increased immediately after
exposure to 10 seconds of US � MB. It is possible that the
pores were smaller than we were able to identify with SEM or
that they were in the process of resealing and were not seen,
but, overall, these findings suggest that the presence of phys-
ical pores may not be a prerequisite to enhanced drug entry
into the cells. Sonoporation has been thought to induce a
temporary and reversible opening of mechanical channels or
pores during US � MB.15,29 Other cellular changes have also
been shown to occur, such as transient changes in the electri-
cal resting potential of cells, which then returns to baseline
when the treatment ceases.30,31 Meijering et al.32 demon-
strated US � MB induced endocytosis, which may be another
mechanism by which this therapy increases drug uptake. Our
experiment showed increased uptake of doxorubicin with
increased intracellular fluorescence in cells exposed to 10
seconds of US � MB in the absence of physical pores on SEM.
It is possible that transient electrical changes, endocytosis, or
other yet unidentified mechanisms contribute to the increase
in cell permeability. Thus, further research is needed to inves-
tigate the mechanism of enhanced drug delivery associated
with this treatment.

Based on previous research and our present results, we
believe that enhanced drug delivery with US � MB may be
limited by the size of the molecule that can be taken up by cells
during sonoporation. Recently, Zhou et al.33 showed that with
exposure to 0.2 second of ultrasound with a frequency of
1.075 MHz and 0.3 MPa amplitude, the mean pore size was 110
nm with an SD of 40 nm. Previous studies have estimated pore
size in a broad range from 50 to 2500 nm measured with SEM
or by the uptake of various sizes of FITC-dextran.30,34–36 We
used non–liposomal-based doxorubicin, which is approxi-
mately 60 nm. This formulation of doxorubicin should easily fit
through the smallest of these pores. The small size of free
doxorubicin may explain the increased uptake after only 10
seconds of US � MB. Although this short treatment duration
may be effective for small molecules, such as doxorubicin,

these parameters may not be adequate for larger molecules,
such as liposomal-based doxorubicin.

Low-intensity (0.692–2.87 W/cm2) US at 1-Mhz frequency
with MB has been suggested to be most effective at sonopora-
tion.37 Other studies have used even lower frequencies (20–70
kHz) at intensities between 1 and 2 W/cm2 and showed a
significant therapeutic effect in murine tumor models com-
pared with controls.19 However, US frequencies in kilohertz
cannot be safely applied to ocular tissues because of the sig-
nificant cavitation effects; notably, these are the frequencies
used for phacoemulsification.38 In cutaneous melanoma, 1
MHz US at 1 W/cm2 has been shown to be effective in vitro and
in vivo.20,27 Similarly, effective sonoporation in lymphoma
cells has been achieved with pulsed 1-MHz US for 60 seconds,
with intensities between 0.2 and 0.5 W/cm2.25 Oral squamous
cell carcinoma was effectively treated in mouse models with
bleomycin and 1 MHz US � MB for 20 seconds at intensities
between 1 and 2 W/cm2.27,28 We have found that 1 MHz US
(without MB) can decrease cell viability at intensities above 1
W/cm2. At 5 W/cm2 (mechanical index � 0.4), the viability of
Y79 cells decreased to 85%; and at 10 W/cm2, the viability
decreased further to 45%. Low-intensity US alone (1 W/cm2)
caused minimal cell death; however, when MB were added,
there was a statistically significant increase in cell death at 1
W/cm2. This is interesting because the mechanical index at 1
W/cm2 is 0.1, well below FDA allowance for ultrasound expo-
sures in the eye, which is 0.23. This invites caution when using
US � MB in ocular settings. For this very reason, we designed
our chemotherapy experiment using 0.3 W/cm2, allowing for a
safety margin, because we did not observe any detrimental
effect on cell viability at intensities �0.6 W/cm2. This was
lower than the intensities used in other studies. It is our
impression that the final US parameters will be tumor and
chemotherapeutic dependent and that the parameters studied
herein may be useful as a starting point when treating tumors
isolated to the eye in vivo. At this intensity, we can hope to
avoid collateral damage to the surrounding healthy retinal and
neural tissue while still effectively increasing drug delivery to
tumor cells. It will be crucial to perform further studies explor-
ing the optimal US � MB parameters that are effective at
enhancing various chemotherapeutic drugs in vivo yet safe for
normal ocular tissues before this technique can be transferred
to clinical practice.

Sonoporation therapy is a promising tool for locally enhanc-
ing chemotherapeutic drug delivery, with the potential to
augment cancer treatments for many primary malignan-
cies.18,20,25–28 The treatment of retinoblastoma has been in-
creasingly focused on localizing therapy to the eye. This ap-
proach has the potential advantage of allowing the eye to be
salvaged by preserving some level of functional vision while
minimizing systemic side effects. Thus, sonoporation may
prove to be a valuable adjuvant to chemotherapy in retinoblas-
toma, specifically in the setting of vitreous seeding, where
treatment is often limited by drug delivery. This study is the
first to attempt this approach in retinoblastoma. Our results are
consistent with other studies that have shown the efficacy of
low-frequency, low-intensity US � MB in facilitating chemo-
therapeutic entry into cells. Our study shows that drug delivery
is enhanced even at intensities and durations of US � MB that
are not associated with the presence of visible pores, suggest-
ing there may be alternate mechanisms for drug entry into cells
at this dosage. We further show that 1 MHz US at intensities �1
W/cm2 in the presence of MB may cause decreased cell viabil-
ity not mediated by chemotherapy. Although further research
is still needed to identify the optimal US parameters and che-
motherapeutic agents before this approach can be transferred
to the clinic, our study provides a promising first step toward
US-based targeted and localized therapies for retinoblastoma.

FIGURE 5. SEM of cells. (A) t � 0, control cells not exposed to ultra-
sound. (B) t � 10, cells exposed to 10 seconds of 0.3 W/cm2 ultrasound
and microbubbles (US � MB). No pores were visible. (C) t � 13, photo-
graphs taken 3 seconds after ultrasound was stopped. No pores were
identified. (D) t � 60, cells exposed to 60 seconds of 0.3 W/cm2 US �
MB. Pores (arrow) were identified in cells after 60 seconds of US � MB
exposure.
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