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Abstract

Rapid development in the field of ultrasound triggered drug delivery has made it essential to study
the real-time interaction between the membranes of live cells and the membranes of echogenic
delivery vehicles under exposure to focused ultrasound. The objective of this work was to design
an analysis system that combined fluorescent imagining, high speed videography, and definable
pulse sequences of focused ultrasound to allow for real time observations of both cell and vehicle
membranes. Documenting the behavior of the membranes themselves has not previously been
possible due to limitations with existing optical systems used to understand the basic physics of
microbubble/ultrasound interaction and the basic interaction between microbubbles and cells. The
performance of this new system to monitor membrane behavior was demonstrated by
documenting the modes of vehicle fragmentation at different ultrasound intensity levels. At 1.5
MPa the membranes were shown to completely fragment while at intensities below 1 MPa there is
a popping and slow unfolding. The interaction between these vehicles and cell membranes was
also documented by the removal of fluorescent particles from the surfaces of live cells out to 20
pwm from the microbubble location. The fluid flow created by microstreaming around ensonated
microbubbles was documented at video recording speeds from 60 to 18,000 frames per second.
This information about membrane behavior allows the chemical and physical properties of the
drug delivery vehicle to be designed along with the ultrasound pulse sequence to cause the most
efficient drug delivery.

1. INTRODUCTION

Ultrasound triggered drug delivery promises to specifically deliver drugs to desired locations
at desired times in the body [1, 2]. Ultrasound focused to the targeted tissue region interacts
directly with systemically circulating echogenic drug delivery vehicles designed to release
payload only in the ultrasound focal region. This can avoid unnecessary and potentially
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dangerous payload release in healthy tissue. Unfortunately, the development of new
prototype echogenic delivery vehicles has been hampered due to the difficulty of imaging
the real time interaction between the membranes of delivery vehicles and nearby cells during
ensonation. Ultimately the success of a delivery vehicle design will depend on the
interaction of its outer membrane with the membranes of live cells when exposed to focused
ultrasound, especially its interaction with the membranes of vascular endothelial cells, which
are the first cells to receive exposure.

The new instrumentation described here was developed to study the cellular interaction of
the echogenic drug delivery vehicles with individual live cells allowing real time evaluation
as well as long term monitoring. This makes it possible to rapidly evaluate many types of
vehicle designs and materials.

The need for rapid evaluation of different delivery vehicle designs comes from a recent
interest in the field of ultrasound triggered drug delivery to encapsulate microbubbles within
drug delivery liposomes [3-8]. The basic design of the nested liposome vehicle is an outer
lipid membrane that protects a payload of both gas microbubbles and therapeutic drugs [8].
These vehicles would be injected into the circulation system of the body passing through
healthy tissue without allowing drug exposure. At the diseased region, the vehicles can be
triggered to open and release their payloads upon ensonation with focused the ultrasound.
Only the region of desired tissue located within the focal volume of the ultrasound would
receive a sufficient intensity to trigger drug release [8]. Some of the released payload that is
not taken up by the target tissue may be swept into systemic circulation, but will be diluted
over the entire body reducing the concentration. These —6 dB focal volumes of ultrasound
can be on the order of a few cubic millimeters in size [9] allowing for exquisite spatial
resolution. The vehicles which are not within the focal volume of the ultrasound are left
unaffected and will be eliminated from circulation through normal clearance mechanisms
without exposing the healthy tissue to the drug payload. Reducing the exposure of healthy
tissue to the active drug will reduce the systemic side effects experienced by many modern
medications, especially those from chemotherapy. To achieve these delivery properties hew
vehicle designs using different materials need to be rapidly tested and evaluated. This
requires a specialized imaging system to quickly evaluate the interaction of these vehicles
with the membranes of live endothelial cells.

Previous imaging systems have been designed to understand the basic physics of
microbubble interactions with ultrasound. These instruments have documented ultrasound
driven microbubble oscillation at extremely high frame rates up to 6.2 Mfps [10, 11]. They
have also documented acoustically induced lateral translations of microbubbles [12],
changes to the internal structure of the microbubble during oscillation against a solid surface
[13], escape and dissolution of gas from microbubbles undergoing oscillations, [14] and
diameter changes of free floating microbubbles [15, 16]. Although these instruments are
essential to understand the basic physics of microbubble interactions with ultrasound they
are not designed to accommaodate and image live cells.

Typically, the cellular effects of ultrasound triggered drug delivery vehicles have been
documented by imaging a cell population before and after ensonation [17-19]. Though
fluorescent tags can aid in tracking destruction and delivery, researchers are left to infer the
exact occurrences during the application of ultrasound. Electron microscopy and flow
cytometry have also been used to study the affect of microbubbles on cell membranes [20]
as well as atomic force microscopy [21, 22], but these studies were also conducted post
ultrasound exposure and were not capable of giving real-time information. Acquiring real-
time information about ultrasound-particle interactions is necessary to provide a complete
story.
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Instruments have been designed to document the interaction of microbubbles adjacent to
cells using white light illumination [23] and the interaction of microbubbles internalized by
free floating cells with ultrasound [15], but detailed studies of membrane interaction were
not possible due to the difficulty of white light to visualize the edges of the membranes.
Fluorescent systems have been designed to monitor the influx of cell membrane impermeant
dyes into cell interiors after nearby microbubbles were ensonated with ultrasound [24, 25].
However, only white light was used to visualize the cell membrane itself so the extent of the
influence over the entire cell surface from the microbubble was not measurable.

Fluorescent imaging has been used to monitor the influx of calcium ions into cells that
contain the calcium sensitive Fura2 fluorescent probe [26]. The documented increase in
fluorescence inside the cells showed that calcium transport across the membrane into the
cells was facilitated by the sonoporation effect from nearby microbubbles, but the
instrumentation was not able to visualize the high-speed interactions between the
microbubble membrane and the cell membrane that lead to the observed increase in
permeability.

The release of fluorescent dye from within liposomes due to nearby ultrasound driven
microbubble oscillation has been shown [6] but the system was not able to visualize the
actual membranes.

The facilitation of fluorescent nanoparticle delivery into cells by sonoporation has been
documented, but the effects on the microbubble membrane and the whole cell effect on
individual cell membranes was not monitored [27-29]. Microbubble interactions with empty
liposomes has been documented using fluorescence [30], but the system did not monitor live
cells.

Although useful for understanding basic microbubble physics and basic cellular interactions,
the specialized instruments described above are not designed to study the high speed
interactions of the delivery vehicles and their membranes with the entire membranes of live
adherent endothelial cells. These adherent cells are most like the endothelial cells found
lining the blood vessels that these drug delivery vehicles will first interact with. The lipid
composition of the vehicle membranes, including the cholesterol content, can significantly
change the flexibility resulting in different cellular and ultrasound interactions. These
interactions ultimately determine if the vehicle being tested will have useful drug delivery
properties.

The instrument described here has been designed to combine fluorescent imaging, white
light illumination, focused ultrasound, and high speed videography to monitor the membrane
interaction between echogenic drug delivery vehicles and live cells. This allows the
fragmentation of the membranes to be studied along with their real time cellular interaction.
The system also allows the fluid motion that is created by microstreaming around oscillating
microbubbles and cavitation shockwave events to be monitored. Using these techniques, the
extent of microbubble and echogenic drug delivery vehicle influence on the surface of cells
can be monitored.

2. MATERIALS

L-a-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
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Laboratories Inc. (Logan, UT). Quantum dots were purchased from Life Technologies
(California, USA).

3. INSTRUMENT DESIGN

3.1. Water Tank

A 10 gallon water tank was used to allow coupling between the ultrasound transducer and
the submerged sample. The size of the tank helped attenuate reflections of ultrasound from
the sides of the tank and from the air/water interface. To further reduce reflections a 1-cm
thick block of acoustically absorbent rubber (Aptflex F28, Precision Acoustics Ltd.,
Dorchester, UK) was installed at the opposite end of the tank directly in line with the
longitudinal axis of the transducer as shown in Fig. 1.

3.2. Focused Ultrasound Generation

The ultrasound pulse sequence used to ensonify the sample was generated using a National
Instruments PCI 5412 arbitrary waveform generator board run by a custom designed
automation program using LabVIEW 8.2. The arbitrary waveform generator allowed custom
ultrasound pulse sequences to be designed to create different interactions between the
microbubbles and the membranes. The ultrasound pulse sequence was sent to a Panametrics
2.25 MHz transducer (V305-SU) with a 2.54 cm spherical-focus. The —6dB focal zone of
the ultrasound was 1 mm3. Localization of the microbubble/ultrasound interaction to the
focal zone is shown in Fig 2. Here a 5X objective was able to monitor an entire population
of microbubbles which appear as individual white dots before ultrasound exposure.
Exposure to the focused ultrasound causes aggregation of the microbubbles only in the focal
zone clearing a 2.5 mm diameter space in the middle of the field.

A Panametrics BCU -58 - 6W waterproof connector cable was used to fully submerge the
transducer under water. A 300 W radio frequency amplifier from Vox Technologies
(VTC2057574) was used to amplify the signals sent to the transducer, creating acoustic
intensities in the focal region of up to 1.6 MPa.

3.3. Sound Field Quantification

The sound field of the transducer within the tank was mapped using a submersible
broadband needle hydrophone (HNP-0400) from Onda Corporation in connection with their
AH - 2020-100 hydrophone pre amp (50kHz - 100 MHz, 0 +20 db). The directionality and 1
mm3 spatial volume allowed the needle hydrophone to easily find the actual —6dB focal
zone of the transducer so the samples could be directly aligned in that volume.

3.4. Optical System

The microscope system was designed with two types of objectives. The first was the Nikon
MRF07620 CFI W Flour 60X water dipping objective. This could be submerged 5 cm under
the surface of the water to observe ultrasound interactions in the bulk fluid. This objective
had a 2 mm working distance which was large enough to allow the lens to stay out of the
ultrasound focal region while imaging the sample.

A Nikon 100X oil immersion objective with a greater numerical aperture was also used
because the oil allowed the fluorescent light to be collected more efficiently. This allowed
100X magnification videos to be collected while maintaining the desired frame rate of at
least 60 fps. Keeping the oil in place between the objective and cover slip was difficult when
submerging the entire sample holder underwater to achieve the ultrasound coupling. The oil
tended to float on the water breaking the optical coupling between the objective and the
cover slip. This prevented the total submersion of the sample holder into the water tank. The
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orientation of the sample holder was changed to be located at the air/water interface with the
cover slip slightly above the water surface to allow for oil coupling to the objective and the
PDMS submerged as much as possible into the water to proved coupling to the focused
ultrasound. The ultrasound transducer orientation was changed to aim the focal zone directly
at the sample in the vertical orientation. This orientation could potentially create interference
patterns in the region of the sample due to reflections from the air/water interface, but
acoustic energy was deposited in that region which had significant interaction with the
samples. Placing the samples at the air/water interface is also a model for monitoring
interaction between ultrasound and the delivery particles near the internal surface of the
lungs.

3.5. White Light lllumination

The sample could be illuminated with white light using a Ram Optical Instrumentation 150
Illuminator fiber optic light source which generated the light from outside the tank and
directed it through the tank wall to a mirror submerged in the water. The mirror was adjusted
to reflect the light up into the objective. The white light allowed the cells to be observed
without the need for fluorescence and was very useful to find microbubbles which were not
visible when using just the fluorescence. Independent control over the two light sources was
important for viewing cell and liposome interactions with ultrasound simultaneously.

3.6. Experimental Sample Retention

Three different sample holders were designed to analyze ultrasound interaction under
different conditions. Blocks of agar tissue phantoms were added to these sample holders to
either encase them, or sit between them and the ultrasound transducer to better simulate
acoustic conditions that would be experienced in vivo.

The first sample holder was a custom fabricated 15 pm-deep microwell chamber molded in
a 0.5 cm thick slab of polydimethylsiloxane (PDMS) and covered on top by a glass cover
slip. The PDMS is an optically clear, flexible, rubber like material that attenuates ultrasound
but allowed a significant amount of energy through a 0.5 cm thickness to reach the sample
contained within the well. The microwell was used both at the air/water interface for use
with the oil immersion objective and completely submerged underwater for use with the
water immersion objective. When used at the air/water interface the cover slip was
positioned above the water surface with the PDMS slab halfway submerged in the water so
as to conduct the ultrasound from the underwater transducer into the sample well.

The second sample holder design consisted of two pieces of thin clear plastic sheet placed
on top of each other and held taught within a circular hoop support structure. The plastic
sheets were optically clear and did not significantly attenuate the ultrasound energy. Holding
the sheets tightly together allowed a 15 p.L of sample fluid to spread out between the sheets
thin enough to reduce background fluorescence from out of focus liposomes. This holder
was used completely submerged underwater with the water dipping objective.

The third sample holder was a 200 m diameter micro-cellulose dialysis hollow fiber
manufactured by Spectrum. These thin tubes were nearly both optically and acoustically
transparent and were used completely submerged with the water immersion objective. The
cellulose tubes were connected to syringes to inject fluid containing the delivery vehicles
allowing them to flow through the tubes to study ultrasound interaction in a simulated blood
vessel environment and under conditions of flow. The samples needed to be diluted in these
situations because the background fluorescence from the out of focus liposomes in the tube
created unfavorable signal to noise ratios under dense vehicle concentrations.
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These different sample holders were designed to be embedded in agar tissue phantoms to
help better simulate the distortions and scattering that focused ultrasound would experience
in vivo. This allowed the robustness of these ultrasound activations to be studied for better
understanding of how these particles would interact in the vivo ultrasound sound field.

3.7. Alignment

The sample holder, the transducer, and the needle hydrophone were mounted to manual
XYZ directional microstages so their alignment could be precisely controlled. The sample
holder, transducer focal volume, and focal zone of the microscope objective were all
precisely aligned to make sure sufficient ultrasound energy was deposited into the
observable region of the sample holder.

3.8. Fluorescent Imaging

Florescence imaging was essential to detect the fluorescently labeled liposome membranes.
This was achieved by incorporating a Nikon J-FL EPI-Fluorescence attachment with the use
of a Nikon GFP-3035B-NTE GFP Brightline filter cube. A Nikon 100W Hg arc lamp with a
CHIU Technical Corp M-100T power supply provided the excitation light. A Nikon
trinocular body tube was mounted to the top of the EPI-Fluorescence attachment which
allowed the bionocular eye pieces to be installed for visual observation, as well as a Nikon
0.9x to 2.25x zoom CCTV/microscope adapter which allowed the field to be scanned at low
magnification power and then zoom in on important details.

3.9. High Speed Videography

A Photron FASTCAM 1024 PCI high speed video camera acquired the image sequences.
The camera was fitted with a C mount adapter to interface with the top of the zoom CCTV/
microscope adapter on the trinocular body tube. Movies of the fluorescent imaging could be
captured at speeds of 60 — 18,000 frames per second. The use of quantum dots created much
brighter fluorescence than the traditional fluorescent dyes allowing the higher frame rates to
be achieved.

The lighting used to collect these images was a combination of both the fluorescent and
white light sources. This allowed both the microbubble as well as the fluorescently labels
membranes to simultaneously be visible.

4. SYSTEM PERFORMANCE

4.1. Documentation of Microbubble Interaction with Fluorescent Liposome Membrane

With the fluorescent imaging it was possible to visualize the interaction of just the
echogenic drug delivery vehicles themselves with the focused ultrasound as shown in Fig. 3.
The manufacturing of the vehicles as well as the fluorescent liposomes followed previously
established protocols [8]. The vehicle shown by the arrow consisted of a microbubble on the
inside surrounded by a water space and a fluorescently labeled outer membrane. A thorough
characterization of these particles is described in Ibsen et al. 2011 [8]. Here the 1.5 MPa
ultrasound pulse sequence was designed using the arbitrary waveform generator to cause
inertial cavitation of the encapsulated microbubble as seen in frame 2. Inertial cavitation of
microbubbles has been shown to occur with ultrasound intensity levels as low as 0.6 MPa
[31]. Frame 3 shows the fragmentation of that fluorescent membrane creating a jet of debris
that is characteristic of cavitation [19]. The lipid debris cloud is seen diffusing in frame 4.

Ultrasonics. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ibsen et al. Page 7

4.2. Documentation of Echogenic Drug Delivery Vehicle Interaction with Nearby Artificial
Cell Membranes

Artificial cell membranes were created to test membrane interactions under less violent
conditions. A 1 MPa ultrasound pulse sequence was designed to pop the microbubble rather
than cavitate it. This was conducted while the echogenic vehicle was near the membrane
surface of an artificial cell as seem in frame 1 of Fig. 4. These artificial cells were also
labeled with fluorescent dye to determine their exact edges. In frames 2-4 the outer
membrane of the vehicle was popped open and slowly unfolded near the artificial cell
causing no visible damage to its outer membrane.

4.3. Documentation of Echogenic Delivery Vehicle Interaction with Cell Membranes

The interaction of the echogenic drug delivery vehicles with cell membranes of adherent
endothelial cells was also documented as shown in Fig 5. Here the surface of the cell is
covered in fluorescent liposomes which are non-echogenic and do not respond to ultrasound.
Only three are pointed out in the figure but the rest of the surface is covered with them as
shown. These liposomes are biochemically targeted to integrins expressed on the cell surface
and mark the exact edges of the cell membrane. When exposed to the focused ultrasound the
three microbubbles cavitated sending out a shockwave which affected the surface of the cell
by removing the attached liposomes. The attachment of the liposomes to the surface of the
cell is particularly important to understand the extent of the affect from the microbubble.
This allows the entire surface of the cell to be monitored to understand more than just
whether the membrane has been permeabilized. This image sequence shows disturbance to
the cell membrane only in the upper third of the cell.

The effect of a single microbubble on the surface of an adherent cell is shown in Fig. 6. Here
the surface of the cell is covered with targeted non-echogenic liposomes which show the
outline of the cell. A single microbubble is pointed out toward the right. The cavitation event
created upon ensonation with ultrasound was so violent that the cell was partially broken
from the substrate causing a rotational translation of the cell. The cavitation also affected the
surface of the cell membrane removing the non-echogenic liposomes from nearly half of the
cell surface.

4.4. Documentation of Microstreaming and Fluid Flow around Microbubbles

The fluid motion effects of a microbubble exposed to a long duration pulse of ultrasound are
shown in Fig. 7. The microbubble is shown as the large dark circle in the center of the image
in frame 1. It is surrounded by non-echogenic fluorescent liposomes which follow
streamlines of fluid motion created around the oscillating microbubble when exposed to
ultrasound. The particle shown by the arrow in frame 1 is tracked through frames 2-4
showing a circular flow pattern that drags particles along the edge of the bubble and sends
them down towards the bottom of the frame away from the microbubble. These types of
microstreaming interactions with cell surfaces are of great interest when considering
ultrasound pulse sequence and vehicle design.

The region over which the microbubble microstreaming occurs can be much larger than the
microbubble itself as shown in Fig. 8. The arrow points to a single microbubble which is
ensonated with focused ultrasound creating a flow pattern that has a diameter 6 times larger
than the diameter of the microbubble itself. A large cluster of fluorescent lipids shown in the
upper portion of frame 3 are pulled into the vortex motion of the fluid around the
microbubble as seen in frame 4.
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5. DISCUSSION

The instrument described here for the first time combines fluorescent imaging, focused
ultrasound, and high speed videography to study interaction of an emerging class of
echogenic drug delivery vehicles with adherent cell membranes. Tracking the motion and
fragmentation of lipid membranes with only white light illumination is very difficult due to
insufficient contrast between the membrane and the surrounding aqueous fluid. The use of
lipophilic fluorescent dyes, such as DiO, highlights the liposome membrane creating
excellent contrast with the background. We have shown here that fluorescent membrane
fragments below 1 pm in diameter can be effectively tracked over time after being created
by inertial cavitation of internal and nearby microbubbles. The use of fluorescent liposomes
also allows the liposome membranes to be differentiated from nearby cell membranes
allowing the interaction between cells and liposomes to be monitored. This includes the
removal of biochemically targeted liposomes from the surface of the cells due to cavitation
events, and also the documentation of lipid fragments that are left behind on the surface
resulting in delivery of membrane material to the cell surface.

The use of fluorescent particles also allows the fluid flow created by ultrasound induced
microstreaming around the microbubbles to be effectively visualized. This allows the debris
field resulting from cavitation to be quantified as well as monitoring the extent of fluid flow
from microstreaming.

This information about fluid flow and membrane behavior is invaluable when designing the
properties of the drug delivery vehicles. The membrane composition including the types of
lipids and cholesterol content can significantly change the flexibility and stability of the
membrane. The degree of flexibility affects the entire structure’s interaction with ultrasound
driven microbubble behavior. The use of this analysis system allows the user to screen
different compositions to achieve the desired interaction of these vehicles with individual
live cells in real-time

The ultrasound pulse sequence and intensity can also have a significant effect on the
behavior of these delivery vehicles. The arbitrary waveform generator allows the user to
create a set of different pulse sequences that can be screened for the desired results. For
example the 1.5 MPa ultrasound pulse sequence shown here resulted in complete
fragmentation of the delivery vehicle, while lower intensities below 1 MPA resulted in a
rupture and slow unfolding of the outer membrane.
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FIG. 1.
Schematic of the optical, electrical and acoustic components of the system.
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1mm

Before Ultrasound After Ultrasound
FIG 2.

Localization of microbubble/ultrasound interaction to the focal zone of the ultrasound. In the
before ultrasound frame the monolayer of microbubbles trapped between a glass slide and a
cover slip appear as white dots with the use of a 5X objective. In the after ultrasound frame
the microbubbles interact with the focused ultrasound and aggregate clearing a 2.5 mm
space in the center of the frame. The major effects were seen only in the focal zone.
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FIG. 3.

Fluorescent image sequence showing the interaction of focused ultrasound with the
microbubble inside the echogenic drug delivery vehicle and subsequent rupture of the outer
membrane leaving a debris field of fluorescent lipid particles.
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Onset Opening Opened

Fluorescent image sequence of the interaction between an echogenic drug delivery vehicle
and an artificial cell membrane. The ultrasound pulse sequence was designed to induce a
single rupture and subsequent unfolding of the vehicle’s outer membrane.
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FIG.5.

Fluorescent and white light image sequence showing the interaction of microbubbles with
the labeled surface of an adherent endothelial cell. Non-echogenic liposomes have been
biochemically targeted to attach to the surface of the cell outlining the exact edges of the cell
in fluorescence in the “Before Ultrasound” frame. In the “Onset” frame the ultrasound
interaction shows the cavitation of the microbubbles and subsequent removal of adherent
fluorescent liposomes from the cell surface due to interaction caused by the cavitation
shockwave. In the “After” frame the fluorescent liposomes are torn from the cell membrane
only in the upper third portion of the cell.
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FIG. 6.

Fluorescent image sequence of the interaction between a single microbubble and an adherent
endothelial cell. The cell is outlined by non-echogenic liposomes which have been
biochemically targeted to integrin proteins present on the surface of the cell. The shockwave
produced by the cavitation event provided enough energy to partially detach the cell from
the glass and cause a 45 degree clockwise rotational translation as well as remove liposomes
from the surface of nearly half the surface of the cell.
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FIG.7.

Fluorescent image sequence of particles caught in streamlines of fluid motion created
around the microbubble during ensonation with ultrasound. The microbubble is shown as the
dark circle in the middle of the frame. A single fluorescent particle is tracked by the white
arrows from frame 1-4. The entire sequence is taken during the ensonation period of the
ultrasound.
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FIG. 8.

Fluorescent image sequence showing microstreaming around a dark circular microbubble
pointed out by the arrows in each frame. Frame 1 shows the field of non-echogenic
liposomes before ultrasound application. Frame 2 shows the microstreaming flow field
starting at the beginning of ensonation. The diameter of the flow field is 6 times larger than
the diameter of the microbubble itself and can pull in larger clusters of fluorescent
liposomes as seen in frames 3 and 4.
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