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Abstract
A polymer ultrasound contrast agent (UCA) developed in our lab has been shown to greatly
reduce in size when exposed to ultrasound, resulting in nanoparticles less than 400 nm in diameter
capable of escaping the leaky vasculature of a tumor to provide a sustained release of drug.
Previous studies with the hydrophilic drug doxorubicin (DOX) demonstrated enhanced drug
delivery to tumors when triggered with ultrasound. However the therapeutic potential has been
limited due to the relatively low payload of DOX. This study compares the effects of loading the
hydrophobic drug paclitaxel (PTX) on the agent’s acoustic properties, drug payload, tumoricidal
activity, and the ability to deliver drugs through 400 nm pores. A maximum payload of 129.46 ±
1.80 μg PTX/mg UCA (encapsulation efficiency 71.92 ± 0.99 %) was achieved, 20 times greater
than the maximum payload of DOX (6.2 μg/mg), while maintaining the acoustic properties. In
vitro, the tumoricidal activity of paclitaxel loaded UCA exposed to ultrasound was significantly
greater than controls not exposed to ultrasound (p<0.0016). This study has shown that PTX loaded
UCA triggered with focused ultrasound have the potential to provide a targeted and sustained
delivery of drug to tumors.
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1. Introduction
Recent interest in ultrasound assisted drug delivery has focused attention on active drug
targeting (Price et al., 1998; Ferrara et al., 2007; Ferrara, 2008). In addition, passive
targetting through use of nanoparticles continues to be advanced (Panyama, 2003; Fanga et
al., 2011), especially with drugs which are particularly toxic or troublesome to deliver, such
as paclitaxel. Paclitaxel (PTX) is an antineoplastic agent that promotes the polymerization of
tubulin and at subnanomolar concentrations, can inhibit the disassembly of microtubules

© 2011 Elsevier B.V. All rights reserved.
Correspondence to: M.A. Wheatley PhD, School of Biomedical Engineering Science and Health Systems, Drexel University,
Philadelphia, PA 19104 (fax: 215.895.4983, phone: 215.895.2232, wheatley@coe.drexel.edu).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Int J Pharm. Author manuscript; available in PMC 2012 July 29.

Published in final edited form as:
Int J Pharm. 2011 July 29; 414(1-2): 161–170. doi:10.1016/j.ijpharm.2011.05.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Rowinsky and Donehower, 1995). This disruption of normal microtubule dynamics can
inhibit cell proliferation and cause cell death (Yeung et al., 1999). Paclitaxel has shown
significant activity against solid tumors including breast cancer and ovarian carcinomas
(Thigpen et al., 1994; Ishitobi et al., 2001; Conlin and Seidman, 2007). Breast cancer is the
most common form of cancer diagnosed in women (Jemal et al., 2008). Taxanes including
PTX have proven to be fundamental in the treatment of early-stage and advanced forms of
breast cancer. The effects of paclitaxel on breast cancer cell lines including the MDA-MB
231 and MCF 7 human breast cancer cell line have been well studied and have been used to
confirm the tumorcidal activity of novel drug delivery formulations in vitro (Yeung et al.,
1999; Rosenblum and Shivers, 2000; Kang et al., 2004). The use of this drug has been
limited by its poor aqueous solubility (Liggins et al., 1997), requiring use of an excipient,
Cremophor®. Methods to mitigate the adverse effects of this excipient include the use of
micro and nanoparticles, micelles and lipid based contrast agent (Green et al., 2006; Tartis et
al., 2006; Li and Wallace, 2008; Miele et al., 2009; Gaucher et al., 2010; Klibanov et al.,
2010). Systemic delivery of Taxol can cause severe side effects including hypersensitivity
reactions (Weiss et al., 1990; Gelderblom et al., 2001) neurotoxicity, cardiotoxicity and
neutropenia (Rowinsky and Donehower 1995). A variety of alternative strategies including
micelles, liposomes, microspheres and nanoparticles are being investigated to deliver PTX
without the use of Cremophor® (Singla et al., 2002). Nanoparticles fabricated with albumin
(Ibrahim et al., 2002) poly lactic-co glycolic acid (PLGA) (Mu and Feng, 2003) and PLA
(Xie and Wang, 2005) have been loaded with PTX and used to passively target tumors
(Hamaguchi et al., 2005). Abraxane®, an albumin bound nanoparticle formulation of PTX,
has been created as a Cremophor free delivery vehicle of PTX that has been shown to be
superior to standard PTX in the treatment of breast cancer (Miele et al., 2009).

Passive targeting of tumors is based on the enhanced permeability and retention (EPR)
effect. Most solid tumors are sustained by extensive angiogenesis leading to hypervascular
tissue with an incomplete vascular architecture. Tumors also have an impaired lymphatic
drainage and an increased production of permeability factors resulting in the accumulation
and inefficient clearance of nanoparticles leading to the EPR effect (Maeda et al., 2000). The
hyperpermeable nature of tumor vasculature is characterized by a pore cut off size ranging
between 380 and 780 nm allowing particles less than 780 nm to extravasate into the tumor
interstitium (Hobbs et al., 1998).

The vascular permeability of tumors can be enhanced with the use of specific growth factors
(Dvorak et al., 1995), hyperthermia (Kong et al., 2000), or through the use of ultrasound
contrast agents (UCA) combined with targeted ultrasound (Price et al., 1998). Ultrasound
contrast agents (UCA) are small (<6 μm) gas bubbles encapsulated within a stabilizing shell.
When exposed to the oscillating pressures of an ultrasound wave, the gas core of a UCA will
rapidly expand and contract with a wall velocity on the order of hundreds of meters per
second (Ferrara et al., 2007). When exposed to sufficient ultrasound intensity, UCA can
cavitate, resulting in enough energy to temporarily increase the permeability of the capillary
wall, allowing particles to escape the vessel and travel tens of microns into the interstitium
(Ferrara, 2008).

In addition to their role in increasing vascular permeability and enhancing drug uptake
within tumors, lipid and polymer shelled UCA have themselves been loaded with drugs
(Ferrara et al., 2009) (Eisenbrey et al., 2010a). The polymer shelled UCA developed in this
lab have been loaded with doxorubicin (DOX) and when exposed to ultrasound have been
shown to rupture, creating drug-loaded polymer fragments, 350 nm in size, capable of
accumulating within a tumor and slowly releasing drug (Eisenbrey et al., 2010b). This in situ
generation of nanoparticles at the tumor site from circulating bubbles utilizes the strong,
size-dependent interaction between ultrasound and micron-sized particles, such as acoustic

Cochran et al. Page 2

Int J Pharm. Author manuscript; available in PMC 2012 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



radiation forces and microstreaming (Lum et al., 2006; Ferrara, 2008), combined with the
abilities of nanoparticles to escape the tumor vasculature and provide a sustained release of
drug. This platform combines the advantages of ultrasound assisted drug delivery with the
use of traditional, passively targeted (through EPR) nanoparticles. We have tested a DOX-
UCA in vivo in a rabbit tumor model and were able to demonstrate a 110% increase in drug
delivery to the tumor when exposed to ultrasound, compared to uninsonated controls
(Eisenbrey et al., 2010b). However, the maximum DOX payload of this agent was found to
be only 6.2 μg DOX/mg UCA with an encapsulation efficiency of 20.5% (Eisenbrey et al.,
2010a), making achieving therapeutic concentrations difficult.

This paper focuses on comparing the loading of DOX with that of the more hydrophobic
drug PTX within the shell of these biodegradable UCA and characterizing the agent in vitro
as a prelude to in vivo testing. PTX is an ideal candidate for this type of drug delivery since
it would be delivered directly to the tumor site and the need for toxic excipents such as
Cremophor® EL would be avoided. Maximum drug loading was determined, along with the
effects of drug loading on the agent’s acoustic enhancement, acoustic stability and size. The
drug release profile of UCA exposed to ultrasound was compared with uninsonated UCA
and the in vitro tumoricidal activity of the PTX loaded agent was examined.

2. Materials and methods
2.1. Materials

Poly(lactic acid) (PLA) (100DL MW =83 KDa) was purchased from Lakeshore
Biomaterials (Birmingham, AL). Camphor, DOX used for in vitro experiments, and
thiazolyl blue tetrazolium bromide (MTT) was purchased from Sigma-Aldrich (St. Louis,
MO). Radiolabeled DOX (labeled with a 14C linker as part of a previous study [Eisenbrey et
al. 2010b]) used for in vivo experiments was purchased from Perkin Elmer (Waltham, MA).
Poly(vinyl alcohol) (PVA) (88% mole hydrolyzed MW = 25 KDa) was purchased from
Polysciences (Warrington, PA). Paclitaxel was purchased from LC Laboratories (Woburn,
MA). CellTracker Blue was purchased from Molecular Probes (Carlsbad, CA). All other
chemicals were reagent grade from Fisher Scientific (Waltham, MA). All chemicals were
used as received.

2.2. Sample preparation
Doxorubicin and PTX loaded UCA were prepared with a water in oil in water emulsion
technique based on a method previously developed in our laboratory (El-Sherif and
Wheatley, 2003). A solution with 0.05 g of camphor, 0.5 g of PLA with 3.0 % DOX (the
point of drug payload saturation [Eisenbrey 2010a]) or varying amounts of PTX 0 to 24%
(weight PTX/weight PLA) were dissolved in 10 ml of methylene chloride. To form the first
emulsion, 1 ml of ammonium carbonate (4% w/v) was added to the polymer solution and
sonicated in an ice water bath with 110 W of applied power with ten pulses of 3 s separated
by 1 s pauses using a 20 kHz sonicator probe (Misonix Inc. CL4 tapped horn probe with a
0.5 inch tip Farmingdale, NY). The second emulsion was formed by adding the first water in
oil emulsion to 50 ml of a cold PVA solution (5 % w/v) then homogenizing for 5 min at
9500 rpm with a saw tooth homogenizer blade (Brinkmann Instruments, Westbury, NY).
After homogenizing, 100 ml of 2% isopropyl alcohol was added to the emulsion then stirred
for 1 h at room temperature to allow the methylene chloride to evaporate. The resulting
suspension was centrifuged at 2500 g for 5 min. The supernatant was discarded and the
pellet was washed three times with hexane. After allowing residual hexane to evaporate the
samples were washed with water three times, then frozen in liquid nitrogen and lyophilized
for 48 h with a Virtis Benchtop freeze dryer (Gardiner, NY) to allow the water, camphor and
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ammonium carbonate to sublimate, resulting in a hollow core surrounded by a porous PLA,
drug-loaded shell containing PTX.

2.3. In vitro acoustic testing
The ability of UCA samples to reflect ultrasound was determined with an in vitro acoustic
setup. A 5 MHz, 0.5 inch diameter transducer (Panametrics-NDT Waltham, MA) with a
focal length of 45 mm and a −6 dB bandwidth of 89.3% was chosen in order to insonate the
samples with a frequency that closely matched the resonance frequency of this UCA. The
transducer was placed in a 37 °C water bath and focused through the acoustically transparent
window of an acrylic sample holder containing 50 ml of 37 °C phosphate buffered saline,
pH = 7.4 (PBS). The transducer was connected to a pulser/receiver (Panametrics Waltham,
MA) to generate an acoustic pulse with a pulse repetition frequency (PRF) of 100 Hz and a
peak negative pressure amplitude of 0.45 MPa measured with a 0.5 mm polyvinylidene
fluoride needle hydrophone (Precision Acoustics, Dorset, UK). The reflected signal was
detected with the transducer and amplified 40 dB by the pulser receiver then displayed by an
oscilloscope (Lecroy 9350 A Chestnut Ridge, NY). Labview 7 Express (National
Instruments, Austin, TX) was used for data acquisition and processing.

Acoustic backscattering enhancement was used to measure the agent’s ability to respond to
ultrasound for imaging and drug delivery applications. Dry samples of UCA were weighed
and suspended in PBS then pipeted into the buffer in the sample holder and allowed to mix
for 10 s before measuring the acoustic response at the focus of the transducer. Acoustic
backscattering enhancement was defined as:

Where rms[UCA] is the root mean square of the backscatter signal given by the UCA at the
focus of the transducer, and rms[Blank] is the root mean square of the backscatter signal
given by the solution prior to the addition of UCA.

The acoustic stability of UCA exposed to ultrasound was measured to determine the effect
of drug loading on shell stability. Three microgram of UCA per milliliter of PBS was added
to the sample holder and insonated continuously with a PRF of 100 Hz and a peak negative
pressure amplitude of 0.45 MPa. Acoustic enhancement was measured every minute over
the course of 15 min and normalized with respect to the initial enhancement.

2.4. Particle sizing
The sizes of UCA were measured using a Zetasizer Nano ZS (Malvern Inst., Worcestershire,
UK). One milligram of dry UCA was carefully weighed and suspended in 1 ml of PBS by
vortexing for 10 s. Samples were measured in triplicate and particle sizes were reported as
peak % number. Number was chosen since this more clearly represents an emphasis on
populations of smaller size (which from scanning electron microscopy data dominate here).
Volume values are overly sensitive to a few large volume particles.

2.5. Determination of drug loading
The amount of PTX loaded into the UCA was determined in triplicate by high pressure
liquid chromatography (HPLC). Two milligrams of UCA were dissolved in 1ml of
methylene chloride. The PTX was then extracted into 3 ml of an acetonitrile/water solution
(50:50 v/v) and the methylene chloride was allowed to evaporate. For HPLC analysis, a
reverse-phase Inertsil ODS-3 column (150×3 mm i.d., pore size 5 μm GL Sciences, Tokyo,
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Japan) was used. The mobile phase of acetonitrile/water (50:50 v/v) was delivered at a flow
rate 1 ml/min (Waters 1525 binary pump, Milford, MA) and PTX was quantified by UV
absorbance (λ=227 nm, Waters 2487 Milford, MA). The area under the curve was integrated
and the PTX concentration was calculated based on a linear calibration curve. Encapsulation
efficiency was defined as:

2.6. In vivo ultrasound imaging
In vivo imaging was performed in a VX2 liver cancer model implanted in New Zealand
rabbits to determine ultrasound enhancement and the agent’s ability to permeate the
vasculature of a tumor model. Rabbits were anesthetized using ketamine (35 mg/kg),
xylazine (2mg/kg), and glycopyrolate (0.01mg/kg). After sedation, 2–3 mm cubes of VX2
tumor harvested from the thigh of a carrier rabbit were implanted into the left lobe of the
liver. Tumors were then allowed to grow for 3 weeks, reaching sizes of roughly 2–3 cm3.
Animals were housed in accordance with the Guide for the Care and Use of Laboratory
Animals. All animal studies described here were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee of the University of
Pennsylvania.

Rabbits received an injection of 70 mg of agent (containing 2 mg DOX) suspended in 5 ml
of physiological saline through an auricular line, then flushed with an additional 5 ml of
saline. Tumors were continually insonated for 20 minutes by non-directional Doppler
ultrasound focused on the tumor (ATL/Philips HDI-5000, Bothel, WA). Ultrasound was
performed at 5 MHz, PRF = 1000 Hz, frame rate = 10 Hz and the transducer: L12-5 38
generic probe, with a MI of 1.0 and continually swept over the tumor. Videos were then
stored and digitized for later use.

Time-intensity curves were computed in Matlab (Version 2009a, The Mathworks, Natick,
MA). Digitized clips at a frame rate of 10 Hz were imported as single frames. Image
intensity in arbitrary units (a.u.) was then calculated by the summation of pixel intensity
within the tumor ROI at each time point. A 10 point moving average was then applied to
reduce noise in the intensity curve before being plotted as a function of time.

2.7. In vitro PTX release
Drug loaded UCA loaded with 18% PTX were suspended in PBS at 37 °C with a
concentration of 0.2 mg/ml and placed into the acoustic sample holder described above with
stirring. The previously described acoustic setup was used to insonate the UCA with a peak
negative pressure amplitude of 0.94 MPa and a PRF of 5000 Hz for 25 minutes. Controls
were preformed with no insonation. Ten milliliters of the suspension was then transferred to
centrifuge tubes and incubated at 37 °C while being rotated end over end. At selected time
intervals the samples were centrifuged at 48,000 g for 20 min (Sorvall WX ultracentrifuge,
AH-629 rotor, Thermo Electron Corp, Waltham, MA). The amount of PTX released from
the particles at every time point was less than the solubility of PTX (Liggins et al., 1997).
The pellet was resuspended in fresh PBS at each time interval (to maintain sink conditions)
and placed in the incubator to continue the release. At no point did the PTX concentration in
the release buffer approach saturated values. The collected supernatants were extracted two
times with 1 ml of methylene chloride. The extracted methylene chloride was allowed to
evaporate and the PTX was dissolved in 1 ml of running buffer. The extraction efficiency
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was calculated in triplicate using 10 ml solutions with known concentrations of PTX in PBS
and put through the same extraction procedure.

2.8. Nanoparticle extravasation potential
The ability of PTX loaded UCA to fragment in response to ultrasound and pass through the
leaky vasculature of a tumor was modeled in vitro with Corning Transwell® inserts
(Corning Incorporated, Corning, NY) with a polyester membrane containing 400 nm pores
(figure 1). The inserts were placed in polystyrene 6 well plates containing 3 ml of PBS at 37
°C containing 1 mg PTX loaded UCA. The insert was then filled with 1 ml of PBS at 37 °C
and a rubber stopper was placed at the upper level of the PBS in the insert to act as an
acoustic absorber and reduce reflections at the air-liquid interface that may lead to a
standing wave. The plate was then held at the surface of the water in a 37 °C water bath with
a 5 MHz transducer focused on the membrane of the insert from below. The sample was
insonated for 20 minutes with a peak negative pressure of 0.94 MPa and a PRF of 5000 Hz.
Samples were taken immediately prior to insonation and at five minute intervals. Paclitaxel
levels were quantified with HPLC as described previously. Tests were repeated in triplicate,
controls were performed without insonation.

2.9. Cell culture
The human breast cancer cell lines MDA-MB-231 and MCF7 were obtained from American
Type Culture Collection (Manassas, VA). MDA-MB-231 cells (passage 6) were cultured to
70% confluency within Opticell® culture systems (Fisher Scientific, Springfield, NJ) in
media containing 94% RPMI 1640, 5% FBS, and 1% penicillin/streptomycin antibiotic.
MCF7 cells were grown in RPMI 1640 medium, supplemented with 10% (v/v) FBS and 1%
(v/v) antibiotic. Cells were maintained in a humidified incubator at 37 °C in a 5% CO2
atmosphere.

2.10. Cellular Uptake of PLA-DOX Shards after Insonation—The ability of drug
loaded UCA to provide targeted delivery of drug into cells when triggered with ultrasound
was tested in vitro using DOX loaded UCA in order to take advantage of the natural
fluorescence of DOX for drug tracking. MDA-MB-231 cells were grown to 70–80%
confluency within Opticell® culture systems. After removal of medium, 6 mg of 3% DOX-
UCA within 10 ml of medium was added and the Opticells® insonated at a peak negative
pressure of 0.94 MPa. Cells were incubated in solution for 12 hours to allow uptake and
reattachment before the cell medium was removed and cells washed twice with PBS. Cell
cytoplasm was then stained using CellTracker Blue stain and fixed within the Opticell®
with 4% paraformaldehyde prior to imaging. Uninsonated cells incubated with 6 mg of 3%
loaded DOX-UCA within 10 ml of medium were used as a control. Fluorescent confocal
microscopy was performed on cells 12 hours after insonation to identify the location of
DOX within the cell and the results presented as merged images of fluorescent and bright
field.

Confocal imaging was performed using an Olympus IX81 microscope run by Olympus
Fluorview version 1.7b. The CellTracker Blue cytoplasm dye was visualized with
405/461nm excitation/emission wavelengths. DOX was simultaneously imaged by using
wavelength of 488/578nm excitation and emission. Proper gain levels were determined
automatically using the Fluorview software.

2.11. In vitro tumoricidal activity—Cells were seeded on 48 well plates with a density
of 2.5 × 104 cells per well in 500 μl of media and incubated overnight to allow cells to
attach. Ultrasound contrast agents with 0% and 18% PTX (weight PTX/weight PLA) were
insonated in media for 20 minutes with a peak positive negative amplitude of 0.94 MPa and
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a PRF of 5000 Hz. After insonation, the samples were filtered through 0.45 μm filters to
simulate leaky tumor vasculature and allow only nanoparticles to pass through. The samples
were then diluted in media and added to the attached cells. Controls were performed without
insonation. Cells were incubated with the treatment for 72 hours and tumoricidal activity
was evaluated with an MTT assay. Culture media was removed and cells were washed with
PBS then incubated with 500 μl of the MTT solution (0.5 mg MTT/ml serum free RPMI) for
3 hours at 37 °C. The solution was then removed and 1 ml of an acidic isopropyl alcohol
solution (isopropyl alcohol − 0.04 M HCl) was used to dissolve the formazan crystals.
Absorbance of the solution was measured at 570 nm with a Tecan Infinite M200 plate reader
(Männedorf, Switzerland). Cells without MTT were used as a blank to calibrate the
measurements and untreated cells were used as controls. Cell viability was calculated with
the following equation:

2.12. Scanning electron microscopy—Contrast agent was imaged using an
environmental SEM (FEI XL30, Hillsboro, OR, USA). A freeze dried sample mounted on a
stub with two sided carbon tape was sputter-coated with platinum for 30 s before imaging.
Images were taken at varying magnifications, with an accelerating voltage of 10.0 kV. All
SEM imaging was done at the Drexel University Materials Characterization Facility.

2.13 Statistical analysis—Statistical differences for multiple groups was determined
using a one way ANOVA and individual groups were compared using Student’s t test. All
statistical testing was done with Prisim (GraphPad, San Diego, CA). Statistical significance
was determined using α = 0.05, values are represented as an average with a standard error
about the mean.

3. Results
3.1. Proof of principle in DOX-UCA

3.1.1. Visualization of ultrasound damage—Previously we have shown that the PLA
UCA developed in our lab can be loaded with drug (Eisenbrey 2010a), shattered into nano
sized particles with ultrasound (Eisenbrey 2010b) and cause cell death in vitro (Eisenbrey
2009). Figure 2 shows scanning electron micrographs of drug loaded capsules after
fabrication and after insonation in vitro at for 20 mins at 5 MHz at an acoustic pressure
amplitude of 1.65 MPa. While the pre-insonated agent shows mainly intact, spherical
particles, the insonated particles show clear signs of destruction. These destroyed particles
appear to consist of both ruptured, shriveled particles, as well as a new population of
nanoparticle shell fragments. We have extended these studies in vitro to track the fate of the
particles in cell culture.

3.1.2. In vitro fate of particles—To investigate the possible fate of nanoshards in
contact with cells, we tracked DOX-UCA nano shards in vitro. Figure 3 compares the
fluorescent image of MDB-MA 231 cells grown in culture and treated with DOX-UCA in
the presence and absence of ultrasound. DOX fluorescence is clearly concentrated within the
nucleus, indicating that after ultrasound triggering DOX appears in the cytoplasm of the cell,
but also in the nucleus where it can trigger cell death.

3.1.3 In vivo penetration into tumor vasculature—In vivo imaging was conducted
showing the agent’s potential to both provide enhancement during ultrasound scans, and
penetrate into the vasculature of a solid tumor. Doppler ultrasound was used to image the
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solid tumor at a frequency of 5 MHz at a MI of 1.0, corresponding to estimated pressures
above what have been shown to cause destruction of polymer shelled UCA (Bloch et al.,
2004), ensuring maximal UCA rupture and fragment generation. Figure 4 shows Doppler
images of the tumor pre and post injection of the UCA. Figure 4a shows the VX2 tumor
prior to the UCA arrival, with little Doppler signal in the tumor. Figure 4b is an image of the
same tumor at the point of peak contrast enhancement (48 seconds after injection)
presumably due to peak drug carrier concentrations within the tumor. By 66 seconds carrier
washout is well underway (Figure 4c). The washout process can be recorded in time-
intensity curves in arbitrary units (a.u.), an example of which is give in 4d. Fluctuations in
the curve are due to the animal breathing and sweeping by the transducer.

These images show that the UCA penetrates into the solid tumor. For drug release studies in
vivo, the ultrasound beam can be focused entirely on the solid tumor (1–2 cm2 surface area),
initiating destruction of UCA within this region.

3.2. In vitro acoustic enhancement and stability of PTX-UCA
The effect of PTX loading on the agent’s acoustic properties was examined using an
acoustic testing setup developed in our lab for UCA characterization (El-Sherif and
Wheatley, 2003). Figure 5a shows the effect of PTX loading on the acoustic behavior of the
agent and the impact of loading on the ability to reflect ultrasound as measured by acoustic
enhancement in decibels (dB) compared to enhancement in the absence of agent. Paclitaxel
loading did not result in any significant differences in maximum acoustic enhancement
compared to unloaded control UCA (p>0.076), however UCA loaded with 12% PTX or
greater did show significantly more shadowing at a dose of 15 μg/ml compared to unloaded
controls (p<0.0058).

Effects of PTX loading on the agent’s acoustic stability during insonation were also
measured and are shown in figure 5b. The enhancement in dB decreased with time as the
agent passed through the ultrasound beam and was destroyed. Unloaded UCA maintained
78% of their initial enhancement after 15 minutes, while UCA loaded with 3% PTX or
more, maintained significantly less enhancement (p<0.034) less than 70% of their original
enhancement after 15 min.

3.2 Particle size
The effect of PTX loading concentration on UCA size was examined (figure 6). Particles
were loaded with initial concentrations up to 6% PTX (with particle sizes of 1383 ± 59 nm,
1610 ± 127 nm and 1737 ± 146 nm corresponding to a PTX loading of 0, 3 and 6%) without
any significant difference in particle size compared to unloaded control particles (p>0.0653),
although an increasing size trend was evident. However, particles loaded with 12% PTX or
greater showed a significant increase in particle size compared to unloaded UCA (p<0.0197
with particle sizes of 1864 ± 127 nm, 2021 ± 194 nm and 2833 ± 337 nm corresponding to a
PTX loading of 12, 18 and 24%).

3.3 Paclitaxel payload and encapsulation efficiency
Paclitaxel encapsulation was quantified with HPLC and is shown in Figure 7a over a range
of loading concentrations, along with the encapsulation efficiency shown in figure 7b. Final
drug payload increased significantly with each increase in initial loading concentration up to
18% PTX (p<0.001) while particles loaded with the highest initial loading concentration of
24% PTX did not have a significantly greater final payload compared to particles loaded
with 18% PTX (131.12 ± 10.94 μg PTX/mg PLA vs. 129.46 ± 1.80 μg PTX/mg PLA p
=0.8807). The encapsulation efficiency of UCA loaded with 3, 6 and 12% PTX were
approximately 75% and were not significantly different from each other. However the
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increase in loading from 12 to 18% PTX resulted in a significantly lower encapsulation
efficiency (84.52. ± 1.48 % vs 71.92 ± 0.99 % p =0.0021) and the encapsulation efficiency
of particles loaded with 18% PTX was significantly greater than particles loaded with 24%
PTX (71.92 ± 0.99 % vs. 54.68 ± 4.55 % p=0.0209). An initial loading of 18% PTX was
selected as the optimal loading percentage for future experiments.

3.4 In vitro paclitaxel release
The release profiles of PTX loaded UCA exposed to ultrasound and uninsonated controls
were examined in vitro using capsules loaded with 18% PTX (figure 8). After 48 hours there
was no significant difference in the percentage of total PTX released from insonated and
uninsonated UCA (24.76 ± 2.59 % vs 24.21 ± 2.87 % p=0.8946). After 11 days, a difference
in release from UCA treated with ultrasound and controls can be observed (41.79 ± 2.28%
vs 35.50 ± 2.90%, p=0.16), this difference becomes statistically significant after 21 days,
when the release of PTX from insonated UCA became significantly greater than uninsonated
controls (51.66 ± 2.45% vs 40.05 ± 3.11% p=0.0374) and remained significantly greater at
all additional time points.

3.5 Nanoparticle extravasation potential
Corning transwell inserts with a thin polyester membrane containing pores 400 nm in
diameter were used to model the leaky tumor vasculature and to determine if delivery of
PTX through the pores using PTX loaded UCA can be triggered with ultrasound. The
delivery of PTX through the pores over 20 minutes with and without ultrasound is shown in
figure 9. After 5 minutes, significantly more drug was forced through the membrane when
the PTX loaded UCA were triggered with ultrasound compared to samples not exposed to
ultrasound (p=0.0281). After 20 minute, 75% more drug (representing 11.1% of the initial
drug concentration) was forced through the 400 nm pores when the agent was exposed to
ultrasound compared to uninsonated controls (p<0.001).

3.6 In vitro tumoricidal activity
Human breast cancer cells that were exposed to both unloaded and PTX loaded UCA that
were exposed to ultrasound as well as uninsonated controls over a range of concentrations
from 0 to 10 μg UCA/ml. After 72 hours cell viability was measured with a MTT assay to
determine the anti tumor activity of the triggered particles as shown in figure 10.

Unloaded UCA did not have any effect on cell viability at any concentration tested up to 10
μg/ml, both UCA exposed to ultrasound and uninsonated UCA did not reduce cell viability
compared to controls (p> 0.5465). Ultrasound contrast agents loaded with 18% PTX
triggered by ultrasound resulted in a significant increase in tumoricidal activity compared to
uninsonated controls at concentrations greater than 0.1 μg UCA/ml (p<0.01). The cell
viability of samples treated with 1 μg/ml of PTX loaded UCA was significantly lower when
triggered with ultrasound (49.81 ± 3.28%) compared to uninsonated controls (89.69 ±
4.09%) p=0.0016.

4. Discussion
An alternative drug delivery platform has been developed in our laboratory in which the
hydrophilic drug DOX has been loaded into the shell of polymer UCA (Eisenbrey et al.,
2010a and b). Ultrasound contrast agents pass freely through the vasculature until exposed
to ultrasound where they experience various interactions which push the bubbles towards the
vessel wall (Lum et al., 2006) and we believe result in production of nano shards in situ at
the imaged tumor site (Eisenbrey et al., 2010a; Eisenbrey et al., 2010b). When exposed to
sufficiently strong ultrasound pulses, the microbubble will undergo a phenomenon known as
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inertial cavitation (Ferrara et al., 2007; Ferrara, 2008) resulting in the destruction of the
polymer shell, creating drug loaded polymer fragments less than 400 nm (Eisenbrey et al.,
2010b). The energy released in the process of microbubble destruction is sufficient to
enhance the permeability of the tumor vessel walls (Price et al., 1998). Any fragments that
do not penetrate the tumor can then begin to accumulate within the tumor interstitium
through the EPR effect (Maeda et al., 2000), and here the polymer fragments can begin to
degrade providing a sustained localized release of the chemotherapeutic agent. It is therefore
vital that our drug-loaded contrast agents retain the acoustics properties of the unloaded
UCA.

Loading of DOX is limited because of its low solubility in the solvent used to create the
contrast agent’s polymer shell. In this work, we show SEM evidence that this DOX-UCA is
fragmented by ultrasound (SEM) and can deliver DOX to the nucleus, and that the agent
penetrates the vasculature of a VX2 tumor in a rabbit model.

The appearance in vitro of DOX within the nucleus of cultured cells after insonation in the
presence of DOX-UCA indicates that the DOX is now in a form that is readily accessible to
the cells. However, in figure 3 there is also a lack of DOX within the cytoplasm. This is
believed to be due to the physical attraction forces between the DOX-PLA fragments and
DNA, causing DOX within the cell to bind to DNA and eventually aggregate within the
nucleus. Uninsonated cells showed minimal DOX within the nucleus, indicating that uptake
is ultrasound dependant and we attribute this to the fact that insonation causes in situ
generation of nano particles that are more prone to endocytosis and cell uptake. The
phenomena of UCA delivered encapsulated DOX appearing centralized within the nucleus
has begun to be documented in the literature, as has the importance of the drug remaining
encapsulated post release. Lentacker et al. formulated DOX-liposome loaded UCA and
showed increased melanoma cell nucleic uptake and cell death when insonated with 1 MHz,
50% duty cycle, ultrasound with an intensity of 2 W/cm2 in vitro compared to DOX-
liposomes alone (Lentacker 2010). Additionally, several groups have shown that cells in
close proximity to cavitating contrast agents become temporarily more permeable, a
potential mechanism that would explain our observation of an increase of PLA-DOX shards
in the cell (van Wamel 2004van Wamel 2006,, Meijering 2009). The addition of ultrasound
is also expected to lead to increased interaction between the UCA and cells as radiation
forces are generated, pushing the UCA towards the cells and forcing interaction between the
two. Thus, the addition of ultrasound provides a three-fold advantage for drug delivery in
vitro; 1: decreased size of the particles due to UCA rupture, 2: temporarily increased
permeability of the cellular membrane, and 3: increased interaction of the DOX-UCA with
cells due to acoustic radiation forces.

These results, and the fact that in a previous study tracking of radiolabeled DOX in rabbit
showed an increase of 0.26 ng DOX/g tissue upon insonation, an increase of 110% in tumor
drug load relative to the noninsonated control (Eisenbrey 2010b), reinforce our belief that
our drug loaded PLA agents can enter the tumor as nano shards where it has the capability to
kill cells. However, efficacy of a DOX-UCA platform in systemic circulation is limited by
its low drug payloads due to the hydrophilic nature of the drug. We now investigate a more
potent, highly hydrophobic drug as a prelude to in vivo studies.

To extend this method to a more potent drug, we chose to investigate the highly
hydrophobic Pactilaxel. Polymer UCA were successfully loaded with PTX without
significantly reducing the agent’s maximum enhancement at any loading concentrations.
This indicates that the addition of such a hydrophobic drug to the shell of the microbubble
does not prevent the formation of echogenic microbubbles. Microbubbles loaded with
greater than 12% PTX did show significant shadowing compared to unloaded UCA (figure
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5a). The observed increase in shadowing fits with the significant (p<0.0197) increase in size
of UCA loaded with greater than 12% PTX (figure 6). This is expected since attenuation
coefficients scale with size (Gorce et al., 2000). Increase in size of the UCA as the drug
loading increases probably reflect the influence of increasing organic phase viscosity and the
increase in drug/polymer ratio on microcapsules prepared by the w/o/w emulsion method.
The acoustic stability of UCA exposed to ultrasound was significantly reduced when the
agent was loaded with PTX (figure 5b), a phenomeon that was also observed with DOX
incorporation (Eisenbrey et al., 2010a). This decrease in stability is advantageous for the
purpose of ultrasound targeted drug delivery as we intend for these PTX-loaded UCA to
fragment when triggered with ultrasound and generate nano-sized fragments of drug loaded
polymer (nanoshards).

Ultrasound contrast agents had a maximum PTX payload of 129.46 ± 1.80 μg PTX/mg UCA
when loaded with an initial concentration of 18% PTX corresponding to an encapsulation
efficiency of 71.92 ± 0.99 % (figure 7). The maximum payload of PTX is 20 times greater
than the maximum payload of DOX (6.2 μg/mg) while maintaining an encapsulation
efficiency three times greater than the encapsulation efficiency of DOX (20.5%) (Eisenbrey
et al., 2010a). This reflects the greater hydrophobicity of PTX, the low solubility in water
and the high solubility in the organic phase of the water/oil/water emulsion. This allows the
platform to carry a much greater payload of PTX with higher encapsulation efficiencies
compared to hydrophilic drugs. Studies have shown the maximum cytostatic effect of PTX
on solid ovarian and breast tumors occurs with paclitaxel concentrations of 1 μM (Gan et al.,
1998; Millenbaugh et al., 1998), corresponding to approximately 0.9 μg of PTX/ml,
suggesting that the drug loaded nanoshards located at the tumor will be powerful enough to
cause cell damage.

The in vitro release profile of PTX from polymer UCA when triggered by ultrasound closely
matched the uninsonated controls over the first week of release. This portion of the release
profile is believed to be dominated by diffusion of drug through the polymer matrix (Shah,
1992). After 21 days, the release from drug loaded UCA triggered with ultrasound became
significantly greater than the uninsonated controls (figure 8). This portion of the release
profile is believed to be dominated by polymer degradation (Shah, 1992). The increased
PTX release may be caused by the ultrasound triggered destruction of UCA resulting in
polymer fragments as well as accelerated polymer degradation (Kost et al., 1989). As UCA
cavitate in response to ultrasound (Ferrara, 2008), the high strain rate can fracture polymer
chains, this polymer scission can reduce the polymer molecular weight and increase polymer
degradation (Kuijpers, 2004). This enhanced polymer degradation has also been observed in
contrast agents fabricated with poly (lactic co glycolic acid) (El-Sherif et al., 2004). The
release of PTX over the course of one month observed in this study demonstrates that the
drug loaded particles that have the potential to accumulate within the tumor are capable of
providing a sustained release of drug with similar release profiles observed in other polymer
nanoparticles (Mu and Feng, 2003; Zhang et al., 2008; Patil et al., 2009). The advantage is
that these nanoparticles are generated in situ, with greater likelihood of entering the tumor
without the need to wait for the EPR effect.

Drug loaded UCA also showed an enhanced ability to pass through 400 nm pores when
triggered with ultrasound (figure 9). This system is meant to model the leaky vasculature of
a tumor and demonstrate the ability of the agent to be triggered by ultrasound to create
fragments less than 400 nm, capable of passing through those pores. This system was
limited by a lack of circulation which only exposed UCA within the focus of the transducer
to sufficient energy to result in cavitation. The −6 dB focal zone of the transducer used was
3.19 mm while the diameter of the insert was 24 mm, resulting in only 1.8% of the total area
being included in the focal zone in this stagnant system, however a significant increase in
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delivery through the 400 nm pores was still observed when UCA were triggered with
ultrasound.

An in vitro cell viability assay showed that at tested concentration greater than 0.1 μg/ml,
18% PTX loaded UCA had significantly greater tumoricidal activity when first triggered
with ultrasound compared to uninsonated controls. In vitro cell viability was not affected by
unloaded polymer UCA at any concentrations tested indicating that all tumoricidal activity
can be attributed to the PTX loaded within the agent.

In conclusion, a polymer UCA capable of cavitating and generating polymer fragments less
than 400 nm when exposed to ultrasound has been loaded with both hydrophilic (DOX) and
hydrophobic (PTX) drugs. While our DOX loaded platform has been plagued by lower drug
payloads, the PTX loaded platform was shown to have a maximum payload twenty times
greater than the hydrophilic drug loading. The agent showed significantly greater release of
PTX over time when triggered with ultrasound compared to uninsonated controls
(p<0.0374). The agent also showed improved delivery through a polyester membrane with
400 nm pores when triggered with ultrasound compared to controls not exposed to
ultrasound (p<0.0281) as well as improved tumoricidal activity (p<0.01).
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Figure 1.
Diagram of Transwell Insert/Well Plate assembly combined with ultrasound setup. A pulser/
receiver is used to generate acoustic pressure amplitudes vertically using the transducer,
focused 50.8 mm on the cell/pore membrane
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Figure 2.
Dox loaded UCA, a) Prior to insonation. Samples shows a smooth surface morphology and
average diameter of 1.2–1.6 10 μm (Accelerating voltage = 3 kV, Magnification = 2.94 kX,
Size Bar= 5 μm. b) After resuspension in buffer, 20 minutes insonation at 5 MHz, 0.94 MPa,
and freeze drying. Insonation results in shell rupture and generation of Dox loaded
nanoparticles. (Accelerating voltage = 3 kV, Magnification = 4.00 kX, Size Bar = 10 μm)
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Figure 3.
Confocal image of MDA-MB-231 cells @12 hours. after 5 MHz insonation with Dox-UCA
(3%) at a pressure amplitude of 1.65 MPa. Inset No treatment (size bar = 20 μm).
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Figure 4.
Enhancement of VX2 liver tumor model during stages of drug delivery. At 22 seconds,
rabbits were injected with UCA. Figure 4a prior to the UCA arrival, 4b the same tumor at
the point of peak contrast enhancement (48 seconds) 4c carrier washout (66 seconds). Figure
4d representative time-intensity curve in arbitrary units (a.u.) of this washout process.
Fluctuations in the curve are due to the animal breathing and sweeping by the transducer.
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Figure 5.
Effects of PTX loading concentration on the acoustic behavior, (a) enhancement and(b)
acoustic stability in vitro of UCA loaded with (0% , 3% , 6% , 12% , 18% 
and 24%  PTX). No significant difference in maximum enhancement was observed at any
loading concentration (p>0.076), however samples loaded with 12% PTX or greater showed
significantly more shadowing at a dose of 15 μg/ml (*p<0.0058). All samples loaded with
3% PTX or greater showed significantly less stability than unloaded UCA after 15 minutes
(**p<0.034).
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Figure 6.
Effect of PTX loading concentration on UCA size. Unloaded contrast agent had a diamter of
1.38 ± 0.12 μm, UCA loaded with 12, 18 and 24% were significantly larger (p<0.0197) with
diamters of 1.86 ± 0.25 μm, 2.02 ± 0.39 μm and 2.83 ± 0.67 μm respectively.
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Figure 7.
Final Paclitaxel payload as a function of initial loading concentration (a) and encapsulation
efficiency (b). Paclitaxel loaded UCA approached their maximum payload of 129.46 μg/mg
(encapsulation efficiency of 71.92%) at an initial loading concentration of 18% PTX with no
significant increase in payload when the initial loading concentration was increased to 24%
PTX (p=0.8807).
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Figure 8.
In vitro drug release profile of PTX from drug loaded UCA loaded with 18% PTX exposed
to ultrasound  and uninsonated UCA . The release profile of insonated UCA closely
matched the release of uninsonated UCA over the first week of release (p>0.5619). After 21
days significantly more PTX had released from insonated UCA compared to UCA not
exposed to ultrasound (*p<0.0374).
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Figure 9.
Transport through membranes with 400 nm pores of PTX loaded UCA exposed to
ultrasound  and uninsonated UCA . After twenty minutes of insonation, 75% more
PTX was forced through the 400 nm pores than uninsonated controls (p<0.001).
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Figure 10.
Effect of treatment regime on tumoricidal activity of UCA. Samples were either not
insonated (patterned) or insonated for at 5 MHz for 20 minutes (solid) and assayed 72 hours
post treatment. Unloaded UCA not exposed to ultrasound , unloaded UCA exposed to
ultrasound ▬, 18% PTX loaded UCA not exposed to ultrasound  and 18% PTX loaded
UCA exposed to ultrasound ▭. Unloaded UCA exposed to ultrasound and uninsonated
loaded UCA showed no significant decrease in cell viability at any concentrations tested
(p>0.4827). Ultrasound contrast agents loaded with 18% PTX and exposed to ultrasound
showed significantly greater anti tumor activity at concentrations of 0.1, 1.0 and 10 μg/ml
compared to uninsonated controls (p<0.0016).
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