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Abstract: Effective treatment of solid tumors requires homogeneous distribution of anticancer
drugs within the entire tumor volume to deliver lethal concentrations to resistant cancer cells
and tumor-initiating cancer stem cells. However, penetration of small molecular weight
chemotherapeutic agents and drug-loaded polymeric and lipid particles into the hypoxic and
necrotic regions of solid tumors remains a significant challenge. This article reports the results
of pulsed ultrasound enhanced penetration of nanosized fluorescent particles into MCF-7 breast
cancer spheroids (300-350 µm diameter) as a function of particle size and charge. With pulsed
ultrasound application in the presence of microbubbles, small (20 nm) particles achieve 6-20-
fold higher penetration and concentration in the spheroid’s core compared to those not exposed
to ultrasound. Increase in particle size to 40 and 100 nm results in their effective penetration
into the spheroid’s core to 9- and 3-fold, respectively. In addition, anionic carboxylate particles
achieved higher penetration (2.3-, 3.7-, and 4.7-fold) into the core of MCF-7 breast cancer
spheroids compared to neutral (2.2-, 1.9-, and 2.4-fold) and cationic particles (1.5-, 1.4-, and
1.9-fold) upon US exposure for 30, 60, and 90 s under the same experimental conditions. These
results demonstrate the feasibility of utilizing pulsed ultrasound to increase the penetration of
nanosized particles into MCF-7 spheroids mimicking tumor tissue. The effects of particle
properties on the penetration enhancement were also illustrated.

Keywords: Ultrasound; microbubbles; nanoparticles; spheroids; drug delivery; fluorescence microscopy

Introduction
Solid tumors are characterized by a unique pathological

microenvironment that incorporates rapidly proliferating
cancer cells,1 a poorly organized vascular network with
irregular blood flow,2-6 and an impaired lymphatic drainage
system.7 Earlier studies confirmed the leakiness of tumor
vasculature, which allows plasma proteins and other mac-
romolecules to diffuse from the systemic blood circulation

into the interstitial tissue.8 This high vascular permeability
is attributed to poor endothelial cell alignment, formation
of wide fenestrations,9-11 and overexpression of vascular
permeability factors such as nitric oxide, bradykinin, and
prostaglandins.12-16 This high permeability of tumor vas-
culature has been exploited to target anticancer drugs to
cancer cells using polymeric and lipid carriers.17-21 How-
ever, penetration of both small molecular weight chemo-
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therapeutics and drug-loaded particulate carriers deep into
tumor tissue proved to be a significant challenge.22-25

High vascular permeability coupled with the impaired
lymphatic drainage increase a tumor’s interstitial fluid

pressure, which hinders the transport of anticancer drugs from
the systemic circulation into tumor stroma.26-28 In addition,
high collagen content in a tumor’s extracellular matrix and
its organization into a thick fibrous network particularly in
poorly vascularized and hypoxic regions increase tissue
stiffness, providing an additional physical barrier that further
limits the penetration of anticancer drugs.29-32 Failure of
current anticancer drugs to achieve efficient penetration and
uninform distribution in tumor tissue limits their ability to
reach tumor stem cells sequestered in the tumor’s necrotic
core at sufficient concentrations to trigger their death (Figure
1).33 Consequently, current anticancer treatments are unable
to completely eradicate viable cancer cells and often lead to
the development of chemo- and radiation-resistant cells that
initiate tumor recurrence.24,34-36
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vascular endothelial growth factor receptor to inhibit angio-
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genesis, “normalize” tumor vasculature, reduce the interstitial
fluid pressure, and consequently enhance the penetration of
anticancer drugs into tumor tissue.37 This strategy proved
effective in pruning immature blood vessels, improving the
integrity and function of the remaining vasculature by
enhancing the perivascular cell and basement membrane
coverage, and increasing the penetration of fluorescent
molecules into the interstitial tissue.37 However, recent
studies showed that normalizing the vascular bed and
reducing the interstitial fluid pressure using angiogenesis
inhibitors were not sufficient to increase the penetration of
drug-loaded liposomes into tumor tissue due to diminished
permeability of a tumor’s vasculature.38

Alternatively, several groups relied on direct injection of
collagenase and hyaluronidase enzymes into tumor tissue to

degrade the extracellular matrix and increase the penetration
of oncolytic viruses, antibodies, and therapeutic nanoparticles
into the interstitial tissue.39-44 Pun and co-workers showed
that collagenase-coated particles exhibit higher penetration
into cervical cancer spheroids.45 However, the therapeutic
utility of these protease enzymes relies on the ability to
design nanocarriers that can deliver these enzymes exclu-
sively to the tumor tissue and achieve site-specific degrada-
tion of the extracellular matrix to enhance the penetration
of the loaded therapeutic cargo. Failure to guide these
enzyme-loaded particles to the tumor tissue will result in
nonspecific degradation of connective tissue in healthy
organs, particularly the liver, lungs, kidneys and spleen,
which are known to scavenge particulate carriers from the
system circulation leading to significant toxicities.46-48

On the other hand, with the ability to noninvasively target a
specific location in ViVo (e.g., tumor lesions) without increasing
systemic exposure, ultrasound (US) techniques have been
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Figure 1. A schematic drawing showing the organization of solid tumors with the characteristic acidic front,
vascularized circumference, hypoxic region, and necrotic core. Cancer stem cells and resistant cancer cells are
typically sequestered in a tumor’s hypoxic and necrotic regions.
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exploited as a novel strategy utilizing physical energy to enhance
tumor-specific drug delivery.49-53 For example, US application
has been shown to increase the effectiveness of adriamycin
against ovarian cancer in nude tumor-bearing mice54 and
enhance the uptake of radiolabeled monoclonal antibody to
human epidermoid tumor in nude mice.55

The US field generates rapid cyclic changes in pressure
and fluid flow, which can result in biomechanical effects such
as shear stress on cells and biological systems. In particular,
due to the efficient interaction of US with gaseous bubbles,
microbubble-enhanced US exposures have been used to
produce significant mechanical impacts such as high shear
stress,56-58 microstreaming,59,60 shock waves,61-63 and other
mechanical forces62,63 on nearby cells and tissue via the rapid
volume changes and violent collapse (cavitation) of the
microbubbles.64,65 The mechanical effects produced by
acoustic cavitation have been exploited for enhancing direct
intracellular drug delivery via sonoporation (membrane
disruption caused by ultrasound)66-68 and delivery across
endothelial barriers.69,70 For example, US has been shown
to enhance radionuclide uptake in pancreatic tumor cells in
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Vitro.71 While various mechanisms have been investigated
for US enhanced drug delivery without specific use of
microbubbles,50,52,72,73 the use of microbubble facilitated
delivery is of great interest because of the advantages and
potential of combining the imaging and therapeutic capabili-
ties using microbubble-based carriers for image-guided
therapy.74-77 However, despite many encouraging results,
no detailed information or mechanisms have been reported
describing how various factors influence the penetration of
nanoparticles into solid tumors in the presence of mi-
crobubbles and how to achieve optimal delivery outcome in
solid tumors using ultrasonic techniques.

In this study, we investigate the effects of pulsed US in
the presence of microubbles on the penetration and retention
of model fluorescent nanoparticles into breast cancer sphe-
roids as a 3D in Vitro tumor model (Figure 2). With the
controlled experimental model and conditions in this study,
the effects of pulsed US duty cycle (DC) (10-50% duty
cycle) and exposure time (30, 60, 90 s), particle size (20,
40, 100 nm), surface chemistry, and charge (COOH/-, NH2/
+, neutral) were examined to illustrate the interplay among
the particle’s physicochemical properties, the applied US,
and the depth of penetration into breast cancer spheroids,
which can provide insights for the design of new strategies
for US-assisted delivery of therapeutic and diagnostic agents
into solid tumors.

Materials and Methods
Cancer Cells and Fluorescent Nanoparticles. MCF-7

breast cancer cells were a generous gift from Dr. Sofia
Merajver of the University of Michigan. MEM, fetal bovine
serum, sodium pyruvate, bovine insulin, and 0.25% trypsin/
EDTA solutions were purchased from Invitrogen Corporation
(Carlsbad, CA). Fluorescein isothiocyanate (FITC)-loaded
polystyrene particles (λex/em 480/515) with carboxylate surface
groups (sizes 20, 40, and 100 nm) were also purchased from
Invitrogen Corporation (Carlsbad, CA). CdSe quantum dots
(λex/em 350/490) with either nonfunctionalized or amine-
functionalized surfaces (size 20 nm) were purchased from
eBioscience Inc. (San Diego, CA).

Culture of MCF-7 Cells and Formation of Breast
Cancer Spheroids. MCF-7 breast cancer cells were cultured
in MEM medium supplemented with 10% FBS, antibiotic/
antimycotic solution, sodium pyruvate, and bovine insulin
while changing the culture medium every 48 h following
American Type Culture Collection established protocols. To
initiate spheroid formation, agarose beads with an average
diameter of 5-8 µm were prepared using 4% w/v agarose
in phosphate buffered saline (PBS) solution and suspended
in MEM culture medium supplemented with 10 mM glucose
solution while stirring for eight hours. MCF-7 cells were
trypsinized, and 109 cells were added to the bead solution
and allowed to incubate for 1 h on an orbital shaker rotating
at 100 rpm. This cell suspension was mixed with 150 mL of
MEM culture medium supplemented with 10 mM glucose
and pre-equilibrated with CO2 in a 250 mL spinner flask
(Bellco Glass, Vineland, NJ) and incubated at 37 °C, 5%
CO2, and 95% relative humidity while spinning at 150 rpm.
The culture medium was replaced every eight hours for the
first day followed by a daily medium change. The culture
medium was sampled on a daily basis to visualize and
measure the size of the growing spheroids using a Nikon
EZ-C1 3.50 confocal microscope (Nikon Instruments Inc.,
Melville, NY) equipped with MetaMorph 7.5 software
(Molecular Devices Inc., Sunnyvale, CA) until the spheroids

(68) Deng, C.; Sieling, F.; Pan, H.; Cui, J. Ultrasound-induced cell
membrane porosity. Ultrasound Med. Biol. 2004, 30 (4), 519–
526.

(69) Price, R. J.; Skyba, D. M.; Kaul, S.; Skalak, T. C. Delivery of
colloidal particles and red blood cells to tissue through mi-
crovessel ruptures created by targeted microbubble destruction
with ultrasound. Circulation 1998, 98, 1264–1267.

(70) Park, J.; Fan, Z.; Kumon, R. E.; El-Sayed, M. E. H.; Deng, C. X.
Modulation of intracellular calcium concentration in brain
microvascular endothelial cells in Vitro by acoustic cavitation.
Ultrasound Med. Biol. 2010, 36 (7), 1176–1187.

(71) Wamel, A. v.; Bouakaz, A.; Bernard, B.; Cate, F. t.; Jong, N. d.
Radionuclide tumour therapy with ultrasound contrast mi-
crobubbles. Ultrasonics 2004, 42, 903–906.

(72) Hancock, H. A.; Smith, L. H.; Cuesta, J.; Durrani, A. K.;
Angstadt, M.; Palmeri, M. L.; Kimmel, E.; Frenkel, V. Investiga-
tions into pulsed high-intensity focused ultrasound-enhanced
delivery: preliminary evidence for a novel mechanism. Ultra-
sound Med. Biol. 2009, 35 (10), 1722–1736.
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microbubbles in imaging and therapy: physical principles and
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Figure 2. A representative phase contrast image of
MCF-7 breast cancer spheroids suspended in PBS.
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reached the desired size, 300-350 µm. MCF-7 spheroids
(diameter ) 300-350 µm) were stained using a 5 µM
solution of Cell Tracker Red CMTPX dye (Molecular Probes
Inc., Eugene, OR) to allow visualization and definition of
spheroid boundaries by microscopic examination.

Microbubbles and US Application. Approximately 1000
stained spheroids were suspended in 1 mL of PBS (pH 7.4)
and mixed with 3.64 × 1013 fluorescent particles and 50 µL of
Optison microbubbles (GE Healthcare Biosciences, Pittsburgh,
PA) in one of the wells in a 24-well plate to be exposed to
pulsed US. Optison microbubbles, which are composed of
octafluoropropane gas encapsulated by an albumin shell to form
bubbles with an average diameter of ∼3 µm, were added to
the spheroid solution to enhance the US-induced mechanical
effects. An unfocused circular planar piezoelectric US transducer
(Piezo Technologies, Indianapolis, IN) with a center frequency
of 1 MHz, driven by a waveform generator (model 33250A,
Agilent Technologies, Palo Alto, CA), and a 75 W power
amplifier (model 75A250, Amplifier Research, Souderton, PA)
was used to generate the pulsed US at acoustic pressure
amplitude of 0.5 MPa and pulse repetition frequency (PRF) of
10 Hz with various DC (10-50%) and exposure times (10-
90 s). The US transducer was submerged in water in a
water tank facing upward aiming at the well that housed
the spheroids. The positioning of the 24-well plate was
controlled by a customized 3D positioning system (Velmex
Inc., Bloomfield, NY) and placed 3 cm above the US
transducer. Only the bottom surface of the plate was
submerged in water for acoustic coupling without con-
taminating the sample in the well of the plate. The acoustic
pressure of the US pulses was measured using a needle
hydrophone with an active element of 40 µm (Precision
Acoustics HPM04/1, Dorset, U.K.) placed inside the well
of the plate with the same configuration for the experi-
ments. The effects of reflection and attenuation by the
polyethylene derivative (∼1 mm) plate bottom were
measured to result in 10-15% reduction on the pressure
amplitude.

Measurement of Particle Penetration into MCF-7
Spheroids. After US application at a given exposure
condition, the spheroid solution was transferred to a mi-
crofuge tube, kept at room temperature for 10 min to allow
the spheroids to settle down before removing the PBS
supernatant, and suspending the spheroids in serum-free
culture medium for microscopic examination. Spheroids were
visualized using a Nikon EZ-C1 3.50 confocal microscope
(Nikon Instruments Inc., Melville, NY) equipped with red
(λex/em ) λ577/602) and green (λex/em ) λ488/518) filters. Several
images were captured 1 µm apart along the vertical z-axis
of each spheroid in the examination field to systematically
show the penetration depth of different fluorescent particles
(green) into the spheroids matrix (red) generating z-stacks
for each experimental condition including the control group
(i.e., spheroids mixed with the fluorescent particles and
Optison microspheres but not exposed to US). Using
MetaMorph 7.5, each cross section along the z-stack of each

spheroid was divided equally into four concentric rings along
the spheroid’s radius (r) with the spheroid’s surface and core
designated as 1.00r and 0.25r, respectively (Figure 3). Forty
equally spaced radii were used to measure the intensity of
red and green fluorescence in each image and record these
values based on the spatial distribution in the four predes-
ignated rings (Figure 3). MatLab 7.0 (MathWorks Inc.,
Natick, MA) was used to compute the green fluorescence
intensity and determine the localization of the fluorescent
particles along the spheroid radius (red fluorescence) for each
of the examined spheroids. Each experimental condition was
evaluated in three independent experiments using triplicates
in each experiment, and this data was analyzed to generate
the reported penetration profiles.

Results
Following our protocol, MCF-7 cells formed large (>300

µm) viable spheroids within 5-6 days in culture, which were
used in this experimental study (Figure 2). The effect of US
exposures (DC and exposure duration) on the penetration of
FITC-loaded polystyrene particles with carboxylic acid
(COOH) surface groups into MCF-7 spheroids was examined
as a function of particle size (20, 40, and 100 nm). We also
evaluated the effect of surface chemistry and charge (COOH/
anionic, NH2/cationic, and neutral) on the penetration of 20
nm particles into MCF-7 spheroids at similar US duty cycle
(10% DC) and exposure time. The fluorescence intensity in

Figure 3. Image of an optical section along the z-axis of
a breast cancer spheroid stained with Cell Tracker Red
Dye and incubated with fluorescent nanoparticles
(green color). The image shows four concentric rings
representing 0.25r, 0.5r, 0.75r, and 1.00r where r is the
spheroid’s radius. The 40 lines originating from the
spheroid’s center pointing toward the spheroid’s surface
were used to divide the image into equal sections to
measure the fluorescence intensity (red and green)
along the spheroid’s radius (r) to quantitatively measure
the depth of penetration of fluorescent nanoparticles
(green) into the spheroid’s core.
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the spheroid’s core (0.25r), intermediate layers (0.50r and
0.75r), and surface (1.00r) after US exposure was compared
to the fluorescence intensity observed in control spheroids
that were not exposed to US to determine the fold increase
in particle penetration into different spheroid layers. We
evaluated the intrinsic penetration properties of different
particles into MCF-7 spheroids without the application of
pulsed US as a function of their size and surface charge by
measuring the fluorescence intensity in each layer and
normalizing it to the fluorescence intensity in the spheroid’s
core (0.25r) to account for the difference in particle’s
fluorescence (Figure 4). Results show that anionic carboxy-
late particles exhibit size-dependent penetration into MCF-7
spheroids where smaller 20 and 40 nm particles show
statistically higher (8.5- and 11.1-fold) adhesion and penetra-
tion into the spheroid’s surface (1.00r) compared to larger
100 nm particles (4.4-fold) (Figure 4, panel A). Similarly,
the 40 nm carboxylate particles showed higher penetration
(5.7-fold) into the 0.75r intermediate layer compared to the
larger 100 nm particles (2.5-fold). All carboxylate particles
(20, 40, and 100 nm) showed similar limited penetration into
the deeper intermediate (0.50r) and core (0.25r) layers of
MCF-7 spheroids. Anionic, cationic, and neutral 20 nm
particles showed a charge-dependent penetration profile into
MCF-7 spheroids (Figure 4, panel B). Anionic and cationic
particles exhibited statistically higher (12.7- and 7.4-fold)
adhesion and penetration into the spheroid’s surface (1.00r)
compared to neutral particles (3.3-fold). Anionic, cationic, and
neutral 20 nm particles showed 5.6-, 3.3-, and 2.2-fold higher
penetration into the 0.75r intermediate layer compared to the
spheroid’s core (0.25r) following the same charge-dependent
penetration profile. All particles irrespective of the surface

charge showed low penetration into the deeper intermediate
(0.50r) and core (0.25r) layers of the MCF-7 spheroids.

Effect of US Parameters on Penetration of 100 nm
Carboxylate Particles into Breast Cancer Spheroids.
Results show that US radiation for 30, 60, and 90 s duration
at 10% DC increased the adhesion of 100 nm particles to
the spheroids surface (1.00r) by 2-, 1.6-, and 3.8-fold
compared to the control group, respectively (Figure 5, panel
A). US exposure also increased particle penetration into the
intermediate layers (0.75r and 0.50r) by 4- and 2.8-fold for
90 s exposure compared to 2.3- and 2.6-fold increase for
60 s exposure and 1.9- and 1.7-fold increase for 30 s
exposure, which indicates that longer exposure times in-
creased particle penetration for the same DC and acoustic
pressure. However, there was no significant increase in
particle penetration into the spheroid’s core (0.25r) at this
US DC (10%) regardless of the exposure time (Figure 5,
panel A).

Increasing the US DC to 20% and 40% appeared to
increasingly drive the 100 nm particles from the spheroid
surface (1.00r) deeper into the core (0.25r) (Figure 5, panels
B and C). US radiation at 20% DC for 90 s generated a
3.7-fold increase in particle concentration in the core (0.25r)
compared to untreated spheroids (Figure 5, panel B). US
exposure at 20% DC increased particle concentration in the
0.50r region by 2.3- to 3.9-fold after 60 and 90 s exposure
compared to 1.9- to 2.3-fold increase after 60 and 90 s
exposure in the 0.75r layer, respectively (Figure 5, panel
B). It is noted that particles on the spheroid’s surface dropped
to 1.5-fold compared to the 3.8-fold observed upon applying
US at 10% DC (Figure 5, panel A).

Figure 4. Change in fluorescence intensity in MCF-7 spheroid’s core (0.25r), intermediate layers (0.50r and 0.75r),
and surface (1.00r) upon incubation with (A) 20, 40, and 100 nm carboxylate (COOH) particles and (B) anionic
(COOH), cationic (NH2), and neutral (nonfunctionalized) 20 nm particles. Fifty microliters of Optison microbubbles was
added to the spheroids’ solution without applying the US field. Fluorescence intensity in the surface (1.00r) and
intermediate layers (0.50r and 0.75r) is normalized to the fluorescence intensity in the core (0.25r) to account for the
difference in the intrinsic fluorescence properties of different particles. All results are the average of 15 samples ( the
standard error of the mean. The *** indicates p < 0.005 when comparing (A) the increase in fluorescence fold for 20
and 40 nm particles to that observed with 100 nm particles and (B) the increase in fluorescence fold for anionic and
cationic 20 nm particles to that observed with neutral particles.
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Figure 5. Change in fluorescence intensity in MCF-7 spheroid’s core (0.25r), intermediate layers (0.50r and
0.75r), and surface (1.00r) by FITC-loaded 100 nm particles with carboxylic acid surface groups after exposure
to pulsed US at (A) 10% DC, (B) 20% DC, (C) 40% DC, and (D) 50% DC for different exposure times compared
to spheroids that were not exposed to US. Fifty microliters of Optison microbubbles was added to the spheroid
solution before US exposure. All results are the average of 15 samples ( the standard error of the mean. The
* indicates p < 0.05, ** p < 0.01, and *** p < 0.005 when comparing the test and control groups. (E) A
representative phase contrast image of MCF-7 spheroids suspended in PBS, mixed with 100 nm FITC-loaded
particles and 50 µL of Optison microspheres, and exposed to US (center frequency 1 MHz, acoustic pressure 0.5
MPa, pulse repition frequency 10 Hz, and duty cycle 50%) for 60 s. The image clearly shows the fragmentation
and loss of integrity of the irradiated spheroid.
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Maximum penetration of the 100 nm carboxylate particles
into the spheroid core (0.25r) was observed for US exposure
at 40% DC for 30, 60, and 90 s resulting in 3.0-, 3.2-, and
2.4-fold increase in particle concentration compared to
control spheroids, respectively (Figure 5, panel C). Similarly,
particle concentration in the intermediate layers (0.50r and
0.75r) increased by 2.1- and 1.7-fold for 60 s exposure
coupled with a significant drop in particle adhesion and
retention on the spheroid’s surface (1.00r) (Figure 5, panel
C). These results show that increasing the DC of the applied
US pulses from 10-40% results in an increase in the
penetration of 100 nm carboxylate particles deeper into the
MCF-7 spheroids core by 3-4-fold.

US application at 50% DC to MCF-7 spheroids did not
produce an increase in particle penetration into the spheroid’s
core (0.25r) but rather reduced particle retention in the
spheroid’s surface (1.00r), intermediate layers (0.75r and
0.50r), and core (0.25r) (Figure 5, panel D). Microscopic
examination of the spheroids revealed their fragmentation,
loosening of cell packing, and formation of cellular debris
at this DC (Figure 5, panel E).

US Enhanced Penetration of 40 nm Carboxylate
Particles into Breast Cancer Spheroids. US enhanced
penetration of 40 nm carboxylate particles into MCF-7
spheroids is shown in Figure 6. US pulses with 10% DC
increased the particle concentration in the spheroid’s core
(0.25r) by 2.8-, 3.4-, and 2.6-fold for 30, 60, and 90 s
exposure, but no apparent increase was observed in the
intermediate layers and spheroid surface (Figure 6, panel A).
US application at 20% DC increased particle concentration
in the spheroid’s core (0.25r) up to 5.9-fold after 60 s of
exposure compared to control spheroids (Figure 6, panel B),
which is higher than the observed 1.4-fold increase in the
penetration of 100 nm carboxylate particles under the same
experimental conditions (Figure 5, panel B). However, 90 s
exposure produced a comparable increase for the 40 nm
particles (3.2-fold) and the 100 nm particles (3.7-fold).
Penetration and retention of 40 nm particles into the
intermediate layers (0.50r and 0.75r) also increased by 3.4-
and 2.2-fold after 60 s of exposure, and adhesion to the
spheroid’s surface increased by 2- to 3.5-fold compared to
control spheroids for 30 and 90 s exposures (Figure 6,
panel B).

Increasing the US duty cycle to 40% resulted in the maximum
penetration of 40 nm carboxylate particles into the spheroid’s
core (0.25r) reaching 9.1-fold after 90 s of exposure compared
to control spheroids and penetration into the intermediate layers
(0.50r and 0.75r) also increased by 6.6- and 3.4-fold, respec-
tively (Figure 6, panel C). Increasing DC further to 50%
increased particle penetration into the spheroid’s core (0.25r)
and intermediate layers (0.50r and 0.75r) by 2.3-, 2.0-, and 1.5-
fold, respectively, after 90 s exposure (Figure 6, panel D). The
spheroids exhibited minor fragmentation and swelling at this
duty cycle (Figure 6, panel E). These results show that reducing
the particle size down to 40 nm increases their penetration into
MCF-7 spheroids reaching the maximum concentration in the
core (0.25r) upon exposure to US at 40% DC.

US Enhanced Penetration of 20 nm Carboxylate
Particles into Breast Cancer Spheroids. Penetration of 20
nm particles into MCF-7 spheroids was examined to further
illustrate the impact of particle size (Figure 7). At 10% DC,
particle penetration into the spheroid’s core (0.25r) increased
by 2.3-, 3.7-, and 4.7-fold after 30, 60, and 90 s exposure
(Figure 7, panel A). Similarly, penetration into the intermedi-
ate layers (0.50r and 0.75r) increased by 2.2- to 4.1-fold
while particle adhesion to the spheroid’s surface (1.00r) was
1.6- to 2.0-fold higher than the control with increasing
exposure durations from 30 to 90 s (Figure 7, panel A).
Maximum penetration of 20 nm particles into MCF-7
spheroids was observed with US pulse at 30% DC. Particle
penetration into the spheroid’s core (0.25r) was 3.5- and 6.0-
fold higher than control spheroids after 30 and 90 s US
exposure, respectively (Figure 7, panel C). In addition,
penetration in the intermediate layers (0.50r and 0.75r)
increased by 15.6- and 20.4-fold after 90 s exposure while
particle adhesion onto the spheroid’s surface (1.00r) in-
creased by 3.6- to 10.0-fold after 30 and 90 s exposure
(Figure 7, panel C). Further, increasing the duty cycle of
the applied US pulse to 40% maintained particle penetration
into the spheroid’s core at 1.2- to 4.7-fold higher than the
control group after 30 and 90 s exposure (Figure 7, panel
D). Similarly, particle penetration into the intermediate layers
(0.50r and 0.75r) was 9.9- and 8.5-fold whereas particle
adhesion to spheroid’s surface was 3.3-fold higher than
control spheroids after 90 s exposure (Figure 7, panel D). A
similar trend was observed for US pulses at 50% DC with
no visible evidence of spheroids fragmentation or swelling
(Figure 7, panel E).

Effect of Surface Charge on Particle Penetration
into Breast Cancer Spheroids. Surface charge of polymer
and lipid particles has been shown to influence their in ViVo
distribution,78 interaction with epithelial79-81 and endothelial
barriers,82 and uptake into cancer cells.83,84 Cationic polymers
are routinely used to complex and deliver therapeutic nucleic
acids into a wide range of cancer cells due to their efficient
internalization by target cells.85 Anionic magnetic particles also

(78) He, C.; Hu, Y.; Yin, L.; Tang, C.; Yin, C. Effects of particle
size and surface charge on cellular uptake and biodistribution
of polymeric nanoparticles. Biomaterials 2010, 31 (13), 3657–
3666.

(79) Tajarobi, F.; El-Sayed, M.; Rege, B.; Polli, J.; Ghandehari, H.
Transepithelial transport of poly (amidoamine) (PAMAM) den-
drimers across Madin-Darby Canine Kidney (MDCK) cells. Int.
J. Pharm. 2001, 215 (1-2), 263–267.

(80) El-Sayed, M.; Ginski, M.; Rhodes, C.; Ghandehari, H. Tran-
sepithelial transport of poly (amidoamine) dendrimers across
Caco-2 cell monolayers. J. Controlled Release 2002, 81 (3), 355–
365.

(81) El-Sayed, M.; Ginski, M.; Rhodes, C.; Ghandehari, H. Influence
of surface chemistry of poly (amidoamine) dendrimers on Caco-2
cell monolayers. J. Bioact. Compat. Polym. 2003, 18 (1), 7–22.

(82) El-Sayed, M.; Kiani, M. F.; Naimark, M. D.; Hikal, A. H.;
Ghandehari, H. Extravasation of poly (amidoamine) (PAMAM)
dendrimers across microvascular network endothelium. Pharm.
Res. 2001, 18 (1), 23–28.
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proved effective in labeling adult, progenitor, immune, and
tumor cells.86-88 Consequently, 20 nm carboxylate- and amine-

functionalized polystyrene beads and nonfunctionalized CdSe
quantum dots were used in this study to examine the effect of

Figure 6. Change in fluorescence intensity in the core (0.25r), intermediate layers (0.50r and 0.75r), and surface
(1.00r) of MCF-7 spheroids by FITC-loaded 40 nm particles with carboxylic acid surface groups and exposed to
pulsed US at (A) 10% DC, (B) 20% DC, (C) 40% DC, and (D) 50% DC compared to spheroids that were not exposed
to US. Fifty microliters of Optison microbubbles was added to the spheroid solution before US exposure. All results
are the average of 15 samples ( the standard error of the mean. The * indicates p < 0.05, ** p < 0.01, and *** p <
0.005 when comparing the test and control groups. (E) A representative phase contrast image of MCF-7 spheroids
suspended in PBS, mixed with 40 nm FITC-loaded particles and 50 µL of Optison microspheres, and exposed to US
(center frequency 1 MHz, acoustic pressure 0.5 MPa, pulse repition frequency 10 Hz, and duty cycle 50%) for 60 s.
The image shows minor fragmentation of the irradiated spheroids.
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anionic, cationic, and neutral surface charges on particle
penetration into MCF-7 spheroids. The penetration of cationic
and neutral 20 nm particles into MCF-7 spheroids exposed to
pulsed US at 10% DC was evaluated to eliminate the contribu-
tion of particle size and possible fragmentation of the spheroids

to the observed results (Figure 8). US pulses at 10% DC resulted
in similar increase in penetration of neutral CdSe (2.2-, 1.9-,
and 2.4-fold after 30, 60, and 90 s exposure) and cationic amine-
functionalized (1.5-, 1.4-, and 1.9-fold) particles into the
spheroid’s core (0.25r) compared to control spheroids (Figure

Figure 7. Change in fluorescence intensity in the core (0.25r), intermediate layers (0.50r and 0.75r), and surface (1.00r) of
MCF-7 spheroids by FITC-loaded 20 nm particles with carboxylic acid surface groups exposed to pulsed US at (A) 10% DC, (B)
20% DC, (C) 30% DC, (D) 40% DC, and (E) 50% DC compared to spheroids that were not exposed to US. Fifty microliters of
Optison microbubbles was added to the spheroid solution before US exposure. All results are the average of 15 samples ( the
standard error of the mean. The * indicates p < 0.05, ** p < 0.01, and *** p < 0.005 when comparing the test and control groups.
(F) A representative phase contrast image of MCF-7 spheroids suspended in PBS, mixed with 20 nm FITC-loaded particles and
50 µL of Optison microspheres, and exposed to US (center frequency 1 MHz, acoustic pressure 0.5 MPa, pulse repition frequen-
cy 10 Hz, and duty cycle 50%) for 60 s. The image shows no fragmentation or swelling of the irradiated spheroids.
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8). Neutral and cationic particles also exhibited similar increased
penetration (neutral particles: 1.5-, 1.6-, and 1.8-fold in 0.50r
layer and 1.7-, 1.7-, and 2.1-fold in 0.75r layer) (cationic
particles: 1.9-, 1.4-, and 2.0-fold in 0.50r layer and 1.6-, 1.4-,
and 1.9-fold in 0.75r layer) into the spheroid’s intermediate
layers (0.50r and 0.75r) and adhesion to the surface (1.00r)
(neutral particles: 1.5-, 1.5-, and 1.8-fold and cationic particles:
1.3-, 1.2-, and 1.6-fold) compared to control spheroids (Fig-
ure 8).

Discussion
This study examines the effect of DC of pulsed US on

the penetration of nanoparticles of different size and surface
chemistry/charge into a 3D model of cultured breast cancer
cells. The use of pulsed US, rather than a single tone burst
US exposure, is to generate dynamic fluid flow without
causing cell death for a sustained period of time. While the
mechanical effects generated by pulsed US exposures are
affected by all the US parameters, including the acoustic
pressure, PRF, and DC, in a related and complex way, this
study focused on the effects of US DC with a fixed acoustic
pressure (0.5 MPa and PRF of 10 Hz) to illustrate the
enhancement of particle penetration in a 3D volume of cells
by pulsed US exposures. Based on a preliminary experi-
mental investigation, the US parameters used in this study
were chosen to generate sufficient enhancement and to
preserve cell viability and spheroid integrity. Concentration
of the microbubbles used in this study was ∼25 × 106

bubbles/mL. Although experiments were done consistently
with this condition, floating of the microbubbles could
effectively reduce the bubble concentration surrounding the
spheroids and may induce variability in experimental results.

This study utilized viable MCF-7 breast cancer cell
spheroids with a diameter of ∼350 µm, which, despite being

much smaller in volume and lacking the vascular and
lymphatic networks present in ViVo in solid tumors, still
provide a spherical volume with three-dimensional (3D)
arrangements of breast cancer cells with tight cell-to-cell
contact89,90 and extracellular matrix similar to those present
in tumor tissue91,92 that play critical roles in particle transport
in solid tumors.

(83) Campbell, R. B.; Fukumura, D.; Brown, E. B.; Mazzola, L. M.;
Izumi, Y.; Jain, R. K.; Torchilin, V. P.; Munn, L. L. Cationic
charge determines the distribution of liposomes between the
vascular and extravascular compartments of tumors. Cancer Res.
2002, 62 (23), 6831–6836.
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Sci. U.S.A. 2009, 106 (27), 11394–11399.
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2003, 24 (6), 1001–1011.

(88) Wilhelm, C.; Gazeau, F.; Roger, J.; Pons, J. N.; Bacri, J.-C.
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adhesion and packing density of tumor cells. Cancer Res. 2006,
66 (2), 1033–1039.

Figure 8. Change in fluorescence intensity in MCF-7 spheroid’s core (0.25r), intermediate layers (0.50r and 0.75r),
and surface (1.00r) upon incubation with 50 µL of Optison microspheres and (A) 20 nm CdSe particles with
nonfunctionalized surface (neutral) or (B) 20 nm cationic particles with primary amine surface groups upon exposure
to pulsed US at 10% DC. All results are the average of 15 samples ( the standard error of the mean. The * indicates
p < 0.05, ** p < 0.01, and *** p < 0.005 when comparing the test and control groups.
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Interplay of DC of Pulsed US Exposures and Parti-
cle Size. Results obtained from this study clearly indicate
that particle penetration into MCF-7 spheroids depends on
particle size. Without the application of pulsed US, smaller
20 and 40 nm particles exhibited high adhesion and penetra-
tion into the spheroid’s surface (1.00r) and intermediate layer
(0.75r) compared to deeper (0.50r and 0.25r) layers. Ap-
plication of pulsed US increased particle penetration into the
spheroid’s core (0.25) in a size-dependent fashion. Specif-
ically, 20 nm carboxylate particles achieve maximal penetra-
tion into MCF-7 spheroids upon exposure to US pulses at
30% DC reaching 6-, 15.6-, 20.4-, and 10-fold higher
concentration into the spheroid’s core (0.25r), intermediate
layers (0.50r and 0.75r), and surface (1.00r) compared to
control spheroids, respectively. Increasing particle size to 40
nm reduced their net penetration and retention into MCF
spheroids to 9.1- (0.25r), 6.6- (0.50r), 3.4- (0.75r), and 1.5-
fold (1.00r) compared to control spheroids upon exposure
to microbubble-enhanced pulsed US at 40% DC. Increasing
particle size to 100 nm further reduced their penetration into
the spheroids to 3.2- (core; 0.25r), 2.1- (0.50r), 1.8-fold
(0.75r) compared to control spheroids upon exposure to
microbubble-enhanced US at 40% DC with minimal retention
of the fluorescent particles on the spheroids surface (1.00r).
These results suggest that US enhanced penetration of
carboxylate particles into tumor spheroids depends on US
DC and 30% DC appears to be optimal to achieve the highest
penetration of 20 nm carboxylate particles into tumor
spheroids under the current experimental conditions (US
pressure of 0.5 MPa, PRF of 10 Hz).

Nanoparticles Transport Driven by Pulsed US Ex-
posures and Facilitated by Microbubbles. Driven by the
oscillatory positive and negative pressures of an US field, a
gas-filled microbubble undergoes rapid cyclic volume changes
and collapse generating significant dynamic activities such
as bulk fluid movement and local fluid microstreaming, shear
stress, and high speed fluid microjet. These mechanical
effects, particularly the significant mechanical impacts from
the fluid microjet on a nearby cell causing disruption of the
cell membrane (sonoporation),93-98 have been well recog-
nized and exploited for delivery of otherwise impermeable

therapeutic agents into the cell cytoplasm. However, the US-
generated mechanical and fluid dynamic effects, in the
presence of microbubbles, on the movement of nanoparticles
in the medium have not been specifically described in the
context of particle transport into a 3D tissue structure.

In this study, the spheriods were in a fluid environment
surrounded by microbubbles, which simulate a tissue volume
adjacent to a vascular compartment. It is expected that the
microbubbles in the fluid, when exposed to pulsed US, will
generate the dynamic fluid streaming of different spatial
scales (bulk flow and microstreaming near the bubble/cell)
and other mechanical effects. Fluid microjets produced by
rapid collapse of a bubble can generate sonoporation leading
to enhanced intracellular uptake but this likely to be limited
to the outmost layer of the cells of the spheroids. Instead,
the US generated fluid flow and activities will increase the
convective transport of particles suspended in the fluid toward
the inner areas of the spheroids. The particles were not in
the cytoplasm of the cells deep inside the spheroids. Instead,
they were found in the extracellular matrix within the
spheroids, which was not in direct contact with the mi-
crobubbles. Our results show that the penetration of the
particles into the spheroids depends on the mass or size of
the particles, which were presumably carried by the fluid
flow with smaller particles having deeper penetration (Figures
5-7). Such dependence represents an aspect of the kinetic
characteristics of the fluid-particle interaction as a mecha-
nism for the enhanced transport in a 3D cell volume.

In the meantime, the mechanical impacts of the transient
yet rapid fluid flow plus those from the movement of the
nanoparticles themselves could generate other physical
effects on the spheroids. For example, our results show that
US application at high 50% DC in the presence of large 100
nm particles resulted in fragmentation, loosening of cell
packing, and formation of cellular debris of the spheroids
(Figure 5, panel E). The spheroids were much less affected
with smaller particles (Figure 7, panel F).

The effects of DC on particles’ penetration into the
spheroids are illustrated experimentally in this study. Since
the enhanced penetration of particles is believed to result
from the increased convective transport by the US-generated
transient fluid flow/streaming, the effects of DC are then
primarily related to the ability of US exposures to generate
optimal fluid flow patterns for the particles and spheroids in
the configuration (fluid volume, geometry, microbubble
concentration, etc.) used in this study. However, exact details
of the fluid flow patterns and their interaction with the
nanoparticles need to be investigated in future studies.
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Effect of Particle Charge. From a comparison of the
penetration profile of neutral and cationic particles to that
observed with 20 nm carboxylate particles, it is clear that
concentration of the anionic particles in the spheroid core
(0.25r), intermediate layers (0.50r and 0.75r) and surface
(1.00r) is almost twice as much (Figure 7, panel A) as the
concentration of neutral and cationic particles (Figure 8). This
is consistent with earlier reports that showed that anionic
dextran moves with a higher average velocity through the
interstitium than neutral molecules with similar size due to
the electrostatic repulsion with the negatively charged
residues present in the extracellular matrix holding the cancer
cells.99,100 These results suggest that, even with pulsed US
application, small anionic nanoparticles might be better suited
as carriers for penetration and retention into tumor tissue
although microbubble-facilitated pulsed US application is
also capable of increasing the penetration of neutral and
cationic particles into the deeper layers of breast cancer
spheroids.

Conclusions
Results from this study demonstrate that nanoparticle

penetration into the core of 3D tumor spheroids can be
enhanced by pulsed US exposures in the presence of
microbubbles. Concentration of particles in the spheroid’s

core (0.25r) and intermediate layers (0.50r and 0.75r) and
near the surface (1.00r) depends on particle size, surface
charge, and DC of the applied US field. Specifically,
penetration into MCF-7 spheroids decreases with increasing
particle size. Maximum penetration into the spheroid’s core
was observed with 20 nm carboxylate particles. In addition,
anionic carboxylate particles exhibited the highest penetration
into the tumor’s core compared to neutral and cationic
particles under the same experimental conditions. These
studies provide evidence that microbubble-enhanced pulsed
US application can serve as a synergistic tool to increase
the penetration and effective concentration of therapeutic and
diagnostic nanoparticles into solid tumors.
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