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Figure 2. Positron emission tomography images obtained
over 90 min after injection of liposomes. A, '®F-fluorodipalmitin
image of liposomes stably circulating. Reproduced with permission
from Marik J et al.’® B, '®F-fluorodipalmitin image of liposomes
coated with the lipo-PEG-peptide CRPPR adherent to the heart
muscle. Reproduced with permission from Zhang H et al.™

small (~100 nm or less), vascular targeting can be very
rapid and efficient'! (Figure 2B).

Other Particles

Other echogenic particles have been found to produce
detectable backscatter for ultrasound imaging. These
include amorphous solid particles that contain gas pockets
in their pores and fissures (so called “bubbicles”).!? Sim-
ilar to liposomes, gas pockets formed during rehydration
may account for the detectable acoustic backscatter. The
formation of these gas pockets depends strongly on the
size and shape of surface features on the particle. Such
particles can be submicrometer in size, and the gas pock-
ets can be highly stable due to pinning of the interfacial
contact lines within the solid crevices. Silica nanoparticles
have also been tested as ultrasound contrast agents.'?

THE ECHOGENIC MICROBUBBLE

The microbubble is an ideal ultrasound contrast agent
because it is extremely echogenic, as well as being
biocompatible, multifunctional, and economical.
Microbubbles are gas spheres between 0.1 and 10 pm in
diameter and are much smaller than the wavelength of
diagnostic ultrasound, which is typically 100 to 1000 pm.
The gas core has a low density and is highly compressible,
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allowing it to shrink and expand with the passage of an
acoustic wave. The microbubble increases and decreases
in diameter at a rapid velocity giving rise to a strong and
unique echo (Figure 3). It is a fortuitous coincidence that
the natural reaction time of a microbubble to a rapid pres-
sure variation is on the order of microseconds. Thus,
microbubbles resonate at frequencies typically used in
ultrasound imaging, and resonance can be exploited to
generate a very strong echo. Due to this high degree of
backscatter in comparison to plasma and blood cells, a
clinical ultrasound system is capable of detecting the sig-
nature from a single microbubble—a volume on the order
of a femtoliter.

Since microbubbles are too small to be resolved by
current ultrasound instruments, microbubble imaging
techniques are designed to differentiate their echoes
from those arising from tissue based on changes in the
echo spectrum and the response to changes in the ampli-
tude or frequency of the wave. This provides an opportu-
nity to detect a single microbubble adherent to a vascular
target within the space of a single voxel and to distin-
guish the microbubble from the surrounding tissue.

When a dilute microbubble suspension is driven by a
harmonic pulse produced by a transducer element with a
low peak negative ultrasound pressure (PNP), microbub-
ble oscillation can be nearly sinusoidal with an amplitude
and shape which is a linear multiple of the transmitted
wave (Figure 4A, B). Increasing the pressure of the dri-
ving pulse or introducing a nearby boundary alters the
oscillatory dynamics (Figure 4C, D). With a higher ultra-
sonic driving pressure, the rate of collapse is very rapid—
faster than the rate of expansion—with liquid inertia
acting on the gas bubble to increase the rate of collapse.
The nonlinear dynamics and asymmetrical profile result
in echoes that contain harmonic multiples of the transmit-
ted pulse. While tissue can also produce echoes that are
rich in harmonic frequencies, substantial differences in
the pressure and frequencies associated with harmonic
spectra allow microbubble and tissue echoes to be differ-
entiated. The advent of nonlinear imaging techniques has
brought microbubbles to the forefront of ultrasound imag-
ing agents.

Pulsing schemes that exploit these nonlinear features
involve trains of transmitted pulses with the amplitude
scaled or the phase of the pulse changed between pulses.
By summing the returned echoes in a strategic manner,
tissue echoes are cancelled and microbubble echoes sum
coherently (Figures 5 and 6A, B); here, the CPS™ strat-
egy of Siemens Medical Solutions is described. By imag-
ing the intensity of the microbubble echoes, the relative
vascular density within various regions can be compared.
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0 1 2 3 4 5

Figure 3. Two-dimensional optical frame images (A)—-(G) and streak image (H) showing oscillation and fragmentation of a lipid-
shelled microbubble, where fragmentation occurs during compression. Bubble has an initial radius of 1.5 pm, as shown in (A), expand-
ing and contracting in the subsequent images. The streak image in (H), shows the diameter of the bubble as a function of time, and dashed
lines indicate the times at which the two-dimensional images were acquired relative to the streak image. Reproduced with permission from
Chomas JE et al®!
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Figure 4. Effect of pulse driving pressure on bubble radial oscillations. A 1.5 radius bubble oscillates under insonation of a 5-cycle
pulse with a center frequency of 1 MHz. A, and B, peak negative pressure (PNP) = 50 kPa; C, and D, PNP = 500 kPa, with driving pressure
shown in (A), (C) and expansion ratio in (B), (D).

In addition, a high ultrasound pressure will result in the DOSE AND PHARMACOLOGY OF
fragmentation of microbubbles (Figure 6D, E). Following MICROBUBBLES

their fragmentation and disappearance, the refill of new

agents into the vasculature can be detected and the rate  Little is currently known about the proper dose and phar-

quantified (Figure 6C, F), allowing real-time images of ~ macology of targeted microbubbles for use in molecular
vascular function (Figure 6B, C). imaging. Such data has been published for blood pool
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Figure 5.

lllustration of a contrast pulse sequence (CPS) imaging strategy, where three scaled pulses are transmitted with scaling

factors of 1/2, -1, 1/2 and the three returned echoes are summed. Shown is a one-cycle transmitted pulse with a center frequency of 2.4
MHz, with PNP of (A) 50 kPa and (B) 100 kPa. The corresponding echoes from a 1-micron bubble and tissue are shown in (C) and (D), where
the echoes from the first and third pulses in the sequence would be expected to be similar. E, Summation of 2 times echo in (C) plus echo in

(D). The linear echoes from tissue are cancelled while nonlinear echoes from the bubble are acquired.

contrast agents approved for echocardiography, which is
described below. However, targeted microbubbles have
inherently different and unique surface chemistries
(Figure 7A), owing to the targeting ligands, and there-
fore could exhibit distinctly different pharmacokinetics.

which contains a perfluoropropane (perflutren) gas core.
The indicated use is in patients with suboptimal echocar-
diograms to opacify the left ventricle and to improve the
delineation of the left ventricular endocardial borders. Dose
information for Optison and other commercial agents is
given in Table 1. Following injection, most of the gas is

Clearly, immunogenicity of the targeted microbubbles is
a key concern.

The first Food and Drug Administration (FDA)-
approved microbubble contrast agent for ultrasound imag-
ing was Albunex® (GE Healthcare Systems), which has an
air core encased by an albumin shell. So-called “second-
generation” microbubble contrast agents were developed
shortly thereafter to contain a fluorinated gas core, which
significantly increased the stability in blood as described
below. Optison™ (GE Healthcare Systems) is now an
FDA-approved protein-shelled microbubble contrast agent,

eliminated through the lungs in the first 10 minutes, with a
recovery of 96 + 23% (mean *+ SD) and a pulmonary elim-

ination peak at 30 to 40 seconds after administration

and

half-life of 1.3 £ 0.69 minutes. The protein shell is believed
to be handled through normal metabolic routes for human
serum albumin, which includes degradation by proteases in
the liver. Definity® (Lantheus Medical Imaging) was the
first phospholipid-shelled, fluorocarbon-gas filled agent to
receive FDA approval. Gas elimination routes and shell

metabolism likely are similar to Optison.
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Figure 6. Ultrasound images and acquisition strategy for the estimation of flow rate. A, B-mode image of a Met-1 tumor'*® in a mouse
model. B, Corresponding image of microbubble density (color) overlaid on the B-mode image, where multipulse (CPS) imaging was used to
detect the presence of the microbubbles. C, Corresponding flow rate image, with color indicating the time required for microbubbles to refill a
voxel. D-F, Methodology for the acquisition of replenishment images. D, Microbubbles fill a region. E, A destruction pulse removes all circu-

lating agents. F, Microbubbles refill the region and their signal is detected.
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Figure 7. Microbubble basics: Design and pharmacokinetics. A, Schematic representation showing principles of the rational design of
a microbubble for molecular imaging. The composition, architecture, microstructure, and construction can all be engineered to change the
physicochemical properties, as discussed in the text. The physicochemical properties, in turn, control the performance, such as echogenicity,
stability, and immunogenicity. B, 90-minute maximum intensity projection positron emission tomography (PET) '®F-fluorodipalmitin image of
microbubble pharmacokinetics, where the microbubbles circulate for a short interval and then accumulate in the liver and spleen.
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Diminution techniques provide rapid and cost-
effective microbubble generation that can be done at the
bedside. Microfluidic technologies will need to show
similar robustness and ease of preparation in generating
a sufficient microbubble dose. However, the potential
gains in control over the microbubble surface chemistry
and size could significantly enhance quantification in
molecular imaging studies.

Several methods have been described to encapsulate
gas in a polymer shell. Dispersion and ionic gelation have
been used to create alignate-shelled microbubbles.?¢
Organic solvents have been used to dissolve and disperse
the polymer, which is then resuspended to form hollow
polymer capsules.?”3° A technique involving partial film-
ing of surfactant-coated microbubbles with nanoparticles
was recently described by Schmidt and Roessling.*’ Poly-
merization at the air-liquid interface during agitation of
an acidic medium was used by Cavalieri and colleagues.*!
Each of these methods has produced microbubbles with
enhanced stability. However, chain entanglement and cova-
lent bonds inherent in the polymer shells severely dampen
the oscillation of the gas core,** thus reducing echogenic-
ity prior to shell rupture.

Microbubble Stability

A clean microbubble is inherently unstable owing to sur-
face tension (0) of the gas-liquid interface (~72 mN/m
for an air-water interface). Any gas-liquid or liquid-liquid
interface will, by definition, exhibit a surface tension
owing to disruption of cohesive intermolecular forces. A
force balance over the curved surface reveals a net pres-
sure that is greater on the concave side (ie, inside the
microbubble). The overpressure inside the microbubble
(AP) was given by Young and Laplace**:

AP:Pb—Pa:%I, (1)
where Py, is the total pressure inside the bubble, P, is the
ambient pressure, and R is the bubble radius. For a
microbubble, the overpressure is on the order of an
atmosphere. According to Henry’s Law, the overpressure
increases the local solubility of the gas at the microbub-
ble surface, thus creating a chemical potential gradient
over which gas diffuses into the surroundings. Thus, sur-
face tension drives the dissolution of the microbubble.

Epstein and Plesset derived an ordinary differential
equation for the transport of gaseous species into the sur-
rounding medium.*>*¢ The model was formulated by tak-
ing a mass balance over the microbubble and coupling it

to the diffusion equation to arrive at the following
expression for the microbubble radius (R) as a function
of time (1):

1+ 2O-shell _ f
_drR _ LD, PR ,
it R 40, @

] + —shell
3PR

where L is Ostwald’s coefficient, Dy, is the gas diffusivity
in water, Ry is the resistance of the shell to gas perme-
ation in Eq. (3), Osen is the surface tension of the shell,
and f is the ratio of the gas concentration in the bulk
medium versus that at saturation. This model neglects the
time to develop the concentration boundary layer and
assumes a perfectly spherical geometry for a microbubble
dissolving in an isotropic medium.

The Epstein-Plesset equation predicts that a free air
microbubble will completely dissolve within a second in
saturated water (Figure 8). One approach to increase sta-
bility has been to use hydrophobic gases, such as perflu-
orocarbons, which have water permeation resistances
(L"'Dy") that are several orders of magnitude higher
than air.*”*® The water permeation resistance of n-C4F,
for example, is over 100 fold greater than that of air. The
molecular weight, M, and other properties of relevant
gases in saline are summarized in Table 2. The molecular
weight and solubility of air are approximated by that of
N, the principal component of air, and the molecular
weight and solubility of N» are shown in parentheses. The
diffusivity values of n-Cs;Fs and n-C4F;p are obtained

Microbubble Dissolution
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Figure 8. Radius versus time predicted for microbubbles of different
composition dissolving in a static, isotropic medium. Changing the gas
content from air [free air] to perfluorobutane for an unshelled
microbubble [free PFB] increases the lifetime in a saturated medium,
but the gas still dissolves within a minute due to surface tension.
Adding a solid phospholipid shell [shelled PFB] significantly enhances
the predicted lifetime, even in a completely degassed medium.
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Surface Microstructure

The polycrystalline structure of the lipid microbubble
shell was initially shown in pioneering work by Kim and
colleagues.®® Microscopy and spectroscopy evidences
indicate that the shell consists of multiple phases, often
exhibiting the characteristics of an ordered phase dis-
persed into a disordered phase.’’-* The ordered phase
tends to be populated with the matrix lipid, whereas the
disordered phase tends to be enriched with the emulsifier.

Microstructure depends on both composition and pro-
cessing conditions. Increasing PEG lipid concentration in
the shell leads to an increase in the area fraction of the dis-
ordered phase.’! Heating and cooling changes the morphol-
ogy of the ordered phase.>'*%% The ordered phase can be
melted by heating above the main phase transition temper-
ature of the matrix lipid. Cooling through the transition at
different rates leads to differences in domain density, shape,
and size. For example, slow annealing can yield very large
domains on the shell. The domains are not rigid plates; they
can bend to accommodate the spherical surface.

Microstructure affects many of the same physico-
chemical properties as composition. Increasing the defect
density produces similar results to using shorter chain
lipids. The gas permeability increases®-% and the surface
shear viscosity decreases.®

Surface Architecture and
Ligand Chemistry

Microbubble stability is enhanced by the incorporation of
a brush layer of PEGylated lipids, with concentrations of
five to nine molar percent typically reported. Ligands are
incorporated on the distal end of a polymer, where the
polymer length can be chosen to extend beyond the brush
layer to efficiently bind to their target. Architecture refers
to the internal structure of the brush layer on the
microbubble shell. Architecture therefore depends on both
composition and microstructure (eg, the local composition
and dimensions of the ordered and disordered phases).
Bimodal brushes can be used. A longer spacer arm than
the surrounding brush can be used to increase the ligand
availability and therefore adhesion strength.” Alterna-
tively, a shorter spacer arm can be used to decrease ligand
availability, and therefore immunogenicity.%¢-67

The architecture of the targeting ligand depends on
details of the ligand molecule and the linking chemistry.
Small ligands (order 100 Da) attached to the distal end
of the PEG chain will exhibit dynamics governed by the
thermal motion of the polymer spacer.®® Larger ligands
(order 1000 Da), however, will significantly change polymer
dynamics.®®

Small molecule ligands can be directly attached to
lipids, and the ligand-lipid conjugate is then purified
prior to the incorporation in microbubbles. The methods
for lipo-PEG peptide synthesis have been proposed for
many years, and the details of such strategies are recently
described.!" Peptides can be synthesized manually by
standard fluorenylmethoxycarbonyl (FMOC) chemistry
protocols on solid phase.”” PEG is coupled onto a pep-
tidyl resin, and Fmoc-Lys(Fmoc)-OH and stearic acid are
coupled in sequence. Lipo-PEG peptides are cleaved
from the resin and purified with HPLC.

Large proteins (including antibodies) are often
attached through covalent or noncovalent chemistry after
the contrast agent is formed due to the harsh conditions
that accompany microbubble creation. The relatively
large diameter of a microbubble necessitates the use of a
large number of ligands (100,000 per microbubble) to
insure  adequate  coverage.  Biotin-streptavidin
approaches, in which biotin is attached to the lipid or
PEG molecule, have been used most commonly’!’? due
to their simplicity. A common ligand linkage motif is
biotin-avidin-biotin. Avidin contains multiple binding
pockets and therefore can bind to multiple underlying
biotinylated lipids. The avidin molecule has a mass of
~60 kDa and is several times larger than the underlying
PEG. Furthermore, antibody molecules often have a mass
of ~120 kDa. Thus, the architecture can be viewed as a
scaffolding structured with a thin polymer cushion and
bulky protein outer layer. To use avidin-biotin linkage, an
excess of streptavidin is incubated with the microbubbles,
followed by centrifugation to remove excess streptavidin.
The biotintylated ligand is then added in a final step. The
disadvantage of this approach is the immunogenicity of
the resulting surface, rendering this approach to be inap-
propriate for translational studies. A protein-bearing sur-
face, such as one with avidin and antibody, will likely
have exposed nucleophilic groups, such as hydroxyls and
amines, that can bind to the unstable thioester bond on the
complement protein C3b. Binding of C3b to the surface
of the microbubble not only changes the ligand binding
properties but also marks the microbubble for clearance
by the RES and proceeds with activation of the comple-
ment system and the inflammatory response. Comple-
ment activation is of course undesired for molecular
imaging, which is primarily used for diagnostic purposes
of the unaltered physiology. Thus, it is important to shield
the ligand by covering it with a methoxy-terminated PEG
overbrush. The ligand can be revealed by ultrasound
oscillation and radiation force, as discussed later.

Covalent attachment strategies have also been
implemented. The advantages and disadvantages of car-
boxylic acid-amine approaches, in which a carboxylated
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lipid derivative is incorporated into the microbubble
shell and reacts with an amine on the ligand, were
described in detail by Klibanov.”! Potential side products
of this reaction include the formation of N-acylisourea,
which bind to the microbubble shell.”' A more efficient
strategy for postlabeling with antibodies has been devel-
oped using a maleimide-thiol approach, in which a
maleimide-PEG-lipid is incorporated in the monolayer
shell and reacts with a thiol-containing targeting lig-
and.”"7> Maleimide reactive groups are more stable in
aqueous buffers than an NHS buffer, side reactions are
reduced, and a greater percentage of the ligand binds to
the target site.

Surface Construction

Construction refers to the addition of shell components
after formation and stabilization of the initial lipid-coated
microbubble. Therefore, construction adds another layer
of architectural complexity. In addition to avidin-biotin
linkage chemistry, other materials can be constructed
onto the lipid monolayer shell. For example, clustered
polymeric forms of ligands have been used to enhance
adhesion in high-shear flow.”

Another means of construction involves the deposition
of oppositely-charged polyelectrolytes as in layer-by-layer
assembly. Such layering can significantly change the prop-
erties of the shell. Multilayer shells were shown to enhance
the stability of the gas core against dissolution.” Further,
multilayer shells were shown to increase the number of
plasmid DNA molecules that could be loaded per
microbubble.” Interestingly, multilayers were shown to
slightly dampen the oscillation of the microbubble (com-
pared to just a lipid-coated agent of similar gas-core
diameter) although the damping effect disappeared after
the first few cycles.”

BIOMEDICAL PERFORMANCE OF
MICROBUBBLES

Insonified Microbubbles

Sophisticated experimental systems, which incorporate
microscopes, custom strobe lights or lasers and high
frame-rate cameras, have been developed to measure
microbubble dynamics during oscillation at megaHertz
frequencies.’”-’¢% High spatial and temporal resolution is
necessary due to the small size of the microbubble and
the rapid oscillations they incur during vibration in the
ultrasound field. Optical observation provides informa-
tion on the dynamic motion of ultrasound microbubbles

—p—
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during insonation that is unavailable with traditional
methods of analyzing the received echoes from contrast
agents or modeling of bubble motion. Diffraction effects
associated with the gas-liquid interface are used to char-
acterize the dynamics of the gas core; fluorescent probes
are inserted within the lipid shell to follow translation of
the shell material and its association with the gas bubble
over time. Very high-speed cameras with a shutter dura-
tion of picoseconds to nanoseconds are used to capture
two-dimensional images of the microbubble oscillation;
typically, the number of recorded images is limited and
the time duration available for recording is less than 1
ms.”8! In addition, “streak” cameras continuously record
the oscillation of a single line across the microbubble
diameter although again over a time window limited to a
small fraction of a second.®! An alternative approach has
been to use a very bright strobe with a short duration,
such as that produced by a high duty cycle laser, to illu-
minate the sample while recording observations with a
slower camera.’”’8 This approach has proven to be suc-
cessful in imaging the oscillation of microbubbles within
blood vessels and in recording events that require large
numbers of pulses within a single position.

Gas Dissolution During and After
Insonation

Dissolution kinetics change when the shell properties are
altered during insonation, as shown through microscopy.
Prior to insonation, dissolution is not apparent on typical
optical timescales of observation (seconds). One example
of the altered dynamics is shown in Figure 9A, where a
single one-cycle ultrasound pulse with a peak negative
pressure of 240 kPa and center frequency of 2.25 MHz
occurred at the time shown by the arrow. The lipid-
shelled agent decreases in diameter at the time of the
pulse (the time interval from 90-120 ms); however, the
diameter remains constant after the completion of the
pulse (dashed lines) for the remaining 5 s of observation.
In this case, the lipid-shelled microbubble contains C4F o,
where unencapsulated gas bubbles of C4F o are predicted
to dissolve into the surrounding liquid within 5 s. By
comparison, the diameter of the albumin-shelled agents
continues to decrease after the end of the ultrasound pulse
(solid lines). Further, when a train of ultrasound pulses
(peak negative pressure of 240 kPa and center frequency
of 2.25 MHz) is directed to lipid-shelled microbubbles
(Figure 9B), a decrease in diameter of ~0.11 pm is
observed with each pulse, with the diameter again
remaining constant between pulses. Thus, the lipid-
shelled agents show a small, rapid decrease in diameter
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Figure 9. Microbubble dissolution after insonation. A, Radius
versus time obtained from 30 frames per second images of phos-
pholipid-shelled and albumin-shelled agents (arrow indicates time of
ultrasound pulse). All bubbles are insonified with a single-cycle pulse
of 240 kPa transmission pressure at time = 90 ms, signified by the
vertical arrow along the abscissa. Albumin-shelled agents (solid
lines) decrease in radius due to static diffusion. Lipid-shelled agents
(dashed lines) decrease in diameter with each pulse but remain
intact between pulses. Reproduced with permission from Chomas
JE et al.’® B, Change in lipid-shelled microbubble diameter over a
train of pulses, demonstrating decreased diameter with each pulse
(mechanism of acoustically-driven diffusion). Each bubble is insoni-
fied by one single-cycle pulse every 15 s. No decrease in radius is
observed between pulses. The decrease in radius observed imme-
diately after insonation is due to acoustically-driven diffusion. Repro-
duced with permission from Chomas JE et al.'®

coincident with the ultrasound pulse and then remain
unchanged for an extended period that is greater than the
time required for static dissolution of the remaining gas
into the surrounding liquid. The magnitude of this step
change per cycle is a function of the coating lipid.®
Therefore, the concept of “shell rupture” often thought to
be associated with insonation of shelled microbubbles is
not an accurate description of lipid-shelled microbubble
behavior. As opposed to the stability of lipid-shelled
agents after insonation, albumin-shelled agents exhibit
static dissolution after insonation, with a dissolution rate

on the order of that predicted by equations for an
unshelled gas bubble.

Theoretical Predictions of Microbubble
Oscillation

The radial motion of a single ultrasound contrast agent
under insonation can be captured by the Rayleigh-Plesset
equation that assumes the liquid is incompressible and
infinite.8>-% To apply the Rayleigh-Plesset equation, one
usually assumes that the gas in the bubble has uniform
pressure and obeys the polytropic gas law, which requires
that the velocity of the bubble wall is small relative to the
speed of sound in the surrounding medium.3¢ Under these
assumptions, the equation of motion for the bubble wall
has the form:

R+ 2Rt =L p.20 K
2 p ' R R

20 4nR
- -—C—p -p(t
R R P, — Pi(D) , (4)

where Ry is the bubble radius at equilibrium, R and R

represent, respectively, the first- and second-order time
derivatives of the bubble radius R, po is the hydrostatic
pressure, P, (1) is the incident ultrasound pressure in the
liquid at an infinite distance from the microbubble, K is
the polytropic exponent, and p, 0, and N are the density,
surface tension, and viscosity of the bulk fluid, respec-
tively. The bubble will behave isothermally (ie, K = 1) if
the thermal diffusion length in the gas is greater than
the bubble radius, whereas it will behave adiabatically
(ie, K =y, the specific heat ratio of the gas within the
bubble) if the thermal diffusion length in the gas is much
smaller than the bubble radius and the bubble radius is
much less than the wavelength of sound in the bubble.®’
In the framework of the linearized theory, the bubble res-
onance frequency can be obtained by the well-known
results of Minnaert®®:

1
2

3K 20 20
+

W, = p +— - .
0 RO pRO (5)

1
0
R, P
The pressure of emitted ultrasound at distance I' from
the bubble center is as follows:

R . .
p(r) = pT(zR2 + RR). (6)
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When the incident pressure wave is increased, the
ratio of the velocity of the bubble wall to the sound
speed in the liquid (R/c) approaches unity, and sound
radiation becomes important. A number of Rayleigh-
Plesset derivatives have been proposed, particularly
modifications that account for sound radiation, includ-
ing the Keller equation, the Herring equation and the
Gilmore equation.?-%

Observations of Microbubble Oscillation

Under limited conditions, oscillation is nearly symmet-
rical. The center frequency, pressure, and phase of the
transmitted pulse alter the oscillation of lipid-shelled
microbubbles.!?191 Decreasing the center frequency
and increasing the peak negative pressure act to increase
the maximum expansion and the rate of microbubble
collapse. When relative expansion, defined as the ratio
of maximum to initial diameter, exceeds a threshold
(~3), the bubble is unstable and is frequently observed
to fragment into smaller daughter bubbles. These
smaller gas bubbles often recombine with subsequent
ultrasonic cycles, and cycles of fragmentation and
fusion are observed with long transmitted pulses. The
oscillation and fragmentation of a lipid-shelled
microbubble are shown in Figure 3, combining a set of
two-dimensional frame images of expansion and con-
traction with a continuous “streak” recording of a single
line through the center of the microbubble. At a time
near 2 s and between images D and E, the microbub-
ble fragments, with a set of small bubbles observed after
this time point.

As a basis of comparison, BG1135 (Bracco
Research S. A., Geneva, Switzerland) is a polymer-
shelled, air-filled microsphere with a rigid, 100 nm
thick shell. Expansion and contraction of these
microbubbles is not evident until the shell ruptures
(Figure 10). Upon insonation with sufficient ultrasound
pressure, the microbubble suddenly ejects a gas bubble.
Gas bubble extrusion, ejection, and displacement by
microns are observed on a timescale of microsec-
onds!'®, still a relatively low velocity compared with
the wall motion during oscillation.®! A summary of the
oscillation of lipid and polymer-shelled microbubbles
is provided in Figure 11. The lipid-shelled microbub-
bles (see Figure 11A) insonified under the same condi-
tions expand with relative expansion determined by
their initial radius, and fragmentation depends on
expansion. Polymer-shelled microbubbles (see Figure
11B) insonified at a low pressure do not expand,
whereas those insonified at a higher pressure expand
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Figure 10. Oscillation and destruction of polymer-shelled
agent BG1135. Still images (A)—(C) depict the agent before, during,
and after exposure to a 2-cycle, 2.25 MHz, 1.4 MPa ultrasound
pulse. The streak image (D) shows one line of sight through the
agent versus time, with the acquisition times of the still images indi-
cated. The agent is observed to acquire a shell defect and subse-
quently to eject a new fragment some distance from the original
agent. Images (E)—(G) show destruction of another polymer-shelled
bubble in response to a 2-cycle, 2.25 MHz, 1.2 MPa pulse. Repro-
duced with permission from Bloch SH et al.*®
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Figure 11. Expansion ratio vs. initial radius in response to a

2-cycle, 2.25 MHz pulse for lipid-shelled agent BR14 (A), (square,
180 kPa; diamonds, 360 kPa; triangles, 920 kPa) and polymer-
shelled agent BG1135 (B), (circles, 660 kPa; triangles, 1.2 MPa;
squares, 1.4 MPa). Closed symbols indicate bubbles intact after
insonation; open symbols indicate fragmented bubbles. Reproduced
with permission from Bloch SH et al.*®

and fragment. We have also reported ejection of a gas
bubble through a shell defect in Optison agents, which
have a semirigid albumin shell.’” We observed that the
resulting gas bubble moved away from the shell (travel-
ing several microns in milliseconds), and that the shell
collapsed after the gas bubble was ejected.
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The Effect of the Microbubble Shell and
Constraining Vessels

The shell changes the bubble’s mechanical properties
including resonance, viscous damping, and scattering
properties. De Jong and colleagues!>~1% treated the bub-
ble shell as an elastic solid layer and theoretically studied
acoustic attenuation, backscatter, and nonlinear oscilla-
tion, which was validated by experimental results.
Church'% derived a Rayleigh-Plesset-like equation
describing the dynamics of an encapsulated gas bubble,
assuming that the coating material is a layer of incom-
pressible solid elastic material. Hoff and colleagues'”’
developed a model that included viscous and elastic prop-
erties of the shell to describe polymeric microbubble
behavior. The resonance frequency of a polymeric gas
bubble was described as follows:

1 3k 20 20  12Gg, °
W, = — — p,t— ——+
R0 p R pRO pRO

0

(D)

where G is the shear modulus of the shell and & is the
initial shell thickness at equilibrium. Equation (7)
shows that the resonance frequency tends to decrease as
bubble size increases and to increase as the modulus of
the shell rigidity increases (Figure 12A). The resonant
nature of the unshelled microbubble can also be recog-
nized by the narrow peak in the scattering cross section,
which is defined as the power scattered per unit vol-
ume. The scattering cross section of a shelled
microbubble is predicted to peak at a higher frequency
than the unshelled microbubble; however, the peak is
substantially broadened (Figure 12B). Church’s
studies!® indicate that for bubbles with a diameter in
the range of ultrasound contrast agents (Ro < 10 pm),
the damping effects of the bubble shell are dominated
by viscous, compared with thermal mechanisms, and
that the attenuation coefficient in a bubbly liquid
decreases as either the rigidity or the viscosity of the
bubble shell increases.

The oscillation of microbubbles in small blood ves-
sels at target sites is of great interest for applications in
molecular imaging and ultrasound-enhanced drug and
gene delivery. Microbubble oscillation in small vessels is
substantially different from that predicted by the
Rayleigh-Plesset equation. Thus, there have been
increasing efforts to model microbubble oscillation in
small vessels.!®!15 The models can be summarized into
two areas: linear approximation and direct numerical
simulation based on the Navier-Stokes equation.
Microbubble oscillation in these systems is quite complex.
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Figure 12. Changes in microbubble properties with diameter
and materials. A, Calculated resonance frequency as function of par-
ticle diameter. The solid lines show the values found for the bubble
encapsulated in a polymer shell, whereas the dashed line shows val-
ues calculated for free air bubbles. The two curves for the polymeric
microbubbles correspond to the shear modulus G = 10.6 MPa, shear
viscosity p = 0.39 Pa-s and G = 12.9 MPa, p = 0.49 Pa-s. Reproduced
with permission from Hoff L et al.'” B, Scattering cross section as
function of frequency. Calculated for polymer-encapsulated air bubbles
(solid lines) and for air bubbles without shells (dashed lines) with diam-
eters 4 and 8 pum. The two curves for the polymeric microbubbles cor-
respond to the shear modulus G = 10.6 MPa, shear viscosity
U = 0.39 Pa:s and G = 12.9 MPa, p = 0.49 Pa-s. Reproduced with
permission from Hoff L et al.'%”

The bubble oscillation not only depends on the shell
material properties and the acoustic parameters (eg,
pressure, frequency, and pulse length) but also on the
size and mechanical properties of the vessel. The linear
oscillation frequency of a bubble decreases within small
rigid vessels!!*!1® and increases within small compliant
vessels.!'? In small vessels, bubble oscillation is asym-
metrical, and expansion is reduced for rigid vessels.
Within small compliant vessels, bubble oscillation
increases the pressure across the vessel wall and
therefore could enhance vascular permeability.!'! For 0.5
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with o.fs perhaps receiving the greatest attention.'3!!32
Targeting of microbubbles to glial tumors’ integrins via
echistatin has been demonstrated'®* and to a Matrigel
model system in a study by Stieger.'>* The peptide argi-
nine-arginine-leucine was shown to selectively target
microbubbles to angiogenic tumor vasculature by a mech-
anism that remains unknown.'3> Antibodies to VEGF-R2
have been attached to microbubbles and used to selectively
image malignant tumors in a study by Willmann and col-
leagues'3® and Lee and colleagues.'®” Dual imaging with
ligands directed to both VEGF-R2 and the 0,f; integrin
increased the targeted agent signal compared with the
singly labeled microbubbles.?

SAFETY

The complement proteins are an integral part of the
innate immune system, which is the main line of
defense in detecting and removing foreign pathogens in
the body. The immunity pathways converge on the com-
plement protein C3 that is converted to the fragments
C3b and C3a by C3 convertase.'*® Normally, these frag-
ments are degraded and recycled by complement-con-
trol elements to maintain homeostasis. The complement
system is activated when C3b binds to the surface of a
foreign particle. Immobilized C3b can be recognized by
phagocytic cells, and it can interact with the other com-
plement proteins to stimulate humoral immunity and
form the membrane attack complex. The C3b fragment
is a sticky molecule; it contains an unstable thioester
bond that binds to an array of nucleophilic groups.'3’
This poses a significant challenge for engineering ther-
apeutic devices for injection or transplantation. Surface
passivation with methyl-terminated poly(ethylene
glycol) (mPEG) chains has been a major advance in
biomaterials science. On liposomes, for example, the
mPEG brush has been shown to significantly increase
particle circulation half-life.!4?

Interestingly, the prolonged lifetimes of sterically
protected particles in the circulation may not result
directly from reduced protein adsorption.!#-143
Opsonization of sterically protected particles often
does occur as exemplified by complement activation by
long-circulating liposomes.'*® For example, Doxil®
(Ortho Biotech) has been shown to produce significant
complement activation in human serum in vitro, where
incubation of Doxil increased complement protein
complex SC5b-9 levels 100 to 200% over control in
7 of 10 different normal human sera.'#® This result sup-
ports the notion that the negative charge associated
with the phosphate group in DSPE-mPEG2000 may

play a critical role in complement activation. The reason
that stealth liposomes remain long circulating while
they are associated with complement activation is
not fully known. One hypothesis is that inaccessible
complement fixation on PEG-bearing liposomes
prevents ligation to complement receptors.!'*’ For lipo-
somes, methylation of the phosphate oxygen of phos-
pholipid-mPEG conjugate, and hence the removal of
the negative charge, totally prevented complement
activation.'#*

For microbubbles, there is also substantial evidence
that charged lipids play a role in complement activation.
Preferential complement attachment has been shown to
lipid-shelled microbubbles with a net negative charge?’
and those exposing biotin or RGD.%%7 Complement C3
has also been shown to bind to albumin-encapsulated
microbubbles, mediating adherence of the microbubble
to the vascular endothelium.?¢ Adverse reactions to
ultrasound contrast agents have been rare in human
studies; these have typically been transient and mild.'#
A small number of serious reactions have been reported,
including severe hypotension, bradycardia, anaphylactic
shock, and fatal outcome in patients undergoing con-
trast echocardiography. While these observations must
be viewed in the light of millions of examinations, at
this writing the European Medicine Agency (EMEA)
and United States FDA have recently taken steps to limit
the use of microbubbles or recommend cardiac monitor-
ing in a small subset of patients.!*%14° At the current
time, based on new reports'>® these changes are not
expected to substantially influence the field of ultra-
sound contrast imaging.

Safety of Targeted Agents

Decorating microbubbles with targeting ligands—such
as proteins, peptides, or metabolites—could further
present chemical groups that bind to C3b and trigger
immune activation. The same holds for other colloidal
constructs used as imaging contrast agents. Clearly,
avoidance of an immunogenic response is desirable for
targeted contrast agents, not just to minimize hypersen-
sitivity reactions but also to enable long enough circu-
lation persistence for accumulation at the target.
Ideally, the targeting ligand would be hidden from the
milieu until the contrast agent reaches the target site,
where it is exposed for binding and through multiple
ligand-receptor interactions results in adhesion. The
unique properties of microbubbles (expansion and con-
traction in response to an ultrasound field) have been
shown to facilitate a stealth ligand.%6-67
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Safety of Insonified Contrast Agents

Ultrasound contrast imaging, thus far used clinically only
without a targeting ligand, has been widely shown to be
safe and efficacious, with no evidence of cavitation-
related biological effects in humans.'>! In vitro, traveling
shock waves, fluid shear waves, and liquid jets have been
observed, impinging on walls or the cell mono-
layer.80:152153 Such effects are assumed to be exploitable
for microbubble-induced drug and gene delivery in
vivo.!34156 These effects are a function of frequency, with
a dependence on frequency that is greater than that pre-
dicted by the mechanical index and also increase with
transmitted pressure.'>’ Direct observations of microbub-
ble oscillation within small blood vessels and models for
constrained microbubble oscillation have been reported
only recently, where the expansion of microbubbles was
reported to be diminished within vessels with a diameter
on the order of 15 pm or less.”s!!

CHALLENGES AND LIMITATIONS

Microbubbles, which are the most echogenic of ultra-
sound contrast agents, are large and therefore constrained
to the intravascular space. This limits the type of receptor
molecules that can be targeted and restricts molecular
imaging to endothelial cell surface phenotypes. However,
there are several important vascular markers that are
readily accessible to microbubble targeting, and methods
are underway to improve the echogenicity and signal
detection of nanoparticle contrast agents. Challenges for
ultrasound molecular imaging include enhancing target
accumulation and improving the delineation of signals
from free and bound microbubbles. More work needs to
be done to better understand the in vivo fate of targeted
microbubbles and the associated bioeffects when insoni-
fied by ultrasound. It should also be mentioned that
through microbubble-induced vessel permeabilization,
ultrasound may provide a means of facilitating other mol-
ecular imaging modalities by allowing molecular probes
to reach their extravascular target.

CONCLUSIONS AND FUTURE
DIRECTIONS

Ultrasound molecular imaging is an emerging field that is
enabling real-time, in vivo imaging of several vascular
disease processes through longitudinal studies. Research
on the fundamental physicochemistry and acoustic
response of microbubbles has led to revolutionary
advances in the rational design of microbubbles and
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ultrasound systems that better detect their signature
echoes. Commercial systems are currently available, and
ultrasound now presents a practical, economical, and
effective means of molecular imaging. Yet the field cur-
rently is restricted to animal models of human disease.
Several new microbubble constructs, targeting strategies,
comprehensive scanner systems and imaging protocols
are currently under development to expand this technol-
ogy to the clinical arena.
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