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Nanobubbles can serve as promising, next-generation theranostic platforms for ultrasound (US) and magnetic
resonance (MR) imaging, and combined magnetic targeting (MT) and high-intensity focused ultrasound
(HIFU)-triggered drug release for tumor therapy. Nanobubble-baseddual contrast enhancement agents encapsu-
lated with perfluoropentane and stabilized with superparamagnetic iron oxide (SPIO) nanoparticles have been
synthesized through a single-step emulsion process from thermosensitive F127 and polyacrylic acid (PAA).
Both US and MR imaging contrast can be optimized by varying the shell thickness and SPIO-embedded
concentration. The US contrast can be enhanced from a mean gray value of 62 to 115, and the MR r2 value can
be enhanced from 164 to 208 (s−1 mM−1 Fe) by increasing the SPIO concentration from 14.1 to 28.2 mg/mL,
respectively. In vivo investigations of SPIO-embeddednanobubbles in excised tumors under externalMT revealed
that the US andMR signals change quantitatively compared to the same site withoutMT. This combined strategy
enables the nanobubbles to enhance both passive targeting (increasing the permeability by HIFU) and physical
MT of chemotherapeutic drugs to tumors. The integration of functionalities makes this nanobubble system a
powerful and viable new tool to achieve simultaneous in vivo tumor imaging and efficacious cancer therapy.

© 2013 Published by Elsevier B.V.
1. Introduction

Employing theranostic nanoparticles, which combine both therapeu-
tic and diagnostic capabilities in a single probe, hasmoved nanomedicine
towards a new era of more effective and personalized treatment
approaches, especially for tumor therapy and imaging. The ultrasound
(US) technique has become friendly and easy-to-use as a diagnostic tool
in clinical applications, and US is easy to focus and penetrates deep into
soft tissue in a noninvasivemanner.Moreover, US has beendemonstrated
to enhance the intercellular uptake of drugs and trigger the release of
drugs [1,2], but US has exhibited a poor deep tissue discrimination ability
because of its image resolution [3,4]. In contrast, magnetic resonance
(MR) imaging is routinely used clinically during the preparation phase
and for post-treatment evaluation becauseMR imaging is a powerful,
),

vier B.V.
noninvasive technique for obtaining real-time images that contain
morphological and functional information with high resolution at
the cellular and molecular levels. Superparamagnetic iron oxide
(SPIO) nanoparticles and stabilized gas microbubbles (MBs) [5,6]
are used as contrast agents for MR and US imaging, respectively.
However, for the nanotheranostic treatment of various diseases,
particularly cancers, it is essential to develop drug-loaded, nanosized
contrast agents that take advantage of the inherent size of the
nanoparticles and of the unique properties of tumor vasculature
through the enhanced permeability and retention (EPR) effect,
which allows nanobubbles to pass into the extravascular spaces
and accumulate inside tumors [7]. Therefore, further innovations in
the development of a drug nanocarrier that possesses the advantage
of MR and US dual-modality imaging and the US-triggered release of
therapeutic agents to tumor cells may offer a new type of therapeutic
application [8,9].

Traditionally, commercial organicMBs aremade from lipidmaterials
or liposomes for use as US imaging contrast agents, e.g., the lipid-coated
perfluorocarbon (PFC) MB agent [10,11], and these MBs undergo an
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instant phase transition into echogenic gas bubbles to intensify the US
contrast through bubble-induced acoustic effects. However, these
organic materials are usually soft and unstable because of their
limited circulatory lifetime, which results from the easy dissolution
of gas [12,13]. In contrast, a solid bubble shell can increase the
stability of the contrast agent, such as silica [14,15], and can improve
US contrast by increasing the backscattered signals. Liu et al. [16]
reported a hydroxyapatite (HA)-coated liposome decorated with
iron oxide nanoparticles that exhibited US-triggered drug release
with MR imaging contrast but could not be used for US imaging
because no gas was entrapped in the liposome. However, the
enhancement in the contrast is still limited. Recent studies have
reported that the presence of SPIO nanoparticles in the bubble shell
can alter the surface tension of bubbles, can boost the acoustic
impedance and can enhance the detectable backscatter [17]; all
these effects result in intensified scattering signals and, consequent-
ly, improved US imaging. Liu et al. [18] proposed a process for
synthesizing magnetic nano-in-micro imaging probes through
emulsion polymerization to form poly(butylcyanoacrylate) MBs
with the iron oxide nanoparticles in the bubble shell. Recently, Sun
et al. [19] reported superparamagnetic PLGA-iron oxide microcapsules
for dual-modality US/MR imaging and high-intensity focused US breast
cancer ablation. However, when used in diagnostic US, the MBs easily
become trapped in the blood pool and are limited to the vascular system
after intravenous injection because of their micro-scale size; thus these
MBs cannot be used for tumor-targeted therapy and imaging. The ideal
US bubbles must be smaller than a certain size to retain the EPR effect
and must also show good contrast enhancement in US imaging combi-
nation of US-triggered drug release and an active target function such as
MT.

In this study, we propose a novel one-pot emulsion method for
the synthesis of SPIO-containing nanobubble composites composed
of temperature-sensitive Pluronic F127 and high-polarity polyacrylic
acid (PAA) polymers as contrast agents for MR–US dual-modality
imaging with the HIFU-triggered release of Carmustine (bis-
chloroethylnitrosourea, BCNU) [20]. The use of thermal-responsive
characteristics provides a surfactant-free, facile process for the
formation of a nano-in-nanobubble species with an SPIO-
embedded shell of adjustable thickness. The SPIO nanoparticles in
the shell of the bubble not only stabilize the structure of the
nanobubble but also enhance the US contrast by MT. Most
importantly, the concentration of magnetic SPIO in the nanobubbles
can be controlled to optimize the imaging contrast and the efficiency
of the HIFU-triggered drug release. PAA and Pluronic (PEO–PPO–
PEO, F127) triblock copolymers were used to form the nanobubbles
in this study because PAA can act as a polymer binder and hydrogen
bond to the PEO segments to stabilize the nanobubble structure
(through the formation and stabilization of the interpolymer
complexes) [21,22]. Moreover, temperature-sensitive Pluronic was
used to synthesize the nanobubble because nano-in-nanobubble
formulations with varying cavity sizes can be produced by controlling
the synthesis temperature and the emulsion ratio of PAA to F127; the
latter can exhibit a reversible and large-volume transition (1000-fold),
as reported by Choi et al. [23] In particular, these nano-in-
nanobubbles possess the following significant characteristics:
(i) the SPIO-embedded nanobubbles have a biocompatible shell
(the PEO hydrophilic segment), which ensures safety and prolonged
in vivo circulation time for in vivo applications [24,25]; and (ii) the
SPIO-embedded nanobubbles have a greater stability than soft-
shell bubbles under the applied US, and this greater stability not
only increases the strength of the structure but also enhances dual-
modality contrast imaging. (iii) SPIO-embedded nanobubbles can
trigger drug release by US and can function as an active target by
MT. Detailed characterizations of the nanobubbles, in vivo MRI
imaging, and drug release for tumor therapy from HIFU exposure,
are presented below.
2. Materials and methods

2.1. Materials

SPIOnanoparticleswere prepared under airless conditions fromcom-
mercially available reagents [26], and the mean particle diameter for the
SPIO nanoparticles was 4.8 nm. Absolute ethanol (99.5%), benzyl ether
(99%), 1,2-hexadecanediol (97%), oleic acid (90%), oleylamine (N70%),
dichloromethane (DCM) (99.9%), and iron (III) acetylacetonate were
purchased from Sigma-Aldrich Co., St Louis, MO, USA. Perfluoropentane
(PFP, C5F12) was purchased from ABCR GmbH & Co. KG (Karlsruhe,
Germany). Nanobubbles with outer layers of polyacrylic acid (PAA) and
Pluronic F127 were prepared through a single emulsion solvent
evaporation (oil-in-water emulsion) process. PAA and Pluronic F127
were purchased from Sigma-Aldrich. Carmustine (BCNU, Sigma Chemical
Co., St Louis, MO, USA), which is a DNA alkylating agent that is effective
against glioma, was used as the model drug.

2.2. Preparation of BCNU-loaded nanobubbles

To prepare the BCNU@nanobubbles, 2 mL (14.1, 18.8, and
28.2 mg/mL) of SPIO nanoparticles was dispersed in 2 mL of DCM
(5 mg BCNU/mL DCM) to form a uniform organic phase. A total of
100 mg of PAA, which was used as a polymer binder, was dissolved
in 2 mL of deionized (DI) water at room temperature. A total of
160 mg of Pluronic F127, which was used as a temperature-
sensitive factor, was dissolved in 8 mL of DI water. After the PAA
and F127 were fully dissolved in the solution, both the polymer
solutions (2 + 8 mL) were mixed to form an aqueous solution;
then, the organic phase (2 mL) was added and the mixture was
emulsified for 1 min with an ultrasonicator at 100 W. Next, the
mixture was heated at 40 °C to moderately and gradually remove
the organic phase over 2 h, and the solution volume clearly
decreased. Subsequently, the mixture was heated to a higher
temperature (55 °C) above the critical micelle temperature of the
temperature-sensitive polymer to promote a stable nanoparticle.
Next, a cooling process was applied to form a stable nanoparticle
with hollow structure. In order to make a nanobubble filled with
perfluoropentane (PFP) vapor [27], the hollow nanoparticles were
frozen in a −80 °C freezer and lyophilized (FreeZone2.5, LABCONCO,
USA) to fully dry the hollow nanoparticles. After lyophilization, vapor
filling was performed by first evacuating the hollow nanoparticles for
approximately 20 min; then, a gas syringe was used to inject the PFP
vapor from the headspace above liquid PFP into the vessel that
contained the hollow nanoparticles; PFP vapor was added to a pressure
of 1 atm. When PFP was introduced, the PFP vapors were in contact
with the hollow nanoparticles for 2 h and then degassed water was
added to trap the PFP vapors inside the nanobubbles [28].

2.3. Measurement

The morphology of the nanobubbles was examined with transmis-
sion electron microscopy (TEM, JEOL Ltd, Japan, JEM-2100) and
scanning electron microscopy (SEM, JEOL Ltd, Japan, 6700F). The
particle sizes and distribution were analyzed by dynamic light scatter-
ing (DLS, Beckman Coulter, Inc., USA, Delsa™Nano C, Particle Analyzer),
which used a flow-through light scattering cell (0.7 mL) to determine
the electrophoretic movement of charged particles under an applied
electric field from the Doppler shift of scattered light. The particles
were analyzed at different temperatures from 293 K to 333 K. In detail,
we heated the sample (from 30 °C) at a rate of 1 °C/min, and measured
the particle sizes at 30, 32, 35, 40, 45, 50, 55, and 60 °C. Before cooling
the sample, we held the temperature at 60 °C for 5 min, and started to
cool the sample at 1 °C/min and measured the particle sizes at 55, 50,
45, 40, 35, 30, 28, 25, and 20 °C. Themagnetization of the nanoparticles
was measured with a superconducting quantum interference device
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(SQUID, Quantum Design, USA, MPMS-XL7) at 298 K and an applied
magnetic field of ±10,000 G. Before the SQUID analysis, the iron
oxide nanoparticles and nanobubbles were dried in a vacuum
oven at 298 K for 48 h. To measure the relaxivity of the nanobubble,
MR in vitro assays were performed with a 7 Tesla Bruker Biospec
70/30 USR MRI scanner (Bruker BioSpin MRI GmbH, Ettlingen,
Germany; software: ParaVision 5.0). All samples were scanned in
T2-weighted MRI scans with the MSME sequence (T2/T1 map; TR
(ms) = 3000, 2000, 1000, 500, 300; TE (ms) = 11, 22, 33, 44, 55,
66, 77). The r1 and r2 were plotted as a function of the MNB
concentration to respectively determine the r2 relaxivities from
the slopes of the linear fit. MR in vivo assays were performed with
the same 7 T MR system. A 72 mm volume coil is used for transmis-
sion, and an actively decoupled single surface coil is used for signal
reception (RAPID Biomedical GmbH, Rimpar, Germany). MR T2 and
T2⁎ imaging (In gradient echo images, contrast depends on T2⁎, whereas in
sequenceswith a 180° rephasing pulse, the contrast depends on T2.)were
performed with the TurboRARE sequence (TE =33 ms, TR = 2500 ms,
TH = 1 mm, NEX = 4) and FLASH sequence (TE =335.1 ms, TR =
9.2 ms, TH = 1 mm, NEX = 2), respectively.

2.4. Phantom studies on US imaging and HIFU-triggered drug release
in vitro

A SonoAce-X4 scanner (5 MHz) was used throughout this
experiment (Medical It Supply Ltd., Korea). All of the operating
parameters, including the focus point, gain, and depth, were
constant for all of the imaging studies. All US imaging experiments
were performed in a 4 × 4 × 4 cm3 agarose cubic phantom that had
a hollow column 1 cm in diameter and 3 cm in depth in the middle
of the cube. The concentration was maintained at 7 mg/mL, which
is comparable to the concentration of commercial contrast agents
that are injected in vivo. All parameters were maintained constant
for all of the studies, and water was used to provide a standard
control. The mechanical index (MI) was used to investigate the
stability of the capsule against pressure.

The in vitro HIFU-triggered drug release from nanobubbles with
various concentrations of iron oxide was evaluated by incubating the
BCNU-containing nanobubbles in 20 mL of PBS. At specific time
intervals, 1 mL of the medium was collected and was analyzed with a
UV–visible spectrophotometer to determine the concentration of drug
in the media (8453 UV–Visible Spectrophotometer, Agilent Technolo-
gies, Inc., USA); then, the volume of collected media was replaced
with the same volume of fresh media. The measurements were
performed in triplicate. A US focus transducer [29] was used
throughout this experiment to trigger the release of the drug, and
a slight amount of heat was generated (~2 °C), which is not enough
to induce a temperature-sensitive polymer transition when the
HIFU was employed. A spherical transducer (diameter, 60 mm; ra-
dius of curvature, 80 mm; frequency, 400 kHz, electric-to-acoustic
efficiency, 70%; Imasonics Inc., Lyon, France) was used, and the
center of the focal zone was positioned at a penetration depth of
2 to 3 mm in each hemisphere. A single burst of US was delivered
with a duty cycle of 1% (10 ms on and 990 ms off), a pulse-
repetition frequency of 1 Hz, and a total sonication duration of
300 s. For the optimization studies, the input electric power was
2 W, which corresponds to a negative acoustic peak. The amount
of HIFU-induced release was determined by defining Rui(i. e Rui =
(Met − Mct)), where Met and Mct are the amounts of drug released
from the experimental group and the negative control group,
respectively, at time t.) The encapsulation efficiency (EE%) was
determined by a comparison of the total release of BCNU into the
solvent through HIFU treatment to the initial amounts of added
drug. The EE% of BCNU was measured to be 92%, 52%, and 40%
with respect to the SPIO-embedded concentrations of 14.1, 18.8,
and 28.2 mg/mL, respectively, in the synthetic process.
2.5. US–MR tumor imaging and HIFU-triggered drug release in vivo

Female nude mice 24 weeks in age were purchased from the Na-
tional Laboratory Animal Center (Taiwan). The rat glioma cell line
RG2 (kindly provided by Dr. Tsung-Lang Chiou, Department of
Neurosurgery, Tzu Chi General Hospital) was maintained in RPMI
1640 media supplemented with 10% fetal calf serum (FCS). For
tumor implantation, all the mice were subcutaneously inoculated
in the right hind leg with 104 to 105 cells resuspended in 100 μL of
saline.

Fourteen days after cell implantation, 4 mice were used for the US–
MRI dual-modality tumor imaging without any treatment. The animals
were anesthetized through the administration of isoflurane (1.5 L/min
oxygen in 2% isoflurane) with a facemask throughout the imaging
process. US andMR imaging were performed with a clinical US scanner
(SonoAce-X4, Medical It Supply Ltd., Korea) and a 7-Tesla MRI scanner
(Bruker Biospin 70/30 USR, Billerica, MA), respectively. The US images
were acquired with the contrast mode setting at a transmit frequency
of 5 MHz and at 10% power. A catheter was placed in the tail vein to
intravenously inject the 100-μL SPIO-embedded nanobubbles. After
the nanobubbles were allowed to circulate for approximately 4 min,
the transducer was positioned at the hind leg along the long axis of
the tumor with a field of view of 40 × 40 mm2 for 1 min. The acquired
B-mode US images were used to qualitatively compare the enhance-
ment of the signal before and after magnetic targeting (MT). For MR
tumor imaging, the preparation steps and injection volume were the
same as those used in theUS imaging. The captured T2-weighted images
were used to qualitatively compare the enhancement in the contrast
before and after MT.

To demonstrate the magneto-ultrasound therapy, the other mice
(n = 20) were randomly divided into four therapeutic groups (5
mice/each group) seven days after the implantation with tumor cells.
Group 1was a control group of CD1 nudemice in which 100 μL of saline
was administered intravenously, starting on day 10 after the implanta-
tion of the tumor. Group 2 was a treatment group of mice that, starting
on day 7 after the implantation of the tumor, received an intravenous
injection of 100 μL of SPIO-embedded BCNU@nanobubbles (Carmustine,
500 μg/mL) in combination with HIFU treatment in which the US beam
was delivered to one location centered on the tumor site in the right leg.
Group 3 consisted of mice that were intravenously injected with 100 μL
of SPIO-embedded BCNU@nanobubbles targeted to the tumor site with
a focusedmagnetic field (1.18 T) for 5 min; this targeting caused a rapid
accumulation of these nanobubbles. Group 4 received intravenous
injections of the SPIO-embedded BCNU@nanobubbles and was then
subjected to MT for 5 min; following MT, HIFU was applied to the
tumors on the mice injected with SPIO-embedded nanobubbles to trig-
ger BCNU release. The sonication parameters described in Section 2.3 for
the HIFU-triggered drug release were used with Groups 3 and 4. All
experiments were approved by the Institutional Animal Care and Use
Committee at the National Chiao Tung University and National Yang
Ming University.

The size of the tumor was determined through the following
formula: (A × B2) / 2, where A is the greater and B is the smaller
measurement of the two dimensions [30]. The day when the mice
began to be treated with the RG2 cells corresponded to day 0. The
relative tumor volume was calculated as the volume at a given time
divided by the volume on day 0 before the treatment began, and
these values were expressed as percentages. The values are shown
as the mean ± standard deviation [S.D.]. Statistical data analysis
was performed with non-parametrical Wilcoxon–Mann–Whitney
statistics. The mean relative tumor volumes for each treatment
group were compared with those for the control group. P b 0.05
was considered to be statistically significant. The degree of variabil-
ity and the range of values for the median were assessed in terms
of 95% confidence intervals. The SPSS 2000, SYSTAT version 10
software package was used.
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2.6. In-vivo biodistribution with/without MT

Healthy Wistar rats (n = 48) were subcutaneously inoculated with
the rat glioma cell line RG2 in the right hind leg; 104 to 105 cells
resuspended in 100 μL of saline were injected (inoculations were
given for two weeks). The mice were divided into two equal groups.
Fig. 1. (A) Showing the emulsion process can promote the formation of oil-in-water F127-
based particles which would undergo the shrinkage at heating above the CMT and then
the F127 was redispersed into water after cooling run. (B) The PAA was added to the sys-
tem so that the hollow structure would retain its shape at lower temperatures and would
not redistribute into the solution. (C) Illustrates that the pure F127 (2 wt.%) exhibited a re-
distribution state after the heating and cooling process. In the lower temperature region,
no diameter can be detected, and this lack of detection results from the redistribution of
F127 to the solution. In the PAA(1 wt.%) + F127(1 wt.%) system, there was a reversible
loop in the heating and cooling process.

N
A
N

(Group I: nanobubbles only and Group II: nanobubbles combined with
MT) and were intravenously injected (12 mg/kg, 300 μL) through the
tail vein, respectively. Four rats per groupwere sacrificed and the organs
(spleen, liver, kidney, heart, lung, brain tumor) were removed at
circulation times of 30 min, 3 h, 6 h, 12 h, 24 h and 48 h following the
administration of nanobubbles. Quantitative measurement of the iron
concentration in the samples was determined by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, Perkin-Elmer OPTIMA-
2000) after digestion with HCl/KMnO4.

3. Results and discussion

3.1. Interpolymer hydrogen-bonding complexes

Pluronics are temperature-sensitive polymers composed of poly(eth-
ylene oxide)–poly(propylene oxide)–poly(ethylene oxide). The delicate
balance between hydrophilicity and hydrophobicity in the polymer
structure was responsible for the phenomenon of the critical micelle
temperature (CMT), at which a transition in aqueous solution was
demonstrated, as shown in Fig. 1A. Generally, F127undergoes a reversible
process (without emulsifying) in the temperature cycles, and this
reversible transition between micelle (~10 nm) and unimers was also
well-known. In our case, sinceDCMwas incorporated to the F127 solution
to form emulsion state, the formation of oil-in-water F127-based
nanoparticles (N100 nm) would be promoted. Subsequently, the particle
would undergo shrinkage at heating above the CMT and then the F127
was redispersed into water after cooling run. However, it was noted
that the transition between nanoparticle and unimers was an irrevers-
ible process. However, as the high-polarity polymer PAA was added, a
stable hollow structure was formed, as shown in Fig. 1B, because of
the formation and stabilization of interpolymer hydrogen-bonding
complexes (IPHBCs) between the PAA and F127 (PEOm–PPOn–PEOm)
in solution after cooling. These IPHBCs arose because of the cooperative
and hydrophobic effects, which depend on various internal–external
parameters [22,31]. Such complexation can induce the formation of a
stable core–shell structure in which the tangled PPO comprises the
core and the remaining soluble block of PEO complexed with PAA
forms the shell. The SEM images corresponding to Fig. 1A and B are
showed in Fig. S1a and S1b, respectively where a polymer film-like
was observed in Fig. S1a but a hollow structure appeared in Fig. S1b.
When the temperature was less than 25 °C, the PPO segment changed
from nonpolar to polar (soluble), and the segment was redistributed
into the solution. The change in the particle diameter as a function of
temperature from heating to cooling is illustrated in Fig. 1C; the PPO
block in the F127 (PEO–PPO–PEO) (2 wt.%) solution began to shrink
as the temperature rose and thus formed a particle structure. The parti-
cle size substantially decreased from ~310 nm to ~50 nmwith a further
increase in the temperature because the hydrophobicity in the PPO
blocks of F127 strongly varies with temperature. During the cooling
run, the transition state occurred at 28 °C, and the particle reached a
maximum size and then rapidly redistributed into the solution state.
In contrast, when 1 wt.% PAA was added to the F127 solution to form
an emulsion, the PPO segment gradually became nonpolar as the
solution temperature increased, and the PPO segment started to
aggregate in the high polarity environment (adding PAA). Furthermore,
it was observed that PAA prevented the redistribution of F127 during
cooling from 60 °C to room temperature because of hydrogen bonding.
Most importantly, the expansion in volume of the preformed
nanoparticles led to the formation of a stable, hollow nanocapsule
during the cooling cycle. The pyrene excitation spectra were further to
prove the results. The change of slope in the I1/I3 ratio (Fig. S2a) in
cooling run indicated that the F127 particle dissolved into solution
releasing pyrene into solution, and no particle size distribution can be
measured by DLS. On the other hand, the same slope in Fig. S2b indicat-
ed the F127 + PAA particle remained and exist without redistributing
into solution.



Fig. 2. Detailed mechanism for the formation of SPIO-embedded nanobubbles. (A) shows
that the emulsion nanoparticle is composed of dense SPIO in the particle corewith a polymer
shell. (B) and (C) are the evaporation stage of the emulsion nanoparticles that may induce
the pores formed in the particle. (D) shows that after cooling and filling with vapor, stable
hollow structures were formed. The TEM images in (E) and (F) are corresponding to the
(A) and (C), respectively.

Fig. 3. (A) and (B) TEM images at different magnifications. (C) SEM images that show the
collapsed bubbles under vacuum. (D) Detailed features of the nanobubble produced
through the one-step emulsion process; the SPIO played an important role in this system.
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3.2. Characterization of the nanobubble synthetic process

Fig. 2 schematically illustrates the fabrication of a nanobubble with
hollow structure through a surfactant-free one-step emulsifying
process using F127–PAA and superparamagnetic iron oxide (SPIO)
nanoparticles. When the aqueous phase (deionized water) with
dissolved PAA and F127 was mixed with an organic solvent (DCM)
that contained hydrophobic SPIOnanoparticles (~5 nm) and hydropho-
bic drug BCNU, an oil-in-water (O/W) emulsion formed in which the
SPIO nanoparticles were localized in the core of the PAA–F127
nanoparticles. To successfully perform the nanobubble fabrication
process, both concentrations of PAA and the SPIO content are crucial.
The hydrogen bonding between PAA and PEO (one block of F127) in
the shell can stabilize the structure of the nanobubble. The initial oil-
in-water emulsion state (Fig. 2A) was acquired during the synthetic
process and the corresponding TEM image was shown in Fig. 2E. As
the temperature was increased to 40 °C (Fig. 2B), the DCM (boiling
point = 38 °C) gradually evaporated from the core of the nanoparticles.
After evaporation, the TEM image showed that few pores appeared in
the core (Fig. 2F). However, once the temperature increased to 55 °C,
the particle structure became more stable by surpassing the CMT of
F127 + PAA (tangling each other). After the cooling process, the
thermal sensitive polymer of F127 would expand, and the SPIO
nanoparticles were partially attracted to the shell because of the affinity
of SPIO to the hydrophobic PPO segments of F127. Subsequently, a stable
hollow structure with the hydrophobic SPIO nanoparticles in the shell
formed during the cooling process. Next, PFP vapor filling was applied,
and the nanobubbles exhibited a hollow structure as shown in Fig. 2D.

3.3. Characterization and morphology of the nanobubbles

To observe the morphologies of the nanobubbles, the dried samples
were examined with scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As expected, the TEM image
of the nanobubbles in Fig. 3B exhibits a hollow structure surrounded
by SPIO in the shell, and the thickness of the shell was estimated to be
approximately 20–50 nm. The TEM image in Fig. 3B reveals brighter
contrast in the center of the nanobubbles because the electron beam is
scattered by less material. The SEM image in Fig. 3C reveals a concave
morphology and a “bowl-like” appearance, which was caused by the
collapse of the nanobubbles under vacuum. The configurations of the
nanobubbles can be understood through the following balloon analogy:
a wet nanobubble is similar to a gas-filled balloon, and after drying, the
nanobubble collapses similarly to the way a deflated balloon collapses.
However, the nanobubble is reinforced by SPIO, so the nanobubble is
relatively rigid and is capable of supporting a bowl shape or a buckled
bowl shape. Furthermore, the particle size distribution after 30 days
was comparable to the original distribution, this result indicates that
the nanobubble is very stable. Conversely, conventional ultrasound
microbubble imaging agents with soft shells, such as albumin or
lecithin, have been shown to persist for only 15–20 min in tissues.
Fig. 3D summarizes the advantages of SPIO-embedded nano-in-
nanobubbles, including the role of SPIO as a structure stabilizer, shell
thickness regulator, MR contrast agent, magnetic guiding probe, and
US contrast enhancer.

Furthermore, while modifying the concentration of SPIO, it was
observed that for a fixed polymer weight ratio of PAA/F127 (for
example, 2/3) and an SPIO concentration below 9.4 mg/mL, nanobubbles
wereunable to form(wereunstable). However, at a concentration greater
than 9.4 mg/mL, stable nanobubbles could be synthesized easily and

image of Fig.�2
image of Fig.�3


Fig. 4. (A–C) TEM images of nanobubbles with SPIO concentrations of 14.1, 18.8, and
28.2 mg per mL in the synthetic process. As shown, the thickness of the shell varied
with the SPIO concentration. This result implies that increasing the SPIO concentration
leads to an increased shell thickness.
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could be preserved with long-term stability (several months), during
which time the size and monodispersity of the nanobubbles did not
change. This result indicates that SPIO plays an important role in stabiliz-
ing the nanobubbles. In addition, the size of the nanobubbles only slightly
decreased as the SPIO concentration increased, as shown in Fig. 4A–C; the
size rangewas 215–230 nm for an SPIO concentration of 14.1 mg/mL and
was 180–205 nm for a concentration of 28.2 mg/mL; these results are
very consistent with the dynamic light scattering measurements, as
shown in Fig. S3. However, the thickness of the shell of the nanobubble
increased as the SPIO concentration increased; this increased thickness
indicates that the core size will be smaller as the concentration of SPIO
increases.

3.4. Ultrasonic contrast as a function of polymer ratio and SPIO
concentration

As mentioned above, the CMT and volume change of the
nanobubbles can be varied through chemical modification of the PAA/
F127 ratio, modification of this ratio enables these polymers to be
tailored for diverse contrast enhancements and for drug-release
applications. Increasing the PAA concentration results in stronger
interactions and less volume shrinkage because PAA introduces more
hydrophilic functional groups into the nanostructures. In contrast, at a
PAA/F127 ratio of less than 1/4, the nanoparticle becomes unstable
because of the incompact loose structure at room temperature.
Therefore, the nanoparticles with PAA/F127 ratios from 4:1 to 2:3
remained stable and exhibited considerable volume shrinkage.

The ultrasonic sensitivity of the nanobubbles depends on the relative
composition ratio of PAA to F127, as shown in Fig. 5A, in which the
Fig. 5. (A) US contrast enhancement for different polymer ratios; there was a 2-fold en-
hancement in contrast when the SPIO was added. (B) The degassed and deionized water
ultrasonic contrast. (C)–(F) In vitro images of the nanobubbles with US contrast at embed-
ded SPIO concentrations of 9.4, 14.1, 18.8, and 28.2 mg/mL.
ultrasonic enhancement of the degassed and deionized water is nearly
zero (Fig. 5B). As more F127 polymer was used, the contrast enhance-
ment was increased because the F127 is capable of withstanding
substantial volume changes due to its flexible and biocompatible
character. Thus, an increased volume change occurs in the nanobubbles
during the synthetic process, and the inner hollow core is larger when
greater amounts of F127 are used. This hollow inner core occurs through
inertial cavitation (IC) when the nanobubbles are subjected to acoustic
pressure [32]. The highest average gray value of 62 appeared at a PAA/
F127 ratio of 2/3; however, a lower average gray value of 35 occurred
at a PAA/F127 ratio of 1/4 because a higher F127 fraction leads to an
unstable structure (which is easily disrupted under US) that is easily
redissolved in water (not enough interpolymer hydrogen-bonding
complexes). When the SPIO was introduced into the nanobubbles at a
PAA/F127 ratio of 2/3, the US contrast imaging in the SPIO-embedded
nanobubbles was significantly enhanced. Compared to the nanobubbles
that did not contain embedded SPIO, the enhancement was distinctly
increased 2-fold (from a mean gray scale value of 62 to 115), after the
embedding of SPIO into the nanobubbles in the PAA-F127 system
at an SPIO concentration of 18.8 mg/mL; a brighter image was clearly
observed at this concentration (Fig. 5E). The SPIO-embedded
nanobubbleswere not only resonantwith the US but also backscattered
the US signal. After the embedded concentration surpassed
28.2 mg/mL, the cavity size of the nanobubble decreased, and because
the cavity was too small to create inertial cavitation with the US, the
nanobubble contrast efficiency decreased.

3.5. MR contrast as a function of SPIO concentration

The SPIO-embedded nanobubbles appear to be suitable candidates
for T2-type MRI contrast enhancement agents because of the high
saturation magnetization and low cytotoxicity of the nanobubbles.
Fig. S6 presents the inverse relaxation times, 1/T2, as a function of the
molar concentration of Fe. The inverse relaxation times varied linearly
with the Fe concentration, and the slope was defined as the transverse
(r2) relaxivity. The efficacy and stability of the nanobubbles as an MR
contrast agent was further evaluated by measuring the longitudinal
(r1) and transverse (r2) relaxivities with an MR scanner. The lower
longitudinal relaxivity of r2 could result from the encapsulated SPIO
nanoparticles that were embedded in the hydrophobic PPO blocks of
F127; these blocks reduced the close contact between the water
molecules and the magnetic nanoparticles. Meanwhile, r2 values of
208, 183, and 164 (s−1 mM−1 Fe) were measured at embedded SPIO
concentrations of 28.2, 18.8 and 14.1 (mg/mL), respectively. Similar
results were obtained when the nanobubble dispersions were
maintained in themagnetic field for 17 h. This stability can be attributed
to the presence of free PEO chains on the surface of the nanobubbles;
these chains effectively reduce dipole–dipole attractions among the
nanobubbles and prevent aggregation under highmagneticfields. There-
fore, the developed SPIO-embedded nanobubbles could perform well as
T2-typeMR contrast enhancement agents in cell or tissue imaging and in
diagnostic applications. Fig. S6c–e presents the T2-weightedMR images of
aqueous dispersions of SPIO-embedded nanobubbles with different con-
centrations of embedded SPIO. As shown, the MR contrast increased as
the quantity of nanobubbles increased; this result demonstrates that the
efficiency of the magnetic nanoparticles in the nanobubbles enhanced
the transverse (T2) proton relaxation process.

3.6. In vitro evaluation of drug release with exposure to HIFU

The ultrasonically triggered drug release behavior of drug-loaded
SPIO-embedded nanobubbles (with a PAA/F127 ratio of 2/3) was
evaluated under exposure to HIFU for 300 s. The drug release profiles
of the SPIO-embedded nanobubbles were recorded as functions of the
SPIO thickness and the HIFU treatment time. The SPIO-embedded
nanobubbles demonstrated significant HIFU-induced release behavior,
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Fig. 6. (A) Diagram that illustrates the reaction of the nanobubble with HIFU. After HIFU
exposure; (B) the TEM image of the collapsed cavitation fragment structures of cover-bowl
and solidified nanobubbles after the application of HIFU. (C) The drug release behavior
under HIFU with a frequency of 400 kHz and pulsed US with a duty cycle of 1% (10 ms on
990 ms off) for different concentrations of embedded SPIO.

Fig. 7. (A) Biodistribution of nanobubbles obtained 30 min to 48 h after administration in
rats with (A) magnetic treatment (MT) and (B) without magnetic treatment. The results
are expressed as injected dose per gram of tissue from the inductively coupled plasma
(ICP) study of iron ions.
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as shown in Fig. 6A. As explained in the basic theory of US, the maxi-
mumamplitude of thepressure pulse induced byHIFU can be illustrated
by MI. This amplitude is calculated as the peak negative pressure (P,
which is proportional to the square root of the US power density)
divided by the square root of the US frequency. Consequently, at a
constant pressure pulse amplitude (image scanner), a high frequency
(3–5 MHz) was observed; this result implies that low MI is not
sufficiently large to collapse the structure of the nanobubbles. However,
at a similar pressure pulse amplitude, a low frequency (400 kHz) might
easily collapse the “nanocomposite” SPIO-embedded nanobubble and
cause a prominent HIFU-induced drug release. As illustrated in Fig. 6A,
the HIFU altered the morphology of the nanobubbles so that the
nanobubbles collapsed (solidification) or assumed a fragmented
structure (cover-bowl structure). This reaction was demonstrated by
TEM photographs (Fig. 6B) of the SPIO-embedded nanobubbles after
exposure to HIFU; these images demonstrate that the SPIO-embedded
nanobubbles collapsed after exposure to HIFU. The cumulative released
drug concentration was estimated to be 1.79, 1.09 and 0.8 mg/mL in
300 s for the nanobubbles with SPIO-embedded concentrations of
14.1, 18.8, and 28.2 mg/mL, respectively (Fig. 6C). As the SPIO-
embedded nanobubbles were exposed to HIFU, it was found that the
SPIO-embedded nanobubbles collapsed and the loaded drug was
completely released from the nanobubbles. The cumulative percentage
of drug released from the nanobubbles was calculated to be
approximately 95% based on the EE% after exposure to HIFU, indicating
that the entire loaded drug was almost released from the nanobubbles.

3.7. In vivo biodistribution with and without MT

To evaluate how the MT affects the biological behavior of
nanobubbles in the living animals, nanobubbles with and without MT
were used for the biodistribution study in tumor rats (Fig. 7). As
expected, the nanobubbles showed high accumulation and long
retention in the liver and spleen and then slowly decreased over the
next 2 days relative to the other organs (kidney, heart, lung, and
tumor). Meanwhile, the iron uptake in the other organs was slightly
but not significantly higher with time. The biodistribution studies in
tumor rats indicated that the MT of the nanocarriers affects the distribu-
tion. In Fig. 7A, the nanobubbles with MT showed a desirable tissue
distribution profile (much more tumor uptake and retention).

3.8. Therapeutic efficacy

In vivoUS imaging experimentswere performed as proof of principle
experiments [18]; therefore, we selected the nanobubbles with the
greatest ultrasonic contrast (a PAA/F127 ratio of 2/3, and an SPIO-
embedded concentration of 18.8 mg/mL) to achieve the best contrast
efficacy during the experiments. In the contrast-enhanced US
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experiment presented in Fig. 8A–B, significant image contrast can be
observed in the middle areas of a rat glioma tumor (inoculated in the
right hind leg) upon the injection of SPIO-embedded nanobubbles into
the tail vein (Fig. 8A). A magnet (1 cm in diameter, 2 mm in thickness,
1.18 T) was positioned over the tumor for 30 s as amagnetic guide, and
an enhanced acoustic image clearly revealed a 2-fold increase in the ul-
trasonic signal intensity in the ventral side of the tumor after 30 s of MT
(Fig. 8B).

Asmentioned above, the nanobubble shell provided a high saturation
magnetization of 57 emu/g Fe (Fig. S6), which suggests that the
nanobubble can be captured within a tumor mass by applying MT.
Moreover, the high T2 relaxivity of 183 (s−1 mM−1 Fe) indicated a
possibility for noninvasive monitoring of nanobubble delivery to the
target site by in vivo T2 MRI. The contrast-enhanced MR images were
acquired before administration of the SPIO-embedded nanobubbles,
and at 2 h post injection, an external magnet was fixed to the tumor
for 30 s. There was significant accumulation and retention of the SPIO-
embedded nanobubbles in the contrast-enhanced region (tumor blood
vessels), as shown in Fig. 8D, in which the signal intensity of the T2-
weighted MRI of the nanobubbles was approximately 1.5-fold less than
the same region without MT targeting, as shown in Fig. 8C. These animal
experiments demonstrated that the developed SPIO-embedded
nanobubbles exhibited acceptable US–MRI image contrast capabilities
in vivo and that the nanobubbles can consequently be considered for
in vivo magnetic guidance and for therapeutic delivery with HIFU
exposure (dual targeting treatments). Here, a custom-built HIFU system
[33] was used for our study, and the system configuration consisted of
a fixed, focusing HIFU head and an US control unit. An anesthetized
animal was fixed in a reclining position on the stage, and a rubber film
was used to seal degassed water between the HIFU transducer and the
skin to locate the target region on the hind leg (Fig. 8E).

According to the tumor growth curve in the preliminary study
shown in Fig. 8F, the tumors in Group 2, with injection of BCNU@
nanobubbles and HIFU exposure, exhibited half the growth rate of the
tumors in Group 1, which had a saline injection (P b 0.05). In this
study, HIFU exposures were conducted in the tumor region at 1% duty
cycles in which nonthermal mechanisms, such as acoustic cavitation
and radiation forces, predominate [34,35]. The relatively short duty
cycle of the HIFU exposure has been shown to increase the delivery
and consequent therapeutic effects of the drugs [35,36]. The tumors in
Group 4, with injection of BCNU@nanobubbles and MT, showed signifi-
cantly reduced growth compared to the tumors in Group 1, which had a
saline injection (P b 0.05). This result suggests that magnet-mediated
targeting could result in an increased concentration of BCNU@
nanobubbles in tumors and could reduce the circulating levels of the
anticancer drug complex and thus reduce the toxic effects of the drug
[37–39].

The MT of the BCNU@nanobubbles with HIFU exposure in
Group 3 manifested the slowest tumor growth rate relative to
Group 1 with saline injection (P b 0.01) and the other treatment
groups (P b 0.05). Enhanced accumulation of the SPIO-embedded
nanobubbles in the tumor tissue can be achieved with MT. However,
this enhanced accumulation does not guarantee successful therapy if
the anticancer drug does not reach the target site of the tumor cell,
such as the cell membrane, cytosol, or nucleus [40,41]. In this
study, the HIFU delivery technology enabled the release of high
concentrations of anticancer drug from nanobubbles that were
preferentially deposited in the tumor tissue, and the HIFU temporar-
ily increased the permeability of the tumor cell membranes and
promoted transmembrane uptake of the released anticancer drug
Fig. 8. (A) TransverseUS image obtained fromamousewith a subcutaneously implanted gli-
oma tumor (yellow dotted circle) following the intravenous injection of SPIO-embedded
nanobubbles. Contrast enhancement was observed between the solid tumor and the sur-
rounding healthy tissues in the US image. Compared with (A) before the MT treatment,
(B) additional contrast enhancement appeared in the ventral region (red arrow) when a
magnet was attached over the tumor area with surgical tape. (C) Coronal T2-weighted im-
ages obtained in amousewith a subcutaneously implanted tumor following the intravenous
injection of SPIO-embedded nanobubbles. After 30 s of MT, themagnetwas removed before
imaging. (D) Themagnetically targeted tumor (right, yellowsolid circle) appears darker than
before MT, and this darkness indicates the preferential accumulation of SPIO-embedded
nanobubbles through MT. (E) Schematic diagram of the in vivo HIFU system. The system
was composed of an HIFU transducer mounted horizontally inside a water tank filled with
degassed water and a HIFU control unit (a computer-controlled system for HIFU-exposure
sequences). A focused US beam was applied with the computer-controlled system and
was then coupled to the tumor through a water tank. (F) Analysis of tumor growth (relative
to day 0) as a function of time post-treatment for the untreated control tumors (n = 4,
Group 1), tumor treatments with only HIFU exposure (n = 4, Group 2), with MT and HIFU
exposures (n = 4, Group 3) and with only MT exposure (n = 4, Group 4). The results
were expressed as the mean ± SD for each group. *Significantly different from Group 1 at
the same time point (P b 0.05). **Significantly different from Group 1 at the same time
point (P b 0.01). †Significantly different from Group 2 or Group 4 at the same time point
(P b 0.05).
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into the cytoplasm of the tumor cells [42]. In summary, the combined
MT and HIFU strategy enabled the developed nanobubbles to
enhance both the passive targeting and active targeting of potentially
useful chemotherapeutic drugs to tumors.

4. Conclusions

In this study, we synthesized PFP-encapsulated PAA–F127 thermo-
sensitive nanobubbles with shell thicknesses of 20–50 nm, and ~5 nm
SPIO Fe3O4 superparamagnetic nanoparticles were loaded in the shells
to significantly enhance the ultrasonic contrast and the magnetic
susceptibility. The in vivo MR susceptibility experiments demonstrated
that the SPIO-embedded nanobubbles can be magnetically guided to
the target site (tumor) to locally enhance the contrast in US and MR
imaging. Furthermore, by combining MT with HIFU, the nanobubbles
enhanced the passive targeting and physical targeting of tumors and
the HIFU-triggered drug release for tumor therapy. Future research on
nanobubbles will focus on the treatment of brain tumors, especially
the opening of the blood–brain barrier, and nanobubbles will be inves-
tigated as potential vehicles for image-guided, magnetically targeted
and US-mediated drug delivery.
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