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Abstract. The contrast enhanced imaging function of
ultrasound contrast agents (UCAs) has been extensively
investigated using physical acoustic signatures. It has a
number of novel applications, including tissue-specific
molecular imaging and multi-modal imaging. In addition
there are numerous other therapeutic applications of UCAs,
for example as vehicles for drug or gene delivery. These uses
are discussed, as well as the acoustically-induced biological
effects, including ultrasound targeted microbubble destruc-
tion (UTMD). This review also explores the considerations
for the safe use of UCA from an acoustic standpoint. The
scope of the application of UCA has markedly expanded
in recent years, and it is a rapidly growing field of medical
research. The current article reviews recent advances in the
diagnostic and therapeutic applications of ultrasound micro-
bubble/nanobubble contrast agents.
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1. Ultrasound imaging and therapeutic applications of
UCA microbubbles as well as bioeffects

Ultrasound (US) imaging has been an important option for
diagnosis and the evaluation of the efficacy of particular
therapies in a variety of diseases. It is a safe, low-cost and
portable mode of imaging that provides real-time informa-
tion for clinicians and researchers. The wide-spread use of
US contrast agents (UCAs) has improved the resolution and
sensitivity of US images. UCAs may augment the acoustic
impedance (Z) between lesions and surrounding tissues by
producing highly efficient scattering of waves (1). Furthermore,
when treated with high acoustic energies, UCA microbubbles
(MBs) undergo non-linear oscillations leading to the emis-
sion of harmonics as a source of sound, rather than simply
using passive reflection. Biological tissue does not display this
degree of harmonic generation, thus the contrast generated
signal is able to improve the signal-to-noise ratio, which can
be exploited to produce images of superior quality (2). UCAs
in current use are 2-10 ym in diameter and are stable MBs,
composed of inert gases, such as perfluorocarbon, stabilized
by a coating of biodegradable material, such as albumin or
phospholipids (3).

Diagnostic applications of UCAs. Recently, a study into three
varieties of UCAs stabilized by phospholipid that are used in
clinical practice, Definity, Sonovue and MicroMarker, demon-
strated that the acoustic attenuation and contrast-to-tissue ratio
of these molecules are comparable at frequencies <30 MHz
at the same concentration, although their particle size
distributions, encapsulated gases and shells differ. However,
at frequencies >30 MHz, MicroMarker has higher attenua-
tion values and contrast-to-tissue ratios than either Definity
or Sonovue. Furthermore, decantation was found to be an
effective method by which to alter the size distribution and
concentration of native clinical microbubble populations,
enabling further contrast enhancement for specific pre-clinical
applications (4).

Sonovue is the most commonly used form of lipid UCA. It
is approved by the food and drug administration and is nontoxic
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and harmless in humans. In addition, it produced high quality
contrast imaging in a number of tissues and organs, such as
the liver, kidney, thyroid, breast, heart and blood vessels (5).
It is particularly valuable in the diagnosis and evaluation of
tumors, the assessment of myocardial motion and the evalu-
ation of lung consolidation. Recently, Liu et al (6) showed
that the peripheral enhancement pattern of breast cancer on
contrast-enhanced US may be valuable in the evaluation of
peripheral and central tumor angiogenesis, and of vascular
endothelial growth factor (VEGF) expression. Likewise,
Sonovue contrast doppler US gave a greater definition of the
margins of lesions in cervical cancer as the UCA increased
the sensitivity of detection of parametrial invasion and lymph
node metastases (7). US contrast enhancement imaging has
also been shown to improve the detection of regional wall
motion abnormalities in 2-dimensional and 3-dimensional
echocardiography (8). Sartori ef al (9) evaluated the diagnostic
accuracy of contrast-enhanced ultrasonography in differ-
entiating between neoplastic and non-neoplastic peripheral
pleuro-pulmonary lesions, observing that 40/42 non-neoplastic
lesions exhibited absence of enhancement, compared with 3/53
neoplastic lesions. Other researchers have conducted real-time
US contrast imaging at varying doses of contrast agent and
have demonstrated kinetic features that are indicative of
invasive breast tumors, with an injection of Sonovue of either
2.4 ml or 4.8 ml (10).

Recently, a novel tool used to monitor Sonovue micro-
bubble signals that also automatically measures contrast flow
intensity in atherosclerotic carotid plaque neovascularization
has been developed by Lisowska et al (11). The results showed
that patients with preserved contrast flow through the plaque
were more likely to have a history of cerebral stroke. Massive
calcification of atherosclerotic plaques correlated with a
history of myocardial infarction and the degree of coronary
artery disease, but not with a previous cerebral stroke.

Targeted imaging and therapy with MBs. Targeted imaging
of tissue-specific MBs has been explored for a number of
years. These were conjugated with ligands for a variety of
vascular biomarkers, including integrins that are expressed
during angiogenesis. However, it has been shown that targeted
ligands, which have a solid structure tethered to the MB
surface, are able to limit the MB oscillation and reduce their
harmonic signals, thus weakening US contrast imaging (12).

Therapeutic applications using MBs as vehicles for drug or
gene delivery to tissues have been investigated, as well as the
use of US for sonoporation, which may facilitate the entrance
of drug-loaded MBs into cells. Drugs may be attached to the
external surface of thin lipid monolayer bubbles by covalent
or noncovalent bonds, or incorporated into liposomes that are
then associated with the bubble surfaces (2).

Previous studies have also demonstrated that UCA MBs
were destroyed during needle injection using a variety
of syringe and needle combinations. The majority of
protein-shelled MBs were destroyed above a critical pressure
drop of 109 + 7 kPa. Lipid-shelled MBs were found to have a
pressure drop threshold above which >50% were destroyed.

The commercial lipid-shelled agent Definity was found
to have a critical pressure drop of 230 + 10 kPa. Therefore,
it may be that the use of a formula is able to preclude the

4023

unnecessary destruction of microbubble contrast agent
during in vivo injections. This approach may also prevent the
undesirable release of drug or gene payloads in targeted MBs
therapies (13).

A higher local tissue concentration of drugs or genes
may be obtained by releasing these agents from bubbles by
US or US-targeted microbubble destruction (UTMD) in the
immediate proximity to permeabilized cells and tissues. This
approach may thus augment the effect of the drug or the efficacy
of the gene transfection. Chen et al (14) demonstrated that a
UTMD-based short hairpin RNA delivery system effectively
induces apoptosis and inhibits proliferation of cervical cancer
cells and may thus be a promising option with which to treat
this disease. Li ef al (15) demonstrated that the efficiency of
non-augmented transfer of rAAV2 into renal carcinoma cells
was low (17.28 +£2.44%); however, the use of UTMD enhanced
viral transfer efficiency by 2-3-fold, and enhanced viral genomic
DNA >9 fold, without decreasing cell viability. Liu et al (16)
investigated the effects of this treatment in ovarian cancer cells.
They demonstrated that PTX-loaded and LHRHa-targeted
MBs (TPLMBs) in combination with US (300 kHz, 0.5 W/
cm?, 30 sec) led to apoptosis in 41.30+3.93, 67.76+2.45 and
75.93+2.81% of cells at 24,48 and 72 h following this treatment,
respectively. UTMD predominantly promoted the effect of
targeted and PTX-loaded MB chemotherapy in ovarian cancer
cells. Pueral (17) showed that UTMD may be developed as a tool
with which to facilitate the delivery of LHRH receptor-targeted
and paclitaxel-loaded lipid MB chemotherapeutics in the treat-
ment of intraperitoneal ovarian cancer xenografts. Yan et al (18)
found that UTMD-mediated delivery of the Timp3 gene signifi-
cantly increased Timp3 protein levels in the infarct scar and
border zone of an area of myocardial ischemia at three days
following the administration of UTMD compared with delivery
by the non-conjugated cationic microbubble. Deng et al (19)
showed that UTMD significantly increased the cytoplasmic
intake of pDNA and also maintained high cell viability. The
nuclear import and gene expression of phstromal-derived
growth factor (phSDF)-1a-NF«B-transfected cells were signifi-
cantly higher than those transfected with phSDF-1a.. Compared
with the NFkB-free plasmids, the quantity of NF«B plasmids
in the nucleus increased 6.5-fold and the expression of SDF-1a
was 4.4-fold greater. Ling et al (20) demonstrated that SDF-1
and VEGF expression in the 1.5 W/cm?and 1 W/cm? groups
was significantly increased compared with the 0.5W/cm? or
the control groups (3.8 to 4.7-fold; P<0.01). In addition, the
expression of interleukin-1f3 (IL-1f) in the 1.5 W/cm? group was
increased two fold compared with that in the 1.0 W/cm? group,
whereas no significant change was observed in the 0.5 W/cm?
group. Coronary angiography and 99mTc-tetrofosmin scin-
tigraphy revealed that myocardial perfusion was markedly
improved following treatment with UTMD + mesenchymal
stem cells (MSCs). The therapeutic effects were markedly
enhanced by MSC transplantation following the myocardial
microenvironmental changes induced by administration of
UTMD. A study also reported that UTMD effectively trans-
fected the human growth factor gene into target tissues and had
a significant effect on the recovery of injured facial nerves (21).
Yang et al (22) found that cationic liposomes were conjugated
with MBs using a biotin-avidin system. Plasmids carrying
the most effective artificial miRNA sequences were delivered
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Figure 1. Fluorescence microscopy of EGFP. (A) Fluorescence microscopy of HeLa cells 48 h following infection with rAAV2-EGFP with three different
MOIs. The cells in the AAV group were infected with rAAV2-EGFP alone. The cells in the UTMD+AAV group were infected with rAAV2-EGFP and
treated with optimized UTMD. (B) Fluorescence microscopy of NIH/3T3 cells 48 h following infection with rAAV2-EGFP with three different MOls. v.g.,
vector genome; EGFP, enhanced green fluorescent protein; rAAV2, recombinant adeno-associated virus serotype 2; MOI, multiplicity of infection; UTMD,

ultrasound-targeted microbubble destruction.

to the livers of rats with hepatic fibrosis using a US-targeted
cationic liposome-bearing microbubble destruction gene
delivery system. The results showed that this method effectively
transported the plasmids to the rat liver. The artificial miRNA
was shown to reduce the pathological changes associated with
hepatic fibrosis as well as the protein and mRNA expression of
CTGF and transforming growth factor-f1.

There are a number of mechanisms by which to increase
cell membrane permeability that are in current use. These
include using micro-circumflex and micro-fluid to punch
transient holes in the surfaces of cell membranes (23-25),
increasing the level of oxyradicals in cells (26) and promoting
endocytosis (27) and altering the liquidity of the membrane
phospholipid bilayer using US or UTMD (28). However,
these mechanisms remain to be fully elucidated. Jin et al (29)
suggested a further mechanism, hypothesizing that the initial
stimulation of cellular endocytosis by UTMD may be mediated
by grid proteins, due to the consistent peaks of endocytosis
with UTMD, and those of clathrin-dependent endocytosis.

Du et al also conducted trials examining the safety of UTMD.
This group attempted to identify the optimal US or UTMD
settings for use in different types of tumor cells and those normal

cells and tissues may be well incubated under the action of such
optimal conditions (Fig. 1, taken from reference 29) (15,30-36).
Zhang et al (37) demonstrated that the use of the noninvasive
UTMD technique improved the localization of MSCs to the
kidneys and promoted renal repair in rats with diabetic nepro-
pathy. Other studies have been conducted in human participants
into the safety of UTMD. For example, Li et al (38) found that
UTMD specifically and reversibly enhanced interstitial perme-
ability whilst having no effect on the glomerulus.

2. Diagnosis and
UCA nanobubbles (NBs)

therapeutic  application of

Due to the rapid development in the field of nanotechnology,
a number of NB contrast agents have been produced using
liposomes, inorganic materials, metals and polymers (39).
During the synthesis of NBs, the organic solvent is removed
by evaporation or extraction, and the internal water-phase
is eliminated during lyophilization or spray drying. NBs
may possess a porous internal structure with multiple voids
that are amenable to analysis with scanning or transmission
electron microscopy. When they are collectively deposited



MA et al: DIAGNOSTIC AND THERAPEUTIC RESEARCH ON ULTRASOUND MB/NB CONTRAST AGENTS

on the surfaces of tissues or cells in a layering effect, these
particles create a local acoustic impedance mismatch that
produces a strong US signal without a concomitant increase in
the background level. Unlike MB formulations that are natu-
rally echogenic, these NBs do not have good inherent acoustic
reflectivity (40,41). Furthermore, polymer-shelled nano-sized
MBs have less elastic shells, which may generate less
non-linear harmonic waves. Sciallero er al (42) found that for
polymeric nano-contrast agent, the optimum contrast-to-tissue
ratio was obtained at an excitation pressure amplitude of
230 kPa. Although this pressure amplitude is higher than that
which is conventionally used for lipid MBs, it does not cause
the rupture of the polymeric nanobubble contrast agent.

Targeted imaging with NBs. Due to their small size,
NB-attached ligands are important in targeted-molecular
imaging (43-45). Lin et al (46) demonstrated a simple
ultrasonic approach with which to produce protein-caged
nanomaterials coated with MBs for use as bimodal contrast
agents. Two types of protein-caged nanomaterials may be
rapidly transformed into MBs with the use of high-intensity
US-induced emulsification and cross-linking of protein-caged
nanomaterial with bovine serum albumin in aqueous solu-
tions. These are prepared either by a self-assembled protein
corona around polymer-coated nanoparticles (referred to
here as protein-caged NPs) or by protein-caged fluorescent
gold nanoclusters (referred to here as protein-caged NCs).
The sonochemical route produces MBs with a mean diam-
eter of 1-3 ym, which are able to safely pass through the
microvasculature without diffusing across the endothelium.
This transformation of versatile nanomaterials into MBs,
which comprise a gas core surrounded by a biocompatible
protein/NP shell, forms nanomaterials with the added ability
to scatter sound waves, offering further potential in clinical
application as UCAs.

Photoacoustic molecular imaging. Recently, the use of photo-
acoustic molecular imaging has developed rapidly (47-50).
Kim et al (51) have developed novel dual-modal contrast agent
encapsulated-ink poly actic-co-glycolic acid (PLGA) MBs
and NBs for photoacoustic and US imaging. Soft gelatin phan-
toms with embedded tumor simulators of encapsulated-ink
PLGA MBs and NBs in various concentrations are visible in
photoacoustic (PA) and US images. By treating the surface of
the bubbles in order to target specific molecules and using in
combination with PA and US imaging, these contrast agents can
be used to investigate intracranial tumor boundary mapping
as well as for molecular imaging of primary and metastatic
tumors (52). In addition, pulsed magneto-motive US imaging
(pMMUS) has been developed as a contrast-agent-assisted
US-based imaging modality that is able to capture biological
events at the cellular and molecular levels. During pMMUS
imaging, a high intensity pulsed magnetic field is used to
excite cells or tissue, which have been labeled with magnetic
nanoparticles. US imaging is then used to monitor the mechan-
ical response of the tissue to an externally applied magnetic
field (53). The use of gold nanostructures in PA imaging
and photothermal therapy has been extensively investigated.
However, the structure of nonspherical gold nanoparticles is
easily damaged following laser irradiation, and may thus lose
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a degree of efficacy in this context. A novel class of exogenous
PA contrast agents, palladium nanosheets (PNSs) with strong
optical absorption in the near-infrared (NIR) region has also
been applied (54).

Multimodal imaging. Multimodal imaging has become increas-
ingly important in the diagnosis and prognosis of a number
of diseases. Currently, certain noninvasive, quantitative and
functional imaging techniques are used in standard clinical
practice. These include, US imaging, magnetic resonance
imaging (MRI) and optical imaging (fluorescence imaging).
Each of these modalities has particular advantages and disad-
vantages. US is a real-time, low-cost, non-ionizing and widely
available imaging tool, but its resolution is low compared with
other techniques and it is highly operator-dependent. MRI is
useful for imaging soft tissue. It has a high spatial resolution
and possesses multi-planar imaging capacities. However,
the cost remains relatively high and it takes longer to obtain
images than US, with relatively low sensitivity. Fluorescence
imaging has high sensitivity and produces multicolor images.
However, it is nonquantitative and does not penetrate tissues
well. These different modalities can be mediated by nanopar-
ticles to produce complementary methods of imaging (55).
Barnett et al (56) demonstrated that perfluorocarbon
nanoparticles, including rhodamine perfluorooctylbromide
(PFOB) nanoparticles and rhodamine perfluoropolyether
nanoparticles are multimodal cellular contrast agents, which
may be amenable to development for use in real-time targeted
delivery and imaging of transplanted human pancreatic islets
or other cells, using MRI, US or computed tomography (CT)
imaging. Furthermore, Anayama et al (57) used a nano-sized
liposome-based contrast agent in ultrasonic bronchoscopies,
and CT and fluorescence optical imaging to delineate features
of a rabbit lung VX2 tumor. Contrast agents have been added
to NBs so that they can be visualized using 1H MRI, 19FMRI,
XR/CT and US imaging. This has led to a novel generation
of imaging biomaterials that render cells visible with multiple
imaging modalities (58). Similarly, Cheng et al (59) investi-
gated a multimodal imaging contrast agent in rat and mouse
models, demonstrating via MTT and hemolysis studies that the
nanodroplets used were biocompatible and safe, and exhibited
significant ultrasound-triggered phase transition properties
under clinical diagnostic ultrasound irradiation.

Rapoport et al (60) demonstrated that at physiological
temperatures, nanodroplets converted into nanobubbles/MBs.
Doxorubicin (Dox) was localized in the MB walls, which
were formed by the block copolymer. Dox-loaded micelles
and NBs extravasated selectively into the tumor interstitium
when injected into mice. Here, the NBs coalesced to produce
MBs with a strong, durable US contrast. Dox was shown to be
strongly retained in the MBs but was released in response to
therapeutic US. When direct US was applied, the MBs cavi-
tated. This process significantly enhanced intracellular Dox
uptake by tumor cells in vitro compared with that observed
in unsonicated MBs and unsonicated micelles, and resulted in
tumor regression in the mouse model.

In 2011 Ke er al (61) synthesized a new drug-loaded gold
nano-microcapsule, which may be used in diagnostic imaging
as well as photothermal therapy, triggered by UTMD. In
2013, Ke et al (62) also demonstrated that the multifunctional
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Figure 2. (A and B) Scanning electron microscopy images of the PEGylated gold nanoshelled nanocapsules; (C) transmission electron microscopy images of
the agent; and (D) size distribution of the theranostic agent.
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Figure 3. (A) Contrast-enhanced ultrasonograms before, during and after the intratumoral injection of the agent (0.2 ml, 2 mg/ml) into mice for visualiza-
tion of the agent distribution to guide the subsequent therapy (tumors indicated by T). (B) T2-weighted MR images of the tumors at 0, 0.5, 1,2, 4 and 24 h
following intravenous injection of the agent (0.15 ml, 2 mg/ml) for visualization of tumor areas to guide the subsequent photothermal ablation (tumors are
indicated by red circles). (C) MR intensity profile of the tumors from tumor-bearing mice at 0, 5, 10, 15, 20 and 25 h following intravenous administration of
the nanocapsules. MR, magnetic resonance.
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nanocapsules were synthesized through loading PFOB and
superparamagnetic iron oxide nanoparticles into polylactic acid
nanocapsules (NCs), followed by the formation of PEGylated
gold nanoshell on the surface. The resulting multi-component
NCs were shown to be able to act as nanotheranostic agents.
These were used to achieve successful noninvasive bimodal
US/MRI guided photothermal ablation in human tumor
xenograft models. Such a single theranostic agent used in
combination with real-time US and high-resolution MR
imaging would be of great value in providing comprehen-
sive diagnostic information and identifying the dynamics of
disease progression for the accurate and timely application
of localized therapy. These molecules show great potential as
an effective nanoplatform for contrast imaging guided photo-
thermal therapy (Figs. 2 and 3, taken from reference 61).

3. Conclusion

Multifunctional US MB/NB formulations have been rapidly
developed for use in combining ultrasonic contrast enhanced
imaging and passive-active targeted therapy. Their application
has shown promise in the diagnosis and treatment of a variety
of diseases, in particular, malignancy.
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