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Abstract
The use of focused ultrasound can be an effective method to locally highlight tumor tissue and
specifically trigger the activation of echogenic drug delivery vehicles in an effort to reduce
systemic chemotherapy side effects. Here we demonstrate a unique ultrasound triggered vehicle
design and fabrication method where the payload and a perfluorocarbon gas microbubble are both
encapsulated within the internal aqueous space of a liposome. This nested lipid shell geometry
both stabilized the microbubble and ensured it was spatially close enough to interact with the
liposome membrane at all times. The internal microbubble was shown to fragment the outer
liposome membrane upon exposure to ultrasound at intensities of 1 - 1.5 MPa. The focused
ultrasound allowed the release of the internal payload to localized regions within tissue phantoms.
The vehicles showed high payload loading efficiency of 16%, stability in blood of several hours,
and low level macrophage recognition in vitro. High speed fluorescent videos present the first
optical images of such vehicles interacting with ultrasound. This ability to open the outer
membrane in small regions of deep tissue could provide a second level of spatial and temporal
control beyond biochemical targeting, making these particles promising for in vivo animal studies.
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1. INTRODUCTION
Indiscriminate exposure of all cells in the body to a systemically administered chemotherapy
drug is the main cause of harmful toxic side effects[1]. Certain drug delivery vehicles such
as Abraxane for delivery of paclitaxel and liposomal Doxil for doxorubicin[2, 3] reduce
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exposure of non-targeted cells to the drug while accumulating a therapeutic dose within the
tumor. Passive accumulation in the tumor tissue due to the enhanced permeation and
retention of the vasculature[2] coupled with slow drug release limits the bioavailability to
non-tumor organs[4]. However, this slow release also limits the maximum levels of drug in
the tumor[5], and nonspecific accumulation in healthy tissue remains a major hurdle[2].

The use of tumor targeting ligands has the potential to improve the preferential accumulation
of these delivery vehicles in tumor tissue [6, 7]. The delivery requires endocytosis of the
targeted vehicle with subsequent endosomal escape[8, 9]. However, saturation of the
targetable receptors limits the targeting efficiency. Also, tumor “receptors” are rarely unique
to the tumor [10] and the targeted particles accumulate in other healthy tissues, especially in
the liver and spleen, causing local toxicity [11].

To address the difficulties of pure biochemical targeting, an independent non-biochemical
trigger is required to cause instantaneous drug release only from the particles that have
accumulated in the tumor tissue. Ultrasound is an attractive trigger candidate due to its low
cost, wide availability, its generation external to the body, and its independence from
biochemical or physical properties of the tumor. It can be focused to small volumes of deep
tissue on the order of several cubic millimeters[12] to avoid healthy tissue. It is non-
ionizing, and does not damage tissue as long as the exposure is kept below 720 mW/cm2

[13, 14].

The best particles to respond to ultrasound at safe exposure levels are gas-filled
microbubbles[15] already approved for human use as ultrasound contrast agents [16, 17].
Ultrasound causes large size fluctuations in microbubbles due to the large density difference
between the compressible gas and the surrounding water, which induces microstreaming of
fluid around the microbubble and disrupts nearby membranes [18]. Microbubbles can also
adiabatically implode (cavitate) producing a shockwave and water jets which can penetrate
nearby membranes. This causes sonoporation and can facilitate delivery of DNA or drugs
into cells[17, 19-21]. Significant work has been done to employ microbubbles as delivery
vehicles in vivo [19, 21] without much success [22]. This is likely attributed to extremely
short circulation times of microbubbles in vivo (3-15 min half-life [22]) and to limited
payload capacity.

Surface loading of a hydrophilic payload, such as DNA, is limited by the surface area of the
microbubble[23-26] and leaves it exposed to degradation and potential immune system
recognition. Hydrophobic payloads are carried in limited volumes of thickened lipid,
polymer, or oil surrounding the microbubble [25, 27] but when fragmented the hydrophobic
drug will be contained in relatively large lipid particles reducing diffusion rates.

Drug loaded liposomes have been attached to the surface of microbubbles[28], however the
points of attachment can concentrate shear stress during transport through the
microvasculature and destabilize the entire particle. Separate drug-loaded liposomes and
microbubbles can be targeted to the same tissue, but successful delivery of the drug depends
on very close co-localization of both particles because the cavitation shockwave is only
effective at disrupting membranes within a few tens of microns. It is unlikely that both
particles would be present in sufficient proximity and concentration to deliver a therapeutic
dose.

To protect the microbubble and address the challenges described above, the microbubble
and the payload can be encapsulated together within a protective outer liposome membrane
shell. Previous efforts to incorporate gas bubbles into liposomes have used freeze drying
techniques[29] or chemical reactions that create CO2 microbubbles[30], but have very low
yields. They also lack sufficient control over gas and payload entrapment, stability, and
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internal geometry, resulting in a large distribution of properties. Such distributions reduce
the effectiveness of ultrasound to activate the entire population. Premade microbubbles
stabilized with a lipid monolayer can be made independently using standard probe
sonication techniques which increases bubble half-life in storage and in vivo. Microbubbles
of desired size ranges can be collected and subsequently encapsulated in liposomes.

The most common methods of liposome encapsulation involve exposure to vacuum,
sonication, heating, and/or extrusion, all of which destroy microbubbles. Ethanol injection is
gentle enough to allow the microbubbles to survive the encapsulation process but produces
liposomes too small to encapsulate a microbubble[31]. Detergent dialysis methods[32] can
make liposomes large enough to encapsulate microbubbles and are gentle enough to not
destroy them in the process.

Here we demonstrate a new manufacturing method to reproducibly encapsulate and protect
premade microbubbles in a liposome as shown schematically in Fig. 1a. This method is
similar to detergent dialysis but uses organic solvents to dissolve the lipids. A slow diffusive
introduction of water allows the lipid membranes to seal and encapsulate the large
microbubbles. We refer to these malleable nested structures as SHockwavE-Ruptured
nanoPayload cArriers (SHERPAs).

2. MATERIALS AND METHODS
2.1 Materials

L-α-phosphatidylcholine (EPC) from chicken eggs, distearoyl phosphatidylcholine (DSPC),
distearoyl phosphatidylethanolamine-methyl poly(ethylene glycol) MW5000 (mPEG-
DSPE), and cholesterol were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 1,2-
propanediol, glycerol, ethanol, and perfluorohexane were purchased from Sigma-Aldrich.
All water was purified using the Milli-Q Plus System (Millipore Corporation, Bedford,
USA). DiO was purchased from Biotium, Inc. CA. The PBS was purchased from Hyclone
Laboratories Inc. (Logan, UT).

2.2 SHERPA production
2.2.1 Lipid Preparation—The SHERPAs were manufactured in a two step procedure
with the microbubbles being formed through a probe sonication process and subsequently
encapsulated in the outer liposome. The desired payload of nanoparticles or water soluble
drug can be introduced in Solution 1, Solution 2, or in the PBS used for the final
encapsulation step.

Solution 1: Outer Liposome Lipid Solution: A 1.5 mL eppendorf tube was filled with 76
μL of EPC in chloroform (26 mM)(20 mg mL−1) and 10 μl of cholesterol in chloroform
(100 mM)(387 mg mL−1). The chloroform was removed by evaporation while vortexing
under an argon stream. 125 μL of ethanol was then added and the solution was vortexed at
3200 rpm for 30 sec. To visualize lipid membranes, 5 μL of 1 mM DiO (Biotium, Hayward,
CA) in ethanol was added.

Solution 2: Microbubble Solution: A 1.5 mL eppendorf tube was filled with 25 μL of
DSPC in chloroform (51 mM) (40 mg mL−1) and 20 μL mPEG5000-DSPE in chloroform
(8.6 mM) (50 mg mL−1). The chloroform was removed by evaporation while vortexing
under an argon stream. Then 450 μL of 1,2-propanediol was added. The solution was
vortexed at 3200 rpm for 30 sec, and then placed in a heating block at 60 °C.
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After 10 minutes, the solution was vortexed at 3200 rpm for 10 sec, and 150 μL glycerol
was added. The solution was gently vortexed for 30 sec, and then placed back into the 60 °C
heating block. The heating, vortexing cycle was repeated until the glycerol was fully mixed
in and the solution was homogeneous. This solution was then transferred to a 4 ml glass vial
with a narrow neck. The neck of the glass vial was covered with parafilm to create a barrier
and prevent loss of PFH gas during the violent sonication process.

The headspace of the container was filled with perfluorohexane gas using the method shown
in Fig. 2 at 25 °C. 0.5 ml of the PFH liquid was first drawn into a 5 ml syringe. The plunger
was then pulled all the way to the back of the syringe leaving 4.5 ml of air space. The
syringe was rotated to coat all the walls of the syringe with the PFH several times to
encourage fast vaporization of the PFH into the air. The metal needle of the syringe was bent
at 130° from vertical and the syringe held upright as shown in Fig. 2A. The needle of the
syringe was then inserted through the parafilm barrier and 4 ml of PFH/air mixture inside
the syringe was injected into the air space as seen in Fig 2B. Care was taken to not inject any
liquid PFH into the vial. The air that was originally in the vial head space was forced out of
the vial through the needle track hole made in the parafilm.

As shown in Fig. 2C the tip of the probe sonicator (Fisher Scientific Model 100 Sonic
Membrane Disruptor) was then inserted through the parafilm and positioned 1 mm below
the surface of the lipid solution. The sonication power used was 25 W for 20 seconds. The
temperature of the solution began at 25 °C but increased to approximately 40 °C at the end
of the soniction. This bubble solution was put immediately on ice to help preserve the
microbubbles and facilitate the formation of lipid sheets.

2.2.2 Microbubble Encapsulation and SHERPA Formation—After allowing
Solution 2 to cool to room temperature, Solution 1 was added drop wise to Solution 2 under
vortex at 3200 rpm. This new solution was Solution 3.

1.5 mL Eppendorf tubes were each filled with 200 μL of Solution 3. 100 μL of PBS was
gently added to the bottom of each tube to initiate the closing of the lipid sheets and
formation of the SHERPA. After 10 min, the tubes were rotated gently at an angle until the
bubbles mixed thoroughly throughout the solution.

2.2.3 Microbubble Stability—Fig. 2D shows that once the sonication process began the
only gas that could have been incorporated into the forming microbubbles was the PFH/air
mixture. Control experiments showed greater long term stability for microbubbles made
with the PFH gas and air mixture over those made with just pure air.

Allowing the PFH liquid to evaporate into the airspace of the syringe allowed the PFH gas
to naturally come to equilibrium with the liquid PFH and the atmospheric gasses at
atmospheric pressure. This process ensured that the PFH gas was present in a concentration
that provided stability to the microbubble at atmospheric pressure and gas composition.
Microbubbles made with no PFH would simply dissolve away and collapse. If the PFH gas
concentration was too high then the PFH would recondense into a liquid droplet collapsing
the microbubble. If the PFH gas concentration was too low then there would be a driving
force for nitrogen to leave the microbubble and shrink its size to the collapse radius [33, 34].

For the purpose of these observational experiments the SHERPA were not stabilized with a
PFH gas concentration against arterial pressure like the microbubbles used for ultrasound
contrast imaging. The microbubbles described here were stabilized for atmospheric pressure
and gas composition because these were the conditions they were exposed to while being
tested in the ultrasound microscope setup. The microbubbles needed to be stabilized only
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against atmospheric pressure because the Laplace pressures on the microbubbles were
greatly reduced due to the reduction of interfacial tension caused by the lipid coating [35].
For in vivo experiments the microbubble manufacturing process described here could be
easily modified to have the same PFH mixture already developed to stabilize for in vivo
pressure conditions [33].

2.2.4 Purification—The desired microbubble-containing liposomes were separated from
the empty liposomes by gentle centrifugation. The positive buoyancy of the entrapped
microbubbles caused the actual SHERPAs to rise to the top of the reaction solution allowing
them to concentrate. A Beckman Coulter Allegra X-15R Centrifuge was used at 524 g. The
purification was done in an inverted syringe inside a 50 ml tube oriented so the SHERPA
would rise against the plunger. The subnatant, containing mostly empty liposomes, could be
expressed and replaced with fresh solution to purify the SHERPAs as well as wash them
from any unreacted materials or unencapsulated payloads.

2.3 Retention Time of Doxorubicin
A sample of doxorubicin-loaded SHERPAs (.37 mg/mL DOX) was prepared, by dissolving
0.4 mg of doxorubicin hydrochloride (Jinan Wedo Industrial Co., Ltd. Shandong Province,
China) in the bubble solution. The sample was diluted 1:20 by volume in PBS to improve
dialysis performance. One sample of SHERPAs without DOX was prepared to determine the
background fluorescence, and one solution of just the equivalent solvents and DOX was
used to determine the dialysis rate of DOX.

Each sample (250 μL) was dialyzed against 1 L PBS using Spectra/Por cellulose ester
membrane tubing with a molecular weight cutoff of 1MDa. The 1 MDa pore size was
chosen because it was much larger than the DOX molecule, allowing unrestricted diffusion
across the membrane. The smallest liposomes manufactured were too large to pass through
these membrane pores so all of the liposomes were retained. When measuring drug retention
time it was crucial that the dialysis rate was much faster than the SHERPA leakage rate, so
the DOX would not build up in the fluid surrounding the liposomes inside the dialysis
tubing. For each measurement, the relative concentration of doxorubicin within the dialysis
tubing was determined by measuring the fluorescence with the TECAN Infinite 200 plate
reader (Männedorf, Switzerland). The excitation and emission wavelengths were 475 and
595 nm respectively. The DOX-loaded SHERPA were analyzed at times 0, 0.5 hrs, 2 hrs, 6
hrs, and 24 hrs. For each time point, a separate sample was dialyzed.

2.4 Encapsulation Efficiency of IgG
To load the SHERPAs, mouse IgG was dissolved into the microbubble solution (solution 2)
before the addition of water caused outer membrane sealing. A sandwich ELISA was used to
assay the amount of free IgG. The background signal was determined by an identical sample
with no IgG. For a positive control, IgG was added to the outside of this sample. Alternate
liposomes were prepared by hydrating a lipid film with a solution containing IgG.

The difference between the sample and the positive control was taken to be the amount
encapsulated. The percent encapsulation was calculated by dividing the difference by the
background-adjusted positive control.

2.5 SHERPA characterization
2.5.1 Ultrasound microscope equipment—A custom system was developed to
characterize the interaction of these SHERPAs with ultrasound. A water tank was used to
couple the ultrasound to the SHERPA samples. Ultrasound was generated with a
submersible Panametrics 2.25 MHz transducer (V305-Su, 1” sphericalfocus) using a
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Panametrics BCU -58 - 6W waterproof connector cable. A needle hydrophone from Onda
Corporation (HNP-0400 Broadband Needle Hydrophone AH - 2020-100 with hydrophone
pre amp, 50kHz - 100 MHz, 0 +20 db.) was used to measure the sound field, and a Photron
FASTCAM 1024 PCI acquired the image sequences. The National Instruments PCI 5412
arbitrary waveform generator was used to create different waveforms and was controlled
using a custom designed LabVIEW 8.2 program. A 300 W amplifier from Vox
Technologies (model number VTC2057574) was used to create acoustic intensities at the
focal region of up to 1.6 MPa.

The samples being analyzed were held in a custom fabricated microwell chamber comprised
of a coverslip and a slab of Polydimethylsiloxane (PDMS) with a 15 μm-deep molded well.
The microwell was placed halfway in the water, with the coverslip above the surface for
fluorescent imaging with a Nikon 100X oil objective. The PDMS served as a coupling
medium for the ultrasound between the water bath and the sample well.

2.5.3 Phagocyte uptake experiments
2.5.3.1 Macrophage Culture: J774A.1 mouse macrophages were purchased from American
Type Culture Collection (ATCC) Manassas, VA, USA. Cells were cultured in a 75 cm2 flask
with DMEM containing 10% Fetal Bovine Serum, glutamate and penicillin-streptomycin
antibiotics (all purchased from Gibco, Invitrogen, Carlsbad, CA). SHERPAs and fluorescent
beads (FluoSpheres, Invitrogen, Carlsbad, CA) were incubated with the macrophages for 1
hr.

2.5.3.2 Dendritic Cell Culture: Peripheral Blood Mononuclear Cells (PBMCs) were
isolated from the blood of normal volunteers (San Diego Blood Bank) over a Ficoll-
Hypaque (Amersham Biosciences, Uppsala, Sweden) density gradient. To generate dendritic
cells (DCs), PBMCs were allowed to adhere to culture plates for 1h. The non-adherent cells
were washed off and the adherent cells were cultured in RPMI 1640 medium supplemented
with 2 mM L-glutamine (GIBCO-BRL Life Technologies; Grand Island, NY, USA), 50 mM
2-mercaptoethanol (Sigma, St. Louis, MO, USA), 10 mM HEPES (GIBCO-BRL), penicillin
(100 U/mL),streptomycin (100mg/mL) (GIBCO-BRL) and 5% human AB serum (Gemini
Bio Products West Sacramento, CA, USA), supplemented with 1000 U GM-CSF/mL
(Cardinal Health, Dublin, OH, USA) and 200U IL-4/mL (R&D Systems, Minneapolis, MN )
at days 0, 2, and 4. Immature DCs were harvested on days 5-7. These N178 human dendritic
cells were incubated with SHERPAs for 1 hr, and FITC-dextran (IVGND1845, Invitrogen,
Carlsbad, CA) was used as a positive control. Results were analyzed with FACS using the
FACSCalibur system (BD Biosciences, San Jose, CA) and fluorescence microscopy.

3. RESULTS
3.1 SHERPA Structure

The dialysis-based manufacturing process described above produced the desired SHERPA
structure consisting of a nested 5 μm liposome containing a 1 μm microbubble as shown
schematically in Fig. 1a and with fluorescence microscopy in Fig. 1b. The Brownian motion
of the microbubble and payload of the SHERPA was contained entirely within the outer
membrane as shown in a series of sequential pictures in Fig. 1c. These structures were
observed to be stable for several days.

3.2 SHERPA Production
3.2.1 Microbubble Formation—The probe sonication of the heated glycerol and 1,2-
propanediol mixture containing dissolved DSPC and mPEG5000-DSPE successfully created
microbubbles coated with a stabilizing lipid monolayer. This increased their resistance to the
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subsequent introduction of ethanol. DSPC was chosen because its long saturated tails result
in a high Tc of 55 °C. The brush layer created by the mPEG5000-DSPE helped increase
SHERPA stability by preventing microbubbles from merging with each other and the outer
liposome membrane. Perfluorohexane was chosen as the gas due to its established
biocompatibility and low water solubility which increased the microbubble stability[26].
The high viscosity environment of the glycerol and 1,2-propanediol increased the
concentration of microbubbles (~108/mL) by reducing their direct physical contact until they
reached a more stable state.

3.2.2 Microbubble Encapsulation—The addition of the ethanol solution containing the
egg PC lipid, cholesterol, and the lipophilic dye DiO to the microbubble solution drop wise
under high vortex created lipid structures that intermixed with the microbubbles as shown in
Fig. 3a. These structures appear to be unclosed lipid sheets whose free ends were stable
under these solvent conditions. The viscosity of the solvent was important because it slowed
the diffusion of added water into the region of these lipid sheets, making their free ends
slowly unstable over several minutes. The increasing instability of the free ends caused the
sheets to seal with themselves and neighboring sheets encapsulating the intervening
microbubbles to form SHERPAs as shown in Fig. 3b. Fig. 3c shows a magnified view with
several SHERPAs present. Egg PC was chosen because its very low transition temperature
(Tc) of −15 °C increased the flexibility and fluidity of the outer membrane, allowing the
lipid sheets to seal. The flexibility could also help increase particle circulation time by
allowing easier passage through the microvasculature. The cholesterol amount was
optimized to increase stability of the outer liposome and improve drug retention time. Some
of the mPEG5000-DSPE from the microbubble solution was also incorporated into the outer
membrane. This was demonstrated by preventing charge interactions between SHERPAs
doped with positively charged DOTAP lipid and cell surfaces. SHERPAs that were doped
with DOTAP but did not have mPEG5000-DSPE attached readily to the surface of HUVEC
cells. This indicates that the external surface of the SHERPAs were PEGylated and able to
maintain a steric separation from the cells. This property is crucial to prolonging in vivo
circulation time.

The large microbubbles shown in Fig. 3a disapeared in Fig. 3b and 3c because the added
water made the solution less viscous. The larger bubbles floated quickly to the top, where
they aggregated and destabilized. The 1-2 μm diameter microbubbles of choice rose more
slowly and were much more stable when exposed to increasing concentrations of water in
the formation process.

3.3 Encapsulation and Retention Time of Doxorubicin
One fundamental property of a drug delivery vehicle is its ability to contain its payload
while in transit. The outer lipid membrane sheets of the SHERPA which close around the
microbubble must seal to encapsulate a drug such as doxorubicin (DOX). DOX is currently
dose limited by its cardiotoxic side effects, especially when administered systemically in
free form[36-38]. DOX can be incorporated into the SHERPAs by its addition to the bubble
solution, or to the water during the final formation step. The concentration of the DOX
inside the SHERPA is the same as the concentration of the drug in these preparation
solutions because this solution is encapsulated within the SHERPA along with the
microbubbles. The SHERPA can be loaded with higher concentrations of DOX by using
higher concentrations in the preparation solutions.

The encapsulation of DOX is shown in Fig. 4a. The retention time of free DOX was
determined by dialyzing DOX-loaded SHERPAs against PBS, and measuring the DOX
concentration over time from the fluid within the dialysis tubing. For passively loaded DOX,
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the release followed an exponential decay with tight correlation. The retention half-life was
4.74 hours, and is in good agreement with the literature for other liposomes loaded with free
DOX [39]. In the future, the retention time of DOX can be increased 10 times or more from
this value by inducing the DOX to form crystals inside the liposomes by using proper pH
gradients [39].

3.4 Encapsulation Efficiency of Microbubbles and Biomolecules
To evaluate the encapsulation efficiency of the SHERPA, mouse IgG was used as a model
large biomolecule payload. An ELISA was performed to calculate the percent loading of
IgG (150 kD, ~5 nm) into the SHERPAs. The samples were added directly to capture
antibodies after formation, to minimize experimental error. Only free IgG was accessible to
bind capture antibodies and contributed to the ELISA signal. The mean percentage of the
entire volume of the preparation solution that was encapsulated within the SHERPA outer
liposome was 16%. This was high for passive entrapment and much higher than the 2.5%
measured for the liposomes prepared by thin film hydration [40] as shown in Fig. 4b. This is
likely due to the larger size of the SHERPA liposomes and the fact that the lipids sheets are
well suspended with the payload before sealing.

The encapsulation efficiency of the microbubbles into the SHERPA outer liposomes was
lower (1-5%) because the IgG was small enough to fit into any sized SHERPA but the
microbubbles were on the micron size and could only fit into the larger liposomes. However,
these microbubble-containing SHERPAs were easily separated from the empty liposomes by
buoyancy driven methods, since the microbubble inside reduces the overall density of the
SHERPA compared to empty liposomes and bulk solution.

3.5 SHERPA Interaction with Ultrasound
3.5.1 Ultrasound Intensity Level of 1.5 MPa—The custom built high speed ultrasound
microscope setup described in the methods section was used to observe the interaction of the
fluorescently labeled SHERPA with ultrasound. Cavitation of the internal microbubble was
observed at ultrasound intensity levels of 1.5 MPa as shown in Fig. 5a. Here the
microbubble underwent a violent implosion producing a shockwave that fragmented the
fluorescent lipid outer membrane into a cloud of fine debris. It is important to note that an
empty liposome was present right next to the SHERPA as shown in Fig. 5a frame 1. This
empty liposome contained no microbubble and was exposed to the same ultrasound pulse
that cavitated the SHERPA, but had no visible reaction or disruption of the membrane. This
shows that the ultrasound exposures required to cavitate the microbubbles would not harm
the membranes of cells even in the focal zone. This localized effect of the cavitation on
surrounding membranes illustrates the importance of the co-localization of the liposome and
microbubble. A jet of debris material was also ejected from the site of cavitation as seen in
frame 3 of the sequence. Fluid ejection is a well documented mode of microbubble
cavitation[41].

3.5.2 Ultrasound Intensity Levels Below 1 MPa—A second mode of interaction
between SHERPAs and ultrasound at levels below 1 MPa was observed in which the
microbubble did not undergo cavitation, but instead had a less violent response. The size
modulation of the bubble initiated an opening and unfolding of the SHERPA outer
membrane as shown in Fig. 5b, probably due in part to microstreaming[41]. These free ends
made the open membrane an unstable high energy structure.

3.5.3. Localized SHERPA Activation—The localized activation of SHERPA only near
the focal region of the ultrasound was demonstrated in an agar tissue phantom using a biotin/
avidin binding scheme. An agar gel was prepared with a 1 mm diameter channel molded

Ibsen et al. Page 8

J Control Release. Author manuscript; available in PMC 2012 November 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



through the center to simulate a blood vessel which was coated with avidin. SHERPAs were
made with DSPE-PEG2000-Biotin so the biotin was present on both the inner and outer
surface of the SHERPA outer membrane. Biotins on the outside of the SHERPA were
blocked by incubation with an excess of free avidin. The outer membrane was stained with
DiO for visualization and the SHERPAs were introduced into the channel. The agar blocks
were then insonified with focused ultrasound of various intensities. The control agar block
showed very little nonspecific binding of the SHERPA to the walls of the channel after
being washed with water as shown in Fig. 5c. Low intensity ultrasound ruptured the
SHERPA only in the focal region, creating fluorescent membrane fragments with exposed
free biotin that was originally on the inner leaflet of the SHERPA membrane. These
fragments were then able to bind to the avidin coated walls of the channel allowing them to
remain on the channel surface after it was flushed with water. Higher intensity ultrasound
ruptured a larger number of SHERPA resulting in a higher fluorescent signal as well as
creating a larger region of activation.

3.6 SHERPA Stability in Biological Fluids
SHERPA stability was evaluated by dilution into a blood sample followed by fluorescent
microscopy. Intact SHERPAs were observed for up to two hours. Brownian motion caused
the SHERPAs to interact with the surrounding red blood cells (RBCs), demonstrating their
membrane flexibility. Much like the cells, they appeared to change their shape to pack
closely with neighboring groups of RBCs a shown in Fig. 6a. The flexibility can potentially
help reduce uptake from the spleen by mimicking the ability of RBCs to squeeze through the
filtration system. No attachment or clotting induction of the SHERPAs on the RBCs was
observed. Insonification with focused ultrasound ruptured SHERPA in the focal region
allowing the biotin on the inside to bind to the surface of the channel. Higher intensity
focused ultrasound created more activation and widened the range of SHERPA rupture
causing larger deposition.

3.7 Macrophage Uptake of SHERPA
An effective drug carrier must be able avoid clearance by phagocytes for a sufficient period
of time to reach its target. This nested design has a smooth PEG coated outer surface which
presents less of a target for the immune system. J774 mouse macrophages were used to
model the uptake of particles and liposomes fabricated by our method. SHERPA membranes
were labeled green, and red Fluosphere beads were used as a positive control to show that
the incubation solution did not inhibit the function of the macrophage. After 1 hr of
incubation, macrophages were inspected by fluorescence microscopy. Fig. 6b shows strong
macrophage uptake of red Fluospheres with no visible phagocytosis of SHERPAs.

SHERPAs were also incubated with N178 human dendritic cells and analyzed by FACS and
fluorescence microscopy. The FITC-dextran control was contained within 96.9% of cells,
whereas only 3.49% of cells contained fluorescently labeled SHERPAs. Scatter data showed
no evidence of cell death. This indicates the possibility that the SHERPAs will have a low
clearance rate from the immune system.

4. DISCUSSION
The SHERPA nested geometry has several attractive features as a drug delivery vehicle. The
smooth continuous outer liposome with its PEG coating protects the internal microbubble
and payload from degradation, reduces immune system recognition, and creates far greater
loading capacity than microbubbles alone. The surface-to-volume ratio is far less than that
of nanoliposomes which allows higher surface densities of targeting ligands to be used to
increase targeting efficiency without the risk of receptor saturation. The materials used in
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the construction of SHERPAs are bioresorbable and the perfluorocarbon gas can be cleared
through exhalation.

The SHERPA are intended for intravenous injection which allows the SHERPA and the
payload to penetrate every region of the tumor where the vasculature reaches, as opposed to
an intratumoral injection where the SHERPA would be limited in their mobility from the
injection site. The flexibility of the outer membrane can mimic the flexibility of red blood
cell membranes and could help to increase circulation time of the SHERPA by allowing
easier passage through the microvasculature. The SHERPA drug delivery vehicles
themselves are not meant to extravasate from circulation into the tumor tissue. The main role
of the SHERPA is to bring a highly concentrated payload into the tumor region through the
vasculature. The payloads consisting of therapeutic nanoparticles or drug molecules are
capable of extravasation once released from the SHERPA, especially inside the tumor region
due to the “leaky” vasculature. The release of payload from the SHERPA located in the
vasculature of the tumor will expose both the endothelial cells and the tumor tissue itself to
the payload. Future work will explore the circulation time of these particles and the effect of
focused ultrasound on payload delivery from the circulating particles to selected tissue
regions.

The nested SHERPA structure always keeps the microbubble, large payload, and cell
membrane in close proximity, increasing the chance for sonoporation[42] which is initiated
by the cavitation event. Simultaneous pore formation in the cell membrane and release of
high concentrations of payload in the same region could allow payload to travel down its
concentration gradient into the cells, bypassing the need for endocytosis, and endosomal
escape. With the resolution of focused ultrasound on the order of several cubic millimeters,
SHERPAs residing in surrounding healthy tissue will be unaffected. They will break down
gradually, diluting their payloads into the blood stream, making cellular delivery much less
effective, and preventing accumulation of the drug[42]. This sonoporation effect may also
occur during non-cavitation microbubble interactions from the microstreaming of fluid
around the microbubble[41]. Transient holes formed in the cell surface can be on the order
of 100 nm in diameter and allow for payload uptake to occur over several minutes[43].

5. CONCLUSIONS
Here we have demonstrated a process for consistent production of liposomes containing
stabilized microbubbles. Though the overall structure is new, the outer liposome is amenable
to standard functionalization and modifications well documented in the literature. These can
increase their preferential accumulation in tumor sites to achieve maximum SHERPA
concentration at the moment when the region is selectively insonified with ultrasound. This
allows for both spatial and temporal control over activation with a burst release of a highly
concentrated payload making these particles promising for in vivo studies.
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Figure 1. SHERPA nested structural design
(a) A schematic of the nested liposome SHERPA design. (b) Fluorescent image of a
SHERPA resulting from the described manufacturing process. The payload is a small
fluorescently labeled lipid membrane. (c) A series of sequential pictures taken of the
SHERPA showing the microbubble and fluorescent lipid payload moving around inside due
to Brownian motion. This confirms that the microbubble and payload were internal to the
outer membrane and not just attached to the outside.
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Figure 2. Schematic representation of the manufacturing process for the PFH/air mixture filled
microbubbles
(a) A 5 ml syringe is filled with 0.5 ml of liquid PFH. The PFH is allowed to evaporate and
mix with the air in the syringe until it reaches equilibrium. The top of the glass vial
containing the lipid solution is covered with parafilm to reduce gas exchange from within
the vial to the atmosphere (b) The PFH/air mixture is injected into the head space of the vial
containing the lipid solution. Care is taken to prevent injection of any liquid PFH. The
original air that was in the vial is displaced through the needle track hole made in the
parafilm (c) The probe sonicator tip is inserted through the parafilm into the vial and the tip
is positioned 1 mm below the surface of the lipid solution. (d) The probe sonicator is turned
on and creates microbubbles which incorporate the PFH/air gas mixture in the headspace.
These microbubbles are coated with the lipids from the solution.
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Figure 3. SHERPA formation
(a) The fluorescently labeled lipid structures mixed with the microbubbles shown before the
final water addition step during SHERPA formation. The lipid structures appear to be open
sheets whose free ends are stable under these mixed solvent conditions of glycerol, 1,2-
propanediol, and ethanol. (b) After addition of water to the microbubble and ethanol mixture
shown in Fig. 3a, the open free ends of the lipid sheets become energetically unstable and
they seal with themselves and with the free ends of surrounding sheets encapsulating the
intervening microbubbles. This magnification level is the same as in Fig. 3a. (c) This shows
a close up of the SHERPAs just after formation.
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Figure 4. SHERPA payload loading
(a) Demonstration of doxorubicin loading. Red fluorescence from entrapped doxorubicin
can be seen as a diffuse sphere. This liposome also contains a microbubble shown by the
dark inner circle. (b) Efficient loading of a macromolecule, IgG, was demonstrated and
quantified using ELISA. Other liposomes were prepared by standard methods for
comparison.
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Figure 5. Interaction of SHERPA with Ultrasound
(a) Sequence of images showing a cavitation mode of ultrasound interaction with a
SHERPA. Frame 1 shows the SHERPA before ultrasound exposure. Frame 2 shows the very
onset of ultrasound exposure. Frame 3 shows the results just after the microbubble cavitation
event creating a cloud of fluorescent debris. A jet of material has shot out from the main
debris cloud. Frame 4 shows the diffusion of the membrane fragments 1.2 seconds after the
cavitation event. (b) Sequence of images showing a popping type mode of SHERPA
interaction with ultrasound. Frame 1 shows the SHERPA with its fluorescent outer
membrane before exposure to ultrasound. Frame 2 shows the very onset of ultrasound
exposure. Frame 3 shows the SHERPA membrane popping open on the lower right hand
side and beginning to open up. Frame 4 shows the SHERPA fully opened up. (c) Images of
ultrasound activation of SHERPA in simulated blood vessel channel within an agar block.
The channel was coated with avidin and the SHERPA were functionalized with biotin. The
biotin on the outside of the SHERPA was blocked with free avidin The control showed very
little nonspecific binding of the fluorescently labeled SHERPA to the surface of the channel.
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Figure 6. SHERPA in vitro behavior
(a) SHERPA interaction with red blood cells. The outer membrane of the SHERPA is very
flexible and allows it to change shape so as to achieve close packing with surrounding red
blood cells as shown through this sequence of pictures. The only driving force for this is
Brownian motion. (b) Three J774 macrophages have engulfed nearly all the fluospheres
(red). No liposomes (green) can be seen inside the macrophages.
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