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Abstract: Ultrasound is an important local stimulus for triggering drug release at the target
tissue. Ultrasound-responsive drug delivery systems (URDDS) have become an important
research focus in targeted therapy. URDDS include many different formulations, such as
microbubbles, nanobubbles, nanodroplets, liposomes, emulsions, and micelles. Drugs that can
be loaded into URDDS include small molecules, biomacromolecules, and inorganic substances.
Fields of clinical application include anticancer therapy, treatment of ischemic myocardium,
induction of an immune response, cartilage tissue engineering, transdermal drug delivery,
treatment of Huntington’s disease, thrombolysis, and disruption of the blood—brain barrier.
This review focuses on recent advances in URDDS, and discusses their formulations, clinical
application, and problems, as well as a perspective on their potential use in the future.
Keywords: ultrasound, targeted therapy, clinical application

Introduction

Creating a drug delivery system that responds to a stimulus exerted by an external
force or produced by the target tissue itself is of great research interest. Many physical
and chemical stimuli in the microenvironment, such as heat, magnets, enzymes, and
pH, can be used as triggers.!

Ultrasound consists of pressure waves at frequencies of 20 kHz or greater. Like
optical and audio waves, ultrasonic waves can be focused, reflected, and refracted
through a medium. As a mature medical technology, ultrasound imaging can be used
repeatedly without concern about residual radiation.? Therefore, ultrasound imaging
is acceptable to most patients and the equipment involved is generally less expensive
than that of other imaging technologies.

However, blood is a poor scatterer of ultrasound waves at clinical diagnostic
transmitting frequencies, which lie between 1 MHz and 40 MHz. To enhance
contrast in ultrasound imaging, so-called ultrasound contrast agents, consisting of gas
encapsulated in biodegradable shells, have been developed. With their gas-nuclear
structure, ultrasound contrast agents can oscillate in ultrasonic pressure with volume
expansion and contraction. This phenomenon is known as acoustic cavitation.?

Cavitation at a higher ultrasonic pressure will result in more violent oscillation of
ultrasound contrast agents, leading eventually to their destruction. When drugs are
loaded into ultrasound contrast agents, acoustic cavitation can be used as a trigger to
release drugs at desired sites.*”

In recent times, drug-loaded ultrasound contrast agent systems, also termed
ultrasound-responsive drug delivery systems (URDDS), have become an increasing
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focus of research. URDDS include microbubbles,®!°
nanobubbles,''? nanodroplets,'* liposomes,'*!> emulsion,'
and micelles.!”"'”> A combination of two or more
formulations can be used as URDDS, such as liposomal
bubbles**?! and microemulsions.” The drugs loaded can
include inorganic substances, eg, titanium dioxide,?
small molecules (curcumin,? doxorubicin,* cisplatin,’
epirubicin hydrochloride,?® 10-hydroxycamptothecin?’),
proteins,?®? small interfering RNA,3?! DNA,*® and antisense
oligodeoxynucleotides.?'*> Their therapeutic applications
include anticancer therapy,?-* treatment of ischemic
myocardium,? induction of an immune response,* cartilage
tissue engineering,* transdermal drug delivery,***’ treatment
of Huntington’s disease’® and thrombolysis,*** and disruption
of the blood-brain barrier.*** This review focuses on recent
advances in URDDS, and discusses their formulations,
clinical applications, and problems, with a perspective on
their potential use in the future.

Multiple ultrasound-responsive

drug delivery systems

Microbubbles

Ultrasound exposure alone had been proven to enhance cell
membrane permeability,* and addition of microbubbles
has a significant potentiating effect.’! If cells are located in
close proximity to gas-filled microbubbles which serve as
cavitation nuclei, permeability of the cell membrane will be
increased.®* In the last decade, microbubble agents have
been investigated as carriers for systemic drug administration.
Plasmid DNA and other therapeutic materials may adhere to
the microbubbles or be packed into the microbubbles, which is
beneficial for targeted drug delivery. The possible mechanism
of gene transfection or targeted drug delivery is related to
sonoporation. High-speed microstreams or microjets cause
shear stress on the cell membrane, and transient nonlethal
holes appear in the membrane. The pressure gradient and
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shear stress enhance the permeability of the cell membrane,
enabling transport of plasmid DNA or therapeutics into the
cell.

As shown in Figure 1A, microbubbles are one
type of widely used ultrasound contrast agent, and are
microsized (1-10 um) gas bubbles with a shell composed
of phospholipids, polymers, or proteins (Table 1).
First-generation microbubbles are air-filled microspheres,
with mean diameters in the range of 1-8 pum, that are capable
of passing through pulmonary capillaries. However, these
air-filled microbubbles disappear from the bloodstream
rapidly because of low resistance to arterial pressure
gradients and the high solubility of air in blood.* Therefore,
second-generation contrast agents have been developed using
microbubbles filled with high molecular weight hydrophobic
gases, including perfluorocarbons or sulfur hexafluoride
(Figure 1A). Surfactants, albumin, and phospholipids are
used to form the bubble shell in order to improve stability
in the bloodstream. Sonazoid® (GE Healthcare, Chalfont,
UK), a phosphatidylserine microbubble agent filled with
perfluorobutane, is a contrast agent specifically targeted to
tumor tissue in the liver.***” Sonazoid is taken up by Kupffer
cells (macrophages) in the liver, enhancing contrast in the
liver parenchyma within about 10 minutes of injection,
whereas the contrast effects in tumors that lack Kupffer
cells are not enhanced.*” Sonazoid has been commercially
available in Japan since 2007.

Microbubbles are a suitable ultrasound contrast agent
because they can interact with the ultrasound wave.*® Since
the 1990s, a number of research groups have designed drug-
loaded microbubbles. As shown in Figure 2, their advantages
include visualization of drug-loaded microbubbles with low
acoustic pressures, ie, image-guided drug delivery; protection
of biopharmaceuticals, such as proteins and nucleic acids,
against being degraded on administration; targeted drug
delivery to specific tissue (ie, tissue that is exposed to

Hydrophobic
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Figure | Schematic illustration of various ultrasound-responsive drug delivery systems. (A) Microbubbles, (B) nanobubbles and nanodroplets, (C) polymeric micelles, and

(D) microemulsions.
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Table | Main commercially available ultrasound contrast agents

Name Shell Filled gas Size (um) Manuracturer

Albunex® Albumin Air 4.3 Hafslund nycomed

Levovist® Galactose Air 2-4 Schering

Optison® Albumin Perfluoropropane 3-32 GE Healthcare

Definity® Lipids Perfluoropropane 1.1-20 Lantheus medical imaging

Imagent® Lipids Perfluoropropane 5 Alliance pharmaceutical corporation
Sonovue® Lipids Sulfur hexafluoride 2.5 Bracco

Sonazoid® Lipids Perfluorobutane 2-3 GE Healthcare

ultrasound) and thus reducing side effects; and enhanced
uptake by cells via the cavitation effect upon exposure to
ultrasound.

Methods used to prepare drug-loaded microbubbles
include association of drugs with the shell,?> covalent
linkage with the building blocks, and drug encapsulation
in an oil reservoir within the core of the microbubble.*
Another preparation method involves packing the drug into
nanoparticles, which are subsequently attached to the surface
of the microbubble.*

Nanobubbles and nanodroplets
A major disadvantage of microbubbles as drug delivery
systems is their relatively large size (1-10 wm), which is
a problem for microbubbles needing to penetrate through
the epithelial cells of the vasculature to the target tissue.
On intravenous injection, microbubbles are infused into the
circulation and eventually become trapped in the lungs where
gas exchange occurs. Therefore, drug-loaded microbubbles
are mainly restricted to cardiovascular targets and tumor
endothelium.

To overcome this limitation, nanobubbles'"?° and
nanodroplets'® with sizes smaller than 1 um have been
developed (Figure 1B). Nanobubbles are generally prepared

Low power
ultrasound

Drug linked -
on the shelr’.%éq,

Al
T
#%55566 00

[ ]
Drug loaded microbubble

Figure 2 lllustration of the wide potential of drug-loaded microbubbles.
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by sonicating in the presence of a fluorinated gas, such
as perfluorocarbons or sulfur hexafluoride. This method
has been used successfully in the delivery of plasmid
DNA, small interfering RNA, and coumarin.!" With their
low boiling points, fluorocarbon gases can be evaporated
easily on exposure to the thermal effects of ultrasound. For
example, a liquid fluorocarbon can be emulsified in water at
ananoscale particle size and vaporized into gas bubbles.**!
Via the enhanced permeability and retention effect, these
nanoscale droplets can penetrate into tumor tissue after
intravenous administration.”> When ultrasound is focused
on the tumor tissue, a liquid to gas phase transition occurs
because of the thermal effect, and ultrasonic microbubbles
are formed in situ.>

Polymeric micelles

As shown in Figure 1C, polymeric micelles are formed
spontaneously in aqueous solutions containing amphiphilic
block copolymers and have a core-shell architecture.
Self-assembly occurs when the copolymer concentration
reaches a threshold value, known as the critical micelle
concentration. The size of polymeric micelles varies from
10 nm to 100 nm. In previously reported research, release
of doxorubicin from Pluronic micelles was influenced by
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high-frequency ultrasound." Onset of transient cavitation and
release of doxorubicin from micelles were observed at much
higher power densities than at low-frequency ultrasound
(20-100 kHz). Even a short exposure to high-frequency
ultrasound of 15-20 seconds can significantly enhance the
intracellular uptake of Pluronic micelles.

Other research has demonstrated that continuous wave
and pulsed ultrasound enhances uptake of doxorubicin from
phosphate-buffered solution and from Pluronic micelles."”
The main factor influencing drug uptake is density of
the ultrasound, with drug uptake being enhanced with
increasing power. These observations imply two independent
mechanisms controlling acoustic activation of drug uptake
from Pluronic micelles. The first is acoustically triggered drug
release from micelles, that results in a higher concentration of
free drug in the incubation medium. The second mechanism
is based on the perturbation of cell membranes, resulting
in increased uptake of the drug encapsulated within the
micelles.

Other researchers have investigated the chemical conjuga-
tion of doxorubicin with polymeric micelles,** which were
found to enhance the antitumor activity of doxorubicin and
to circumvent multidrug resistance in A549 cells (Figure 3).
With their low critical concentration, high loading efficiency,
diameter in the nano-range, good penetration ability, and
controlled-release behavior, polymeric micelles might be
developed as a new type of URDDS for cancer therapy.

Microemulsions

A microemulsion is a system of water, oil, and an amphiphile,
and exists a single optically isotropic and thermodynamically
stable liquid solution (Figure 1D). Surfactant molecules that
stabilize microemulsions are often the same as those that form
micelles. Accumulation of microemulsions in tumor tissue
has been confirmed by ultrasound imaging.

Figure 3 Fluorescence microscopy of A549 cells containing doxorubicin polymeric
micelles, (A) A549 cells incubated with free doxorubicin and (B) A549 cells
incubated with polymeric micelles conjugated with doxorubicin.

Note: Doxorubicin concentration = 10 ug/mL. Copyright © 201 1. Elsevier.
Reproduced with permission from Zhao Y, Sun C, Lu C, et al. Characterization
and anti-tumor activity of chemical conjugation of doxorubicin in polymeric micelles
(DOX-P) in vitro. Cancer Lett. 201 1;311:187—-194.5

Rapoport et al have reported that a paclitaxel-loaded
microemulsion converted into microbubbles locally
in tumor tissue under the action of tumor-directed
therapeutic ultrasound.?> Systemic injection of a drug-
loaded microemulsion combined with therapeutic ultrasound
achieved dramatic regression of ovarian, breast, and
orthotopic pancreatic tumors in animal experiments,
indicating efficient ultrasound-triggered drug release from
nanodroplets accumulated in the tumor. No curative effect
of the nanodroplet-ultrasound combination was observed
without the drug, indicating that the therapeutic effect was
attributable to the ultrasound-enhanced chemotherapeutic
action of the tumor-targeted drug, rather than the mechanical
or thermal action of ultrasound itself.

Curcumin, an important natural antioxidant and anticancer
compound, can be stably entrapped into microemulsion
droplets of average size 2035 nm.> To release curcumin, low
frequency (40 kHz) ultrasound at an intensity of 3.8 W/cm? or
9.8 W/cm? was applied to the microemulsion using a probe
sonicator. On insonation, much of the curcumin was released
from the microemulsion. The initial release rate (assayed by
rate of change in absorption) was as high as 0.11 pg (1.87%)
per second in phosphate-buffered saline solution at neutral
pH, but decreased at acidic pH. Although the cargo in a
microemulsion is partitioned rather than encapsulated (for
example, in liposomes), microemulsions might be feasible
for some types of ultrasonic-responsive drug delivery.

Clinical application of URDDS

Transdermal drug delivery

Use of ultrasound to deliver drugs more efficiently through
the skin is referred to as sonophoresis.’ In earlier studies, the
ultrasound used most often was high-frequency sonophoresis
(frequencies = 0.7 MHz). Typical enhancement of skin
penetration using high-frequency sonophoresis was about
1-10-fold.’® Because the cavitation effect correlated
negatively with the frequency of the ultrasound,’” Mitragotri
et al hypothesized that low-frequency sonophoresis
(20-100 kHz) should be more effective in enhancing skin
permeability.*® It was shown that low-frequency sonophoresis
at 20 kHz was three orders of magnitude more efficient than
high-frequency sonophoresis at 1 MHz.

Parameters influencing sonophoresis include the
ultrasound duty cycle (ratio of the time that ultrasound is on),
distance between the ultrasonic horn and the skin, treatment
duration, and composition of the ultrasound coupling medium
(ie, an aqueous solution or a gel-like formulation). Commonly
used ultrasound duty cycles are 10% (eg, 0.1 second on and
0.9 second off),®* 50% (eg, 5 seconds on and 5 seconds
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off),**6%! or continuous application.®*®* The horn-to-skin
distances used range from the ultrasound horn being in
direct contact with the skin (zero distance) to 4.0 cm.®> The
most common distance with low-frequency sonophoresis
ranges from 0.3 cm to 1.0 ¢cm,*-% and is much smaller than
for high-frequency sonophoresis. Treatment times can vary
from a few seconds®®®’ to a few minutes,’***® to hours to
days.’®%® The viscosity, surface tension, density, acoustic
impedance, and other bulk and interfacial properties of the
coupling medium play an important role in enhancement of
skin permeability.

Disruption of blood-brain barrier

The blood-brain barrier is the brain’s first line of defense
against harmful substances in the blood stream, and is
composed of endothelial cells supported by neurovascular
cells. The capillary network in the brain is dense (forming an
area of about 20 m? per 1300 g of human brain).® Transport
across the blood—brain barrier involves movement across
the luminal and abluminal membranes of the capillary
endothelium. The adjacent endothelial cells are cemented
together by tight junctions, preventing involvement of the
paracellular pathway.

Targeted ultrasound-induced disruption of the blood—
brain barrier may offer a solution to the problem of delivery
of small-molecule and large-molecule drugs to the brain.
Ultrasound-based techniques could be used in clinical
experiments for most disorders of the central nervous system.
Thresholds for disruption of the blood-brain barrier have
been estimated to be 0.69, 0.47, and 0.36 MPafor 0.1, 1 and
10 msec bursts, respectively.*!

For example, focused ultrasound significantly enhanced
penetration of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU)
through the blood—brain barrier in normal brains (by 340%)
and tumor-implanted brains (by 202%) without causing
hemorrhage.*> Treatment of tumor-implanted rats with
focused ultrasound alone had no beneficial effect on tumor
progression or on animal survival up to 60 days, and
administration of BCNU only transiently controlled tumor
progression. However, compared with untreated controls,
animal survival was improved by treatment with BCNU
only (increase in median survival time [IST__. 1, 15.7%,
P = 0.023). Treatment with focused ultrasound before
administration of BCNU demonstrated controlled tumor
progression (0.05 + 0.1 cm?® versus 0.28 £ 0.1 cm?, day 31)
and improved animal survival when compared with untreated
controls (IST_ . . 85.9%, P=0.0015).

In a study of Rhesus macaques, McDannold et al evaluated
whether an intravenously circulating microbubble agent

combined with ultrasound could be applied safely, reliably,
and in a controlled manner to temporarily permeabilize the
blood-brain barrier.” All animals in this study recovered from
each ultrasound session without behavioral deficits, visual
deficits, or loss of visual acuity. Disruption of the blood—brain
barrier using this clinical strategy was reliably and repeatedly
produced without evidence of histological or functional
damage in this clinically relevant animal model.

Therapy for thrombotic disease

Advances in ultrasound-guided delivery of therapy for
thrombotic disease have been encouraging. A novel nanosized
delivery system for tissue-type plasminogen activator (t-PA)
was designed that suppressed the thrombolytic activity of
t-PA, which recovered only when exposed to ultrasound.”
t-PA-cationized gelatin and PEGylated gelatin was used
to form nanosized complexes by simple mixing with PEG
chains. The t-PA activity in the PEGylated complexes was
suppressed significantly to 45% that of nonmodified t-PA.
However, when exposed to ultrasound in vitro, the activity
of t-PA recovered fully. The half-life of the complexed t-PA
in the circulation was prolonged by approximately three-
fold. Further, in a rabbit model of thrombosis, intravenous
administration of PEGylated complexes followed by
exposure to ultrasound resulted in complete recanalization,
which was in marked contrast with administration of the
complex alone. It was concluded that the PEG-modified
complex is a promising delivery system for t-PA which
can enhance biological activity at the target site when local
ultrasound irradiation is used.

In another study, urokinase-type plasminogen activator
was encapsulated in hollow nanogels in the size range of
200-300 nm, and found to have a longer circulation time
than that of the naked urokinase in vivo.* Protein release
could be triggered more rapidly under diagnostic ultrasound
conditions at 2 MHz, and significantly enhanced thrombolysis
of clots. These results are promising in terms of increasing
the specificity and positive effects of thrombolytic agents,
such as recombinant tissue plasminogen activator, in the
treatment of ischemic vascular disease.

Most ischemic heart disease results from thrombotic
disease. Zhao et al investigated the cardioprotective effect
of acidic fibroblast growth factor combined with heparin-
modified microbubbles (aFGF-HMB) using an ultrasound
technique (Figure 4A).%” Echocardiography of the heart
parenchyma was enhanced after injection of aFGF-HMB.
The aFGF-HMB suspension demonstrated a good
cardioprotective effect in ultrasonic contrast imaging of the
heart. M-mode echocardiography showed that a combination
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Figure 4 Improving intravenous delivery of acidic fibroblast growth factor to the ischemic myocardium by heparin-modified microbubbles (aFGF-HMB) combined with the
UTMD technique. (A) lllustration of the method of administration. (B) M-mode echocardiography for the group that received aFGF-HMB combined with US (ultrasound).?”
Note: Copyright © 2012. Informa Healthcare. Reproduced with permission from Zhao Y, Lu C, Li X, et al. Improving the cardio protective effect of aFGF in ischemic
myocardium with ultrasound-mediated cavitation of heparin modified microbubbles: preliminary experiment. | Drug Target. 2012;20:623-63 1.

Abbreviations: VST, intraventricular septum thickness; LVDd, left ventricular diastolic dimension; LVPW, left ventricular posterior wall; UTMD, ultrasound-targeted

microbubble destruction.

of aFGF-HMB and ultrasound markedly stimulated
neogenesis in myocardial vessels, resulting in significant
improvement of both regional and global contractile function
in the myocardium (Figure 4B).

Drug delivery to tumor tissue
URDDS have been used to induce apoptosis in tumor-tar-
geted therapy.'’22%¢ There are two ultrasound-induced effects
in this respect, ie, thermal and nonthermal (such as radiation
pressure and cavitation). Relatively low temperatures (about
43°C) for 30-60 minutes can be used for hyperthermia’ to
sensitize tumors to chemotherapy and radiotherapy. At higher
temperatures (>60°C), ultrasound may be used for thermal
ablation of tumors in many organs, including the prostate,’>"
liver,”>’ breast,”” bone,”® pancreas,* and uterus,” or for
thermal coagulation of blood vessels.®

Suzuki et al reported that a combination of nanobubbles
and ultrasound could permeabilize cancer cells and potentiate
the cytotoxicity of cisplatin and 5-fluorouracil'?> in 293T
human kidney, MCF7 human breast adenocarcinoma,

EMT6 murine mammary carcinoma, and colon 26 murine
rectum carcinoma cell lines. Under optimal conditions,
nanobubbles (containing albumin or lipid, 10%, v/v)
combined with ultrasound (frequency 945 kHz, duty cycle
ratio 20%—-80%, pressure 0.96 mPa) produced significant
cytotoxicity that was not seen with either ultrasound or the
drugs used alone. Cytotoxicity could be further enhanced by
increasing the duty cycle ratio up to 80%. Rapid collapse of
the nanobubbles when combined with ultrasound, led the
authors to hypothesize that subnanobubbles, ie, cavitation
bubbles, were produced by collapse of the nanobubbles and
the shock waves generated by bubble cavitation, leading
to transient membrane permeability, followed by entry of
plasmid DNA and/or drugs.

Influencing factors and problems
Ultrasound wave and drug delivery

The characteristics of the ultrasound wave, ie, number of
cycles per ultrasound pulse, peak negative pressure, and
frequency, play an important role in ultrasonic drug delivery.
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In most reports of URDDS, the frequency of ultrasound waves
is set at 1 MHz because this frequency allows microbubbles
in the 1-3 um size range to respond to ultrasound. An
ultrasound contrast agent shows inertial cavitation at higher
acoustic pressure (above approximately 500 kPa),’! that may
result in formation of shockwaves and microjets,*? generate
a temporary pore in the cell membrane, and facilitate drug
delivery to the cytoplasm of the cell.®*3* If lower acoustic
pressures are used (mechanical index < 0.05-0.1), the
bubbles oscillate linearly and the reflected frequency is
the same as that of the frequency transmitted (Figure 5). If
bubbles are located near the cell membrane, gentle oscillation
may cause the cell membrane to become unstable, thereby
enhancing endocytosis.?'®> Increased acoustic pressure
(0.1 < mechanical index < 0.3) will cause nonlinear
expansion and compression of the microbubbles, causing
the bubbles to become more resistant to compression
than to expansion. This is known as noninertial cavitation
(Figure 6A), which results in emission of nonlinear harmonic
signals.’ Harmonic imaging with microbubbles can be used
to enhance the bubble-to-tissue backscatter signal ratio.?
Higher acoustic pressure (mechanical index > 0.3-0.6)
will cause expansion, compression, and disruption of the
microbubbles (Figure 6B). This inertial cavitation caused
microstreams or microjets to form near bubbles used as flash-
replenishment in a diagnostic reperfusion study (Figure 6C).*’
These microstreams can reach a peak velocity of 700 m/sec,

Very low intensity Low intensity High intensity

Utrasound i i i
0O
NGO 8 O
il

Figure 5 Scheme showing microbubble behavior in acoustic fields.

Notes: At very low intensity, ultrasound induces linear oscillation of the microbubble.
At low intensity, ultrasound induces oscillation of the microbubble with a gradual
increase in microbubble diameter until it reaches a resonant diameter, at which point
stable oscillation occurs. At high intensity, ultrasound causes a rapid increase in the
diameter of the microbubble for a few cycles, which induces bubble disruption.

causing formation of transient pores which increase the
permeability of the cell membrane.

Another important parameter is the number of acoustic
cycles (ie, acoustic oscillations per ultrasound pulse). Bubbles
will oscillate at lower pressures when 100 cycles are used.
However, when more cycles are used in combination with
higher pressures, the bubbles are destroyed immediately.®

Characteristics of URDDS

in drug delivery

The efficiency of URDDS in targeted therapy can be affected
by many factors, including the parameters used in ultrasound
exposure, the characteristics of the ultrasound contrast agent,
the concentration and molecular weight of the therapeutics
loaded into the system, and the physiological characteristics
of the disease being treated. In this section, we summarize
the characteristics most likely to affect the efficiency of
targeted URDDS.

EXPOSUFG parameters

To maximize drug release from URDDS, the parameters used
for ultrasound exposure must be carefully chosen. Most of
the parameters used in ultrasound have been investigated in
this regard, with some promising results.

Yeh and Su reported the effects of acoustic parameters
on destruction of the ultrasound contrast agent.”” In their
experiments, they introduced three insonation parameters,
ie, acoustic pressure (0—1 mPa), pulse frequency (1, 2.25, 5,
and 7.5 MHz) and pulse length (1-10 cycles). The percentage
of the ultrasound contrast agent that survived decreased with
decreasing pulse frequency and with increasing transmission
acoustic pressure and pulse length. Further, the extent of
destruction of the ultrasound contrast agent was not related
to the mechanical index.

Xu et al developed a novel strategy to enhance the effect
of cavitation.”! In their study, targeting of tumor tissue was
initiated by a short, high-intensity sequence of pulses and
sustained by lower intensity pulses.

Zhu et al used different pulse periods (0.5 msec, 1 msec,
3.3 ms, 10 msec, 15 msec, 33 msec, and 0.1 and 1 second)
to study peak cavitation activity reached by high-intensity
focused ultrasound exposure,” using pulsed high-intensity
focused ultrasound (1.05 MHz) with an intensity 2400 W/cm?
and a 1:1 duty cycle (with on phase equal to off phase).
The irradiation time was 2 minutes. The cavitation activity
for pulsed high-intensity focused ultrasound peaked at a
pulse period of 10 msec, and was significantly greater for
pulse durations from 2 msec to 20 msec than for other pulse
durations.
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Figure 6 Scheme showing the pore formation in the cell membrane by oscillating or disrupting microbubble. (A) Noninertial cavitation of the microbubble, (B) inertial
cavitation causing rupture of the cell membrane, and (C) transmembrane flux of fluid and loaded drugs under sonoporation effect.

To ensure a cavitation effect at the target region, Chen et al
used high-speed photography to observe formation of
cavitation bubble clouds generated by a high-intensity
focused ultrasound transducer in water.”® Their results
suggest that it might be possible to achieve stable cavitation
at the target region in a controllable manner by adjusting the
duration of high-intensity focused ultrasound exposure and
other physical parameters.

Previous research has shown that the strength of inertial
cavitation depends on the initial concentration of the
ultrasound contrast agent used.** Tu et al reported that the
strength of inertial cavitation increased significantly with
increasing acoustic pressure, concentration of the ultrasound
contrast agent, and pulse length, and with decreasing pulse-
repetition frequency.”

Characteristics of ultrasound contrast

agents and therapeutic loads

Being the main components of URDDS, ultrasound
contrast agents and therapeutic loads have an important
role to play in future therapeutic application of such
systems. With regard to ultrasound contrast agents,
important factors affecting the efficiency of drug
delivery include concentration, gas encapsulated,
components used in the shell, surface modification, and
size distribution. Chen et al compared the thresholds for
ultrasonic destruction of three specific contrast agents,
ie, Sonazoid, Optison® (GE Healthcare, Chalfont, UK),

and biSpheres® (Point Biomedical Corporation, San
Carlos, CA, USA).”® Albumin-shelled Optison and
surfactant-shelled Sonazoid had low fragmentation
thresholds (mean 0.13 and 0.15 MPa at 1.1 MHz, and
mean 0.48 and 0.58 MPa at 3.5 MHz, respectively), while
polymer-shelled biSpheres had a significantly higher
threshold (mean 0.19 and 0.23 MPa) for thin-shelled
and thick-shell biSpheres (1.1 MHz, 0.73, and 0.96 MPa
of thin-shell and thick-shell biSpheres at 3.5 MHz,
respectively). At comparable initial concentrations,
surfactant-shelled Sonazoid produced a much higher
inertial cavitation effect than biSpheres or Optison after
destruction of the shell. Thick-shelled biSpheres had the
highest fragmentation threshold. The propensity of the
bubbles to undergo inertial cavitation depended on the
properties of the gas and shell used in the ultrasound
contrast agents. According to another report, Optison had
a larger effect in terms of increasing the permeability of
the blood—brain barrier than Definity® (Lantheus Medical
Imaging, North Billerica, MA, USA) when the same
pressure amplitude was used.®’

The concentration, molecular weight, and surface charge
on the loaded therapeutic agent are also critical determinants
of successful drug delivery. For instance, therapeutics
with low molecular weight can be easily encapsulated into
microbubbles, enabling efficient delivery or transfection.
When using URDDS for gene delivery, Duvshani-Eshet and
Machluf reported that increasing the DNA concentration
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contributed to increased total gene expression, but did not
necessarily improve transfection efficiency.”

Other characteristics of URDDS

in drug delivery

Undoubtedly, there are further characteristics that may
facilitate the use of URDDS. For example, Miller et al found
that the ultrasound-induced cavitation effect was influenced
by the amount of gas dissolved in the medium.” Further,
Brotchie et al identified a strong correlation between the
radius of the bubbles used and the concentration of gas
dissolved in the cavitation medium.'® They also observed
an auxiliary function of the electrolyte concentration in the
medium.

Although ultrasound contrast agents can be used directly
as carriers for therapeutic agents, their gas-nuclear structure
limits the space available for loading drugs, especially
macromolecules. Nanoscale particles have advantages for
drug targeted delivery. Compared with ultrasound contrast
agents, nanoscale particles provide both an abundant
surface area for modification of particles and an internal
volume capable of encapsulating drugs. As mentioned
earlier, liposomes, microemulsions, nanodroplets, and
polymeric micelles can be used in URDDS to facilitate
drug delivery. For example, Chappell et al have reported
that nanoparticles loaded with fibroblast growth factor-2 via
ultrasonic destruction of microbubbles represent an effective
and minimally invasive strategy for targeted stimulation
of therapeutic arteriogenesis.!”® Further, Marin et al have
used Pluronic micelles combined with pulsed ultrasound to
enhance uptake of doxorubicin."”

Problems
One important shortcoming of ultrasound is that it is strongly
attenuated by bone. Large surface area phase arrays and
information derived from modern imaging methods may
correct the distortion of ultrasound waves produced by the
skull to expose the brain tissue by the focal, trans-skull
ultrasound. Recently developed clinical ultrasound systems
focused using magnetic resonance imaging may make it
possible to deliver therapeutics through the intact skull to
targeted regions in the brain, and encouraging results in this
regard have been seen in animal experiments.'??
Meanwhile, the molecular mechanism underlying the
DNA damage induced by URDDS remains subtle and
elusive, and needs further study. Furusawa et al'® found
that Akt, a substrate of ataxia telangiectasia-mutated and
DNA-dependent protein kinase (ATM/DNA-PK), was

phosphorylated to the active form in U937 and Molt-4
cell lines without p53 when exposed to ultrasound.
Furusawa et al'™ observed induction of apoptosis in cancer
cells, which strongly supports involvement of a purely
mechanical mechanism. These researchers were the first to
demonstrate that exposure to ultrasound at even a moderate
level of intensity has genotoxic potential because of its ability
to damage DNA in cancer cell lines.

Perspectives

URDDS are now a hot topic in drug delivery system research,
and the promising results reported so far have encouraged us
to shift our attention from fundamental research to potential
clinical application of these novel systems, with a focus on
the following possibilities.

Theranostics

Theranostics is a promising technique combining therapy and
diagnosis via medical imaging, such as in ultrasound-guided
magnetic resonance imaging.' An ultrasound contrast agent
can be loaded with FeO,' or other magnetic nanoparticles
to provide contrast in magnetic resonance imaging.'”’
A breakthrough would be if a drug-loaded ultrasound
contrast agent could be developed which visualizes
pathophysiological tissues simultaneously. For example,
human vascular endothelial growth factor receptor 2-targeted
lipopeptide can be incorporated into the microbubble shell
to create a molecularly targeted clinical ultrasound contrast
agent.'® If chemotherapeutics can be loaded into this
ultrasound contrast agent, it will achieve the dual function
of theranostics, ie, monitoring of tumor angiogenesis and
delivering targeted therapy.

Permeabilization of cell membranes

for drug transport

URDDS can offer a nonchemical, nonviral, and noninvasive
method for drug transport to target cells. Nearly every
stage of transient cavitation, including bubble expansion,
collapse, and subsequent shock waves may contribute to
membrane permeabilization.'” In addition, pores on cell
membranes may be lasting for seconds to minutes,!'*!"
and even 24 hours!!? after exposure to ultrasound. This is
beneficial for drugs when they are penetrating cells. Research
in which TO-PRO-3-loaded thermosensitive liposomes and
microbubbles released TO-PRO-3 in response to heating
with high intensity focused ultrasound'' has validated
this concept. Further, pore formation in the cell membrane
promoted uptake of TO-PRO-3 by the target cancer cells. It

International Journal of Nanomedicine 2013:8

submit your manuscript

1629

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhao et al

Dove

could be even more advantageous to sonoporate the target
tissue followed by administration of drug-loaded ultrasound
contrast agents.

Targeted therapy for vascular disease
Because ultrasound contrast agents can be used to image
the blood pool, URDDS have been investigated as targeted
therapy to the vasculature, including thrombolysis,!*
lithotripsy,'’®> chemotherapy,'!® anti-inflammatory
treatment,''” stem cell transplantation''®!"” and gene therapy
for coronary heart disease. In recent years, some researchers
have started investigating URDDS as therapy targeted to
the brain.'?

Transdermal drug delivery

Three aspects of bubble-stratum corneum interaction
have been considered, including shock wave emission,
microjet penetration into the stratum corneum, and the
impact of the microjet on the stratum corneum.'?! The
most common types of drugs delivered through
the skin with high-frequency sonophoresis have been
anti-inflammatory medications for joint and muscle pain,
with an increasing shift in interest recently from topical
steroids to nonsteroidal anti-inflammatory drugs, including

diclofenac,'?

ibuprofen,'?® ketoprofen,'** ketorolac,'? and
piroxicam.'?® This may reflect the fact that oral NSAIDs
generally cause gastrointestinal side effects, including
nausea, heartburn, gastrointestinal ulcers, and nonspecific
colitis.'”” Therefore, the combination of topical NSAID
therapy and ultrasound is promising, particularly using

high-frequency sonophoresis.
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