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ABSTRACT: Among all the imaging techniques, ultrasound imaging has a
unique advantage due to its features of real-time, low cost, high safety, and
portability. Ultrasound contrast agents (UCAs) have been widely used to
enhance ultrasonic signals. One of the most exciting features of UCAs for use
in biomedicine is the possibility of easily putting new combinations of
functional molecules into microbubbles (MBs), which are the most routinely
used UCAs. Various therapeutic agents and medical nanoparticles (quantum
dots, gold, Fe3O4, etc.) can be loaded into ultrasound-responsive MBs. Hence,
UCAs can be developed as multifunctional agents that integrate capabilities
for early detection and diagnosis and for imaging guided therapy of various
diseases. The current review will focus on such state-of-the-art UCA platforms
that have been exploited for multimodal imaging and for imaging guided
photothermal therapy.

■ INTRODUCTION

Currently, several imaging modalities have rapidly advanced,
such as ultrasound (US) imaging, magnetic resonance imaging
(MRI), and computer tomography (CT).1−4 With the use of
related contrast agents, the sensitivity and resolution of clinical
imaging have experienced great improvements. Nevertheless,
each imaging modality has its own advantages and intrinsic
limitations, and thus, modality selection for clinical diagnostic
imaging is a challenge. The imaging modalities with high
resolution have relatively poor sensitivity, while those with high
sensitivity have relatively poor resolution. Among all the
imaging techniques, US imaging has the unique advantages of
being a real-time technique with low cost, high safety, and ready
availability via portable devices. However, many cancers cannot
be detected via US imaging. Calcifications that are visible on
mammograms cannot be detected by ultrasound scans,
preventing the early diagnosis of the breast cancers that begin
with calcifications. CT is one of the most routinely applied
medical systems with high spatial resolution, unlimited
penetration depth, and facility to 3-D visual reconstruction of
tissues of interest. However, the inherently low sensitivity of
CT imaging induces poor soft tissue contrast, and repeated CT
scans deliver a relatively high dose of radiation to the patient.
MRI is also noninvasive and can offer exquisite soft tissue
contrast and multiplanar images, but it is low sensitivity, high
cost, and cannot provide real-time images with its relatively
long processing time.
The idea of using multiple modalities in conjunction with

one another has recently gained popularity. The first fused
positron emission tomography (PET)/CT instrument was
commercially available in 2001. In addition, the emergence of
the fused PET/MRI instrument expands imaging frontiers. The

ACUSON S3000 ultrasound system from Siemens enables the
automatic fusion of ultrasound with 3-D CT volumes. The
complementary capabilities of different imaging modalities can
be harnessed to great effect by using these instruments in
tandem. These multimodal imaging instruments have attracted
extensive interest in the design and development of multimodal
contrast agents to boost the clinical benefits of hybrid
instrument technology. Multimodal imaging agents, which
permit the combination of two or more imaging modalities by
using a single agent, can provide multimodal contrast imaging
concurrently with complementary temporal, spatial, and depth
resolution for more accurate and reliable diagnosis. In view of
the intrinsic limitations of US, the integration of US with other
imaging modalities into a single agent will compensate for the
deficiencies of US imaging and maximize the advantages of each
imaging modality.
“Theranostics”, a term derived from thera(py) plus (diag)-

nostics to connect the fields of diagnostics and therapeutics, is
hoped to improve patient treatment effects and safety through
more personalized therapies for various diseases. More efforts
have recently been concentrated on integrating imaging probes
and therapeutic species into a single agent for concurrent
disease detection and targeted drug delivery or imaging-guided
drug delivery. Various imaging technologies, such as US, optical
imaging, MRI, and CT, can be used for theranostics.
Theranostic agents can deliver small molecules, biologics
(such as proteins and siRNA) or nanoparticles (NPs) to
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disease targets in an attempt to achieve targeted therapy or
imaging-guided therapy.
UCAs have been widely used to enhance ultrasonic signals.

The most routinely used UCAs can be prepared as aqueous
dispersions of water-insoluble gas (e.g., perfluorocarbon) MBs
coated with a thin shell made of proteins,5 polymers,6,7 lipids,8,9

or surfactants.10,11 One of the most exciting features of UCAs
for use in biomedicine is the possibility of loading multiple
functional components, such as several therapeutic species and/
or medical NPs (drugs, genes, quantum dots (QDs), gold, and
Fe3O4, etc.), into the shell and core domain of ultrasound-
responsive MBs to enable their application of multiple
purposes, e.g., diagnosis and therapy, or multimodal imaging,
as indicated in Figure 1. The combination of multiple

functionalities in the same agent can prevent the additional
pressure on the body’s blood clearance mechanisms that can
accompany the administration of multiple doses of agents.
Therefore, ultrasonically active MBs possess a natural
superiority for accomplishing simultaneous imaging and
therapy.
Photothermal therapy as a minimally invasive alternative to

conventional surgical treatment has been widely used for tumor

ablation treatment because of its accurate energy delivery to
target tissue and because of the sensitivity of tumor tissue to
temperature increases.12,13 Light in the near-infrared region
(NIR) in combination with appropriate light-absorbing agents
is especially attractive for selective photothermal interaction
due to the low absorbance of human tissues in this region.14

The combination of US imaging and photothermal therapy by
loading various NIR-absorbing species into UCAs has attracted
more and more attention. US imaging has identified the
location and size of tumors, and NIR laser and photoabsorbers
were subsequently used to ablate tumors by site-specific
photothermal therapy with no damage to the normal tissue.
In the current review, we will focus on the state-of-the-art UCA
platforms that have been exploited for multimodal imaging and
imaging-guided photothermal therapy. The expectation of this
article is to stimulate broad research interest in this promising
emerging field.

■ PREPARATION APPROACHES FOR
ULTRASOUND-BASED MULTIFUNCTIONAL
AGENTS

Polymer/lipid/surfactant-shelled and gas-filled MBs can be
prepared by several methods, such as sonication,15−17 high
shear emulsification,18,19 membrane emulsification,20 inkjet
printing,21 electrohydrodynamic atomization,22,23 and micro-
fluidic processing.24,25 Novel MBs with high stability were
recently prepared by ultrasonicating a mixture of poly(ethylene
glycol) 40 stearate (PEG40S) and Span 60 surfactants,26 and
the preparation of novel MBs is illustrated in Figure 2. MBs
composed of polymers, especially poly(lactic acid) (PLA) or
poly(lactide-co-glycolide acid) (PLGA), with excellent bio-
compatibility and biodegradability show good ultrasound
contrast-enhanced abilities and other advantages: the good
mechanical strength makes them stable; either hydrophobic or
hydrophilic species or both can be loaded in them during the
double emulsion fabrication procedure to become function-
alized; and the charged surface and functional groups on the
surface make easily modified to enable more uses such as site-
targeted capabilities.27 The water-in-oil-in-water (W/O/W)
double emulsion method was generally employed to generate
such polymeric MBs from PLA and poly(vinyl alcohol) (PVA)
materials (Figure 3).28 Ultrasonically active MBs are of
particular interest because of their potential for entrapping

Figure 1. Multifunctional ultrasound contrast agent constructed by
loading multiple functional components into the shell and core
domain of MBs.

Figure 2. Schematic illustration of the formation of MBs using Span 60 and PEG40S. Reprinted with permission from ref 26.
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various functional molecules and therapeutic agents inside their
shells or within their empty core domains. Therefore, it is very
easy to add new combinations of molecules and thus new
functionalities into such MBs to create smart UCAs. Next, we
will focus on the drug loading method and coupling chemistry
of other diagnostic or therapeutic agents with ultrasound MBs.
Drugs or other functional nanoparticles can generally be

loaded into MBs through two methods, namely, the surface
loading of performed MBs and entire volume loading. The
loading approach was determined by the shell composition as
well as the drug’s physicochemical properties, such as its
solubility, electrostatic charge, and particle size. For instance,
electrostatically charged phospholipids can be used to bind
oppositely charged drugs. Smaller species, such as QDs,
superparamagnetic iron oxide (SPIO), and functional mole-
cules, can be conjugated to the shell surface or encapsulated
into the interior of the MBs without having a significant impact
on the MB stability. However, larger nanoparticles, such as
nanorods and nanoshells, may induce the disruption of MBs
from phospholipids, proteins, or surfactants when loading these
larger NPs onto the shell of the performed MBs. Nevertheless,
the polymeric shelled MBs have the advantage of loading larger
NPs because of their higher stability. Both hydrophobic and
hydrophilic species can be encapsulated into polymeric shelled
MBs;29 however, the loading amount of hydrophilic drugs is
smaller than that of lipophilic drugs because the aqueous phase
comprises only a small portion of the MB volume. Protein,
especially human serum albumin (HSA), has a high affinity for
DNA and a large quantity of drug molecules. Drug loading can
be performed during the production of MB by incubating the
proteins with the drugs. Furthermore, HSA has abundant thiol
groups, can form stable covalent bridges30 by using a probe-
type sonication method, and is therefore most widely used as
an MB shell protein.

Magnetic NPs can be coupled to the shell surface of the MBs,
embedded in the shells or the oil layer of the MBs by means of
electrostatic interaction, hydrophobic interactions, or merely by
physical encapsulation. Soetanto et al.31 linked positively
charged magnetite particles and negatively charged surfactant
MBs by electrostatic interaction. Yang et al.32 used a double-
emulsion procedure to embed SPIO NPs into the oil layer of
the polymer MBs. Chow et al.33 and Liu et al.34 synthesized
magnetic MBs by encapsulating iron oxide NPs into the MB
shells. In addition, Brismar et al.35 covalently tethered SPIO
NPs onto the surface of PVA MBs in which the SPIO NPs were
functionalized via silanization to introduce amino groups, which
then reacted with the aldehyde groups of PVA MBs through
reductive amination. US/fluorescent dual-modal imaging agents
can be prepared by conjugating fluorescent agents and MBs.
For example, Ke et al.36 electrostatically deposited fluorescent
CdTe QDs onto the surface of surfactant MBs by using a layer-
by-layer assembly technique. Indocyanine green (ICG), a
water-soluble fluorescent imaging agent, was loaded into PLGA
MBs by physical encapsulation.37 HSA was attached to gold
nanorods (GNRs) through free thiol groups in HSA, and the
subsequent sonication of gold nanorods-HSA solution resulted
in the formation of Au MBs, which presented an imaging ability
with ultrasound/photoacoustic dual-modality.38 To achieve
simultaneous diagnosis and therapy, the near-infrared photo-
absorber GNRs were adsorbed onto the surface of PLA
microcapsules via electrostatic interaction.39 Alternatively,
imaging or therapeutic agents can be associated with smaller
particles, which are in turn attached to the MBs. For example,
CdSe/ZnS QDs, Au NRs, Fe3O4 NPs and Gd-loaded
mesoporous silica NPs were incorporated into MBs via
electrostatic interactions.40 The surface charge of MBs as
stabilized by lysozymes can be regulated by changing the pH
value to attach negatively charged silica-coated NPs. The use of
silica NPs as a secondary carrier to encapsulate various imaging

Figure 3. Schematic illustration of the formation of PLA MBs by water-in-oil-in-water double emulsion method, the picture was obtained from the
ref 28 with a slight modification.
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and therapeutic agents is independent of the agent sizes, shapes,
and materials, and it shows great potential for preparing
multifunctional UCAs by simple attachment.
In summary, it is difficult to say what is the best way to

prepare multifunctional MBs with excellent stability, high
targeting, monodispersivity, imaging, or theranostic capacities.
Personal preparation approaches should be employed on the
basis of the different properties of multifunctional agents and
the corresponding requirements. Additionally, the processing
cost will have to be considered, and therefore, the development
of novel preparation methods is still a challenge for future
research.

■ ULTRASOUND-BASED MULTIFUNCTIONAL
IMAGING AGENTS

As mentioned above, each imaging modality has its own
advantages and intrinsic limitations, and individual imaging
modality only reveals a small piece of a complex confusion in
disease etiology. Encapsulating multiple imaging agents in
UCAs opens a new avenue for the simultaneous acquisition of
anatomical, functional, and molecular information about
biological tissue.41−43 Multifunctional imaging modalities
based on MRI, optical, PET, and CT have been well
documented,44 but US-based multifunctional imaging agents
are still in their infancy.
US/MR Dual-Modal Imaging Agents. The best-estab-

lished US-based multimodal imaging technology is a combina-
tion of US imaging and MRI. As mentioned above, although
US imaging is a real-time and noninvasive imaging technique,
its signal is usually disturbed by many factors. The ability of
ultrasound to display tissue structure is worse than that of MRI.
Moreover, the different physical compositions of US and MR
contrast agents have resulted in different tracer distributions
within the vasculature. US microbubble contrast agents are
primarily intravascular,45,46 whereas typical MRI contrast agents
such as Gd-DTPA or SPIO NPs are capable of extravasation
because of their low molecular weight or small size.47,48 Thus,
the integration of the two contrast agents can provide signals
from the blood pool and surrounding tissue simultaneously. Ao
et al.49 reported the feasibility of Gd-DTPA-loaded PLGA MBs
as both a US and MRI contrast agent. Gu et al.32,50,51 and Liu et
al.34 developed a US-MRI dual-modal contrast agent by
incorporating SPIO NPs into the shell of PLA and poly(butyl
cyanoacrylate) MBs. The SPIO-PLA MBs are represented
schematically in Figure 4. In vitro and in vivo MRI experiments
showed that both the SPIO NP-inclusion MBs provided
enhanced contrast for the MRI. Moreover, the inclusion of
SPIO NPs enhanced the echogenicity of the host MBs
compared with the unmodified one.32,50 When poly(butyl
cyanoacrylate) MBs were destructed by US, a significant
increase in the longitudinal and transversal relaxivities was
observed, demonstrating their triggerable MRI properties.34

Multimodal functionality does not always require the
incorporation of multiple molecular species because some
molecules themselves can be detected by more than one
modality. It is not only convenient to medical professionals but
also reduces the production and health-care costs. Ultrasoni-
cally active gas-filled MBs were also detectable by MRI because
the shell oscillations of bubbles resulted in a proportionate
contribution to magnetic susceptibility;52 the contrast is
particularly evident when the core gas is paramagnetic.53

Another good example of material with dual properties is
perfluorocarbons, which are detectable by both US and MRI.

Pisani et al.54 reported that the perfluorooctyl bromide (PFOB)
polymeric capsules can serve as US and MRI dual-model
contrast agents. It is very interesting that the capsule diameter
can be precisely tuned between 70 nm (nanocapsule) and 25
μm (microcapsule), which is consistent with imaging require-
ments, because the ideal agent size should be tailored to either
limit circulation to the vascular space (micrometric but less
than ∼7 μm) or allow passage beyond the endothelium
depending on the compartment of the biological target.

US/Optical Dual-Modal Imaging Agents. Optical
imaging has high sensitivity and multicolor imaging capabilities,
but its low spatial resolution in tissue from the strong scattering
of both excitation and emission lights has blocked its wide
application to clinical diagnosis in humans. Compared with
fluorescence imaging, which is seriously limited for in vivo
applications owing to the weak penetration depth of light, US
has become an outstanding technique in clinical diagnosis
because it is possible to obtain highly resolved 3D images of
living bodies. Moreover, such a scattering artifact of the
excitation source in optical imaging can be inhibited by
ultrasound. As early as 2000, optical imaging was used as an
effective adjunct to ultrasound in discriminating benign from
malignant breast lesions, improving ultrasound specificity, and
reducing unnecessary biopsies.55 Therefore, the contrast agents
that combine fluorescence and US imaging have received a
great deal of attention because they integrate the high
sensitivity of the fluorescence phenomenon with the high
spatial resolution of US. Our group recently36 reported a US-
fluorescent dual-modal imaging agent through the layer-by-
layer deposition of poly(allylamine hydrochloride) and CdTe
QDs onto ST68 MBs (Figure 5). CdTe QDs-modified MBs
not only presented significant ultrasound contrast enhancement
in rabbit kidney and hypodermic fluorescent imaging in nude
mice (Figure 6 and Figure 7), but also have the potential to
deliver QDs to the disease site for cell and tissue fluorescent
imaging by ultrasound targeted microbubble destruction
(UTMD) technique.56−59

Seo et al.40 also prepared multifunctional MBs by
incorporating various silica-coated NPs, such as CdSe/ZnS
QDs, gold nanorods, iron oxide NPs, and Gd-loaded NPs, onto
monodisperse, protein−lipid-coated perfluorobutane MBs that
were generated via microfluidics. Such NP-loaded MBs
demonstrated the great prospects of US-optical, US-photo-

Figure 4. Schematic diagram of the SPIO NPs incorporated MBs
generated by double emulsion method from PLA as the first shell
containing SPIO NPs and PVA as the second shell. Reprinted with
permission from ref 32.
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acoustic (PA), US-MR dual-modal imaging, as well as US
imaging-photothermal therapy applications.
ICG is one of the first optical contrast agents that was

approved by the Food and Drug Administration for clinical
imaging applications.60−62 It is commonly used as a blood pool
imaging agent because of its strong affinity to plasma proteins
in the vascular system. As the fluorescence emission peak of
ICG is located in the NIR region, the light can penetrate
through thick biological tissues. Xu et al.37 reported the use of
ICG-encapsulated PLGA MBs for concurrent NIR and US
imaging as illustrated in Figure 8, in which typical NIR
fluorescence and B-mode US images were captured synchro-
nously with the position and time. In addition to fluorescence
imaging, ICG exhibited excellent photothermal,63 photo-
dynamic,64 and photoacoustic65 effects. Thus, it is technically
feasible to demonstrate concurrent US, photoacoustic, and

fluorescence imaging or US imaging-guided photothermal or
photodynamic therapy, if encapsulating ICG in MBs.

US/Photoacoustic Imaging Agents. Despite the high
sensitivity of pure optical imaging, this technique suffers from
either shallow penetration depth or poor spatial resolution due
to strong light scattering. Photoacoustic imaging integrates the
spatial resolution of US imaging and the molecular sensitivity of
optical imaging,66 and it has emerged as a promising imaging
technique for visualizing optically absorbing structures. When a
pulsed laser is used to irradiate the subject, the laser pulse
energy was absorbed by a chromophore, inducing local thermal
expansion and producing a pressure transient. PA imaging is
based on the use of the detected acoustic signals to reconstruct
the optical absorption distribution. The functional properties of
subcutaneous tissue structures in a cross-sectional area or a
three-dimensional space can be detected by the PA effect.67 A
conventional US system can easily be combined with PA

Figure 5. Schematic QDs-modified MBs: (a) fabrication process; (b) capability to serve as a dual-modal contrast agent for both US and optical
imaging. Reprinted with permission from ref 36.

Figure 6. Pulse inversion harmonic images of the rabbit right kidney: (left) pre- and (right) postinjection of 0.1 mL kg−1 of QDs-modified MBs.
Reprinted with permission from ref 36.

Figure 7. Photographs of mouse before (a) and after (b) injection of QDs-modified MBs.
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imaging by encapsulating highly optical absorbing agents into
MBs to provide both mechanical contrast (morphological
information) and optical contrast (morphological and func-
tional information). Moreover, it is feasible to integrate US and
PA imaging into one imaging machine, thereby allowing the
acquisition of both ultrasonic and PA imaging information
during one imaging examination.
Gold nanoparticles are highly absorbing optical contrast

agents that can be loaded in MBs and nanobubbles (NBs) for
PA and US dual-modal imaging. Various gold NPs, such as
nanospheres, nanocages, and nanorods, have been synthesized
for enhancing photoacoustic imaging.68−70 Gold nanosphere-
loaded perfluorocarbon (PFC) droplets have been encased in
bovine serum albumin to form photoacoustic nanodroplets, and
simultaneous PA and US contrasts can be observed from

polyacrylamide phantoms after embedding gold nanosphere-
loaded PFC droplets.71 The same group also prepared lipid
PFC nanodroplets with encapsulated gold nanorods, which
vaporized when exposed to pulsed laser irradiation, sending out
a strong photoacoustic signal, and then formed into MBs that
were detectable by ultrasound.72

Kim et al.73 developed India ink-loaded PLGA MBs and NBs,
which operated a novel dual-modality contrast agent for both
US and PA imaging at different concentrations in gelatin
phantoms (Figure 9). Moreover, the eight targets of ink-loaded
PLGA bubbles are still visible even when chicken breast tissue
of 18 mm thickness was added to the top of the gelatin
phantom (Figure 10), indicating that one potential application
for these PLGA bubbles could be the intraoperative evaluation
of tumor resection margins.

US/CT/MR Trimodal Imaging Agents. Apart from dual-
modal imaging agents, several different contrast agents for US,
CT, and MR trimodal imaging were developed by the Bulte
group. PFOB NPs, which can be detected by 19F MRI, US
imaging, and CT, were used to label human cadaveric islets for
the in vivo trimodal imaging of engraftment and immunor-
ejection of transplanted islets.74 Similarly, PFOB emulsion was
incorporated into alginate microcapsules to image the
encapsulation and immunoisolation of cellular therapeutics by

Figure 8. Typical ultrasound and fluorescence images of ICG-
encapsulated MBs injected in a transparent tube. Reprinted with
permission from ref 37.

Figure 9. (a) Photograph of a phantom containing tumor simulators made of ink-encapsulated MBs and NBs with various concentrations. (b)
Corresponding PA image. (c) Corresponding US image. 1−4: MBs at concentrations of 2.5, 5.0, 10, and 15 mg/mL, respectively. 5−8: NBs at
concentrations of 2.5, 5.0, 10, and 15 mg/mL, respectively. Reprinted with permission from ref 73.

Figure 10. (a) Photograph of a phantom containing tumor simulators
made of ink-encapsulated MBs and NBs with various concentrations.
(b) Corresponding PA image of the phantom positioned below 8 mm
of chicken breast tissues. (c) Corresponding PA image of the phantom
positioned below 18 mm of chicken breast tissues. 1−4: MBs at
concentrations of 2.5, 5.0, 10, and 15 mg/mL, respectively. 5−8: NBs
at concentrations of 2.5, 5.0, 10, and 15 mg/mL, respectively.
Reprinted with permission from ref 73.
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19F MRI, X-ray, and US techniques.75 Additionally, this group
has synthesized a “capsule-in-capsules” by encapsulating gold,
iron oxide NPs, and islet cells in a primary inner capsule within
the secondary outer capsule (Figure 11), and they demon-
strated that the “capsule-in-capsules” can be tracked with three
modalities, i.e., MR, CT, and US imaging.76 Another report by
the same group showed the coencapsulation of gold NPs that
were functionalized with dithiolated diethylenetriaminepenta-
acetic acid:gadolinium chelates with human pancreatic islets
into alginate-protamine sulfate-alginate capsules,77 as repre-
sented in Figure 12. These microcapsules containing pancreatic
cells provide a versatile means for noninvasively monitoring
engrafted capsules in real time, and they hold potential for
treating type I diabetes without immunosuppressive therapy.
Although the integration of other imaging modalities with

US is expected to provide more precise and detailed
information for clear diagnosis than US alone, the rational
selection of imaging modalities for multimodal imaging is
highly important. During the design of US-based multimodal
imaging probes, researchers should avoid the overlap of
advantages and instead compensate for the weak points of
each modality to maximize the synergistic effect. This is the
reason that the real-time and noninvasive US imaging but with
low sensitivity, and spatial resolution is frequently combined
with other imaging modalities with high spatial resolution (MR,
CT, etc.) or high sensitivity (optical, etc.). Although different
imaging techniques are thought to compensate for one another,

there is still concern over the different sensitivity of each
modality. For example, NIR fluorescence agents can be used at
extremely low concentrations, while MR and CT agents require
relatively high concentrations. Therefore, it is necessary to take
into account the total dosage of the contrast agents and the
amounts of each imaging agent when two or more imaging
instruments are fused together. Improving imaging instruments
is expected to alleviate these problems by providing fine images
with small numbers of probes.

■ ULTRASOUND CONTRAST AGENTS FOR IMAGING
GUIDED PHOTOTHERMAL THERAPY

The term “theranostics” comprises two distinct definitions:
specific, individualized therapies for various diseases and the
combination of diagnostic and therapeutic agents into a single
platform. We currently focus on the latter. The emergence of
multifunctional theranostic agents offered an opportunity to
draw diagnosis and therapy closer and shortened treatment and
hospital stay times. Diagnostic UCAs can be readily “upgraded”
to theranostic agents by outfitting therapeutic functions on
them. MB carriers are uniquely suitable for ultrasound-
enhanced local drug delivery because they can be selectively
concentrated and destroyed at the acoustic focal regions. With
the aid of an imaging agent, the biodistribution of UCAs or
drugs, the accumulation at the target sites, as well as the
therapeutic results, can be confirmed noninvasively under in
vivo conditions. Because many review papers on UCAs for

Figure 11. Schematic representation of the composition of the “capsule-in-capsules”: the primary capsule contains iron oxide and gold NPs, while
the secondary-capsule contains islet cells. Reprinted with permission from ref 76.

Figure 12. Three-dimensional scheme of alginate-protamine sulfate-alginate microcapsule containing gadolinium chelates. The semipermeable
microcapsule allows diffusion of oxygen, nutrients, glucose, and insulin, while passage of immune cells and antibodies is blocked. Reprinted with
permission from ref 77.
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drug/gene delivery78−82 and thrombolysis83,84 have been
published, herein we will primarily focus on recent advances
in employing UCA as a novel theranostic agent in US imaging
guided photothermal therapy.
US Imaging Guided Photothermal Therapy. Recent

advances in nanotechnology have provided a range of novel
materials that act as photothermal agents, such as gold
nanomaterials (gold nanorods, gold nanocages, and gold
nanoshells),85−88 carbon nanomaterials (carbon nanotubes,
graphene, and nanohorns),89−93 CuS NPs,94 Prussian blue
NPs,95 and polypyrrole NPs,96 and so forth. Among these
options, gold nanostructures exhibit good biocompatibility in
addition to excellent optical and electronic properties, thus
allowing their use in biological and medical fields. The first
report on US imaging combined photothermal therapy that was
composed of PLA microcapsules (MCs) and NIR-absorbing
gold nanoshells (GNS) or GNRs was demonstrated by our
group.39,97 In vivo ultrasound imaging evaluation showed that
the modification of GNS or GNRs did not weaken the acoustic
properties of the microcapsules, and the HeLa cells incubated
with the theranostic agents could be killed selectively by NIR
light-induced photothermal effect (Figure 13). Thus, the dual-
functional gold-PLA composites were shown to operate
ultrasound-guided photothermal tumor therapy.

To accomplish more efficient photothermal tumor ablation,
we upgraded gold nanoshelled microcapsules to nanoscaled
theranostic agents by incorporating two extra components of
SPIOs and PFOB into PLA nanocapsules with an additional
PEGylation (Figure 14a).98 The resulting PEGylated gold
nanoshell nanocapsule-entrapping SPIO NPs and PFOB (PGS-
SP NC) exhibited a rough surface morphology and an average
diameter of approximately 373.6 nm (Figure 14b). PGS-SP
NCs not only could be used to guide US contrast imaging
(Figure 14c), but were also applicable to MRI guidance (Figure
14d). With the help of US imaging, the distribution of the
photoabsorber can be ensured to guide the following
photoablation therapy. The MR contrast imaging displayed
the xenografted tumor as a gray area inside a red circle before
the intravenous administration of the nanocapsule suspension.

However, the tumor was darkened by 0.5 h later, suggesting the
SPIO-functionalized nanocapsules had been aggregated in the
tumor site to generate negative contrast in the T2-weighted MR
image. After the agent was injected intravenously into the
tumor-bearing mice, the nanocapsules tended to accumulate in
the tumor sites because of an enhanced permeability and
retention effect, which was enhanced by the nanoscaled size
and surface PEGylation of the nanocapsules.
In HT-1080 tumor-bearing nude mice, the tumor size was

deceased by 34.0% on the ninth day after treating with an
intravenous injection of PGS-SP NCs followed by NIR laser
irradiation, but there was no significant difference in the final
tumor size relative to the control groups.
Gold nanoshelled NCs could also serve as effective CT

contrast agents.99 Thus, the relatively poor spatial and
anatomical resolution of US images might be overcome by
the integration of MRI and CT, which have excellent spatial
and anatomical resolution. This type of single theranostic agent
in combination with real-time US and high-resolution MR and
CT imaging would be of great value in generating more
comprehensive information about the diagnosis and dynamics
of disease progression, which could be used for the accurate
location of therapeutic focusing spots in the targeted tumor
tissue. This technique exhibits great potential as an effective
nanoplatform for contrast imaging-guided photothermal
therapy.
Because of the d−d transition of Cu2+ ions, CuS NPs show

strong NIR absorption, which is unaffected by the solvent or
the surrounding environment when CuS NPs are formulated or
delivered in vivo.100 Thus, a novel microbubble system was
developed for both ultrasound imaging and targeted CuS NPs
delivery by using UTMD to kill tumor cells with the
photothermal effect.101 The composite MBs were fabricated
by depositing photothermal CuS NPs onto the outer surface of
gas-filled ST68 MBs (CuS-ST68 MBs). In addition to their
outstanding ultrasound imaging capability, “soft” CuS-ST68
MBs would cavitate violently under the UTMD effect and then
release the CuS NPs, which could penetrate into the tumor
interstitium to kill the tumor cells with the aid of NIR light
irradiation. Nanoshelled microcapsules would stay in the tumor
vasculature rather than penetrate into the tumor interstitium
because of their relatively large size, which may result in the
insufficient ablation of tumor cells. However, the smaller CuS
NPs are more probable for reaching their targets and being
cleared from the body through the renal system.100,102,103

When compared with NIR-absorbing inorganic components,
which are nonbiodegradable and thus show potential long-term
toxicity, organic compounds have attracted great interest over
various photothermal therapy studies.104,105 Very recently,
polypyrrole (PPy) nanoparticles have been given more
attention during photothermal ablation therapy owing to
their strong NIR absorption property.106,107 PPy nanoparticles
have good biocompatibility with the photothermal ablation
therapy of cancer; moreover, when compared with Au
nanorods, PPy nanoparticles exhibit higher photothermal
conversion efficiency and NIR photostability.96 PFOB was
recently encapsulated into the soluble PPy complex to prepare
water-dispersible PPy nano/microcapsules by easily tuning the
synthesis parameters. Because of the favorable NIR-absorbing
property of the PPy shell and the good echogenicity of the
PFOB core, the resulting PFOB-loaded PPy nano- and
microcapsules operated as an excellent multifunctional photo-
thermal agent for a real-time US imaging-guided photothermal

Figure 13. Gold nanoshelled microcapsules operate as a novel
theranostic agent for both contrast-enhanced ultrasonic imaging and
photohyperthermia. (Scale bars: 500 mm; GNS-MCs agent concen-
tration: 0.3 mg mL−1; NIR laser: 808 nm, 8 W cm−2, 10 min).
Reprinted with permission from ref 97.
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treatment of cancer cells.108 In addition to ablating tumor upon
NIR light irradiation, PPy material can also provide excellent

contrast enhancement for US imaging. Very recently, our group
fabricated PPy hollow microspheres (PPyHMs) by using a

Figure 14. (a) Schematic PEGylated gold nanoshell nanocapsule entrapping SPIO NPs and PFOB (PGS-SP NC). (b) SEM images of the PGS-SP
NPs. (c) Contrast-enhanced ultrasonograms before, during, and after the intratumoral injection of the agent (0.2 mL, 2 mg mL−1) into the mice for
visualization of the agent distribution to guide the following therapy (tumors highlighted by T). (d) T2-weighted MR images of the tumors at
different time points after intravenous injection of the agent (0.15 mL, 2 mg mL−1) for visualization of tumor areas to guide the following
photothermal ablation (tumors are highlighted in the red circles). Reprinted with permission from ref 98.

Figure 15. Localized photohyperthermic effect. Photothermal destruction of U87-MG cells with or without PPyHMs and NIR laser (808 nm, 6 W
cm−2) treatments (a, b, c, d, e, and f). White circle indicates the laser spot; live/dead stain for viability shows dead cells as red while viable cells as
green. Reprinted with permission from ref 108.

Figure 16. (a) Representative photographs of mice bearing U87-MG tumors after various different treatments indicated. (b) H&E stained tumor
slices collected from different groups of mice immediately after laser irradiation. The PPyHMs injected tumor was severely damaged after laser
irradiation. Reprinted with permission from ref 108.
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simple oil-in-water microemulsion method.109 The PPyHMs
caused a significant photothermal therapeutic effect, and 80% of
the U87-MG cells died when they were incubated with 7 μg
mL−1 PPyHMs under NIR laser irradiation (Figure 15). In vivo
experiments showed that the tumor volume was effectively
decreased after PPyHM injection and laser exposure (Figure
16a). Hematoxylin and eosin staining in tumor slices indicated
significant cancer cell damage (Figure 16b). Importantly,
because of the hollow structure, PPyHMs displayed excellent
US contrast-enhancing ability both in vitro and in vivo, as shown
in Figure 17. The construction of PPyHMs successfully
combined US imaging and photothermal therapy with no
need for additional NIR-absorbing agents, reduced the high
onetime dose, and prevented the change in the shell stiffness.
Consequently, PPyHMs show great prospect as a new
generation of theranostic agent for US imaging guided
photothermal therapy. In addition, PPy was found to be a
new type of contrast agent for photoacoustic imaging, with

good biocompatibility, high spatial resolution, and enhanced
sensitivity.110 Undoubtedly, PPy is a versatile material,
exhibiting great prospects for enhancing US imaging, photo-
acoustic imaging, and imaging-guided photothermal therapy.

US/CT Bimodal Imaging Guided Photothermal Ther-
apy. The clinical application of the ACUSON S3000
ultrasound system combining real-time US and 3-D CT has
triggered great interest in designing multifunctional contrast
agents for US/CT biomodal imaging or theranostic agents for
US/CT biomodal imaging-guided therapy. Recently, a new type
of theranostic MCs were successfully fabricated by our group
for photothermal tumor destruction under the guidance of US/
CT bimodal imaging by introducing gold NPs into PLA
microcapsules through a double-microemulsion method,
followed by depositing graphene oxide (GO) onto the
microcapsule surface via an electrostatic layer-by-layer self-
assembly technique.111 Au NPs act as contrast agents to

Figure 17. In vitro ultrasound contrast-enhanced images in a latex tube: (a) US images of various concentrations of PPyHMs. (b) Normalized US
intensities over PPyHMs concentration. (c) Time-dependent echogenic behaviors of PPyHMs at the concentration of 20 mg mL−1. In vivo
ultrasonograms in the rabbit right kidney (d) pre- and (e) postadministration of PPyHMs. Reprinted with permission from ref 108.

Figure 18. In vivo X-ray CT imaging of mice after intramuscular injection of Au@PLA-(PAH/GO)2 microcapsules (the white arrow points to the
microcapsule-injected region). (b) In vivo ultrasonograms in the rabbit right kidney after administration of the microcapsule of Au@PLA-(PAH/
GO)2. Reprinted with permission from ref 111.
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enhance CT imaging, and GO is used as a strong NIR-light
absorbing agent for the photothermal ablation of cancer.
In vivo CT and US imaging experiments showed that the

resulting MCs could serve as a contrast agent to enhance X-ray
CT imaging and US imaging simultaneously (Figure 18). In
addition, the tumor growth was inhibited of 83.8% in the
presence of near-infrared light and MCs within 9 days (Figure
19). Such a versatile MC system might bring novel
opportunities to the next generation of multimodal imaging-
guided cancer therapy.
US/PA Bimodal Imaging-Guided Photothermal Ther-

apy. US and PA are both noninvasive and nonradioactive
imaging tools. Because they share the same instrumentation,
US and PA modalities are commonly paired with each other
and provide complementary information as a potent dual-
modality method. US/PA dual-modality contrast agents can be
prepared by combining UCA with an optical absorption
substance. Specifically, if the optical absorption substance can
serve as a therapeutic species in addition to enhancing the PA
signals, US/PA dual-modality imaging with combination of
therapy can be achieved simultaneously. A US/PA dual-
modality contrast agent composed of human serum albumin-
shelled MBs and gold nanorods was recently proposed.38 The
gold nanorods were used as NIR light absorbers to enhance the
PA signals and generate a photothermal effect. More recently,
we successfully constructed a multifunctional ultrasound
contrast agent by encapsulating SPIO NPs into the PLA
microcapsules via a double emulsion evaporation process
followed by GO deposition onto the microcapsule surface.112

The resulting composite agents not only provided prominent
contrast enhancement for the trimodality imaging of US/MR/
PA, but also served as efficient NIR photoabsorbers for the

photothermal ablation of cancer cells upon NIR laser
irradiation without damaging normal cells. Moreover, this
photothermal effect was obviously enhanced by applying an
external magnetic field because of the presence of SPIO NPs
inside the microcapsules. This contrast-enhanced US/MR/PA
trimodal imaging guidance could display dynamic comple-
mentary information about the tumors to help alter the
treatment through personalization and high efficiency. This
type of multifunctional agent is anticipated to foster innovative
avenues for developing multifunctional platforms for cancer
diagnosis and treatments.
Admittedly, the combination of US imaging and photo-

thermal therapy will have great potential as theranostic agents
in clinics because of their safety and site-specific therapy.
However, many important problems still remain unresolved; for
example, the payload of MBs is restricted because the effective
carrying capability is limited to their shell; the circulation time
of MBs is only a few minutes; the stability of MBs might be
decreased when encapsulating photothermal NPs; and it is
unclear how to maintain an adequate acoustic capability of
photothermal NPs-loaded MBs, and so forth. Moreover, for US
imaging guided photothermal therapy, the identification of the
location and size of the tumor before therapy is important to
avoid damage from the NIR light to normal cells. Thus, it is
necessary to construct active-targeted MBs by incorporating
ligands onto the membrane of MBs. In addition, the
penetration depth of NIR light restricts its application in
superficial tumors, and the deep-seated tumors must be aided
by interventional therapy that inserts an optical fiber into the
specific site. Anyway, US imaging guided photothermal tumor
ablation therapy is believed to be a promising field in cancer

Figure 19. (A) Temperature change curves determined by thermographic camera after treatments of the nude mice tumor with saline or Au@PLA-
(PAH/GO)2 microcapsules upon exposure to the 808 nm laser at a power density of 2.23 W/cm2. (B) Quantitative measurement of tumor volume
in mice after different treatments. The tumor volumes were normalized to their initial sizes (■ saline solution, ● Au@PLA-(PAH/GO)2
microcapsules + Laser, ▼ saline solution + Laser, ▲ Au@PLA-(PAH/GO)2 microcapsules). (C) Body weights of mice at different time points after
various treatments. (D) Representative photographs of tumors in mice before and after various treatment for 1 days and 6 days (a, Au@PLA-(PAH/
GO)2 microcapsules + Laser; b, saline solution; c, Au@PLA-(PAH/GO)2 microcapsules only; d, saline solution + Laser). Reprinted with permission
from ref 111.
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treatment, and the above issues will be solved with the
development of biotechnology and materials science.

■ CONCLUSION AND PERSPECTIVE

Despite the tremendous advances of US-based multifunctional
imaging and theranostic agents in preclinical diagnosis and
therapy, examples of these investigations are rare to date, and
they primarily focus on US/MRI dual-functional contrast
agents or drug or gene delivery systems. Moreover, the present
studies are still restricted to simulated investigations, cell
investigations, and small animal studies.113 The emergence of
nanotechnology has endowed traditional US imaging with new
abilities for integrated diagnosis and image-guided therapy.
Various NPs, such as QDs, Fe3O4, Bi2S3, gold, CuS, and carbon
materials, and so forth, possess unique optical, magnetic, X-ray
absorbing, or photothermal properties and have achieved great
success in the imaging or therapeutic fields. These techniques
have laid the foundation for current studies because the probes
can easily be upgraded when combined with ultrasonic MBs.
Future studies should focus on the development of highly
stable, biocompatible, targeted multifunctional, ultrasound
imaging, and therapeutic agents, and accelerate their clinical
translation.
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