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Abstract 

Pluronic P105 micelles are potential candidates as chemotherapy drug delivery vehicles using ultrasonic stimulation as a 
release trigger. Acoustic power has been previously shown to release two anthracycline agents from these polymeric carriers. 
In this study, an ultrasonic exposure chamber with fluorescence detection was used to examine the mechanism of doxorubicin 
release from P105 micelles. Acoustic spectra were collected and analyzed, at the same spatial position as fluorescence data, to 
probe the role of cavitation in drug release. Our study showed a strong correlation between percent drug release and 
subharmonic acoustic emissions, and we attribute the drug release to collapse cavitation that perturbs the structure of the micelle 
and releases drug. 
D 2005 Published by Elsevier B.V. 
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1. Introduction 

The triblock copolymer Pluronic P105 (PEO37– 
PPO56–PEO37) has been found to be an ideal 
ultrasonically activated drug delivery vehicle for 
various reasons. First, the copolymer forms dense 
micelles with strongly hydrophobic cores at 
concentrations of 4 wt.% or above [1]. 
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Second, the polypropylene oxide core is sufficiently 
hydrophobic to sequester hydrophobic drugs. Third, 
and perhaps most importantly, these micelles have 
been shown to release their contents upon the 
application of low frequency ultrasound, suggesting 
that drug molecules can be delivered specifically to 
the insonated region [2]. Fourth, when ultrasound is 
turned off the drug is quickly re-encapsulated inside 
the core of the micelles, thus possibly preventing the 
spread of drug outside the targeted region [3]. Fifth, 
polyethylene glycol chains prevent the carrier from 
being cleared by cells of the reticuloendothelial 
system, thus increasing the circulation time of the 
encapsulated drug. Sixth, Pluronic micelles are large 
enough to escape renal excretion while being small 
enough to extravasate at the tumor site. Seventh, 
Pluronic has been shown to be non-toxic at low 
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concentrations and it has been used to overcome 
multidrug resistance (MDR) [4]. 

Previously, we have used an ultrasonic exposure 
chamber with real-time fluorescence detection to 
measure the release of doxorubicin (Dox) from 
unstabilized as well as stabilized Pluronic P105 
micelles using ultrasonic stimulation [3,5]. The 
amount of drug release increased with ultrasonic 
intensity and decreased with frequency. Our previous 
studies confirmed the hypothesis that Dox was 
encapsulated in Pluronic P105 micelles and released 
upon exposure to ultrasound. Such ultrasonically 
controlled release has been effective against cancer 
cells in vitro [6] and in vivo [7,8]. 

In the research presented in this paper, we examine 
more thoroughly the mechanism of Dox release from 
Pluronic P105 micelles using a modified version of 
the ultrasonic exposure chamber used previously. The 
new design is more efficient at capturing the change 
in drug fluorescence within a particular volume upon 
the application of ultrasound, thereby allowing for a 
more accurate localized calculation of drug release. 
We concurrently use acoustic spectroscopy to 
examine the role of cavitation in releasing Dox from 
these micelles. The aim is to measure the acoustic 
intensity and acquire acoustic frequency spectra at the 
same location where the change in fluorescence is 
measured, which allows us to correlate release data to 
acoustic cavitation events caused by ultrasound. 

Cavitation is the oscillation of gas bubbles upon 
exposure to pressure waves [9]. Cavitation is 
generally divided into two types of behavior. Stable 
cavitation is the repeatable oscillation of bubble 
diameter without leading to bubble collapse, and it 
occurs at relatively lower acoustic intensities. At 
higher intensities, the bubble oscillates sufficiently 
that the inertia of the inward moving water causes the 
bubble to collapse violently, producing shock waves, 
high temperatures, and free radicals [10]. This type of 
cavitation is called inertial or collapse cavitation. 

For a continuous driving acoustic frequency (f), the 
pressure waves generated by cavitating bubbles 
contain harmonic (nf, where n=1, 2, 3...), subharmonic 
(f/2), and ultraharmonic frequencies ((2n+1)f/2, where 
n=1, 2, 3...) [11–13]. Stable cavitation has been 
associated with the observation of the harmonic and 

subharmonic frequencies [9,11,14]. However, inertial 
cavitation as evidenced by sonoluminescence, 
generation of free radicals, and the intensity of the non-
harmonic background noise also has been correlated 
with subharmonic acoustic emission [15–18]. A 
positive correlation between Dox release and harmonic 
or subharmonic acoustic emissions in the absence of 
non-harmonic background noise would show that 
stable (not inertial) cavitation causes drug release. 
Non-harmonic background is attributed to the 
broadband emission produced by the shock wave 
resulting from collapse cavitation. If the percent 
release corresponds to the amount of a shift in the 
baseline of the acoustic pressure spectrum, then drug 
release could be attributed to collapse cavitation. This 
paper presents our observed correlation of drug release 
with the subharmonic emissions and sufficient 
background shift to implicate collapse cavitation in the 
drug release. 

2. Materials and methods 

2.1. Drug encapsulation in Pluronic micelles 

Doxorubicin (Dox) was obtained from the 
University of Utah Hospital (Salt Lake City, UT) in a 
1:5 mixture with lactose; it was dissolved in phosphate 
buffered saline (PBS) and sterilized by filtration 
through a 0.2 Am filter. 

Stock solutions of Pluronic P105 (BASF, Mount 
Olive, NJ) were prepared by dissolving P105 in a PBS 
solution to a final concentration of 10 wt.%. Dox was 
dissolved into the P105 solutions at room temperature 
to produce a final Dox concentration of 10 Ag/mL in 
10 wt.% Pluronic. The same drug concentration was 
also prepared in PBS. 

The fluorescence of Dox at concentrations ranging 
from 2.5 to 80 Ag/mL in PBS and in 10% Pluronic was 
measured in a luminescence spectrometer (LS50B, 
Perkin-Elmer) with an excitation wavelength of 488 
nm and emission intensity measured at 590 nm. 
Although self-quenching occurred at higher 
concentrations, Dox fluorescence in P105 was always 
greater than that in PBS, and below 10 Ag/mL the 
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change in fluorescence was fairly proportional to the 
change in Dox concentration for both solutions. 

2.2. Measuring ultrasound-triggered release of Dox 
from Pluronic P105 micelles 

A modification of the previous apparatus [2] was 
used in these experiments. The 488 nm beam of an 
argon ion laser (Ion Laser Technology, 5500 A) was 
directed through a dielectric-interface beam splitter; 
the intensity of the split portion of the beam was 
measured using a photodetector (Newport 818-SL with 
835 display) and used to monitor the laser power 
throughout our experiments. The other portion of the 
beam was focused by a 20 microscope objective into 
one branch of a bifurcated fiber optic bundle (# 
DF13036M, Edmunds Optics, Barrington, NJ) that 
directed the light into an acoustically transparent 
plastic tube (cellulose butyrate, Tulox Plastics, Marion, 
Indiana), with a diameter of 2.54 cm, filled with the 
Dox solution. The laser light exited the common end of 
the bifurcated fiber optic bundle in a 0.09 sr cone of 
light. Dox molecules within the cone of light absorb at 
488 nm and isotropically emit fluorescent light within 
a spectrum of about 530 to 630 nm. In the same fiber 
optic bundle a portion of the fibers were used to collect 
and direct the fluorescence to a detector. Numerical 
integration of a mathematical model of isotropic 
fluorescence within the cone of excitation light showed 
that about 99% of the collected fluorescence originated 
from within 3 mm of the fiber optic tip. The collected 
fluorescence signal was directed through the second 
branch of the fiber optic bundle through a dielectric 
bandpass filter (Omega Optical 535DF35) to a silicon 
detector (EG and G 450-1). The filter was used to reject 
any emissions with a wavelength below about 517 nm, 
including any Rayleigh-scattered laser light. The 
photodetector signal was captured on an oscilloscope 
(Tektronix TDS 3012) and subsequently stored on a 
computer for further processing. 

This apparatus can measure the amount of 
acoustically activated Dox release from micelles 
because Dox exhibits a decrease in fluorescence in 
contact with an aqueous solution. Such is the case 
when Dox is released from Pluronic micelles, and it 
follows that the magnitude of decrease in fluorescence

 intensity upon application of ultrasound provides
 a quantifiable measure of drug release. 

The decrease in fluorescence of the encapsulated 
drug solution was assumed to be directly proportional 
to the amount of drug released relative to a known 
baseline. The fluorescence of Dox in PBS, in the 
absence of Pluronic, was measured to simulate 100% 
release. Then the percent release was calculated using 
the following: 

 

where IUS is the fluorescence intensity 
upon exposure to ultrasound, IPBS is the fluorescence 
intensity in a solution of free Dox in PBS, and IP105 is 
the intensity recorded when the drug is encapsulated 
in Pluronic P105 (which corresponds to 0% release 
and 100% encapsulation). 

In these experiments, the fluorescence intensity of 
the drug in PBS was measured both with and without 
the application of ultrasound. Ultrasound was applied 
using a 70-kHz ultrasonicating bath (SC-100, 
Sonicor, Copiaque, NY) equipped with two 
piezoceramic transducers that are driven at about 70 
kHz. The best description of the waveform is that of a 
70-kHz wave amplitude modulated sinusoidally at 
about 0.12 kHz. The bath was powered by 60-Hz AC 
voltage from a variable AC transformer (variac). The 
voltage from the variac to the sonicating bath was 
adjusted to produce differing intensities of ultrasound. 
To execute the experiments, the end of the fiber optic 
was positioned at an acoustically intense position in 
the ultrasonicating bath, as determined by a 
hydrophone (described below). The bath was filled 
with degassed water and the tube surrounding the 
fiber optic was filled with the solution of Dox in PBS. 
Fluorescence emissions were collected for different 
voltages applied to the ultrasonicating bath. Then, 
without changes in the experimental set-up, the Dox 
solution in PBS was carefully removed and replaced 
with a Dox solution of the same concentration in 
Pluronic micelles. During insonation, fluorescence 
dropped due to Dox coming in contact with the 
surrounding aqueous environment. Several 



256 G.A. Husseini et al. / Journal of Controlled Release 107 (2005) 253–261 

fluorescence measurements were made at each 
intensity setting and averaged (n=8 when IN0.27 
W/cm2 and n=4 when IV0.27 W/cm2). 

 

2.3. Acoustic measurements 

Ultrasonic power density measurements were 
obtained using a calibrated hydrophone (Bruel and 
Kjaer 8103, Decatur, GA) whose output voltage was 
monitored with an oscilloscope. After measurements 
of Dox fluorescence, the fiber optic was replaced with 
the hydrophone in the same location, and the 
hydrophone response was recorded at the same 
settings as used for the fluorescence measurements. 
The average acoustic intensity was calculated using 
I=Vrms

2Q2/Z where Q is the frequency-dependent 
calibration factor obtained from the manufacturer that 
relates pressure to voltage, Z is the acoustic 
impedance of water (1.5 Mrayl), and Vrms is the 
rootmean-squared voltage of the hydrophone signal. 

Acoustic spectroscopy was used to monitor the 
spectra of the vibrations of the cavitating bubbles in 
the ultrasonic field at the power settings used in the 
release measurements. The hydrophone signal was 
directed to a spectrum analyzer (Agilent E4401B), 
which displayed and recorded the acoustic spectrum. 

3. Results 

The experimental apparatus employed in this 
research enabled us to measure the change in 
fluorescence and to analyze the acoustic spectrum 
accompanying the change. Fig. 1 shows the percent of 
doxorubicin release (calculated using the change in 
fluorescence and Eq. (1)) from micelles as a function 
of the average power density delivered. No significant 
(pN0.05) change in fluorescent intensity is seen below 
approximately 0.28 W/cm2. At this power density the 
change in fluorescence increases and then levels off at 
higher intensities. 

The three insets in Fig. 1 show examples of the 
frequency spectra collected during the experiments. 
The spectrum on the lower left contains no 
subharmonic peak (in the vicinity of 35 kHz) and was 
collected at an intensity (0.25 W/cm2) where no Dox 
release was detected. The inset on the lower right 
shows the development of a subharmonic peak (at 
approximately 35 kHz) at 0.28 W/cm2. At the same 
power density, the first measurable change in 
fluorescence was observed. There was also a large 
increase in 

 

Fig. 1. Average percent release of doxorubicin calculated from a change in fluorescence intensity as a function of the ultrasonic intensity at 7  
kHz. The error bars represent the standard deviations (n N4) of the mean. The three insets show the acoustic spectra at 0.25, 0.28, and 
0.52 W/cm2. 
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Subharmonic Intensity (∝W/cm2) 

Fig. 2. Percent doxorubicin release from Pluronic micelles correlated 
with the acoustic intensity of the subharmonic peak. The error bars 
represent the standard deviations of the mean. 

the level of the baseline when the intensity increased 
from 0.25 to 0.28 W/cm2. The inset spectrum at the top 
shows that with increasing intensity, the subharmonic 
peak increased in magnitude, as did the magnitude of 
the baseline. 

The onset of ultrasonically activated decrease in 
fluorescence (attributed to release of Dox) corresponds 
to the emergence of a subharmonic peak. Furthermore, 
this change in fluorescence increases as the magnitude 
of the subharmonic peak increases above a threshold 
value. Fig. 2 shows the acoustic intensity of the 
subharmonic signal correlated with the drug release 
(from fluorescence change). In general, as the 
subharmonic acoustic intensity increases, so does the 
change in fluorescence and, by extension, the drug 
release. There are some outliers to this trend, as will be 
discussed later. 

4. Discussion 

An ideal drug delivery system would be one in 
which the drug is sequestered inside a carrier until it 
can be released at the targeted point in space and time. 
We have previously shown that drug carriers 

formulated from micelles of Pluronic surfactant have 
the capacity to sequester hydrophobic drugs, and then 
release them upon the application of ultrasound. 
However, the mechanisms producing such controlled 
release were speculative and not well understood. 

As with our previous publications, the results of the 
present experiment indicate that ultrasound releases a 
fluorescent drug from a Pluronic micelle [2]. 
However, these experiments go further toward 
revealing the mechanism of acoustically activated 
drug delivery [19,20]. The use of the bifurcated fiber 
optic emitter/collector bundle allowed us to measure 
the change in fluorescence in a localized volume; we 
then used the hydrophone to collect the acoustic 
spectrum at the same location under essentially 
identical experimental conditions. 

4.1. Threshold for release 

It is noteworthy that the amount of release is not a 
linear function of ultrasonic intensity (see Fig. 1). In 
particular, there is a threshold near 0.3 W/cm2. This 
non-linear behavior was not apparent in previous 
experiments because insufficient data were collected 
near this threshold [21]. 

Observations of thresholds associated with 
cavitation and other ultrasonic phenomena are not 
unusual. The existence of a threshold for the onset of 
inertial or collapse cavitation is very well documented 
[9,15,22– 24]. Daniels et al. observed the threshold 
for inertial cavitation by trapping bubbles in agar gel. 
They found thresholds from 0.036 to 0.141 W/cm2 at 
750-kHz insonation [22]. Hill studied thresholds of 
inertial cavitation by iodine release and by monitoring 
the subharmonic signal. From 0.25 to 4 MHz the 
thresholds were near, and sometimes below, 1 W/cm2, 
depending upon the frequency and whether the water 
was degassed [15]. Other authors have calculated the 
threshold for the onset of inertial cavitation as a 
function of frequency and bubble size [25,26]. 

There are numerous publications reporting 
ultrasonic intensity thresholds for an observed 
biological effect [15,27–36]. These thresholds are 
usually different than thresholds for collapse 
cavitation and vary based on the type of cells or tissue 
and the mechanism producing the effect 
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(permeabilizing cells, DNA delivery, lysis or tissue 
damage). 

The group of Mitrogotri has convincingly shown 
that the thresholds for producing skin permeability are 
a strong function of ultrasonic frequency [13,31, 
35,37,38]. As an example, the threshold for 
permeabilizing skin with 76.6 kHz is approximately 
0.9 W/cm2 [35]. 

Reports of thresholds for producing cell membrane 
damage or increased permeability are abundant 
[12,27,28,36,39]. Interestingly, some of these 
thresholds are in the region of stable cavitation, 
indicating that collapse cavitation is not required for 
cell membrane damage [39]. There is a reported 
threshold for DNA delivery to rabbit endothelial cells 
of about 2000 W/cm2 at 0.85 MHz (pulse average 
intensity) [28]. This is obviously much higher than 
the threshold observed in this work. 

Thresholds for lysing or causing major tissue 
damage differ depending on the tissue. For example, 
Rapoport et al. reported a threshold of 0.06 W/cm2 at 
20 kHz for HL-60 lysis [40]. 

4.2. Correlation with subharmonic 

It is intriguing that the amount of release correlates 
fairly well with subharmonic intensity, again above a 
threshold value (see Fig. 2). There are three data 
points that lie outside this correlation, but they all 
occurred near the onset of drug release and onset of 
subharmonic emission (in the range from 0.27 to 0.34 
W/cm2 intensity). Even the subharmonic at 2.3 
AW/cm2 that is associated with a release of 1% was 
observed at 0.335 W/cm2 total intensity. In these three 
boutlierQ observations, subharmonic signals 
appeared in the recorded acoustic spectra with very 
little corresponding measurement of drug release. 
Some reports have suggested that near the onset of 
subharmonic activity, the subharmonic emission is 
intermittent [11,41] and chaotic [9]; perhaps such an 
intermittent phenomenon in our system produced a 
short burst of subharmonic activity that was captured 
by the spectrum analyzer, but that did not persist 
temporally long enough to produce measurable drug 
release, which requires about 200 ms [3]. 

The subharmonic is an interesting enigma in 
cavitation, and the literature is not clear as to whether 
the subharmonic emission is produced by stable or by 
inertial cavitation. Some reports teach that some 
kinds of stable cavitation produce a subharmonic 
emission in the absence of any collapse cavitation 
[12–14,42]. It is notable that subharmonics associated 
with stable cavitation are produced at fairly high 
intensities, and could be near the onset of collapse 
cavitation. 

With respect to the relationship between collapse 
cavitation and the subharmonic, there are reports that 
correlate subharmonic emission with positive 
indicators of collapse cavitation, such as iodine release, 
sonoluminescence and acoustic white noise [15–18]. 
Leighton maintains that cavitating bubbles produce a 
signal at f/2 because of a prolonged expansion phase 
immediately preceding a delayed collapse phase of the 
inertial cavitation event [11]. Thus there are varied 
opinions as to whether the presence of a subharmonic 
peak is a definitive indicator of collapse cavitation. 

There is a reported correlation between biological 
phenomena and subharmonics, as Sundaram et al. have 
shown [13]. They found that (1) the viability and 
membrane permeability of 3T3 mouse cells increased 
as acoustic white noise in the frequency spectra 
increased, and (2) that cell viability and cell membrane 
permeabilization was independent of subharmonic 
energy density. The group concluded that ultrasound-
induced permeabilization of cell membranes is caused 
by inertial, and not stable, cavitation events. On the 
other hand, Liu et al. have found a strong dependence 
in the degree of hemolysis (permeabilization of red 
blood cells as measured by the degree of hemoglobin 
release) on the subharmonic and ultraharmonic 
pressures, but not on the broadband or white noise [12]. 
That group concluded that the best correlation between 
ultrasonic parameters and hemolysis was the product 
of the total ultrasonic exposure time and the 
subharmonic pressure. Thus again there are varied 
opinions as to whether the subharmonic always 
correlates with biological phenomena. 

In the present work, the most important question to 
address is what phenomena associated with 
subharmonic bubble vibrations could cause release 
from micelles. Oscillating bubbles, even in stable 
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cavitation, create very strong shear forces near the 
surface of the bubble. For example, the velocity of 
water near the surface of a 10 Am (diameter) 
hemispherical bubble, with a 1 Am oscillation 
amplitude and 70-kHz oscillation frequency is on the 
order of 1 m/s [43]. Even more noteworthy are the 
extremely high viscous shear rates near the surface of 
the bubble, which in this example are on the order of 
105 s1. This shear rate is equivalent to shearing water in 
a 1 mm gap between parallel plates in which one plate 
is stationary and the other moving at 100 m/s. These 
shear forces may be strong enough to shear open a 
loosely aggregated micelle of surfactant and expose its 
contents to the aqueous environment. However, we still 
have no direct theoretical or experimental evidence to 
relate such strong shear forces to the observation of a 
subharmonic bubble vibration. 

The strong correlation of the subharmonic 
frequency with drug release from micelles is readily 
apparent from these data. Bubble cavitation dynamics 
produces this subharmonic emission; however, the 
relationship between cavitation and drug release is less 
apparent. As mentioned, subharmonic emission has 
been associated with both stablecavitation andcollapse 
cavitation, although association with the former is 
observed at moderate intensities just below the onset of 
collapse cavitation and under carefully controlled 
conditions where the bubble oscillations are non-linear, 
but not yet chaotic [14,41,42]. There are two other 
signatures of collapse cavitation that we can search for 
to establish whether stable or collapse cavitation is 
associated with the subharmonic, and thus is associated 
with the drug release. A definitive signature of collapse 
cavitation is the formation of free radicals, purported to 
arise from thermal decomposition of molecules under 
the extreme temperatures that are produced in a 
symmetric collapse of a bubble [10,44]. There are 
previous reports of the capture of free radicals by the 
spin trap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 
under experimental conditions nearly identical to those 
employed in this paper. In one case, radicals were 
trapped for intensities between 0.68 and 3.4 W/cm2 

[45], and in another case, radicals were trapped for 
intensities between 1.0 and 2.0 W/cm2 [46]. Although 
the lower limits of the intensities are greater than the 
threshold observed herein for drug release, they are of 

the same order of magnitude. One cannot rule out the 
possibility that collapse cavitation occurred at lower 
levels but in lesser amounts such that it was difficult to 
trap a measurable number of radicals. 

A second signature of collapse cavitation is the 
emission of a shock wave as the bubble implodes. 
Because the shock wave contains a wide spectrum of 
frequencies (white noise), this produces an increase in 
the baseline of the emission spectrum. Correlated with 
the appearance of the subharmonic was an increase in 
the background or baseline level of the acoustic 
spectrum. The insets in Fig. 1 show this jump, which is 
fairly large, considering that the y-axis of the insets is 
in decibels, a logarithmic scale. We submit that this 
increase in background acoustic emission establishes 
the connection between collapse cavitation, the 
appearance of the subharmonic, and drug release from 
the micelles. 

One other piece of supporting evidence comes 
from the parameter of bmechanical indexQ, defined 
as the ratio of the peak negative pressure (in MPa) and 
the square root of the frequency (in MHz). This 
parameter was established by the American Institute 
of Ultrasound in Medicine (AIUM) as a measure of 
the likelihood of collapse cavitation occurring during 
ultrasonography [27]. The mechanical index is based 
on the work by Apfel and Holland who solved 
mathematical models of bubble dynamics to establish 
a threshold for the onset of collapse cavitation during 
pulsed insonation [26]. There are reports of bubble 
destruction (i.e., collapse cavitation) by pulsed 
ultrasound at a mechanical index as low as 0.4 [47]. 
Continuous insonation (as in our work) is expected to 
produce collapse cavitation at even lower values of 
the mechanical index [26]. In our work, the 0.28 
W/cm2 threshold for the appearance of the 
subharmonic corresponds to a mechanical index of 
0.35. Again this supports our position that the 
appearance of the subharmonic peak is evidence of 
collapse cavitation. 

Still the question remains as to how collapse 
cavitation could release drug form the interior of the 
micelle. Granted a micelle immediately adjacent to a 
collapsing bubble would be subject to very high shear 
stresses, perhaps sufficiently to shear apart the micelle 
and release the drug for a time until the micelle 
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reforms and re-encapsulates the drug. This might 
cause release from a very small fraction of micelles 
that reside within a few hundred nanometers of the 
bubble. The resulting shock wave, however, spreads 
into the fluid. The expanding shock wave consists of 
compressed and rarefied fluid, and creates high shear 
stresses as it passes through the liquid at the speed of 
sound. However, the intensity of the shock wave and 
the associated shear forces diminish as the wave 
expands. Recent studies have proposed a model for 
the interaction of the expanding shock wave (and its 
associated shear stresses) with cells suspended in the 
media [13,48]. By knowing the rupture strain of cell 
membranes, this model was used to predict a bblast 
radiusQ and the corresponding fraction of cells 
perturbed by the expanding shock wave. 
Unfortunately, we do not know the rupture stress or 
strain of our Pluronic micelles, and thus such a 
calculation of blast radius cannot be made. However, 
we argue that there is a distance (however unknown) 
from the bubble collapse event within which the shear 
stress would be sufficient to disrupt the structure of 
the micelle and release drug. Thus our qualitative 
model of drug release is that the expanding shock 
wave from a collapse cavitation event shears open 
micelles that are in sufficient proximity to the event. 

In conclusion, our data confirm the connection 
between drug release from the micelles, and 
subharmonic acoustic emission. There is strong 
supportive evidence that collapse cavitation is 
involved with the drug release, most probably 
through high shear forces that disrupt the structure of 
the micelle. Obviously, more experiments must be 
conducted using ultrasonic transducers operating at 
different frequencies (above and below 70 kHz) to 
verify the coincidence of drug release, subharmonic 
emission and collapse cavitation at frequencies that 
may be more conducive to targeted ultrasonic drug 
delivery. Additionally, it is important to understand 
the conditions under which cavitation is generated in 
order to optimize the acoustic conditions to be used in 
ultrasonically activated drug delivery from polymeric 
micelles. 
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