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ABSTRACT: The use of nanoparticles and ultrasound in medicine continues to evolve.
Great strides have been made in the areas of producing micelles, nanoemulsions, and
solid nanoparticles that can be used in drug delivery. An effective nanocarrier allows for
the delivery of a high concentration of potent medications to targeted tissue while
minimizing the side effect of the agent to the rest of the body. Polymeric micelles have
been shown to encapsulate therapeutic agents and maintain their structural integrity at
lower concentrations. Ultrasound is currently being used in drug delivery as well as
diagnostics, and has many advantages that elevate its importance in drug delivery. The
technique is noninvasive, thus no surgery is needed; the ultrasonic waves can be easily
controlled by advanced electronic technology so that they can be focused on the desired
target volume. Additionally, the physics of ultrasound are widely used and well under-
stood; thus ultrasonic application can be tailored towards a particular drug delivery
system. In this article, we review the recent progress made in research that utilizes both
polymeric micelles and ultrasonic power in drug delivery. � 2008 Wiley-Liss, Inc. and the
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INTRODUCTION

The high toxicity of potent chemotherapeutic
agents limits the therapeutic window in which
they can be utilized. This window can be expanded
by controlling the drug delivery in both space
(selective to the tumor volume) and time (timing
and duration of release) such that nontargeted
tissues are not adversely affected. Research in this
area has focused on the synthesis of different drug
nce to: Ghaleb A. Husseini (Telephone: 971-6-
971-6-515-2979; E-mail: ghusseini@aus.edu)

aceutical Sciences, Vol. 9999, 1–17 (2008)

, Inc. and the American Pharmacists Association

JOURNAL OF PH
depots that are capable of delivering a high
concentration of chemotherapy drugs to cancerous
tissues without affecting cells and organs in the
systemic circulation. These depots can be broadly
classified into three groups: liposomes, micelles,
and shelled vesicles. In this review we focus on the
use of micelles in conjunction with ultrasound
(US) to treat cancerous tissues. Low frequency
ultrasound refers to frequencies less than 1 MHz,
while the ranges for medium and high acoustic
frequencies are 1–5 and 5–10 MHz, respectively.
We will present the advantages and disadvan-
tages of such a drug delivery system, the recent
advancements in this field, the future directions,
and some unanswered questions that remain in
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2 HUSSEINI AND PITT
this research topic; but first we will discuss the
advantages of ultrasound.
ULTRASOUND IN DRUG DELIVERY

Using ultrasonic power as a drug release mechan-
ism is advantageous for several reasons: first, the
technique is noninvasive. The main advantage
that renders ultrasound so useful is that no
insertion or surgery is needed; acoustic transdu-
cers are placed in contact with a water-soluble gel
that is spread on the skin. In addition, ultrasonic
waves can penetrate deep into the interior of the
body, an advantage that optical (visible wave-
lengths) techniques cannot provide. Ultrasonic
waves can be carefully controlled and focused on
the tumor site. Ultrasound consists of pressure
waves (with frequencies of 20 kHz or greater)
generated by piezoelectric transducers that
change an applied voltage into mechanical move-
ment. Like optical and audio waves, ultrasonic
waves can be focused, reflected and refracted
through a medium.

There appears to be a synergistic effect between
the pharmacological activity of some drugs and
ultrasound. Loverock et al.1 have shown that 1 h
of exposure to ultrasound (2.6 MHz at 2.3 W/cm2)
rendered Adriamycin significantly more toxic
toward Chinese hamster lung fibroblasts. When
the cell line was exposed to ultrasound alone, the
cell viability was not affected. Using flow cyto-
metry, the same study found an increase in
concentration of the chemotherapeutic agent
inside the cells.

Tachibana et al.2 used a clonogenic assay to
study the effect of 0.3 W/cm2 and 48 kHz
ultrasound on the cytotoxicity of Cytosine Arabi-
noside (Ara-C). Sonicating human Leukemia cells
for 120 s without Ara-C, did not cause a significant
decrease in the number of colonies counted when
compared to the control. When cells were soni-
cated for 60 s only in the presence of the
chemotherapeutic agent, there was no significant
difference in the cell survival rate between
sonicated and nonsonicated cells. However, soni-
cating for 120 s in the presence of 1� 10�7 M of
Ara-C reduced the number of observed colonies
100 times when compared to cells incubated with
the same concentration of the drug. This acoustic
enhancement was more pronounced at the lower
concentrations of Ara-C (2� 10�9 to 2� 10�8 M)
than at concentrations greater than 2� 10�8 M.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2
This increase in cell death was not caused by
hyperthermia, since the temperature increase
was less than 0.28C throughout the experiments.
In their attempt to understand the mechanism of
this ultrasonic enhanced killing, the group used
scanning electron microscopy and observed a
decrease in the total number of microvilli and ‘‘a
slight disrupted cell surface with flap-like wrin-
kles’’ under the action of ultrasound. They
concluded that low intensity ultrasound altered
the cell membrane, which resulted in the increase
of Ara-C cell uptake.

Ultrasound has been shown to increase the
killing of bacteria both in planktonic3,4 and biofilm
forms5–7 in the presence of antibiotics. This
bioacoustic effect was more pronounced at lower
frequencies and decreased as the frequency of
insonation increased.8,9 The effect was more
pronounced in E. coli and P. aeruginosa (gram
negative bacteria) than in Staphylococcus epider-
midis (gram positive bacteria). In vivo experi-
ments confirmed the increased toxicity of
gentamicin against E. coli biofilms in the presence
of low frequency ultrasound (28.48 kHz and 0.3 W/
cm2).4,10 The group also found that this bioacous-
tic effect is operative with certain antibiotics, but
is not manifest when others are used.11 They
hypothesized that stable cavitation or sonopora-
tion might be involved in increasing the transport
of antibiotics into the bacteria either by reducing
the mass transfer boundary layer around the cells,
or by altering the cell membrane, thus allowing
the antibiotics to diffuse through newly formed
membrane pores.

Ultrasound enhances drug transport through
tissues and across cell membranes. Several
studies have shown that ultrasound facilitates
drug delivery and absorption. Mitragotri et al.12

have shown that low frequency ultrasound
(20 kHz) can be used in the transdermal delivery
of medium and high molecular weight proteins
(including insulin, interferon, and erythropoie-
tin). Three hours after the ultrasonic treatment
concluded, the skin regained its transport resis-
tance to insulin, indicating that no permanent
damage was done by ultrasound. In another
study by the same group, therapeutic ultrasound
(1 MHz, 1.4 W/cm2, continuous) resulted in 14-fold
elevation of cell membrane permeability for
several chemical enhancers (e.g., poly(ethylene
glycol), isopropyl myristate, 50% ethanol satu-
rated with linoleic acid).13

Bommannan et al.14,15 have shown that high
frequency ultrasound (10 and 16 MHz) for a period
008 DOI 10.1002/jps



ULTRASONICQ1-ACTIVATED MICELLAR DRUG DELIVERY 3
of 20 min increased the transport of salicylic acid
by a factor of 4 (at 10 MHz) and 2.5 (at 16 MHz).
Their studies also showed that lanthanum hydro-
xide penetrates human skin under the influence of
ultrasound through the stratum corneum and the
epidermal cell layers by an unknown intercellular
mechanism.

Rapoport et al.16 investigated the increase in
intracellular drug uptake by HL-60 cells as a
result of ultrasound irradiation (67 kHz and
2.5 W/cm2) using fluorescence techniques. The
group found that that the amount of Dox (and its
paramagnetic analog Ruboxyl) that intercalated
DNA in leukemia cells increased as a result of
sonication for an hour. In another related study,
Munshi et al.17 reported that the IC50 for Dox was
reduced from 2.35 to 0.9 mg/mL when HL-60 were
sonicated for 1 h at 80 kHz in the presence of the
antineoplastic agent. In that study, IC50 was
defined as the concentration of (Dox) that resulted
in 50% survival of the cells after 96 h of
posttreatment incubation compared to the control.

Ultrasonic waves have been used to induce
hyperthermia. Saad and Hahn18 exposed Chinese
hamster cells to 2.025 MHz ultrasound (average
intensities range between 0.5 and 2 W/cm2) and to
several drugs at temperatures ranging between
37 and 438C. The study showed that at lower
intensities (0.5 W/cm2) the cytotoxicity of Adria-
mycin (synonymous with Doxorubicin) was sig-
nificantly enhanced when the temperature was
raised from 37 to 418C. At higher ultrasonic power
densities (1 W/cm2), the cytotoxic effect of
Adriamycin increased threefold when the tem-
perature reached 418C. The study concluded that
the ‘‘temperature threshold’’ decreases as the
power intensity of ultrasound increases.

Singer et al.19 have also shown that hyperther-
mia induced by low-frequency ultrasound can
decrease the number of S. epidermidis colonies. In
their experiments, 20-kHz ultrasound was
applied for 5 s in a 10-s cycle (5:5 duty cycle) for
2 min. Two transducers were used: 1-cm cylind-
rical probe and 5-cm probe. There was a difference
in the temperature ranges of both probes. The
temperatures of the 1-cm probe ranged from 31 to
748C, while for the 5-cm probe the temperatures
ranged between 22 and 408C. With the 5-cm probe,
increasing the intensity of ultrasound caused
bacterial counts to increase. However, when the
1-cm transducer was used, the number of colonies
decreased as the intensity of ultrasound increased.
The effect of ultrasound was more pronounced when
the incubation fluid temperature exceeded 458C.
DOI 10.1002/jps JOURNAL
The study stated that ultrasound has the ability to
affect bacteria by three routes: thermal, cavitation
and other ‘‘direct effects.’’ Since the bacterial
counts were only affected when the temperature
increased above 45–508C, the group attributed the
antibacterial effect of low-frequency ultrasound to
ultrasonic hyperthermic effects.

In summary, ultrasound can be used in
combination with chemotherapy agents for sev-
eral reasons. It has been shown to enhance the
transport of drugs and other chemicals into cells
and tissues. The cytotoxic efficiency of chemother-
apeutic agents has been shown to increase under
the action of ultrasound. Since ultrasound increases
the local temperature of the exposed tissues,
hyperthermia can be used as an additional
ultrasonic advantage. Mechanisms are not well
known, and there is a large effect of insonation
frequency and power intensity that needs to be
studied.

Polymeric micelles have been used to improve
site-specific drug delivery in cancer therapy. The
technique relies on these carriers’ small size to
extravasate at the tumor site where the drug can
diffuse into the tumor and carry out its ther-
apeutic effect.20–23 Although several groups have
investigated the use of polymeric carriers to
deliver chemotherapeutic and other drugs,24–42

the only two groups that have reported the use of
polymeric micelles in conjunction with US are
Rapoport, Pitt and colleagues at the University of
Utah and Brigham Young University, and Myhr’s
group at the Norwegian Radium Hospital. The
micelles used in both of these groups’ studies are
composed of polymers that belong to the Pluro-
nic1 family of block copolymers.
PLURONIC1 CARRIERS

Pluronic1 polymers are triblock copolymers of
poly(ethylene oxide) (PEO)—poly(propylene
oxide) (PPO)—poly(ethylene oxide) (PEO). They
are soluble in water, and at sufficiently high
concentrations they form micelles. For example,
the critical micellar concentration (CMC) of
Pluronic1 P105 is approximately 1 wt% at room
temperature.43 These micelles have a spherical,
core–shell structure with the hydrophobic block
forming the core of the micelle and the hydrophilic
PEO chains forming the corona. Alexandridis
et al. have studied Pluronic1 properties in
aqueous solutions.44–47 The phase state of Pluro-
nic1 micelles at a desired temperature can be
OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2008



4 HUSSEINI AND PITT
controlled by choosing the Pluronic1 with the
appropriate molecular weight and PPO/PEO block
length ratio, and by adjusting the solution
concentration. The hydrodynamic radii of these
micelles at physiological temperatures range
between 5 and 20 nm, endowing them with the
appropriate size to extravasate at the tumor site.
Figure 1 shows the structures of Pluronic P105
and other compounds used in stabilizing poly-
meric micelles.
Figure 1. Chemical Structure of Pluronic
compounds used in stabilizing polymeric mice
drug delivery.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2
Kabanov et al. have studied the physical and
biological properties of different Pluronic1 com-
pounds.48–61 The Pluronic1 that was used most
commonly in their studies was P105,16,17,62–72

which has an average molecular weight of 6500,
the number of monomer units in PEO and PPO
blocks being 37 and 56, respectively. An electron
paramagnetic resonance (EPR) study has shown
that at room temperature and a concentration of
4 wt% or higher, P105 forms dense micelles with
P105, pENHL, Doxorubicin and other
lles used in conjunction with ultrasonic

008 DOI 10.1002/jps



ULTRASONICQ1-ACTIVATED MICELLAR DRUG DELIVERY 5
relatively little water in the core.73 That study
also showed that depending on concentration, this
copolymer associates as unimers, loose aggre-
gates, and dense micelles. When associated as
aggregates and micelles, chemotherapy drugs can
accumulate in the hydrophobic PPO core while the
PEO chains extend into the aqueous solution, thus
preventing proteins from adsorbing on the surface
of these drug carriers and identifying them to the
reticulo-endothelial system.

In addition to the advantages of polymeric
micelles, several studies have reported the effect
of Pluronic1 surfactants in overcoming multidrug
resistance (MDR). Alakhov et al.48 investigated
the hypersensitization effect of Pluronic1 P85
block copolymer on MDR human ovarian carci-
noma cells. This study showed a substantial
increase in the activity of Daunorubicin in the
presence of 0.01–1 wt% copolymer. Venne et al.51

have also shown that the use of Pluronic1 micelles
are effective in overcoming multi-drug resistance.
That group studied the effect of Dox- (Fig. 1) on
MDR-hamster ovarian and breast cancer cells and
observed a 290- and 700-fold increase respectively
on the cytotoxic action of Dox in the presence of
Pluronic1 L61.
IN VITRO AND IN VIVO EXAMPLES

The feasibility of using ultrasound in association
with polymeric micelles to deliver antineoplastic
agents to cancer cell in vitro was first reported by
Munshi et al.17 They reported that a combination
of US and Pluronic1 P105-encapsulated Dox
synergistically lowered the drug’s IC50 from 2.35
to 0.19 mg/mL.

The same group then investigated the amount
of DNA damage induced by Dox delivered to
Human leukemia (HL-60) cells from Pluronic1

P105 micelles with and without the application of
US.65 Their results indicated that there was no
significant DNA damage observed when the cells
were exposed to 10mg/mL of Dox in the presence of
10 wt% P105 for up to 9 h of incubation. However,
when US was applied, a rapid and significant
increase in DNA damage and cell death was
observed.

To understand the mechanism of this enhanced
acoustic delivery, an ultrasonic exposure chamber
with real-time fluorescence detection was used to
measure acoustically triggered Dox and Ruboxyl
release from Pluronic1 P105 micelles.69 The
results showed that more drug was released at
DOI 10.1002/jps JOURNAL
lower frequencies (20, 40, 70 kHz) and higher
power densities, and that there was a power
density threshold below which no release was
observed.74 The threshold apparently corre-
sponded to the onset of collapse cavitation. The
data were further corroborated by EPR using 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as a radi-
cal trap.69 The ultrasonic intensity at onset of
drug release coincided with the formation of
DMPO-OH adducts formed upon the ultrasonica-
tion of a micellar solution containing 10 wt% P105.
The OH radicals are generated as the temperature
inside cavitating bubbles raises to several 1000 K.
These radicals are then trapped using DMPO.
Thus the collapse cavitation was implicated in this
drug release phenomenon.

A subsequent study investigated the kinetics of
ultrasonic drug delivery and reported that both
release and reencapsulation is completed within
0.6 s of initiation and cessation of ultrasound.66

Their report indicated that when insonation
ceased, the chemotherapeutic agent is reseques-
tered inside the micelle, thus potentially
minimizing interaction with the aqueous sur-
roundings, which may be beneficial to any
nontargeted cells downstream of the ultrasonic
focal volume. Several proposed physical models
were analyzed mathematically to see which if any
fit the observed kinetic data. The zero-order
release with first order reencapsulation appeared
to represent this system better than the other
proposed models.66

Recently the kinetics of ultrasonic drug release
from Pluronic1 micelles were revisited.75 The
observed triphasic nature of the release and the
biphasic nature of reencapsulation were repre-
sented by a more comprehensive mathematical
model. This newer model assumed that micelles
were of different sizes (five different sizes) and
that the larger micelles were destroyed first, thus
causing an initial fast release phase. Smaller
micelles were then destroyed which caused a
slower release phase. A third phase was also
observed, and this was attributed to smaller
fragments and smaller micelles coalescing into
larger micelles. This new model, based upon
experiments employing continuous US, was vali-
dated by its accurate prediction of drug release
observed in a totally different data set in which
pulsed US was used to release Dox from unsta-
bilized Pluronic1 P105 polymeric micelles.75

Using fluorescent microscopy and flow cytome-
try, Marin et al.76 reported that exposure to
ultrasound enhanced the intracellular uptake of
OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2008



6 HUSSEINI AND PITT
Pluronic1 micelles loaded with Dox and their
internalization into the nucleus of HL-60 cells.
Under exposure to US, more drug was present
inside the cell in free form than was retained
inside the micelles, which suggested that US had
released the agent from the micelle core. They
reported that US enhanced the intracellular
uptake of the drug by HL-60 cells and attributed
this increase to US-induced cellular change.
Exposure to US has also been shown to change
the intracellular distribution of the drug from
acidic compartments (endosomes or lysosomes) to
neutral compartments (in the cytoplasm and the
nucleus).71,77,78 The characteristic times of micel-
lar drug release and cellular uptake were both on
the order of 1–2 s, confirming the important role
played by US in the transport of Dox into HL-60
cells.79

The main challenge facing the use of micelles to
deliver chemotherapy drugs is that the concen-
tration of the polymer must be above the CMC to
guarantee that the multimeric micellar structures
remain intact and do not dissolve and release the
drug before reaching the target site. An EPR
study found that at low concentrations (less than
0.1 wt% P105), the polymer forms unimeric
micellar structures at 378C; at intermediate
concentrations, hydrophobic micellar cores are
needed to effectively sequester hydrophobic che-
motherapeutic agents. However, the body may not
tolerate these required high concentrations of the
surfactant. For this reason, a method for stabiliz-
ing the micelle and its hydrophobic core of was
required.

Pruitt et al.80 stabilized Pluronic1 micelles by
polymerizing an interpenetrating network of N,N-
diethylacrylamide (see Fig. 1) within the hydro-
phobic core to form stabilized micelles called
NanoDelivTM. The size of these stabilized micelles
ranges from 150 to 500 nm at 258C and 50 to
400 nm at 378C. The thermally responsive net-
work expands at room temperature, allowing the
drug to accumulate inside its hydrophobic core,
and contracts above 318C, thus trapping the drug
molecules when injected at body temperature. The
polymerization employed bis(acryloyl)cystamine
(BAC) as a crosslinker, and 2,20-azobis(isobutyr-
onitrile) (AIBN) as an initiator. The hydrophobic
NIPAAm monomers and crosslinkers polymerize
inside the core of the P105 micelles, thus forming
an interpenetrating network. Upon dilution,
the network prevents the quick degradation of
the micellar structure and keeps the therapeutic
agent encapsulated, which in turn minimizes the
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2
drug’s side effects. As the temperature surround-
ing the micelle increases, the association of water
with the PEO blocks decreases (due to decreased
hydrogen bonding), and the stabilized micelle
shrinks, as evidenced by a decrease in its
measured size.80 The network-micellar structure
is eventually degraded after several days (the
in vitro half-life is approximately 17 h). As with
Pluronic1 micelles, NanoDelivTM micelles have
been shown to release Dox upon exposure to US.82

Recently, Zeng and Pitt83 synthesized a new
micellar vehicle using a block of polyethylene
oxide, N-isopropyl acrylamide (NIPAAm), and
polylactate ester of hydroxyl-ethyl methacrylate
(pENHL) (see Fig. 1). Due to the presence of the
PEO block, this pENHL micelle retained its
stealth characteristics, while the hydrophobic
core provided a nonpolar nano-environment
where hydrophobic drugs can accumulate spon-
taneously. The main advantage of this carrier is
the controlled degradability of the NIPAAm-
HEMA-lactate block; thus its lifetime in the
systemic circulation can be tailored by choosing
the appropriate composition of NIPAAm, PEO and
HEMA-lactate. This renders the synthesized
polymer more versatile with respect to timed
release and ultimate degradation in various
applications. Like its predecessors, this pENHL
micelle released Dox upon the application of
70 kHz ultrasound.84

Recently, in vivo studies examined the feasi-
bility of acoustically activated drug delivery from
the NanoDelivTM carrier. Nelson et al.85 showed
that exposure to 20- and 70-kHz US for 1 h in the
presence 2.67 mg/kg of Dox encapsulated in
NanoDelivTM significantly decreased (p¼ 0.0061)
the size of subcutaneous tumors in the hind leg of
BDIX rats compared to control tumors on the
contralateral leg. The Dox sequestered in Nano-
DelivTM was administered systemically via tail
vein injection, so both tumors were equivalently
exposed to Dox, but only one tumor received US.

In similar experiments, Staples exposed the
tumor to Dox in NanoDelivTM to 20- and 500-kHz
US for 15 min.86 The insonated tumors grew more
slowly than the contra lateral controls (p¼
0.0047). Both frequencies were equally effective
in treating the tumor.

Staples also investigated the distribution of Dox
in several organs at various times after the Dox/
NanoDelivTM injection and insonation.87 He found
that both the insonated and control tumors had
Dox concentrations that were not statistically
different 6 or more hours following drug injection
008 DOI 10.1002/jps
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(p¼ 0.988). However, at the 30-min time point,
the concentration of Dox in the insonated tumor
was higher (p¼ 0.055). The tumors receiving Dox
and NanoDelivTM with insonation grew more
slowly (p¼ 0.0047). Dox concentrations found in
the heart, kidneys, liver, and muscle decreased to
undetectable levels within a week, but a slightly
measurable amount persisted in the tumors
beyond 1 week.

Gao et al.88 studied the intracellular distribu-
tion in mice of fluorescently labeled unstabilized
Pluronic1 P105 and Pluronic1 P105 stabilized
using PEG-diacylphospholipid. The study showed
that 1 MHz insonation for times as short as 30 s
were able to enhance the accumulation of these
labeled micelles at the tumor site in ovarian
cancer-bearing nu-nu mice. Employing flow cyto-
metry to the tumor tissues excised from inocu-
lated mice, Rapoport et al.89 showed that micelle
accumulation was significantly higher in the
ultrasonicated tumor than in the noninsonated
tumor of the same mouse. The study also reported
that encapsulated Dox did not accumulate in the
heart, which would ameliorate the well-documen-
ted cardiotoxicity of this antineoplastic agent.
Although low frequency US (20–100 kHz)66,69 was
able to release more Dox from Pluronic1 micelles
than high frequency US (1 and 3 MHz),70

Rapoport’s in vivo research efforts used 1 MHz
US because it can be focused more precisely on the
tumor site and causes less sonolysis.

Recently, Myhr et al. have shown that a
combination of NanoDelivTM-encapsulated fluor-
ouracil (5-FU) combined with ultrasound signifi-
cantly reduced the tumor (human colon cancer)
volume in Balb/c nude mice, when compared to the
control group (p¼ 0.0034). The authors reported a
more significant tumor volume reduction at
higher drug concentrations.
MECHANISMS

The mechanisms of this acoustically activated
micellar drug delivery system are still under
investigation, and in vitro there is a strong
correlation with insonation frequency and power
density that suggests a strong role of cavitation.
Here we will discuss the two main mechanisms
that render this micellar drug delivery system
effective. Ultrasound appears to disrupt the core
of polymeric micelles, allowing the drug to be
released in the volume of the ultrasonic field.
Additionally, ultrasonic waves have been shown
DOI 10.1002/jps JOURNAL
to cause the formation of micropores in cell
membranes, which in turn allows for the passive
diffusion of drugs into cell.
Disruption of Micelles

After proving that Dox and Rb were released from
micelles under the action of ultrasound,69 Hus-
seini et al. embarked on a study of the mechanism
underlying this release. They improved their
previously designed ultrasonic exposure chamber
with fluorescence detection,66,69 so as to record
acoustic emissions at 70 kHz while simulta-
neously recording the decrease in fluorescence.
This in vitro study showed that there is a
threshold value of about 0.38 W/cm2 below which
no measurable release occurred. Furthermore the
onset of Dox release from P105 micelles corre-
sponded to the emergence of a subharmonic peak
in acoustic spectra at this same threshold. The
existence of a threshold at this intensity tends to
point toward a strong role of cavitation, particu-
larly inertial or collapse cavitation, in this release
phenomenon. Several groups have reported the
existence of a threshold for the onset of inertial
cavitation.90–94 Daniels et al.90 reported an
inertial cavitation threshold between 0.036 and
0.141 W/cm2 at 750 kHz insonation, while Hill
showed the thresholds to occur below 1 W/cm2 for
frequencies ranging between 0.25 and 4 MHz.91

Obviously there is a wide range of intensities
reported for the onset of inertial cavitation. We
attribute this to two factors. First, the threshold
should in general decrease as the frequency
decreases. But this does not explain all of the
variation in reported thresholds. We attribute a
good deal of the remaining variation to the various
experimental conditions under which the thresh-
olds were measured. For example, the thresholds
will be sensitive to the state of degassing of the
liquid employed, to the temperature of the experi-
ment, to the presence of surfactants or other
substances that can serve as a nidus for hetero-
geneous bubble nucleation, and to the equipment
and analytical procedures employed to detect the
cavitation events. To date there is no standard
method for the measurement of thresholds.

Several publications have reported ultrasonic
intensity thresholds for an observed biological
effect in cells and tissues.91,95–104 Mitragotri et al.
were the first to show the existence of an ultra-
sonic threshold for enhancing skin permeabil-
ity.99,103,105–107 This threshold is a strong function
OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2008



8 HUSSEINI AND PITT
of ultrasound frequency; as the frequency
increases so does the threshold. Tang et al.108

showed that low-frequency sonophoresis (LFS)
was able to permeabilize pig skin using 20 kHz
ultrasound. They postulated that the key mechan-
ism involved in LFS is cavitation bubbles induced
by US. Copious research has been conducted on
increased cell membrane permeability under the
action of ultrasound.95,96,104,109,110 For example,
there is a reported threshold for DNA delivery to
rabbit endothelial cells of about 2000 W/cm2 at a
pulse average intensity 0.85 MHz (short pulse
average intensity).96 Another example is the
threshold of 0.06 W/cm2 at 20 kHz reported by
Rapoport et al.89 for HL-60 lysis. The range
reported for biological thresholds is obviously very
large, and thus provides little guidance for a priori
prediction of threshold values for biological
events. One must remember that in biological
systems, the observed event is not the threshold of
inertial cavitation; there is usually an ultrasonic
intensity beyond the simple inertial cavitation
threshold that is required to provide sufficient
numbers and sufficient intensities of damaging
cavitation events. Biological systems are much
more complicated. In addition to the experimental
factors mentioned above (e.g., level of gas satura-
tion and heterogeneous nucleation materials), one
must also consider the cells involved. For exam-
ple, biological manifestations will be related to
things such as the proximity of the cells to the
collapse events, the presence of microjets from
collapse events, the cell membrane strength and
integrity, the requirements following cell mem-
brane permeation (transport only to the cytosol or
all the way to the nucleus) to produce a biological
response, and much more. Obviously, much
research remains to be done in this area of
predicting thresholds for cellular response.

In this review, we will devote some discussion to
the origin of the subharmonic acoustic peak,
inertial cavitation, and its relation to the release
phenomena. As bubbles oscillate with increasing
amplitude in an ultrasonic field (of frequency f),
they start to generate higher harmonic (2f, 3f,
etc.), ultraharmonic (3/2f, 5/2f, etc.), and sub-
harmonic ( f/2, f/3, etc.) emissions. There are
reports that correlate the subharmonic emission
with certain indicators of inertial cavitation,
including sonoluminescence, acoustic white noise,
and iodine generation.91,111–113 Leighton114 used
mathematical modeling of cavitating bubbles to
simulate a signal at f/2 (the subharmonic) and
came to the conclusion that a subharmonic occurs
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2
due to a prolonged expansion phase immediately
preceding a delayed collapse phase of the bubble
implosion event. However, modeling by others
show that the f/2 signal can be produced
(mathematically at least) without collapse cavita-
tion occurring,92,115–117 albeit the definition of
‘‘collapse’’ is difficult to define in a mathematical
model.118

Sundaram et al.105 clearly show that the
membrane permeability of 3T3 mouse cells
correlates with an increase in background noise
in acoustic spectra. The group came to the
conclusion that ultrasound-induced permeabiliza-
tion of cell membranes is caused by collapse
cavitation events. On the other hand, Liu et al.109

found a strong dependence of the degree of
hemolysis (permeabilization of red blood cells as
measured by the degree of hemoglobin release) on
the intensities of the subharmonic and ultrahar-
monic frequencies, but not on the broadband
noise. The group concluded that the best correla-
tion between ultrasonic parameters and hemoly-
sis was the product of the total ultrasonic
exposure time and the subharmonic pressure.
Accordingly, there are varied opinions as to
whether the subharmonic emission always corre-
lates with biological phenomena, or even with
collapse cavitation.

As to the relationship between the mechanism
of release and inertial cavitation, Husseini et al.
postulated that as the shock wave caused by
collapse cavitation propagates through the vici-
nity of a micelle, the abrupt compression and
expansion of fluid in the shock wave is able to
shear open the micelle so that the drug is released
or at least exposed to the aqueous environment.
Oscillating bubbles, even in stable cavitation,
create very strong shear forces near the surface of
the bubble. The shearing velocity of fluid near a
10 mm (diameter) bubble, with a 1 mm oscillation
amplitude and 70 kHz oscillation frequency is
approximately 1 m/s.119 Additionally, it important
to keep in mind that the extremely high viscous
shear rates near the surface of 10-mm bubbles are
on the order of 105/s. Furthermore, this rate is
equivalent to shearing water in a 1 mm gap
between parallel plates in which plate is sta-
tionary and the other moving at 100 m/s. Thus, the
group speculated that these shear forces may be
strong enough to open up a P105 micelle, exposing
the hydrophobic drug inside its core to the
surrounding aqueous environment.

The group also extended their study of the
release mechanism to stabilized and unstabilized
008 DOI 10.1002/jps
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micelles.84 In this study they compared the
release of Dox from the core of unstabilized
Pluronic1 105 micelles to the release from
stabilized micelles such as NanoDelivTM micelles
and micelles of pENHL described previously in
Pluronic1 Carriers Section. They found that the
release of Dox at 378C from Pluronic1 micelles
appeared to be several times higher than the
release from the more stabilized micelles. Inter-
estingly, the onset of release occurred at about the
same power density for all carriers investigated in
their study, whether stabilized or not. Similarly,
the threshold of Dox release from all three
micelles correlated with the emergence of sub-
harmonic peaks in the acoustic spectra.

Apparently the structures of the stabilized and
nonstabilized micelles are perturbed by cavitation
events that cause the release of Dox. The group
hypothesized that stabilized micelles are less
susceptible to disruption by the shearing forces
of shock waves produced by cavitation events.84

Since the threshold of release also correlates with
the subharmonic peak in all micellar systems
investigated, discovering the origin of the sub-
harmonic peak is vital in understanding drug
release from micelles under the action of ultra-
sound.
Disruption of Cell Membrane

Although Pitt’s group has focused on studying the
possible mechanisms by which the P105 micelles
and ultrasound drug delivery system induce drug
uptake by the cancer cells, is has also studied the
biological mechanism involved here. The comet
assay was used to quantify the amount of DNA
damage in HL-60 cells by measuring the fraction
and length of broken nuclear DNA strands.120–122

Large amounts of DNA damage as measured by
the comet assay is indicative of cell death, either
by necrosis or by apoptosis.123,124 Results of the
comet assay show that Dox eventually binds to the
DNA and causes it to fragment.65 In a separate
but related study, Husseini et al.65,125 reported on
the mode of cell death exhibited by cells exposed to
a combination of Pluronic1 micelles, ultrasound
and Dox. Using the comet assay, the group
observed the electrophoretic pattern of the
nuclear DNA from HL-60 cells insonated at
70 kHz in a solution of P105 micelles containing
10 mg/mL Dox for 30 min, 1 and 2 h. The pattern of
the DNA fragments as well as the gradual damage
observed after 2 h of ultrasonic exposure were
DOI 10.1002/jps JOURNAL
consistent with apoptosis as a mode of cell death
rather than necrosis. However, the question
remains as to if and how ultrasound enhances
uptake of Dox by the cell. In this section, we will
discuss three postulated mechanisms that have
been tested in an attempt to answer the above
question. These mechanisms are (1) ultrasonic
release of the drug from micelles is followed by
normal transport into the cell; (2) ultrasound
upregulates endocytosis of the micelles (with
drug) into the cell; (3) ultrasound perturbs the
cell membrane which increases passive transport
of the drug and Pluronic1 molecules into the cell.

The first hypothesis proposes that the drug is
released from micelles outside the cancer cells,
followed by normal penetration of the polymer and
drug into the cells by simple diffusion or normal
cellular uptake mechanisms. To test this postu-
lated mechanism, the hydroxyl groups at the ends
of P105 chains were labeled with a fluorescein
derivative.70,71,126 HL-60 cells were then incu-
bated or sonicated with the fluorescein-labeled
P105 micelles containing Dox, which fluoresces at
a different wavelength. Results showed that Dox
in 10 wt% P105 appeared inside the cells.

The next question was whether the fluores-
cently labeled P105 entered the cells along with or
independent of the Dox. The experiments revealed
the presence of P105 inside the cells when
incubated or insonated for 20 min. Because the
labeled P105 molecules themselves were found
inside the HL-60 cells, they rejected the first
hypothesis of external drug release followed by
passive drug diffusion without the polymeric
diffusion into the cells. Although their experiment
showed that the P105 entered the cells, it was not
possible to determine whether the copolymer
entered the cells through holes punched in the
cell membrane or through endo-/pino-cytotic
routes.

Next they turned their attention to the second
hypothesis whereby entire micelles (with drug)
are endocytosed into the cells. Since it is unlikely
that HL-60 cells express a receptor for Pluronic1

micelles, receptor-induced endocytosis was con-
sidered to be very unlikely. However, pinocytosis
involves vesicles that nonspecifically engulf small
volumes of extracellular fluid and any material
contained therein. To test the postulate that the
cells were taking up the drug and P105 in by
endocytosis, a model drug that fluoresces more
strongly in acidic environments was used, namely
Lysosensor Green. This probe has a pKa of 5.2,
which causes it to fluoresce more strongly in an
OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2008
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acidic compartment such as a lysosome.126 The
great majority of endosomes fuse with a primary
lysosome to form a secondary lysosome, which has
a pH of about 4.8 while the pH outside these
compartments is about 7.1. Cells exposed to US
and P105 micelles with Lysosensor Green were
examined by flow cytometry, which showed no
difference in fluorescence between cells incubated
and insonated for 1 h at 70 kHz. Thus, ultrasonic
exposure did not cause the probe to partition to a
more acidic environment anymore than it did
without ultrasound, and the hypothesis was
rejected that US induces upregulation of endo-/
pino-cytosis. The observation that US enhanced
the uptake of both drug and labeled Pluronic1

supported the third hypothesis that drug-laden
micelles entered through holes in the membranes
of insonated cells in these studies.

It is relevant that Rapoport77 reported that US-
assisted micellar drug delivery enhances the rate
of endocytosis into cells. Furthermore, Sheikov
et al.127 showed that US induced pinocytosis in the
endothelial cells lining arterioles and capillaries
of the brain. Thus the role of US in promoting
endocytosis and pinocytosis is unresolved. It may
be that different cells respond differently to
ultrasonic exposure such that a general and
simplified rule cannot be applied.

The ability of carefully controlled US to create
nonlethal and repairable holes in cell membranes
is gaining support. For example, Schlicher et al.128

have shown that the accumulation of the model
drug calcein in prostate cancer cells was caused by
US-induced membrane disruptions.

In a similar study of US-induced calcein uptake
into colon cancer cells, Stringham et al. proved the
involvement of collapse cavitation in cell mem-
brane disruption. The calcein uptake was sup-
pressed by increasing the hydrostatic pressure at
constant ultrasonic intensity at 500 kHz. It is well
known that increasing hydrostatic pressure sup-
presses collapse cavitation, although stable cavi-
tation still occurs. In these experiments lower
membrane permeability correlated directly with
higher hydrostatic pressure.129

Tachibana et al. has reported the increase in cell
membrane permeability and skin porosity caused
by ultrasound.2,130–135 His group has shown that
the exposure of HL-60 cells to 255 kHz of
ultrasound and MC 540 (an anticancer drug) for
30 s formed pores in the cell membrane.2 The
cytoplasm of some cells seemed to have extruded
through the pores formed in the cell membrane as
a result of sonoporation. When cells were exposed
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2
to ultrasound alone, the cell membrane showed
only minor disruptions. Saito et al.136 demonstrated
that exposure to ultrasound increased the perme-
ability of corneal endothelium cells. The increase in
permeability appeared to be reversible and the cells
regained their membrane integrity after several
minutes. Thus there is ample evidence that
ultrasonic cavitation events create transient holes
in the cell membrane, which in the case of micellar
drug delivery would increase the passive diffusion
of micelles and drugs into the cells.
FUTURE

Remaining Questions on Mechanism

Before examining the remaining questions on the
mechanism of acoustically activated micellar drug
delivery, we need to review the origin and
characteristics of the two modes of cavitation as
they affect biological tissues.

This discussion leads us to the main mechan-
istic question remaining: Which type of cavitation
is mainly involved in acoustically activated drug
delivery from micelles?

Future studies should focus on distinguishing
between these two mechanisms. This may be
accomplished by listening to acoustic emissions or
by measuring the sonoluminescence emitted
during insonation, keeping in mind that stable
cavitation produces no broadband acoustic emission
and generates little if any luminescent emissions.
Another characteristic that can be employed to
distinguish between the two modes of cavitation is
the measurement of free radicals that are produced
by the high temperatures of bubble collapse.

Another interesting technique that has not been
fully utilized in micellar drug delivery is math-
ematical modeling of bubble behavior and none-
quilibrium thermodynamics. These techniques
might help in resolving the questions surrounding
the role of cavitation in micellar drug delivery. To
achieve this goal a better understanding of bubble
dynamics, the physics of microbubble oscillation
and collapse, the parameters controlling micro-
bubble size, the internal gas composition, as well
as acoustic frequency and pressure amplitude are
needed prior to initiating the model.
Therapeutics

The agents that have been encapsulated in
nanoparticles for ultrasonic delivery have been
008 DOI 10.1002/jps
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primarily hydrophobic drugs. Future work should
include other drug delivery vehicles, such as
liposomes, which have hydrophilic volumes and
are able to sequester and deliver hydrophilic
drugs, DNA or RNA.
Other Targeting Techniques

The micellar drug delivery system developed by
Pitt et al. shows strong promise. First, it is able to
effectively sequester a potent chemotherapeutic
agent inside the core of stabilized micelles and
successfully release Dox upon application of US.
They also reported success in using a second
generation of nanocapsules in vivo using a rat
model of colorectal cancer. Although this novel
drug delivery system is an excellent start, it most
probably can be improved.

One way of improving this micellar delivery
system is to decorate the surface with a targeting
moiety, thus creating a double targeting system.
There are many reports of the attachment of
antibodies to solid particles and gas bubbles.137,138

Often this is done by covalent attachment via the
available –SH groups in Fab fragments of specific
antibodies.139 Other techniques employ attach-
ment of short peptide sequences (e.g., RGD140,141)
or larger biomolecules (e.g., folic acid and
biotin141,142).

Folic acid derivatives (folated molecules) have
been shown to be endocytosed into human
cancerous cells via pinocytosis. Various cancer
cells over-express the folate receptor on their
surface.143,144 Thus, the conjugation of folate
molecules to drug delivery carriers gained special
attention in recent years since it minimizes the
interaction between healthy cells and chemother-
apeutic agents which will in turn reduce the
side effects of conventional chemotherapy.
Folate molecules display a high affinity for the
folate receptor which facilitates the binding of the
folated-drug to the its receptor.145–147 This leads
to the internalization of the drug carrier by
the cell. A folate-poly(ethylene glycol)-Pt(II) con-
jugate has been synthesized by Steenis et al.,148

while two other groups succeeded in synthesizing
other folate-drug conjugates.149,150 More recently,
the attachment of the folate molecule to micellar
structures has been reported.29,151–153 The aim of
conjugating the folate onto micelles is to reduce
the amount of the drug in the systemic circulation
until the drug loaded micelle is taken up by the
cancerous target cell via endocytosis.
DOI 10.1002/jps JOURNAL
There are several aspects that still need to be
explored in order to understand the role of
ultrasound in acoustically activated drug delivery
from micelles: the role of ultrasonic-induced
cavitation in releasing drug from the micellar
carrier, the use of ultrasound to specifically target
drug release to a specific tissue without releasing
drug in nontargeted tissues, and the ability of
ultrasound to cause cells to take up the drug.

One of the most important aspects that need to
be explored is the role of the nature of the carrier
in ultrasonic-activated tumor regression. To
answer this question, several different carriers
should be examined for their efficiency in deliver-
ing chemotherapeutic agents to diseased tissues.
These include micelles, liposomes, and other
targeted vesicles. Additionally, the concentration
of the therapeutic agent in the tumor should be
investigated as a function of the carrier when
ultrasound is applied.

Most importantly, the aspect that warrants the
most attention in the future of micellar drug
delivery by US is the optimization of acoustic
parameters. This includes elucidating the effect of
frequency and the total energy delivered upon
drug release and cellular penetration/retention.
Additionally, the length of insonation time and
the intervals between acoustic treatments should
be optimized to maximize drug efficiency.
SUMMARY

This article has reviewed the recent advances in
the use of ultrasound and polymeric micelles in
cancer therapy. This area of drug delivery is
anticipated to experience considerable technolo-
gical growth in the next 10 years for many
reasons. Ultrasound is an extremely useful
modality in drug delivery because of its non-
invasive nature and the ease with which ultra-
sonic waves can be controlled. Additionally, high
frequency ultrasound can be used both as a
diagnostic technique and as a delivery mechan-
ism. Stabilized polymeric micelles have been
synthesized to increase the vehicle’s circulation
time, its loading capacity and the hydrophobicity
of its core in order to meet the needs of the
particular delivery system being investigated.

Thus, the combination of micelles and ultra-
sound has a strong potential for the future of drug
delivery in the treatment of malignancies.
OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, MONTH 2008
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Softproofing for advanced Adobe Acrobat Users - NOTES tool
NOTE: ACROBAT READER FROM THE INTERNET DOES NOT CONTAIN THE NOTES TOOL USED IN THIS PROCEDURE.

Acrobat annotation tools can be very useful for indicating changes to the PDF proof of your article.
By using Acrobat annotation tools, a full digital pathway can be maintained for your page proofs.

The NOTES annotation tool can be used with either Adobe Acrobat 4.0, 5.0 or 6.0. Other 
annotation tools are also available in Acrobat 4.0, but this instruction sheet will concentrate
on how to use the NOTES tool. Acrobat Reader, the free Internet download software from Adobe,
DOES NOT contain the NOTES tool. In order to softproof using the NOTES tool you must have
the full software suite Adobe Acrobat 4.0, 5.0 or 6.0 installed on your computer.

Steps for Softproofing using Adobe Acrobat NOTES tool:

1. Open the PDF page proof of your article using either Adobe Acrobat 4.0, 5.0 or 6.0. Proof
your article on-screen or print a copy for markup of changes.

2. Go to File/Preferences/Annotations (in Acrobat 4.0) or Document/Add a Comment (in Acrobat
6.0 and enter your name into the “default user” or “author” field. Also, set the font size at 9 or 10
point.

3. When you have decided on the corrections to your article, select the NOTES tool from the
Acrobat toolbox and click in the margin next to the text to be changed.

4. Enter your corrections into the NOTES text box window. Be sure to clearly indicate where the
correction is to be placed and what text it will effect. If necessary to avoid confusion, you can
use your TEXT SELECTION tool to copy the text to be corrected and paste it into the NOTES
text box window. At this point, you can type the corrections directly into the NOTES text
box window. DO NOT correct the text by typing directly on the PDF page.

5. Go through your entire article using the NOTES tool as described in Step 4.

6. When you have completed the corrections to your article, go to File/Export/Annotations (in
Acrobat 4.0) or Document/Add a Comment (in Acrobat 6.0). 

7. When closing your article PDF be sure NOT to save changes to original file.

8. To make changes to a NOTES file you have exported, simply re-open the original PDF
proof file, go to File/Import/Notes and import the NOTES file you saved. Make changes and re-
export NOTES file keeping the same file name.

9. When complete, attach your NOTES file to a reply e-mail message. Be sure to include your
name, the date, and the title of the journal your article will be printed in.


