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a b s t r a c t

Although there is great versatility of ultrasound (US) technologies in the real clinical field, one main
technical challenge is the compromising of high quality of echo properties and size engineering of ul-
trasound contrast agents (UCAs); a high echo property is offset by reducing particle size. Herein, a new
strategy for overcoming the dilemma by devising chemical gas (CO2) generating carbonate copolymer
nanoparticles (Gas-NPs), which are clearly distinguished from the conventional gas-encapsulated micro-
sized UCAs. More importantly, Gas-NPs could be readily engineered to strengthen the desirable in vivo
physicochemical properties for nano-sized drug carriers with higher tumor targeting ability, as well as
the high quality of echo properties for tumor-targeted US imaging. In tumor-bearing mice, anticancer
drug-loaded Gas-NPs showed the desirable theranostic functions for US-triggered drug delivery, even
after i.v. injection. In this regard, and as demonstrated in the aforementioned study, our technology could
serve a highly effective platform in building theranostic UCAs with great sophistication and therapeutic
applicability in tumor-targeted US imaging and US-triggered drug delivery.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ultrasonography provides a non-invasive and indispensable
real-time imaging methodology with high spatial resolution for
local and anatomical disease monitoring [1,2]. With the remarkable
progress in the developing of ultrasound contrast agents (UCAs), US
technology is currently being refocused as a powerful theranostic
tool, since US can focus and penetrate deeply at the target regions.
In response to clinicians' demands, UCAs have steadily evolved
from large sized (~hundreds mm), unstable and simple intravascular
indicators, to more stable and smaller (1e8 mm) UCAs that can pass
the pulmonary barrier and aid in US image-guided drug delivery
[3,4]. Until now, conventional UCAs were micro-sized gas-
kist.re.kr (I.C. Kwon).
containing particles andwere comprised of an inert gas surrounded
by stabilizing shells, such as protein, polymer and lipid [3]. The
inevitable use of quite unstable gases of perfluorocarbons (PFCs)
during formulation has been the biggest technical limitation of
engineering stable and nano-sized UCAs with narrow size distri-
bution [5].

Micro-sized UCAs have presented strong echo signals, but
extremely short echo persistence and half-life inside the body.
Indeed, a major recent technical barrier to develop an ideal thera-
nostic UCA for cancer imaging and therapy is the compromising of
conventional conflicting size issues. This is due to the fact that
conventional micro-sized UCAs have been incapable of tumor-
targeted delivery, as a result of their large particle size, and have
shown a short half-life during body circulation [6,7]. It has been
reported that most micro-sized UCAs tend to accumulate in the
liver, lungs and spleen via the reticuloendothelial system (RES), in a
size dependent manner [6,8e11]. Furthermore, they also have poor
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drug loading capacity as a drug delivery carrier in different clinical
applications [5,12]. Recently, there have been developments to
overcome the limitation of the conventional gas or liquid phase of
the PFCs encapsulation method of microbubbles. Using low-
frequency ultrasound, for example, porphyrin nanoparticles-
encapsulated the PFCs has been developed, which is explained by
the technique of converting microbubbles to nanoparticles [13]. A
preparative method of an N2 gas-loaded nanocapsule has also been
introduced using a microfluidic V-junction device [14].

Herein, we present nano-sized chemical gas (CO2) generating
carbonate copolymer nanoparticles (Gas-NPs), with a simple pre-
parative method and a unique chemical gas-generating mecha-
nism, which is clearly distinguished from other Gas-NPs. With the
chemical gas-generating mechanism using a solid phase of car-
bonate copolymer precursor, Gas-NPs or anticancer drug-loaded
Gas-NPs were simply fabricated via an oil in water (O/W) emul-
sion method, in the resulting nano-sized particle structure, thus
allowing them to localize at the targeted tumor tissue through the
enhanced permeating and retention (EPR) effect (Fig. 1a). Up until
now, the large dimension of microbubbles has not allowed
extravasation from the blood vessel to the surrounding tissue, in
order to accumulate in the targeted tumor tissue. Although PFC-
encapsulated nano-sized bubbles (200e400 nm) can enable them
to localize at the targeted tumor tissues through the EPR effect, the
PFC-encapsulated nano-sized bubbles did not present strong
echogenic signals for achieving appropriate US imaging [15].
Therefore, after being intravenously injected, the Gas-NPs can
maintain their nano-sized particle structure, which can be localized
at the targeted tumor tissue through the EPR effect. After that, the
Gas-NPs at targeted tumor tissues can be hydrolized to give a large
amount of micro-sized CO2 bubbles that may more efficiently
absorb ultrasonic energy for cancer, targeting US imaging and a US-
triggered drug delivery system in cancer treatment. In this respect,
the chemical gas-generating nanoparticle technology, such as new
theranostic UCAs overcoming the conventional conflicting size
issue of UCA, is shown here for the first time, for tumor-targeted US
imaging and US-triggered drug delivery in cancer treatment.

2. Materials and methods

2.1. Materials

Cholesteryl chlorofotmate, a-hydroxy-g-butyrolactone,
samarium, 1,2-diiodoethane, propylene oxide, Pluronic F68, tetra-
hydrofuran (THF), dichloromethane (DCM), Nile red, poly(DL-
lactic-co-glycolic acid) (PLGA), doxorubicin (DOX) and docetaxel
(DTX)were purchased from Sigma Chemical Co. (St. Louis, MO). THF
was purified using the freeze-thaw method more than three times,
and DCM was purified by distillation prior to use. Sonovue® and
Definity® were purchased from Bracco Diagnostics, Inc. (Milan,
Italy) and Lantheus Medical Imaging, Inc. (North Billerica, MA).

2.2. Synthesis of gas-generating Poly(CBL-PO)

Poly(CBL-PO) was synthetized by ring opening polymerization
through the copolymerization of cholesteryl carbonate g-butyr-
olactone (CBL) and propylene oxide (PO), in the presence of
samarium diiode/samarium (SmI2/Sm) (Supplementary Method
S1). In brief, Poly(CBL-PO) was synthesized at different molar ratios
(1:3, 1:1, and 3:1) of CBL and PO monomers. Both CBL and PO
monomers were dissolved in degassed toluene under reduced
pressure at 100 �C, and 1:200 of SmI2/Sm initiator to total mono-
mers was slowly addedwith vigorous stirring. The reactionmixture
was maintained for 48 h and precipitated with ethyl ether, and
white powder was obtained after drying in a vacuum oven
(yield¼ 83.5%). The resulting Poly(CBL-PO) was characterized using
FT-IR and 1H NMR analysis (Fig. S2).
2.3. Preparation of Gas-NPs and anticancer drug-loaded Gas-NPs

Gas-NPs and PLGA-NPs, which are composed of Poly([CBL]75-
[PO]25)/PLGA inner core and a Pluronic F68 outer shell, were pre-
pared using an O/Wemulsionmethod. In brief, Poly([CBL]75-[PO]25)
was dissolved in 1 mL of DCMwith 1.5% (w/w) of tween 80 as an oil
phase, and Pluronic F68 (10%, w/v) was dissolved in 5 mL distilled
water as a water phase, respectively. Then, the polymer solution
was dropped into 5 mL of Pluronic F68 solution under a sonication
process (30% power, 2 min) in an ice bath. The resulting suspension
mixture was transferred to the flask, and 10e15 mL of distilled
water was added. After stirring for 3 h to remove the residual sol-
vent, the suspension was lyophilized for 48 h prior to use.

For a fluorescence imaging of Gas-NPs, disuccinimidyl succinate
terminated Pluronic F68 was chemically conjugated with aminated
Cy5.5 (Cy5.5-NH2) via amide bond formation. In brief, 10 mg of
disuccinimidyl succinate terminated Pluronic F68 (1.47 mmole of
succinimidyl succinate) was dissolved in 5 mL of dimethylsulfoxide
(DMSO). And, 1.1 mg of Cy5.5-NH2 (1.47 mmole of eNH2) was dis-
solved in 1 mL of DMSO and then dropwied into Pluronic F68 so-
lution. The solution was vigorously stirred for 12 h at 25 �C and
purified by dialysis against DMSO/distilled water co-solvent (1:0,
1:1, 0:1 v/v) for 3 days using a dialysis membrane (molecular cut
off ¼ 6000e8000 Da, Spectrum®, Rancho Dominquez, CA, USA).
The resulting solution was lyophilized to give Cy5.5 labeled Plur-
onic F68. Then, 5% (w/w) of Cy5.5 labeled Pluronic F68 was incor-
porated into Gas-NPs during the formulation process by the same
o/w emulsion method as described above.

For the drug delivery study, DOX or DTX was used as an anti-
cancer drug and the model drug for fluorescent study. For example,
to prepare DTX-loaded Gas-NPs, 10% (w/w) of DTX was simulta-
neously dissolved in 1 mL DCM with Poly(CBL-PO), and it was
dropped into a Pluronic (F68) solution with sonication. DTX-loaded
Gas-NPs (DTX-Gas-NPs) were stirred for 3 h and lyophilized. The
drug contents and efficiency of DTX-Gas-NPs were measured by
high performance liquid chromatography (HPLC) attached with
XDB-C18 column (Agilent Tech.1200 series, CA, USA). A mixture
solvent (acetonitrile/methanol ¼ 60/40) was used as a mobile
phase with 1.2 mL/min of flow rate, and the calibration curve was
plotted by calculation of the integrated area of the DTX peak at
various drug concentrations (0.1e100 mg/mL). The drug contents
and efficiency of 10% (w/w) of DOX-loaded Gas-NPs (DOX-Gas-NPs)
was also confirmed by measuring the fluorescent intensity of DOX
at 588 nm using UVeVis spectroscopy (Lamda Vis 7 spectropho-
tometer, Perkin-Elmer, CT).

In vitro US-responsible drug release profile of DOX-Gas-NPs
were studied in PBS (pH 7.4). Briefly, DOX-Gas-NPs (1 mg/ml)
were dispersed in 1 mL of PBS and each sample was transferred to
the dialysis membrane tube (MWCO: 3500 g/mol). Then, the dial-
ysis membrane tube was placed in Falcon tube with the 20 mL of
PBS solution at 37 �C. After the pre-determined incubation time, the
sinking buffer was sampled periodically up to 4 h and the fresh
medium was refilled every time into the Falcon tube. In order to
evaluate the US-triggered drug release profile of DOX-Gas-NPs, the
external US irradiation (10 MHz; mechanical index: 0.235; average
power: 0.0676 W/cm2) was applied to the DOX-Gas-NPs for 5 min.
After 5 min post-irradiation, the drug release amounts of the US-
triggered DOX-Gas-NPs were compared with non-US-treated
DOX-Gas-NPs. The concentration of DOX in release media was
confirmed by measuring the fluorescence intensity at 588 nm.



Fig. 1. (a) Gas-NPs (blue nanoparticles) are simply fabricated via the O/W emulsion method and the nano-sized particles allow them to localize at the targeted tumor tissue through
the EPR effect. However, large-sized perfluorocarbons-encapsulated microbubbles (red microparticles) present strong echo signals, but the large dimension does not allow
extravasation from the vessel to surrounding tissue in order to accumulate at the tumor tissue. Also, small-sized nanobubbles (green nanoparticles) show the desired whole-body
distribution and effective extravasation, but cannot generate intense echo signals to image the lesion. (b) Chemical structure of hydrolysable carbonate copolymer; Poly(cholesteryl
butyrolacone-co-propylene oxide). The carbonate copolymer was emulsified to produce solidified Gas-NPs via the O/W emulsion method. The Gas-NPs start to hydrolyze to produce
CO2 nanobubbles in aqueous condition, followed by expansion/coalescence of nanobubbles into microbubbles for the targeted tumor US imaging. In addition, the anticancer drug-
loaded Gas-NPs enable US-triggered drug delivery, wherein the drug release profile from Gas-NPs can be controlled by external US irradiation. (c) Hydrodynamic size measurement
of Gas-NPs and (d) Sonovue®. Also, morphological sizes were observed using TEM and optical microcopy. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

H.S. Min et al. / Biomaterials 108 (2016) 57e70 59
2.4. Characterization of chemical gas-generating nanoparticles
(Gas-NPs)

In order to predict echogenic properties in in vivo condition,
various physicochemical properties of Gas-NPs were investigated.
As controls, non-echogenic PLGA-NPs and conventional micro-
bubbles, Sonovue®, were tested together. The size distribution of
Gas-NPs was measured by a Zetasizer (Malvern Zetasizer; Malvern
Ins. Ltd., UK) at 37 �C. To compare the time-dependent hydrody-
namic size distribution, 1 mg/mL of Gas-NPs, Sonovue®, and PLGA-
NPs were diluted in distilled water and the particle size was
determined at 37 �C for 6 h. The hydrodynamic size variations of
Gas-NPs, Sonovue®, and PLGA-NPs were monitored by an optical
microscope (BX51; Olympus Co. Ltd., Japan) equipped with a 40�
focal lens. One mg/mL of Gas-NPs and micro-sized Gas-NPs (Gas-
MPs) were dispersed into PBS and kept at 37 �C during the
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experiment. One droplet was sampled on a slide, and the optical
images were obtained one at a time for 6 h. Themorphology of Gas-
NPs was observed using transmission electron microscopy (TEM,
CM-200 Philips, CA, USA) with a voltage of 200 kV, and surface
morphology was characterized by scanning electron microscopy
(SEM, JSM-6700F; JEOL Ltd.; Tokyo, Japan) with 20 kV of acceler-
ating voltages at 8 mm of working distance. The amount of CO2
generated from Gas-NPs was measured by quadrupole mass spec-
trometer (Prisma QME 200, Pfeiffer Vacuum, Germany) attached
with a Faraday cup detector.

2.5. In vitro US imaging

In vitro US images were obtained using Vevo 770® (High-Reso-
lutionMicro-Imaging System, Visualsonics, Toronto, Canada) with a
RMV 706 transducer at 40 MHz, at a static state. As the in vitro
condition, 3% (w/v) of handmade agar gel phantom was used. Gas-
NPs, PLGA-NPs were dispersed in PBS (pH 7.4) at 5 mg/mL, and
Sonovue® and Definity® were also dispersed at the same concen-
tration as a control. All samples were embedded in the agar gel
phantom, and US images were obtained over time for up to 6 h. The
normalized US intensity of each particle was analyzed via the
subtracted region of interest (ROI) intensity ratio between the inner
space of the phantom and the agar gel body. The gas regenerating
property of the Gas-NPs was confirmed by destructing the bubble
in nanoparticle dispersion using the external US irradiation. Gas-
NPs and Sonovue® were dispersed at 10 mg/mL, and both sam-
ples were administrated into the agar gel phantom, wherein US
images were obtained for 2 min. Then, the high US power was
applied to each sample for 2 min using the US destruction mode
(40 MHz, 100% power) setting of Vevo770® software. After that,
they were freely incubated for 10 min to provide enough time for
regeneration of bubbles. With this time interval (on: 2 min, off:
10 min), the US images and US intensities were obtained until 1 h
had elapsed.

2.6. Intracellular behaviors of drug loaded Gas-NPs

To determine the cellular uptake tendency of Gas-NPs, 5% (w/w)
of Cy5.5-labeled Pluronic was used for the fabrication of Gas-NPs
using the O/W emulsion method. SCC7 cells (1 � 105 cells/well)
were seeded onto gelatin coated cover slips in 35 mm plates, and
Cy5.5-labeled Gas-NPs (10 mg/mL) were added into the cell. After
incubation for pre-determined time points (30 min, 2 h, and 4 h),
the cells were washed with PBS twice and fixed with para-
formaldehyde solution (4%). Fluorescence images of SCC7 were
observed by an Axioskope-2 imaging microscope (Carl Zeiss,
Oberkochem, Germany) equipped with a fluorescence filter set for
Cy5.5 (Omega Optical). Image acquisition and analysis were driven
by KS400 software (Carl Zeiss Vision).

For intracellular release behavior of drug loaded Gas-NPs, DOX
was loaded into Gas-NPs (DOX-Gas-NPs) with the O/W emulsion
method, and DOX loaded PLGA-NPs (DOX-PLGA-NPs) were also
prepared as a control. SCC7 cells (1 � 105 cells/well) were seeded
onto the six well plates and incubated in a CO2 atmosphere for 24 h.
Each DOX-loaded particle was diluted with 10 mg/mL and treated
into SCC7 cells for 10, 30, 60, and 120 min. After washing with PBS,
the cells were fixed with 4% formaldehyde solution and mounted
with a 4,6-diamidino-2-phenylindole (DAPI) solution. The cellular
images were observed using a confocal laser scanning microscopy
(CLSM, Fluoview FV1000, Olympus, Japan) with the 488 nm/
505e605 nm of excitation/emission filter for DOX. The tendency of
intracellular drug distribution was analyzed by measuring fluo-
rescence intensity ratios between the nucleus and cytoplasm from
total 20 cells in the confocal images (n ¼ 20) using Olympus image
processing software (IV10-ASW 1.2, Olympus, Japan).

2.7. In vivo and ex vivo fluorescence imaging

All experiments with live animals were performed in compli-
ance with the relevant laws and institutional guidelines of the
Korea Institute of Science and Technology (KIST), and institutional
committees approved the experiments. For fluorescence imaging,
Cy5.5-labeled Gas-NPs with different sizes (10 mg/mL) and Cy5.5-
labeled Gas-MPs (10 mg/mL) were dispersed in saline, and both
particles' amounts were precisely adjusted to present a very similar
fluorescence intensity, confirmed with UVeVis spectroscopy
(Lamda Vis 7 spectrophotometer, Perkin-Elmer, CT). Five-week-old
BALB/c male nude mice (n ¼ 5, 20 g) were anesthetized in an iso-
flurane chamber and 3 � 105 SCC7 cells in 50 mL of saline was
injected subcutaneously in the pectoral or dorsal sides of the mice.
After tumor volumes grew to 150 mm3, 100 mL of Cy5.5-labeled
Gas-NPs (10 mg/kg) or Cy5.5-labeled Gas-MPs (10 mg/kg) was
administrated into mice via the tail vein, and fluorescence images
were obtained using the eXplore Optix system (ART Advanced
Research Technologies Inc., Montreal, Canada). Laser power, expo-
sure time and count time settings were optimized at 5 mWand 0.3 s
per point. The NIRF emission at 700 nmwas collected and detected
with a fast photomultiplier tube (Hamamatsu, Japan) and a time-
correlated single photon counting system (Becker and Hickl
GmbH, Berlin, Germany).

To analyze the residual biodistribution of the internal organs,
mice were sacrificed at 24 h after i.v. injection for fluorescence
imaging. The internal organs were excised and fixed with formal-
dehyde (4%, w/v) solution. Residual fluorescence intensities of
Cy5.5-labeled particles at the internal organs were analyzed by a
12-bit CCD camera (Image Station 4000 mm; Kodak, New Haven,
CT) with a special C-mount lens and Cy5.5 emission filter
(600e700 nm; Omega Optical). For quantitative comparison, the
ex vivo fluorescence intensity at each excised organ and tumor was
quantitatively measured via the regions of interest (ROIs), and the
results were presented as mean ± s.d. (n ¼ 5). Finally, in order to
evaluate drug release behavior more clearly, tumor tissues from
mice were embedded into optimal cutting temperature (OCT)
compound (Tissue-Tek®, CE, USA, CA) and fixed in an aqueous ni-
trogen condition. Each tumor tissue was cryo-sectioned with 6 mm
of thickness and placed on glass slides. Fluorescence images of
nanoparticles in tumor tissue were determined using a fluores-
cence microscope (IX81, Olympus, Japan) with the setting of Cy5.5
filter (Ex ¼ 673 nm, Em ¼ 692 nm).

2.8. In vivo ultrasound imaging

The animal studies, except for the fluorescence imaging, were
performed by using 5.5-week-old C3H/HeN male mice. For an US
imaging, the lower back hair of mice was removed after anesthe-
tizing the mice using isoflurane gas. Then, 1 � 106 of squamous cell
carcinoma (SCC7) cells were inoculated subcutaneously in the
lower back of mice. After tumor volumes grew to 150 mm3, 100 mL
of nanoparticle dispersion at 10 mg/mL Gas-NPs was administrated
into mice via the tail vein, and tumors were imaged by a Vevo 770®

US imaging system equipped with a RMV 706 probe (focal length:
6 mm). 40 MHz of US was focused on and applied to the tumor
according to the time until 4 h. The US imaging contrast intensity
was calculated with the subtracted ROI ratio between backgrounds
(aquagel) to the tumor.

2.9. US-triggered drug release behavior of Gas-NPs

To evaluate the US-triggered drug release behavior of Gas-NPs in
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the in vivo condition, hydrophobic and fluorescent 2.9% (w/w) of
Nile red as the model drug were successfully loaded into Gas-NPs
and PLGA-NPs using the same O/W emulsion method that of
DOX-Gas-NPs. For the animal experiment, SCC7 tumor bearing
BALB/c male nude mice (5 weeks old, 20 g, n ¼ 3) were used and
classified for groups: (1) Nile red-loaded Gas-NPs, (2) Nile red-
loaded Gas-NPs with the external US irradiation, (3) Nile red-
loaded PLGA NPs, and (4) Nile red-loaded PLGA NPs without the
external US irradiation. When the tumor size was about 150 mm3,
100 mL of Nile red-Gas-NPs and Nile red-PLGA-NPs (10 mg/kg Nile
red) were administrated into the mice via tail vein injection,
respectively. After 4 h post-injection of each sample, 10 min of
external US irradiation of bubble destruction mode (100% of power
at 40 MHz, Vevo 770® US system) was applied to the tumor tissue.
To confirm the US-triggered Nile red release behavior from Gas-
NPs, each tumor, whether treated with the external US irradiation
or not, was carefully excised, and the fluorescent intensity of Nile
red at the targeted tumor site were visualized using a Small Animal
Imaging System (OV100, Olympus, Japan) with 620e650 nm/
680e710 nm (ex/em) channel. For quantitative comparison, the
ex vivo fluorescence intensity at each excised tumor was observed
using ROIs.

2.10. In vivo tumor therapy

Therapeutic efficacy of DTX loaded Gas-NPs was evaluated in
the same SCC7 tumor bearing C3H/HeN mice (5 week, 20 g, male
mice, n ¼ 10) models. Mice were classified into seven groups for
treatment: (1) saline, (2) saline with the external US irradiation, (3)
empty Gas-NPs, (4) free DTX (10 mg/kg) (5) free DTX (10 mg/kg)
with the external US irradiation (6) DTX-Gas-NP (10 mg/kg DTX),
and (7) DTX-Gas-NPs (10 mg/kg DTX) with the external US irradi-
ation. After the SCC7 tumor volumes grew to 120 mm3, each group
of solutions was administrated tomice via their tail vein once every
three days for 12 days. For US irradiated groups, after 4 h of post-
injection, the destruction mode of the Vevo 770® US imaging sys-
tem was employed for 10 min at the tumor site. To measure the
therapeutic efficacy of each sample, the tumor volumes of mice
were recorded every two days for 16 days, and the tumor size was
calculated by the formula (a x b2/2), where a and b are the x-axis
and y-axis of the tumor. All groups of mice were sacrificed, and
tumors were extracted after 16 days of therapy, and the tumor
tissues were fixed and embedded in paraffin before sectioning into
10 mm slices. Cellular death of tumor tissues were histologically
observed with hematoxylin-eosin (H&E) staining and terminal
deoxynucleotidyl transferased nick end labeling (TUNEL) assay
using the Apoptosis Detection Kit (Chemicon/Millipore, Billerica,
MA) according to the manufacturer's protocol.

2.11. Statistical analysis

All statistical analyses were conducted using GraphPad Prism
software v.5 (GraphPad Software Inc., La Jolla, CA). Differences be-
tween experimental and control groups were determined using
one-way ANOVA and deemed statistically significant (indicated by
an asterisk (*) in figures) if p < 0.05.

3. Results and discussion

3.1. Rational design and synthesis of chemical gas-generating
nanoparticles (Gas-NPs)

The gas-generating mechanism of Gas-NPs mainly involves the
hydrolysis of the carbonate copolymer to produce CO2 nanobubbles
in an aqueous condition, followed by expansion/coalescence of
nanobubbles into microbubbles that may exhibit strong and
continuous echo signals under an US field (Fig. 1b). More impor-
tantly, we hypothesized that the anticancer drug-loaded Gas-NPs
may enable US-triggered drug delivery, wherein the drug release
profile from Gas-NPs can be controlled by the external US irradia-
tion (10 MHz; mechanical index: 0.235; average power: 0.0676 W/
cm2) that can destroy the CO2 nanobubbles, to burst release the
anticancer drugs from the Gas-NPs. The CO2 generation and US-
triggered drug release from Gas-NPs are produced continuously
and sustainably according to the continuous and prolonged hy-
drolysis mechanism of the solid phase of Gas-NPs, compared to
unstable gas or liquid phase PFCs encapsulated microbubbles.

To achieve optimal CO2 generating kinetics and physical stability
of Gas-NPs, the CO2 generating carbonate copolymer was prepared
via ring opening copolymerization of two monomers, cholesteryl
carbonate g-butyrolactone (CBL) and propylene oxide (PO), in the
presence of samarium diiodide as an initiator, resulting in poly(-
cholesteryl butyrolatone-co-propylene oxide) (Poly(CBL-PO)). The
synthetic processes and characterizations of carbonate copolymers
were precisely described (Supplementary Method S1&S2, and
Table S1). Importantly, the physicochemical properties of Poly(CBL-
PO)s, such as gas-generating ability in terms of molecular weight,
degradation time, thermal stability (Tg) and amphiphilicity, etc.,
were controlled by changing the feed ratio of two monomers dur-
ing the ring opening copolymerization in the toluene solution at
100 �C under reduced pressure, wherein different molar feeding
ratios of monomers (CBL:PO; 3:1, 1:1 and 1:3) were added into the
reaction mixture. After a two-day post-reaction, three kinds of
Poly(CBL-PO)s with different molar feed ratios were characterized
with FT-IR spectra and 1HMR (Supplementary Fig. S2). Under
optimal conditions, the feed molar ratio of two monomers was
confirmed at 3:1 (CBL:PO) and the actual chemical compositionwas
confirmed at 2.9:1 using 1H NMR analysis. The freshly prepared
carbonate copolymer, Poly([CBL]75-[PO]25), showed the ideal gas-
generating property with strong and substantial CO2 production
up to 4 h in aqueous condition. It also has proper Tg (42.3 �C), which
is optimal for the construction of robust nanoparticle bodies via the
O/W emulsion method at room temperature.

For formulating Gas-NPs, the freshly prepared Poly([CBL]75-
[PO]25) was emulsified to produce solidified nano-sized particles
via the O/W emulsion method, wherein the oil phased carbonate
copolymer was slowly added to the pluronic triblock copolymer
solution in an ice bath, followed by a sonication process. Finally, the
outermost surface of Gas-NPs was covered by a biocompatible
pluronic triblock copolymer since pluronic-coated nanoparticles
have presented in vivo-friendly properties, prolonged blood circu-
lation and in vivo tumor-targeting ability [16e19]. As a control
group, pluronic-coated poly (lactic-co-glycolic acid) nanoparticles
(PLGA-NPs) with an average size of 268 ± 18 nm in saline at 37 �C-
which is also hydrolysable, but lacks a gas-generating function and
is thus non-gas-generating-was used as control nanoparticles. In an
aqueous condition, Gas-NPs presented a narrow and homogeneous
size distribution of 290 ± 18 nm in saline at 37 �C when they were
confirmed by a dynamic light scattering (DLS) measurement. The
resulting spherical and homogeneous Gas-NPs were clearly
observed by transmission electron microscopy (TEM) measure-
ment, but the average size of 150 nm is smaller that of DLS mea-
surement (Fig. 1c). This is attributed to the fact that the
hydrodynamic size of pluronic polymer on the outer surface of Gas-
NPs in the aqueous condition is much bigger than in the dried
condition in TEM measurement [20]. Moreover, Gas-NPs could be
easily hydrated to give CO2 bubbles, and the hydrodynamic size of
Gas-NPs become much bigger in the aqueous condition than dried
Gas-NPs. Sonovue® as a typical and conventional UCA, on the
contrary, showed fairly heterogeneous size distribution and had
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very large average diameters of 2880 ± 450 nm at 37 �C in saline
when they were investigated by DLS and an optical microscope
(Fig. 1d). More importantly, after 5 min post-incubation of Gas-NPs
in PBS at 37 �C, the effective CO2 gas release of 0.077 cc$atm from
Gas-NPs was confirmed by mass spectrometry. That is a 3.3-fold
higher amount of CO2 content in saline compared to that of natu-
rally residual CO2 content (0.024 cc$atm). Moreover, in vitro cyto-
toxicity of Gas-NPs was observed using MTT assay in squamous cell
carcinoma (SCC7) and fibroblast NIH3T3 cells (Supplementary
Method S3). After 1-day post-incubation, more than 95% of cells
survived after treatment of Gas-NPs up to 1 mg/mL in both cell
lines, indicating that Gas-NPs do not induce a cytotoxic effect in a
cell culture system even at a high concentration (Supplementary
Fig. S3).

3.2. Chemical gas (CO2) generating mechanism of Gas-NPs in
aqueous condition

Our approach to utilize the new solid phase carbonate copol-
ymer as a chemical gas-generating precursor itself, provides
unique and beneficial echo properties and physical properties to
UCAs, instead of encapsulating bio-inert PFCs or gas-generating
molecules, such as ammonium bicarbonate and calcium carbon-
ate, into various shell materials [21,22]. Therefore, the remarkable
high-fidelity echo properties of Gas-NPs should be justified by a
unique gas-generating mechanism, which is prominently differ-
entiated from the conventional gas-filled UCAs such as Sonovue®

(referred to as “microbubbles”). In order to investigate the
chemical gas-generating mechanism, the gas-generating process
of Gas-NPs in saline at 37 �C was roughly gauged with optical
microscopy, combined with a dynamic light scattering (DLS)
measurement (Fig. 2a, b). At the initial time, Gas-NPs did not
present any bubbles in saline, whereas heterogeneous and micro-
sized bubbles were observed in the gas-filled Sonovue® solution.
However, the newly generated bubbles in the solidified Gas-NPs’
surface started to appear after 1 h post-incubation, and further-
more, the size of the bubbles steadily increased from 268 nm to
1.85 mm, during up to 6 h incubation. This can be explained by the
fact that solidified Gas-NPs in saline can generate CO2 bubbles in a
slow and continuous manner via hydrolytic degradation of their
carbonate copolymer in the Gas-NPs. The slow size increase rate of
Gas-NPs can be expected to benefit in vivo systemic circulation
and long-term half-life, thus allowing the EPR effect for specific
disease targeting of Gas-NPs, especially for targeted tumor tissue.
On the contrary, almost all of the Sonovue® disappeared within
2 h of post-incubation, even they were not detected by DLS
measurement. This may be attributed to the ease of diffusion of
the sulphur hexafluoride gas from the quite unstable Sonovue®

shell layer. As expected, the control non-gas-generating nano-
particles, PLGA-NPs, which are hydrolysable but incapable of gas-
generating ability, did not produce any bubbles in saline solution
during 6 h post-incubation, and they maintained the particle size
around 300 nm in saline.

We next observed the destructed Gas-NPs by hydrolytic
degradation over time by the TEM measurement (Fig. 2c). As ex-
pected, the TEM images showed some surface erosion at 10 min
post-incubation of Gas-NPs in PBS at 37 �C. Furthermore, this sur-
face erosion increased with incubation time up to 20 min in
accordancewith the DLSmeasurement. Most of the core of Gas-NPs
intensively degraded after 2 h post-incubation, wherein the
degradation might be accelerated due to the higher concentration
of CO2 in the core part. For visualizing chemical bubble (CO2)
generation and degradation of Gas-NPs in saline at 37 �C, micro-
sized gas-generating carbonate copolymer particles (Gas-MPs) of
an average size of 5 mmwere prepared via the same O/Wemulation
method, due to an impossible detection of nano-sized Gas-NPs
with optical microscopy (Fig. 2d). The bubble formation of Gas-MPs
was directly observed as a swollen submicrometer-sized “hydration
layer” (Fig. 2d, black arrows) on the particle's surface at 1 min post-
incubation. The thin hydration layer composed of bubbles
remained at the outermost particle surface, due to the strong hy-
drophobic interaction between CO2 bubbles and the polymer ma-
trix. In a previous study, we confirmed that the small CO2 bubbles
could remain at the surface of hydrophobic particles for a pro-
longed time, due to the strong hydrophobic interaction between
the polymer matrix and CO2 bubbles [19]. As the incubation time
increased to 1 h, the swollen hydration layer became thicker, to
micrometer-size, indicating the coalescence of nanobubbles into
micro-sized bubbles surrounding the surface of Gas-MPs. There-
fore, as can be seen, many small bubbles are very stable on the
surface of Gas-MPs in aqueous condition for a prolonged time and
can form micro-sized bubbles by the expansion/coalescence of
nanobubbles into microbubbles.
3.3. Prolonged in vitro echo properties of Gas-NPs in aqueous
environment

To monitor the echo properties of Gas-NPs, agar-gel phantom
tests were carried out in saline at 37 �C, compared to those of PLGA-
NPs, Sonovue® and Definity® (Fig. 3a). As expected, Gas-NPs pre-
sented a gradual increase in echo signals from 0 h to 4 h. This result
is well correlated with the CO2 generating process of Gas-NPs
confirmed by optical microscopy and SEM. Importantly, Gas-NPs
provided the highest echo intensity after 4 h post-incubation, and
the strong echo properties lasted up to 6 h. These results show that
Gas-NPs continuously generate CO2 gas by the hydrolysis mecha-
nism of carbonate copolymers in the nanoparticles, enabling pro-
longed and persistent US imaging. Based on the in vitro US images,
we assumed that the relatively slow gas-generating mechanism
Gas-NPs can be prolonged circulated in the blood stream and they
are finally localized at the targeted tumor tissues by the EPR effect
of nano-sized Gas-NPs. The reason why we chose the relatively
slow but still efficient gas generating Gas-NP formulation is that we
wanted to retard the gas generation until Gas-NPs can accumulate
in tumor region. However, non-gas-generating PLGA-NPs, did not
generate any echo signals at all, from the beginning to the end,
because they did not generate any gas component under the US
field. More importantly, for 6 h, the US intensity of Gas-NPs steadily
increased up to 8 times higher than that of the initial time point.
However, the echo signals from gas-filled Sonovue® and Definity®

were the highest at the initial time, but the signals rapidly dimin-
ished within 10 min, due to the instability of encapsulated micro-
bubbles under the US field (Fig. 3b). Noticeably, the increase in echo
persistence is 20 times longer than that of Sonovue®, which lasts
only 15 min.

The echo intensity from Gas-NPs was controlled by the external
US irradiation. As shown in Fig. 3c, under the US destroy mode
(40 MHz, 100% power) for 2 min, the echo signal of Gas-NPs was
eliminated, but was steadily recovered after 10 min post-
incubation, benefitting the repeated US imaging or US-triggered
drug release. As a control, Sonovue® presented a transient echo
signal under high acoustic power, due to the irreversible destruc-
tion of encapsulated microbubbles (Fig. 3d). The repeated US irra-
diation in destruction mode finally led to dissipation of the US
signals, indicating extinction of the entire Gas-NPs matrix. The
reversibility of echo signals of Gas-NPs may allow to obtain
repeated US imaging or US-triggered drug delivery, without
repeated administration of UCAs [23e25].



Fig. 2. (a) Size changes of Gas-NPs, Sonovue®, and PLGA-NPs were observed by optical microscopy up to 6 h in saline at 37 �C. (b) The size increase rate of Gas-NPs was measured
using DLS measurement up to 6 h in saline at 37 �C. (c) TEM images of the hydrolyzed Gas-NPs were measured to those degradation behaviors. (d) Precise observation of the
bubbling process using micro-sized Gas-MPs (5 mm) by optical microscopy. The hydration layer with CO2 gas was clearly observed at the swollen outermost surface (black arrows).
Upon hydrolysis of solid Gas-MPs over time, the swelled hydration layer became continuously thicker, but still retained its swollen spherical morphology (dotted black circles).
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3.4. Cellular uptake and drug release behaviors of anticancer drug-
loaded Gas-NPs

Although it is evident that the nanoparticles provide great po-
tential as a drug delivery carrier with maximized tumor targeting
ability utilizing the EPR effect, the slow release and/or endosome
entrapment of encapsulated drugs in the nanoparticles at the tar-
geted tumor tissues are of major concern [26e28]. In this respect,
we assumed that the CO2 bubbling process of Gas-NPs could greatly
benefit the intracellular drug release and minimize the endosomal
entrapment of encapsulated anticancer drugs in the nanoparticles,
via rapid gas generation mechanism of Gas-NPs. To prove this,
intracellular uptake behavior of near-infrared (NIR) fluorescent dye,
Cy5.5, labeled Gas-NPs (10 mg/mL, red color, Ex ¼ 675 nm,
Em ¼ 695 nm) was confirmed in the SCC7 tumor cell culture sys-
tem. After 30 min post-incubation, the red fluorescent Gas-NPs
were dotted mainly inside the cytosol and not in the nucleus
(Fig. 4a). As time increased to 2 h, the cellular uptake of Gas-NPs
was maximized and the red-colored Gas-NPs were mainly local-
ized in the cytoplasm. Also, there were some microbubbles
observed in the cytoplasm (black arrows). After 4 h post-
incubation, Gas-NPs were mainly observed in the entire cytosol of
tumor cells, compared to the blue-colored nucleus stained with
DAPI. Interestingly, many micro-sized bubbles (2e3 mm) inside the
cytosol were clearly observed in the enlarged picture, confirmed by
the optical and fluorescent microscopy (black and white arrows),
indicating the clear evidence of the micro-sized CO2 bubble
generating in the cytoplasm. Recently, it has been reported that the
generation of intracellular CO2 bubbles could also induce necrotic
cell death [29].

The intracellular fate of physically loaded anticancer drugs in
Gas-NPs was also monitored in the SCC7 tumor cell culture system.
For this, fluorescent doxorubicin (DOX) was used as a model drug
and 10wt% of DOXwas successfully loaded into Gas-NPs (DOX-Gas-
NPs) via the O/W emulsion method, wherein the DOX loading ef-
ficiency was about 98%. Free DOX and 10 wt% DOX-loaded PLGA-
NPs (DOX-PLGA-NPs) were tested together as control groups. After
post-incubation of free DOX, DOX-Gas-NPs, and DOX-PLGA-NPs in
the SCC7 tumor cells, intracellular localization of free DOX or
encapsulated DOX in each nanoparticle was observed by confocal
microscopy (Fig. 4b). As expected, while the majority of free DOX
(red color) was localized in the nucleus (green color) at the site of
drug action after 30 min post-incubation, DOX from non-echo
PLGA-NPs were mainly observed in the cytoplasm region up to
2 h post-incubation. This indicates that the DOX releasing from the
PLGA-NPs did not occur effectively in the live cells due to the slow
release and/or endosome entrapment of encapsulated drugs in the
PLGA-NPs. However, in the case of DOX-Gas-NPs, the rapidly
released DOX by the bubbling process was mainly localized to the
cytosol at the initial time point (10e30 min post-incubation) and
then the majority of DOX was observed in the nucleus of the tumor
cell after 2 h post-incubation. More precisely, the relative DOX



Fig. 3. (a) Hand-made agar gel phantom was used for in vitro US imaging. Time-dependent in vitro US images of Gas-NPs, PLGA-NPs, Sonovue® and Definity® over time in saline at
37 �C. The US images were normalized by subtracting the water intensity from the phantom signal. (b) The US intensities of Gas-NPs increased steadily due to continuous CO2

generation, while non-gas-generating PLGA-NPs could not be imaged by US irradiation. (c) US-triggered gas-generating behaviors. Gas-NPs were destroyed leading to dissipation of
US signals under the destroy mode (40 MHz, 100% power) for 2 min, followed by recovery of US signals within 10 min. Meanwhile, conventional gas filled the Sonovue® burst,
releasing its encapsulated inner gas under US irradiation without gas renewal after 10 min (d) US intensities were visualized and quantified on agar phantom gel with the repeated
US destruction mode (40 MHz, 100% power).
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fluorescent signals between the cytoplasm and the nucleus were
quantified over time to predict intracellular DOX behaviors (Fig. 4c).
As a result, free DOX immediately moved to the nucleus after
cellular uptake, i.e. the fluorescent intensity of free DOXwasmainly
localized in the nucleus at 30 min (about 80% of the total intra-
cellular DOX). However, almost all DOX in the PLGA-NPs (about 80%
of the total intracellular DOX) was localized in the cytosol during
the entire incubation period. Interestingly, the fluorescent intensity
of DOX-Gas-NPs in the nucleus gradually increased over 2 h,
resulting in almost all DOX (about 80% of the total intracellular
DOX) localized in the nucleus after 2 h post-incubation.
Consequently, it could be speculated that the bubbling process of
Gas-NPs could enhance the intracellular drug release in the live cell
system.
3.5. In vivo tumor targeting ability of anticancer drug-loaded Gas-
NPs

Diagnostic applications of most gas-generating microparticles
(Gas-MPs) have been limited to simple vasculature imaging, due to
poor in vivo stability and half-life by their large particle size. Many
polymeric drug delivery systems with small nano-sizes could be



Fig. 4. (a) Intracellular uptake of Cy5.5-labeled Gas-NPs was observed over time by fluorescent microscopy, after 2 h treatment in SCC7 tumor cells. The bubbling Gas-NPs inside
cytosol were clearly visible in the enlarged optical and fluorescent images after 6 h post incubation (black and white arrows). (b) Gas generation accelerated intracellular drug
release behaviors of DOX-Gas-NPs, which were observed after 1 h incubation, by confocal microscopy with comparison to free DOX and DOX-PLGA-NPs controls. (c) The relative
fluorescent intensities between cytosol and the nucleus total 20 cells in the confocal images (n ¼ 20) were quantified over time to evaluate the DOX movement rate from cytosol to
nucleus, which is the site of therapeutic action.
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localized into the targeted tumor tissue through the EPR effect.
Herein, we expected that the nano-sized Gas-NPs allowed extrav-
asation from the blood vessel to surrounding tissue, accumulating
in the targeted tumor tissue. The time-dependent in vivo bio-
distribution and tumor targeting ability of Cy5.5-labeled Gas-NPs
was observed by fluorescent optical imaging in tumor-bearing
mice after intravenous administration. In order to verify the size-
dependent EPR effect, Cy5.5-labeled Gas-NPs with different sizes
(300e800 nm) and Cy5.5-labeled Gas-MPs (5 mm) in saline were
tested together. When the tumor size was about 150mm3,100 mL of
Cy5.5-labeled Gas-NPs (10 mg/kg) in saline was evenly distributed
throughout the entire body of the mice after post tail vein injection,
and the whole body distribution was sustained for 1 day. As ex-
pected, the Gas-NPs with a size of about 300 nm showed excellent
EPR effects resulting in the greatest tumor accumulation (Fig. 5a
and supplementary Fig. 5). However, other large nanoparticles (500
and 800 nm) and Gas-MPs (5 mm) did not present any targeting
efficiency in the targeted tumors, due to the larger particle size. At
1 h post-injection, dorsal tumor tissue was clearly delineated from
the surrounding normal tissue, demonstrating the tumor-specific
targeting ability of Gas-NPs. The NIR fluorescent optical images of
tumor tissue revealed that the Cy5.5-labeled Gas-NPs gradually
accumulated up to 1 day post-injection and tumors showed undi-
minished fluorescent intensity during 1 day, compared to micro-
sized Cy5.5-labeled Gas-MPs (Fig. 5b). Conversely, Cy5.5-labeled
Gas-MPs were mainly localized to the liver and kidney, rather
than the entire body or specific tumor tissue 1 day post-injection
(Fig. 5c). After 1 day post-injection, we also observed ex vivo tu-
mor targeting ability bymeasuring the fluorescent intensity of Gas-
NPs in excised tissues (liver, lung, spleen, kidney, heart, and tu-
mors) with comparison to those of Gas-MPs (Fig. 5d). The Gas-NPs
presented the strongest fluorescent intensity in the tumor tissue,
whereas the non-specific targeting of Gas-NPs in the other organs
was not predominant. The total fluorescent intensity of Gas-NPs at
the tumor tissue was four to seven times higher than those from
other organs. On the contrary, the major accumulation of Gas-MPs
was normal for liver tissues and not in tumor tissues, indicating the
decisive evidence of the size-dependent tumor targeting of Gas-
NPs.

To demonstrate in vivo US imaging ability of Gas-NPs at the
targeted tumor tissue, 100 mL of nanoparticle dispersion at 10 mg/
mL Gas-NPs was intravenously administrated into tumor-bearing
mice when the tumor size grew to 150 mm3 (Fig. 5e). The US in-
tensity at the tumor tissue was observed after 30 min post-
injection, indicating the adequate accumulation of Gas-NPs at the
tumor site. Importantly, the US signals steadily increased after 1 h
post-injection and the strong US signals persisted for 4 h at the
tumor site, due to the continuous CO2 gas generation from Gas-NPs
at the targeted tumor tissue (Supplementary Fig. S7). In contrast,
the US signal of Sonovue® and Definity® was not detected in the
whole tumor region, which is indicative of a short half-life and
inefficient tumor accumulation (Fig. 5f). Importantly, the quality of
the US image of Gas-NPs in the tumor, even after i.v. injection, was
exceptionally improved compared to that of conventional tumor-
specific imaging in terms of specificity and persistence [30].
Furthermore, given the short half-life (~15 min) of conventional
microbubbles, the result outperforms all other microbubbles in
terms of echo properties. Taking all of this into account, the results
clearly showed that Gas-NPs undergo desirable systemic circulation
and thereby show high tumor tissue accumulation within 4 h after
intravenous injection. Inside the tumor, accumulated nano-sized
Gas-NPs coalesced into a high quality of echo signal generating
micro-sized bubbles as they underwent a continual bubbling
process.
3.6. Therapeutic potential of drug-loaded Gas-NPs as a drug
delivery vehicle

Herein, we assumed that the tumor specific accumulation of
Gas-NPs via a size-dependent EPR effect, if it can be combined with
US-triggered drug release behaviors, must be a decisive factor to
maximize antitumor therapeutic efficacy [31e34]. Since the US
may be focused and may penetrate deeply at the target regions, the
selectivity of the treatment can be improved and undesirable side
effects can be reduced immensely (Fig. 6a). As expected, 10% (w/w)
of DOX-loaded Gas-NPs (DOX-Gas-NPs) clearly showed the in vitro
US-triggered drug release behaviors via exposure to the external US
irradiation, compared to non-US-treated DOX-Gas-NPs (Fig. 6b).
When DOX-Gas-NPs were treated with the external US irradiation
for 5 min at 37 �C, the amount of DOX release was 2e3 times higher
than that of DOX-Gas-NPs without the external US irradiation,
indicating that the external US irradiation greatly enhanced the
drug release by destroying the gas bubbles in Gas-NPs. Further-
more, to verify US-triggered drug release behaviors of Gas-NPs
under in vivo conditions, 2.9% (w/w) of Nile red as the model
drug was successfully loaded into Gas-NPs and PLGA-NPs via the O/
W emulsion method, wherein the Nile red loading efficiency into
each nanoparticle is 98% (Supplementary Fig. S8). Also, each sample
(100 mL, 10 mg/kg Nile red) was intravenously injected into SCC 7
tumor-bearing mice (n ¼ 3). After 4 h post-injection, to observe the
in vivo drug release behaviors more clearly, fluorescent Nile red
released from Cy5.5-labeled Gas-NPs was visualized and quantified
at targeted tumor tissues, followed by the 5 min external US irra-
diation with the destroy mode (40 MHz, 100% power) to induce
destruction of the bubbles of Gas-NPs (Fig. 6c). After the external US
irradiation, the targeted tumors were excised from the mice and
mid-portion sectioned to visualize the center region of solid tu-
mors. The fluorescent intensities of released Nile red signals from
each nanoparticle at the targeted tumor site were visualized and
quantified using a Small Animal Imaging System. As a result, in
cases of Nile red-loaded PLGA-NPs without gas-generating func-
tion, there were no noticeable Nile red signals, and there was no
difference in fluorescent signals between those with and without
the external US irradiation groups. In contrast, for 2.9% (w/w) of
Nile red-loaded Gas-NPs, prominent Nile red fluorescence was
observed at the tumor tissue according to the external US irradia-
tion. Moreover, a fluorescent signal was detected, which was six
times higher than that without the external US irradiation.

For the new theranostic drug delivery system, the hydrophobic
anticancer drug of docetaxel (DTX) could be encapsulated into Gas-
NPs by the O/W emulsion method, resulting in 10% (w/w) of DTX-
loaded Gas-NPs (DTX-Gas-NPs, drug loading efficiency is 84%).
When the subcutaneous SCC7 tumors grew to 120 mm3, we
administrated seven samples: (1) saline, (2) only US irradiation, (3)
empty Gas-NPs, (4) free DTX (10 mg/kg) (5) free DTX (10 mg/kg)
with the external US irradiation (6) DTX-Gas-NP (10 mg/kg DTX),
and (7) DTX-Gas-NPs (10 mg/kg DTX) with the external US irradi-
ation, in tumor-bearing mice (n¼ 10). Each sample was injected via
tail vein once every three days for 12 days. US destruction mode
was applied for 10 min, after each received 4 h post-injection of
saline, or DOX-Gas-NPs-treated mice. First, the therapeutic efficacy
of each sample was examined by measuring tumor volumes over
the course of 16 days (Fig. 6d). As expected, the control groups of
saline, saline with US irradiation, and only Gas-NPs, did not present
any therapeutic efficacy, and the tumor volumes grew from
120 mm3 to 1740 mm3 at the end of day 16. Before the therapeutic
efficacy test, we confirmed that Gas-NPs did not induce any change
of pH value by acidosis of polycarbonate polymer of Gas-NPs as
Gas-NPs generate CO2 gases in Gas-NPs-treated tumor tissues
(Supplementary Method S4 and Fig. S9-11). Interestingly, DTX-Gas-



Fig. 5. (a) Whole body distribution of Cy5.5-lableled Gas-NPs with different sizes (300e800 nm) after 24 h post-injection, in comparison with micro-sized Cy5.5-labeled Gas-MPs
(5 mm) as a control group, to verify the size-dependent EPR effect. (b) Time-dependent tumor targeting images of Cy5.5-lableled Gas-NPs (300 nm) and Cy5.5-labeled Gas-MPs
(5 mm) after i.v. injection. (c) Ex vivo NIRF images and (d) NIRF intensities of the dissected organs and tumors from SCC7 tumor-bearing mice models treated with Cy5.5-labeld
Gas-NPs and Cy5.5-labeled Gas-MPs after 24 h post-injection. (e) Long-term and persisted in vivo US tumor imaging ability of Gas-NPs, even after in vivo whole body circula-
tion for a remarkably prolonged period, in SCC7 tumor-bearing mice. (f) After 3 h post-i.v. injection of Gas-NPs, marked and persisted US signals are observed in the whole solid
tumor.
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NP-treated mice presented the most dramatic reduction in tumor
volume according to the external US irradiation; the final mean
tumor volume was 310 ± 140 mm3 by the end of the study
(mean ± s.e., n ¼ 10, ANOVA at 95% confidence interval), which is
significantly smaller than that of the free DTX-treated mice without
or with the external US irradiation (840 ± 190 mm3 and



Fig. 6. (a) Schematic diagram of tumor specific US-triggered drug release behaviors of anticancer drug-loaded Gas-NPs in tumor-bearing mice. The US-triggered drug release of Gas-
NPs can improve the tumor-specific drug targeting efficacy, whereas undesirable side effects of toxic anticancer drugs can be reduced immensely. (b) In vitro US-responsible drug
release profile of DOX-Gas-NPs were studied in PBS (pH 7.4). The external US irradiation (10 MHz; mechanical index: 0.235; average power: 0.0676 W/cm2) was applied to the DOX-
Gas-NPs for 5 min and the drug release amounts of the US-triggered DOX-Gas-NPs were compared with non-US-treated DOX-Gas-NPs. (c) After 4 h post-injection of 100 mL of Nile
red-Gas-NPs and PLGA-NPs into SCC7 tumor bearing BALB/c male nude mice (n ¼ 3). US destruction mode (40 MHz, 100% power) was applied to the tumor site for 10 min and the
fluorescence intensities of Nile red molecules at targeted tumor tissues were observed using fluorescent optical imaging system. (d) Anti-tumor therapeutic efficacy of DTX-Gas-NPs
(10 mg/kg DTX) without or with the external US irradiation after 16 day post-treatment that was confirmed in SCC7 tumor-bearing C3H/HeN/6 mice (n ¼ 10). Each group was
intravenously injected into tumor-bearing mice every three days for 12 days and the tumor sizes of each sample was observed using digital camera. For the external US irradiated
groups, the destruction mode (40 MHz, 100% power) was applied for 10 min, after each sample received 4 h post-injection. (e) The tumor volumes of each sample treated tumor-
bearing mice were quantitatively measured every two days for 16 days. Each tumor volume represents mean ± s.e. *Data points for the DTX-Gas-NPs-treated group that were
statistically significant compared all other group by ANOVA at 95% confidence interval. (f) The representative images of excised tumors after 16 day post-injection of saline, free DTX,
and DTX-Gas-NPs without or with the external US irradiation. (g) Histological analysis of the excised tumor tissue was evaluated via H&E staining (upper) and TUNEL assay (lower)
(original magnification � 100).
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843 ± 167 mm3), respectively (Fig. 6e). When we tested the tumor
growth rate of free-DOX administration with US irradiation, there
was no a noticeable tumor growth inhibition effect, compared to
that of free DOX without US irradiation. In other words, US itself
was not able to generate any therapeutic, wherein the external US
irradiation only can destroy the generating gas bubbles of Gas-NPs
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in tumor region. Furthermore, compared to DTX-Gas-NPs-treated
mice, US irradiated DTX-Gas-NP-treated mice showed the small-
est tumor size, which was 56.1% of only DTX-treated groups
without/with the external US irradiation, indicating that the
enhanced therapeutic efficacy of DTX-Gas-NPs may be achieved by
US-triggered drug release. The results suggest that US-triggered
drug delivery in the target site can be useful for increased
vascular permeability, and cellular uptake of anticancer drugs by
sonoporation in the case of drug-loaded microbubbles [3,24].

The sizes of the excised tumors also directly showed successful
tumor suppression via gas-generating function of DTX-Gas-NPs in
combination with external US irradiation (Fig. 6f). It decisively in-
dicates that the DTX-Gas-NPs exposed on the US destruction mode
increased local concentration of the released drug in the target
tumor facilitating maximized anti-tumor therapeutic efficacy
[28,34]. In histological analysis, H&E staining images clearly
showed substantial tumor tissue that was damaged via US-
triggered drug delivery system of DTX-Gas-NPs; DTX-induced
apoptosis was clearly observed as a brown color in the tumor tissue
images after TUNEL staining (Fig. 6g). Based on these therapeutic
data sets, newly developed Gas-NPs could be utilized as drug de-
livery vehicles as well as US contrast enhancers, which could ach-
ieve site-specific and timing-specific drug release by externally
applied US for cancer treatment. Recently, pressurized gyrationwas
introduced to a newmethod that could prepare gold nanoparticles-
lysozymemicrobubbles [35]. This method could provide uniformed
core-shell structure of the protein microbubbles without some
organic additives. Although the Gas-NPs did not show significant
toxicity in vitro and in vivo in this finding, we should consider how
best to in vivo-friendly preparative methods for preclinical and
clinical trials.

4. Conclusion

In summary, we developed a new theranostic CO2 generating
nanoparticle potentially useful for ultrasound imaging and cancer
treatment. Furthermore, it enables them to be real-time US imaging
with simultaneous site-specific and timing-specific US-triggered
drug delivery. The CO2 generating nanoparticles consist of a hy-
drolyzing carbonate copolymer precursor (Poly(CBL-PO)) core and
Pluronic F68 shell, and they demonstrate the unique and beneficial
chemical gas-generating mechanism. These Gas-NPs could be
precisely fabricated to have in vivo-friendly physicochemical
properties such as nano-size and prolonged circulation, as well as a
high quality of echo properties in the tumor-bearing mice. The Gas-
NPs containing anti-cancer drugs enabled an external US-triggered
drug delivery, resulting in enhanced therapeutic efficacy in vivo.
This strategy of US-triggered imaging and therapy to the tumor site
broadens the limited spectrum of clinical US applications from
intravascular imaging to theranostic applications.
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