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This paper studies the thermodynamic characteristics of ultrasound-activated release of Doxorubicin (Dox) from micelles. The
release and re-encapsulation of Dox into Pluronic® P105 micelles was measured by recording the fluorescence of a solution of
10g/ml Dox and 10wt% P105 polymer in phosphate buffered saline, during and after insonation by ultrasound at three temperatures
(25°C, 37°C and 56°C). The experimental data were modeled using a previously published model of the kinetics of the system. The
model was simplified by the experimental measurement of one of the parameters, the maximum amount of Dox that can be loaded
into the poly(propyleneoxide) cores of the micelles, which was found to be 89mg/ml PPO and 150mg Dox/ml PPO at 25°C and
37°C, respectively. From the kinetic constants and drug distribution parameters, we deduced the thermodynamic activation energy
for micelle re-assembly and the residual activation energies for micelle destruction. Our model showed that the residual activation
energy for destruction decreased with increasing acoustic intensity. In addition, higher temperatures were found to encourage

micelle destruction and hinder micelle re-assembly.

1. Introduction

Therapeutic ultrasound (US) has recently been applied for the
site-specific delivery of drugs and genetic material. The
advantages of US-activated drug and gene delivery include the
ability to focus ultrasound on a target tissue [1], the ability to
both visualize the tumor and activate the release with the same
instrument [2,3], and perhaps most importantly the minimal
stress to the patient because there is no surgery or pain associated
with the transdermal delivery of acoustic energy. Although US
can be used to deliver heat for hyperthermic therapy, most
applications that involve drug or gene delivery are done at
relatively low intensities and with a minimal deposition of
thermal energy. Instead, the therapy relies on non-thermal
“mechanical effects”, such as radiation pressure and bubble
cavitation[1,4].In brief, radiation pressure is a phenomenon in
which acoustic pressure is used to push bubbles, liposomes or
emulsions within a tissue, such as pushing microbubbles against
the side of a blood vessel [5,6]. Cavitation is the formation and
oscillation of bubbles within a fluid medium. Ultrasound can
excite these bubbles sufficiently to enhance convection and shear
stress near the bubble, or to cause bubble collapse and
destruction. The latter has been correlated with the delivery of
drugs and genes to cells [1,4,7-16].

The targeted delivery of material using ultrasound has been
reported for both in vitro and in vivo systems. Our group has
been investigating the wuse of ultrasound to release
Doxorubicin (Dox) from polymeric micelles to cancerous
tissue in vitro [8,17-22] and in vivo [23-25]. We and others
have shown that US is able to release chemotherapy drugs
from the cores of the micelles in therapeutically significant
amounts [17,18,26,27]. Hosseinkhani and Tabata’s research
group has similarly shown that ultrasound can be used
successfully in gene delivery [28-35]. Our work showed that
the amount of drug release increases as the acoustic intensity
is increased or as the frequency is decreased [8,18,22].

In a previous publication, we reported the results of a novel
kinetic model involving US and bubble cavitation that was
capable of representing the kinetics of Dox release from
unstabilized Pluronic® P105 micelles under ultrasonic
stimulus [36]. The model attempted to capture drug-release
kinetics and involved several parameters such as rates of
micelle destruction, micelle assembly, drug re-encapsulation,
nuclei destruction, and the maximal loading of Dox in
micelles.

The transient release and re-encapsulation are processes in
which concentration gradients and possibly some fluid

convection operate to transport the drugs from the carrier to the
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cell cytosol. These are non-equilibrium phenomena. As such, it
is informative and beneficial (in the aspect of drug carrier
design) to obtain or derive information related to these processes.
For example, it would be useful to know the partition coefficient
or the equilibrium distribution of drug between the interior of the
micellar carrier and the surrounding aqueous environment. Such
data would aid in designing formulations and estimating the
expected amount of drug release. Although there is an abundance
of mathematical models describing ultrasonic cavitation and
destruction of microbubbles [37—42] and liposomes [43-50],
there are very few models describing the perturbation of micelles
and the associated release of drug.

Herein we use of the above-mentioned drug-release model to
represent the acoustic release and re-encapsulation kinetics of

Pluronic®

P105 micelles at various power densities and
temperatures. Then we use the calculated kinetic constants at
different temperatures to deduce some thermodynamics
parameters relating to micellar destruction, re-assembly and re-
encapsulation, including values of the activation and residual
activation energies of ultrasonic-induced drug release from

micelles.

2. Materials and methods

2.1. Drug encapsulation in Pluronic®
unstabilized/stabilized micelles

Stock solutions of Pluronic® P105 (gift from BASF, Mount
Olive, NJ) were prepared by dissolving the polymer in a PBS
(phosphate buffered saline) solution to a final concentration of
10wt%. Dox (Pharmacia & Upjohn Company Kalamazoo MI) in
dosage form (1:5, Dox:lactose) was dissolved into the P105
solutions at room temperature to produce a final Dox
concentration of 10g/ml in 10wt% Pluronic®. As a control, the
same drug concentration was also prepared in PBS [8,22].

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

The fluorescence properties of Dox are used to calculate the
amount of its release from micelles. A custom ultrasonic
exposure chamber with fluorescence detection was used to
measure the release of Dox from Pluronic® micelles at three
power intensities, at 70kHz, and three temperatures [22]. An
argon-ion laser was directed into an acoustically transparent tube
containing the micellar solution to be sonicated. As the drug
molecules were excited at 488nm their fluorescence was
collected using a coaxial fiber optic collector. The detector signal
was digitized for computer storage and processing. It is well
established that fluorescent drugs are able to fluoresce more in

hydrophobic than in aqueous environments. Thus, Dox being an
aromatic compound, it exhibits a decrease in fluorescence when
it leaves the hydrophobic interior of the micelle to interact with
surrounding water molecules. By measuring the fluorescence of
Dox in PBS (baseline or 100% release) and in 10% Pluronic®
solution (100% encapsulation or 0% release), one can calculate
the amount of Dox released ultrasonically into water from the
decrease in fluorescence. Ultrasound at 70kHz was generated in
a Sonicor 100 bath (Copiague, NY). The intensity was controlled
using a variac and monitored using a hydrophone (Bruel and
8103, Decatur, GA).
fluorescence decreased as expected. Ultrasound was manually

Kjaer model During insonation,
turned on for 2s and then turned off for 2s. The fluorescence of
eight cycles was recorded at each ultrasonic intensity. Although
release experiments were conducted at 15 different power
densities, in this paper we analyzed the data collected at the
highest three acoustic intensities where the most significant
release was observed. For more details refer to our previous

article [8].
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Fig. 1. Raw and filtered fluorescence data at 25°C and
0.765W/cm? at 70kHz. Light gray points show raw data, and the
solid black line shows the same data filtered using wavelets.

2.3. Data analysis

The raw fluorescence data exhibit large levels of high
frequency noise. Hence, an efficient filtering (denoising) method
is needed to remove this noise while preserving the important
transitions that represents the rapid change in fluorescence.
Conventional low pass filtering techniques do not offer a viable
solution to this problem since the signal transitions will be
severely blurred. As such, wavelet transform is well suited to the
denoising of signals with sharp transients. A multi-level wavelet
transformation is done to obtain the wavelet coefficients that
represent the various frequency sub-bands of the signal. These
coefficients are then thresholded to remove the high frequency
noise and, at the same time, preserve the important transitions in
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the signal. Fig. 1 shows the result of filtering the high frequency
noise of the raw florescence data via wavelet denoising.

After wavelet denoising, the eight cycles were averaged for
each temperature and acoustic intensity. The timing for each
cycle was set at zero at the point of the initial rapid decrease in
fluorescence. The eight cycles were overlayed and averaged
from zero to 1.5s to provide the release portion of the data. Fig.
2a illustrates the preprocessing of fluorescence data at 56°C and
0.675W/cm?.

Since the pulsing of ultrasound was done manually, the cycle
time was not precisely 2s. For this reason, there-encapsulation
portion, occurring after the ultrasound is turned off, does not
precisely coincide for all eight cycles. Instead, the eight cycles
were over-layed a second time, to align the re-encapsulation
portion, and averaged from 1.1 to 2.2s. This is illustrated for
56°C and 0.675W/cm?in Fig. 2b. The final averaged signal for
the entire 2-s cycle was obtained by averaging the release and re-
encapsulation portions, including the overlapping section
between 1.1 and 1.5s.

2.4. Measuring the amount of drug at saturation

The maximum amount of Dox which can be encapsulated in
a 10% P105 solution, F,*,, was estimated by first measuring
the concentration of Dox for the entire solution at saturation,
[Dox]*, which includes both the encapsulated drug and the drug
dissolved in the PBS solution. This was accomplished by adding
Dox in 2mg increments to a 10% P105 solution until a precipitate
was observed. After every addition of the drug, the resulting
solution was vortexed and observed for any drug settling at the
bottom. In 2ml of 10% P105, 11.22mg of Dox dissolved before
any precipitate was observed at 25°C, while at 37-C, it took
18.83mg of Dox to saturate 2ml of a 10% P105 micelle solution.

Table 1
Characteristics for each micellar group.

2.5. Encapsulation model

The amount of Dox which was encapsulated during and post
insonation was simulated using a model previously described
[36]. The model assumes that the diameters of micelles before
insonation are normally distributed, with most micelles between
10 and 20nm in diameter. The normal distribution was divided
into five groups, each comprising 20% of the total amount of
polymer (Table 1). The simulation followed each group of
micelles, allowing portions of each to be destroyed by
insonation, reassemble, and re-encapsulate Dox. In our previous
work, the value was unknown for By, , the total amount of Dox
that the intact micelles can hold. This required that it be a fitted
parameter of the model. Unfortunately, E«¢*, and (another
model parameter) are closely coupled, creating difficulty in
finding a unique solution to both. In this work, we use the
magnitude of the experimental determination of E*, to
simplify the model. As will be shown in the results, B
large, such that the amount of Dox which could be encapsulated

in micelle group j, Ei*, is large relative to the actual amount of

ols very

Dox encapsulated in micelle group j, E;. Therefore, E;jin Eq. (17)
of our previous work may be neglected, and it simplifies to the
following relation:

dE;
] _ 1 ot
= kL‘.JFEJ,'

encapsulation

Group (j)  Probability  Range (Z) Diameter range  Mean diameter ~ Mean cubed diameter (D >, Fraction of
(D, nm)? (D j, nm)* nm?) total

micelles
(M)

1 0.2 —0< Z <—0.84 0<D <129 11.6 1618 0.372

2 0.2 —0.84<7<-0.25 129<D<l144 14.0 2670 0.226

3 0.2 —0.25<7<0.25 144<D<I15.6 15.0 3411 0.177

4 0.2 0.2557 <0.84 15.6<D<17.1 16.5 4469 0.135

5 0.2 0.84<Z <0 17.1<D <o 19.6 6765 0.089

2 These units were mistakenly listed as m in our previous
publication [36].
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Fig. 2. A representative example of overlaying eight filtered ultrasound exposure
cycles to determine the average for both the release segment ((a) ultrasound on
at time=0) and the re-encapsulation segment ((b) ultrasound off at time=2s). Data
are taken at 56C and 0.675W/cm?.

The variable F is the amount of Dox that is free in the aqueous
solution, and k. jis a rate constant for the encapsulation of Dox.
Egs. (18) and (21) from the previous work [36] are substituted
into Eq. (1).

dE-) D3

i Y i sat

'} = L FnaM; — . —E (2)
] n 3 -tot.0

( dt encapsulation D; Zj:] Dj

D;jis the mean diameter for micelle group j, Mjis the number
of micelles in group j, n is the number of micelle groups (5),
and vy is a constant relating ke;to micelle diameter. Finally, a
single parameter for encapsulation is introduced, A, which

incorporates, y, n, and Fi .

( aEJ) M D
—_ = MM ——=
dt encapsulation sz

i
5 3)

The encapsulation term in Eq. (3) models only the forward
reaction in a reversible system. That system includes both the
encapsulation and the diffusive release of drug into and out of
the micelle. The reverse reaction, diffusive release, will not be
added to this model, as any fitted parameter for that reaction
is closely coupled to the parameter of the forward reaction,
Therefore, a unique solution to both parameters is not possible.
Instead, will serve to model the effective encapsulation rate,
defined as the forward minus the reverse reaction rate.

3. Results and discussion

3.1. Total micellar drug capacity

The total micellar drug capacity, Ei

0, Was estimated from
the experimental measure of [Dox]*. The overall amount of
Dox dissolved at the saturation point is divided between two
phases in the solution: (i) the hydrophobic core of each
micelle, consisting of the poly-propylene oxide, PPO, portion
of the Pluronic® molecules; and (ii) the PBS aqueous phase. A

simple mass balance yields:

[Dox]*" = [Dox[ppoVero + [Dox]igs Vees (4)

The assumption that Dox is distributed between these two
phases according to a constant partition coefficient, Pppo/pas,
allows the substitution for [Dox]*pgs in the above equation,

which can then be rearranged and solved for [Dox]*ppo.

st [Daxlsat
[Doxlpeo = Vero + (1/ Pppopas(Veas))
The partition coefficient for Dox in this drug delivery system
is estimated to be at least 70 [51]. Thus, 70 molecules of Dox
partition inside the PPO micelle core for every molecule

present in the hydrophilic/aqueous phase (both water and free
Pluronic® chains).

The volumes of PPO and PBS are estimated from the
weight percent of each phase. Keeping in mind that the
sonicated micellar solution had a final concentration of
10wt%Pluronic® and that P105 has the following structure:

PEO;37-PPOss-PEO37, we calculate the
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Fig. 3. Fluorescence data and model prediction at three different ultrasound
intensities (0.580W/cm?, 0.675W/cm? and 0.765W/cm?) at 25°C. Dotted line
represents the average of 8 filtered runs. The solid line shows the fit of the
model at the same temperature.
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weight percent of PPO in pure P105 to be 49.94%. Thus the
weight percent of PPO in our 10% P105 micellar solution is
4.994%, while the weight percent of PBS is 90%. Assuming a
basis of 1ml of the 10% P105 micellar solution and that the
specific gravity of the P105 copolymer is approximately 1, we
have 0.04994ml of PPO (Vppo) and 0.9ml of PBS (Vpgs).
Using the method described in the methods section, we
measured the saturation limit of Dox in 10% P105 ([Dox]*)
at 5.6083mg Dox/ml at 25°C and 9.42mg Dox/ml at 37-C.
Substituting these values into Eq. (5) provides the estimate of
89mg Dox per ml PPO at saturation. The same calculation can
be performed at 37°C to yield a [Dox]*ppo = 150mg Dox/ml
PPO. Egft, is calculated by dividing this amount by the
amount of Dox in the experimental solution, 10g/ml, to
provide 8900 and 15,000 for 25-C and 37°C, respectively.

3.2. Simulation results

The model was solved numerically for an insonation period
of 2s. Model parameters were determined by fitting the
averaged experimental drug-release portion of the cycle. The
experimental re-encapsulation portion of the cycle was
compared to the predicted values. For each temperature,
parameters for all three acoustic intensities were determined
simultaneously. This method required that all data at a given
temperature have the same values for the micelle re-assembly
(") and re-encapsulation () parameters. The parameter for
micelle destruction was allowed to vary as a function of
acoustic intensity. Each parameter was determined by fitting
a specific portion of the model to the release segment of the
experimental data. The micelle destruction parameter (,) was
determined by the rapid initial rate of change in E. The
difference in this parameter between the various acoustic
intensities defined the difference in the minimum value
attained for E throughout the cycle. The micelle re-
encapsulation parameter () is determined by how quickly the
rapid initial phase ceases. The micelle re-assembly parameter
(") was determined using the data in the subsequent phase, at
the point when E begins to plateau.

The model was able to simulate the drug release reasonably
well, and to predict the subsequent drug re-encapsulation after
ultrasound was turned off. The results of these simulations are
presented in Figs. 3—5 for 25°C, 37°C, and 56°C, respectively.

1.02

1 | ===-experimental data

0.98
0.96
0.94
0.92

0.9

Fraction Encapsulated Dox

0.88

0.86
0 0.5 1 1.5 2 25

Time (seconds)

Fig. 4. Fluorescence data and model prediction at three different
ultrasound  intensities  (0.580W/cm?, 0.675W/cm?> and
0.765W/cm?) at 37-C. Dotted line represents the average of 8
filtered runs. The solid line shows the fit of the model at the same
temperature.

3.3. Thermodynamic analysis

The effect of temperature and acoustic intensity upon the
model parameters can yield insight into thermodynamic
characteristics of the mechanisms involved in micelle
destruction, re-assembly, and drug encapsulation.

The parameter for destruction, ,, depends on both the
temperature and the acoustic intensity. The values for this
parameter are shown in an Arrhenius plot in Fig. 6. For each
acoustic intensity, the values of , are well-described by an
Arrhenius equation (displayed as a straight line on the figure).
The slope of each line indicates the residual activation energy, or
the amount of activation energy remaining for micelle
destruction after it has been energized by ultrasound. The
presence of ultrasound does not alter the energy barrier that must
be surmounted for reaction to occur, but its contribution to the
energy of the micelle decreases the residual amount of energy
that must be provided thermally to cross the barrier. A similar
system was proposed by Zhou et al. [52] in which ultrasound
energized oxygen molecules and thereby partly overcame the
energy barrier for oxygen activation and reaction. An analogous
system can be found in photochemical reactions, where external
energy from light energizes reactants and decreases the residual
amount of energy required to cross the energy barrier for reaction
to occur. This concept is illustrated in a schematic diagram using

the reaction coordinate for micelle destruction (Fig. 7). Intact
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Fig. 5. Fluorescence data and model prediction at three different
ultrasound  intensities  (0.580W/cm?,  0.675W/cm?> and
0.765W/cm?) at 56°C. Dotted line represents the average of 8
filtered runs. The solid line shows the fit of the model at the same
temperature.
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Fig. 6. The Arrhenius plot for, (,, the micellar destruction kinetic
constant). The x-axis represents the reciprocal of the absolute
temperature while the y-axis represents , (log scale).
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Fig. 7. Schematic diagram of the system energy vs reaction
coordinate for micelle destruction.

micelles are on the left side of the figure, and disrupted micelles
are on the right. Normally, micelles are at a relatively low
energy, so that their destruction requires a large activation
energy. Under insonation, the energy of micelles increases to a
much higher level, and they become energized. This is denoted
in Fig. 7. Once energized, micelles require much less additional
energy to cross the energy barrier and become destroyed. The
difference between the original activation energy and the amount
of energy imparted to the micelle by the ultrasound is the residual
activation energy. This residual activation energy can be found
from the slope of an Arrhenius plot for each acoustic intensity.

Residual activation energies decrease with increasing
acoustic intensity, as shown in Table 2. This is due to the
increasing energy which the ultrasound imparts to the micelle,
thus increasing the energy of an energized micelle, and
decreasing the amount of residual energy required to destroy the
micelle.

Table 2

Residual activation energies and correlation coefficients for |
(the micellar destruction kinetic constant) for three acoustic
intensities.

Acoustic power Residual Correlation

(W/cm?) activation coefficient,
energy (kJ/mol) R

0.58 18 >0.99

0.675 11 >0.99

0.765 8 0.88

10000

log beta
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]
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YT (K1Y

Fig. 8. The Arrhenius plot for  (the micellar assembly kinetic
constant). The x-axis represents the reciprocal of the absolute
temperature while the y-axis represents ~ (log scale).

The parameter for micelle re-assembly, ~, depends only on
temperature. Its value increases rapidly with increasing
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temperature, as is evident in the Arrhenius plot in Fig. 8. The
observed values of “ are well-described by the Arrhenius
equation, with a correlation coefficient of 0.99. The activation
energy for micelle re-assembly can be calculated from the
slope of this line. It was found to be 38kJ/mol.

The parameter for drug encapsulation by micelles, , is also
only a function of temperature. Its value decreases slightly
with increasing temperature; at 25°C, 37°C, and 56°C, the
values for were 255, 240, and 190m/s, respectively. This
decrease with temperature is evident in the experimental data,
since is related to how quickly the rapid initial phase of release
ends. Stated differently, a brief initial phase dictates a large
value of ; a longer initial phase dictates a smaller value of . At
25°C and 37°C, the end of the rapid initial phase, as observed
in Figs. 3 and 4, occurs in the vicinity of 0.08s. At 56°C, in
Fig. 5, the end of the rapid initial phase occurs at
approximately 0.15s, requiring a smaller value for at this
temperature.

The decrease in with temperature indicates that the
effective rate of encapsulation does likewise. This rate is the
result of two mechanisms, encapsulation and diffusive release.
The rate of the forward reaction, encapsulation increases with
temperature, reflecting an increase in both the forward rate
constant and the driving force, F,** o. Similarly, the rate of the
reverse reaction, diffusive release, also increases with
temperature, due to an increase in both the rate constant and
the driving force, or [Dox]*'pgs. Since the effective rate of
encapsulation decreases slightly with temperature, then the
rate of the reverse reaction must increase at a higher rate with
temperature than that of the forward reaction. Nevertheless, at
all temperatures studied, the forward reaction still
predominates, as evidenced by a net positive rate of
encapsulation.

The overall effect of temperature on micelle release can be
observed by studying the minimum fraction of encapsulated
Dox, E, for each temperature and acoustic intensity. Fig. 9
shows that the minimum value for E decreases with increasing
temperature for each of the three acoustic intensities
suggesting an increase in micelle destruction with
temperature. This can be explained by a decrease in the
viscosity of the solution surrounding the micelles as we
increase the temperature. The lower viscosity is capable of
decreasing the damping of bubble oscillations thus allowing
collapse cavitation to occur at lower ultrasonic power
densities. As a result, an increase in release percent is observed
experimentally. We propose the mechanism illustrated in Fig.
7 to explain
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Fig. 9. Minimum fraction of encapsulated Dox as a function
of temperature and acoustic intensity.

this phenomenon. An energized micelle can continue forward
in the reaction to micelle destruction, or it may return to its
normal state. Although both paths are exothermic, the one
leading to micelle destruction is less so, and therefore will
predominate as the temperature is increased.

3.4. Comparison to literature

In this paper, we reported the acoustic release and
subsequent re-encapsulation kinetics and thermodynamics of
Doxorubicin from Pluronic® P105 micelles. Several groups
have studied the thermodynamic properties of polymeric
micellization and assembly. Alexandridis et al. have studied
Pluronic® properties in aqueous solutions [53—55]. His group
found that the phase state of Pluronic® micelles can be
controlled by choosing Pluronics with the appropriate
molecular weight and PPO/PEO block length ratio, and by
adjusting the concentration. The group extensively studied the
thermodynamics of micellization of liquid (e.g. L64) paste
(e.g. P105) and solid (e.g. F108) Pluronics [53]. They found
that a closed association model was capable of adequately
describing the thermodynamics of the micellization process.
In these studies, they calculated the enthalpies (He), entropies
(AS°) and Gibbs free energies (Ge) for several Pluronic®
compounds and concluded that the self assembly process of
micelle formation is entropy driven. Additionally, they
reported that initial micellization is an endothermic process,
i.e. they found the standard micellization enthalpy to be
positive. To calculate the He, the slope of the reciprocal of the
critical micellization concentration (Teme) vs In(mole fraction)
of each Pluronic® compound was determined, while to obtain
the corresponding AGe for the same copolymer, Eq. (6) was
used:

AG®=RT In(Xeme)  (6)



G.A. Husseini et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 359 (2010) 18-24 25

where R is the universal gas constant, T is the temperature in
K and Xcms is the critical micellization concentration (in mole
fraction). The standard entropy was then calculated using the
well known thermodynamic relationship:

AH® — AG°
T
Pluronic® P105 has a PPO/PEO fraction of 0.763 and an
average molecular weight of 6500g/mol. Using the above
equations, the group found that the standard enthalpy, Gibbs

AS° =

free energy and entropy of a 1% P105 solution were
331kJ/mol, —25.6kJ/mol and 1.212kJ/molK, respectively. The
positive enthalpy suggests that individual P105 chains (or
unimers) are more favored to accumulate in the micelle rather
than stay in the surrounding aqueous solution. The negative
free energy proves that micelle formation is a spontaneous
process and the positive entropy indicate that when unimers
accumulate in the form of a micelle the structure of the
surrounding aqueous solution is restored (possibly due to the
restoration of the hydrogen-bonding in the water surrounding
the micelle) [53]. While Alexandridis et al. reported
extensively on the thermodynamics of micelle formation, here
we report on the thermodynamics of micelle destruction and
assembly upon ultrasonication. The assembly or re-
encapsulation of our system is also spontaneous and is
entropy-driven. The release is a strong function of cavitation
events which are highly correlated with acoustic intensity.

4. Conclusions

The kinetic and thermodynamic properties of ultrasonic
release of drugs from unstabilized P105 micelles are reported
herein. In a previous paper, we attempted the use of a
mathematical model that accounts for cavitation events causing
ultrasonic Dox release from micelles at 20kHz and 0.058W/cm?.
Here we extend the use of the model to study the kinetics of the
same drug delivery system at three power densities and three
temperatures using data obtained at 70-kHz US. The
thermodynamics of the release phenomenon are then deduced
using Arrhenius plots and the kinetic constants obtained at the
three different temperatures. Our next step is to model drug-
release dynamics from stabilized micelles and correlate these
results with in vivo experiments.
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