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Fig. 7. The therapeutic effects of bFGF gene transfer by p-BLs and US exposure on mice
with hindlimb ischemia. Ten days after fernoral artery ligation, mice were treated with
p-BLs and US (Frequency: 1 MHz, Duty: 50%, Burst rate: 2.0 Hz, Intensity: 1.0 W/cm?,
Time: 2 min), which mediated bFGF gene transfer. The treatment was administered via
tail vein injection twice daily every 2 days to mice with hindlimb ischemia. We
injected a solution of pDNA (pBLAST (empty) or pBLAST-bFGF, 50 ug) and BLs (200 pg).
(a) The effect of bFGF gene transfer by p-BLs and US on mRNA expression of angiogenic
genes. Four days after the second transfection, RNA was isolated from the thigh muscle
and analyzed using real-time PCR. All data are reported as the mean =+ SD (n = 5-6).
(b) The effect of bFGF gene transfer using p-BLs and US on the recovery of blood flow.
After the second transfection, blood flow was measured at 0—4 days using a laser
Doppler blood flow meter. All data are reported as the mean + SD (n = 3). * indicates
P < 0.05 compared with the negative control.

a correlation between ischemic hindlimb and heart, as shown in
Fig. 1 (data not shown). Therefore, the difference in the intensity
shown in Fig. 6 among three types of p-BLs might be due to in vivo
stability and p-BL accessibility, not to the US imaging ability of BLs.
Indeed, the transfection effect was the most pronounced with the
combination of US and p-BLs with DSDAP, which shown the highest
intensity of the US echo signal (Fig. 6¢). Furthermore, compared
with conventional BLs, p-BLs with DSDAP were also more effective
in systemic gene delivery, although the intensities of US imaging of
ischemic hindlimbs were equally high. These results suggest that

loading pDNA onto BLs containing cationic lipids could improve
transfection efficiency via systemic injection. Indeed, the thera-
peutic effects were observed by transfecting the bFGF gene into
ischemic hindlimb with US and p-BLs containing DSDAP (Fig. 7). We
showed that BLs containing DSDAP were the most effective in US
imaging and systemic gene delivery among three types of BLs.

To determine the feasibility of p-BLs, we attempted transfection
into ischemic hindlimbs. However, we confirmed that there was no
obvious difference in transfection effect between BLs and p-BLs in
normal muscle tissue of the hindlimb (data not shown). This result
suggests that tissue with thick veins could be transfected with US
exposure given enough time, even when the mixture of pDNA and
BLs is injected. In contrast, loading pDNA onto BLs could be
important during transfection via microvessels or transfection into
tissues with low blood flow. These findings suggest that p-BLs could
be useful for gene delivery via microvessels not only to ischemic
sites but also to deep tissues and tumor-inducing angiogenesis.

Recently, it has been reported that pDNA bound to cationic lipid-
shelled microbubbles via electrostatic charge coupling led to an
increase in gene transfection in vitro and in vivo [35—37]. However,
the microbubbles used in these reports have a size of 1-5 pm. These
microbubbles have difficulty penetrating deep into tissues. In
contrast, nanosized p-BLs are a potentially superior carrier for
extensive delivery into tissues. It is also expected that p-BLs will
have widespread applications as delivery tools for various neg-
atively charged molecules. Furthermore, we were able to improve
the US imaging ability by changing the lipid composition. The BLs
developed in this study could be effective tools for diagnosis and
therapy. Microbubbles modified with antibodies that have a tar-
geting function have recently been developed [38—40]. It would be
easy to modify liposomes to add a targeting function. We have been
successful in development of the targeted BLs modified with pep-
tide [41]. Thus, the combination of molecularly targeted p-BLs and
US may have strong potential to become theranostic agents and
lead to beneficial clinical applications for various diseases.

5. Conclusion

In this study, we showed that three types of BLs could efficiently
load pDNA and protect pDNA against deoxyribonuclease degrada-
tion. Furthermore, we demonstrated that the US imaging ability
and transfection effect vary with the lipid component and that p-
BLs containing DSDAP were the most effective. Indeed, in ischemic
muscle, p-BLs with DSDAP could reach the ischemic site, be
detected by diagnostic US, and deliver bFGF-expressing pDNA by
therapeutic US, which led to the induction of angiogenic factors and
improved blood flow. These results suggest that the combination of
p-BLs and US exposure may be useful for US imaging and the de-
livery of pDNA to tissues or organs via systemic injection and may
be applicable to a less invasive diagnostic and therapeutic system.
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ABSTRACT: Encapsulating ' anticancer “drugs in liposomes

improves their therapeutic window by enhancing antitumor AGT3-Dox
efficacy and reducing side effects. To. devise more. effective
liposomal formulations for antitumor therapy, many research P
groups have tried to develop tumor-targeting liposomes with poxorubicin__
enhanced drug release. Previously, we -developed doxorubicin —
(Dox)-encapsulated AG73 peptide-modified liposomes (AG73-
Dox), which targeted cancer and endothelial cells, and s lue: Nucleus,
ultrasound (US) imaging gas-entrapping liposomes, called endosome 4.Cyto ; L) (A
“Bubble liposomes” - (BLs). ‘In this  study, to enhance the = ;

antitumor effect of AG73-Dox, we combined AG73-Dox with

BLs and US. First, to determine whether the addition of BLs and application of US could enhance the cytotoxicity of AG73-Dox,
we evaluated the cytotoxicity of the combination of AG73-Dox with BLs and US. BLs and US enhanced cytotoxicity of AG73-
Dox more than they enhanced nontargeted Dox-encapsulated liposomes. Next, we examined the intracellular behavior of Dox
after treatment with BLs and US. The combination of AG73-Dox with BLs and US did not enhance cellular uptake of Dox, but it
did promote drug release in the cytoplasm. To further elucidate the release of Dox in the cytoplasm, we blocked cellular uptake
via endosomes at a low temperature. As a result, BLs and US did not have an enhanced drug-release effect until AG73-Dox was
taken up into cells. Thus, the combination of AG73-Dox with BLs and US may be useful for cancer therapy as a dual-function
drug delivery system with targeted and controlled release.

KEYWORDS: liposomes, drug delivery, ultrasound, Bubble liposomes, AG73 peptide

1 Tq:v{a( | 2. BLs and US BLs/US (=)

exposure.

H INTRODUCTION transfection'®™® and drug delivery. Furthermore, the combi-
nation of US exposure with microbubbles as a contrast agent
during imaging improves drug delivery efficiency.”®***
However, microbubbles have problems with size, stability,
and targeting functionality. Therefore, we have developed US
imaging gas-entrapping liposomes, called “Bubble liposomes”
(BLs). We recently reported that BLs are suitable for gene
delivery in vitro and in vivo.”*">" Previously, we have reported
that the combination of BL and US exposure could enhance

enhance drug release from such liposomes.>® Previously, we 1iposor3n;_134gene transfe'ction by promoting. endosomal
developed doxorubicin (Dox)-encapsulated AG73 peptide- escape. We hypothesized that the combination of AG73-
modified liposomes (AG73-Dox), which target cancer and Dox with BLs and US might be useful for cancer therapy. In
endothelial cells.” The AG73 peptide is a ligand for syndecans, this study, we examined whether BLs and US could enhance

Nanoparticle-based drug delivery systems, including liposomes,
allow the targeting of anticancer drugs to tumors, and their
development and optimization have been a major focus in the
field of drug delivery. Encapsulating anticancer drugs in
liposomes improves the therapeutic window by enhancing
antitumor efficacy and reducing side effects."” To increase the
antitumor effect of liposomal formulations, many research
groups have tried to develop tumor- targeted liposomes and

one of the major. heparan sulfate-containing transmembrane the antitumor effects of AG73-Dox and investigated the
proteoglycans.! Because syndecan-2 is highly expressed in intracellular behavior of Dox after treatment with BLs and US.
various cancer cell lines, it makes it a potentially useful drug

targeting moeity.">”"* In this study, we focused on the use of Received: August 22, 2012

ultrasound (US) to enhance the anticancer effects of a liposome Revised:  November 14, 2012

treatment because it has been reported that US is effective at Accepted: December 4, 2012

permeabilizing cellular membranes'*~>* and enhancing DNA Published: December 4, 2012

W ACS Publications  © 2012 American Chemical Society 774 dx.doi.org/10.1021/mp300463h | Mol. Pharmaceutics 2013, 10, 774-779
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B EXPERIMENTAL SECTION

Materials. Dipalmitoylphosphatidylcholine (DPPC), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-
phosphatidylethanolamine-methoxy-polyethyleneglycol
(DSPE-PEG,45-OMe), and 1,2-distearoyl-sn-glycero-3-phos-
phatidylethanolamine-polyethyleneglycol-maleimide (DSPE-
PEGygpo-Mal) were purchased from NOF Corporation
(Tokyo, Japan). Doxorubicin (Dox) was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). For cell culture,
Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from Kohjin Bio Co. Ltd. (Tokyo, Japan). Fetal bovine serum
(FBS) was purchased from Equitech Bio Inc. (Kerrville, TX,
USA). All other materials were used without further
purification.

Preparation of Dox-Encapsulating Liposomes. To
prepare liposomes for encapsulating Dox, DSPC and DSPE-
PEG,;50-OMe were mixed at a molar ratio of 94:6. Liposomes
were prepared by a reverse-phase evaporation method, as
described previously.” Briefly, all reagents were dissolved in 1:1
(v/v) chloroform/diisopropyl ether. Three hundred millimolar
citrate buffer (pH 4.0) was then added to the lipid solution, and
the mixture was sonicated and then evaporated at 65 °C. The
organic solvent was completely removed, and the size of the
liposomes was adjusted to approximately 150 nm using
extruding equipment and sizing filters (pore sizes: 100 and
200 nm, Nuclepore Track-Etch Membrane, Whatman plc.,
UK.). For fluorescent labeling of the lipid membrane, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-
1,3-benzoxadiazol-4-yl) [triethylamine salt] (NBD-DPPE) was
also added (1 mol % of total lipids). After size selection, the
liposomes were passed through a 045 um pore size filter
(syringe filter, Asahi Techno Glass Co., Chiba, Japan) for
sterilization. Then, the Dox-encapsulating liposomes were
prepared by a remote loading method with a pH gradient.**>¢
In brief, liposomes were passed through a Sephadex G-50 (GE
Healthcare UK Ltd., Buckinghamshire, England) spin column
that was equilibrated with N-[2-hydroxyethyl]piperazine-N'-[2-
ethanesulfonic acid] (HEPES)-buffered saline (HBS; 20 mM
HEPES, 150 mM NaCl, pH 7.5) to exchange the external
buffer. The eluted liposomes had a transmembrane pH gradient
with pH 4.0 inside and pH 7.5 outside the liposomes. The
eluted liposomes were incubated with Dox (at a Dox:lipid
molar ratio of 1:5) at 65 °C for 30 min. To remove the
unencapsulated Dox, the mixture was passed through a
Sephadex G-50 spin column. The Dox-encapsulating liposomes
(Dox-PEG) were stored at 4 °C until use. The efficiency for the
remote loading of Dox into the liposomes was 90—95% with a
drug:lipid molar ratio of 1:5.”

Preparation of Dox-Encapsulating AG73 Peptide-
Modified Liposomes. The Cys-AG73 peptide (CGG-
RKRLQVQLSIRT) and a scrambled Cys-AG73T control
peptide (CGG-LQQRRSVLRTKI) were synthesized manually
using the 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-
phase strategy. The peptides were prepared in the —COOH
terminal amide form and purified by reverse-phase high-
performance liquid chromatography. Dox-encapsulating lip-
osomes composed of DSPC, DSPE-PEG,y5,-OMe, and DSPE-
PEG;gp-Mal at a molar ratio of 94:4:2 were prepared by a
reverse-phase evaporation method and a remote loading
method. For the preparation of Dox-encapsulating peptide-
modified liposomes, peptides were added to liposomes and

gently mixed as described previously.>?’ In brief, for coupling,

775

peptides at a molar ratio of 2-fold DSPE-PEG,g-Mal were
added to the Dox-encapsulating liposomes and the mixture was
incubated for 24 h at 4 °C to conjugate the cysteine of the Cys-
AG73 or Cys-AG73T peptide with the maleimide of the Dox-
encapsulating liposomes using a thioether bond. The resulting
peptide-conjugated Dox-encapsulating liposomes (AG73-Dox)
were passed through a Sephadex G-50 spin column to remove
any excess peptides. Peptide-conjugated Dox-encapsulating
liposomes were modified with 6 mol % PEG and 2 mol %
peptides. The mean particle diameters of Dox-PEG and AG73-
Dox ranged from 130 to 170 nm.’

Preparation of BLs. To prepare BLs, DPPC and DSPE-
PEG,gp0-OMe were mixed in a molar ratio of 94:6. The
liposomes were prepared by a reverse-phase evaporation
method, as described previously’®*>' BLs were prepared
using liposomes and perfluoropropane gas (Takachiho
Chemical Inc, Co., Ltd,, Tokyo, Japan). First, 5 mL sterilized
vials containing 2 mL of liposome suspension (lipid
concentration 1 mg/mL) were filled with perfluoropropane
gas, capped, and then pressurized with 7.5 mL of perfluor-
opropane gas. The vials were placed in a bath-type sonicator
(42 kHz, 100 W, Bransonic 2510J-DTH, Branson Ultrasonics
Co., Danbury, CT) for 5 min to form BLs. The mean size of
the BLs was determined using light-scattering with a zeta
potential/particle sizer (Nicomp 380ZLS, Santa Barbara, CA).
Thezéng?n particle diameter of the BLs was approximately 500
nm.

Cell Lines. 293T human embryonic kidney carcinoma cells
that stably overexpressed syndecan-2 (293T-Syn2) were
cultured in DMEM that was supplemented with 10% FBS,
penicillin (100 U/mL), streptomycin (100 pg/mL), and
puromycin (0.4 pg/mL) at 37 °C in a humidified 5% CO,
atmosphere.

Cytotoxicity of AG73-Dox with BL and US Exposure.
The cytotoxicity of AG73-Dox with BLs and US was
determined using a WST assay. First, a 48-well plate was
coated with type I collagen (Cellmatrix, Nitta Geratin Inc,
Osaka, Japan). Two days before the experiments, 293T-Syn2
cells (1 x 10* cells/well) were seeded in the collagen-coated
plate. The cells were treated with Dox-encapsulating liposomes
([Dox] = 3 pg/mL) for 4 h at 37 °C in 5% CO,. After
incubation, the cells were washed twice to remove the excess
and unassociated liposomes, followed by addition of BLs (120
pug/mL). US was applied through a 6 mm diameter probe
placed in the well (frequency, 2 MHz; duty cycle, 50%; burst
rate, 2 Hz; intensity, 0.25—1.0 W/cm?; time, 10 s). A sonopore
3000 (NEPA GENE, CO, Ltd, Chiba, Japan) was used to
generate US. Cells were then cultured for 48 h at 37 °C in 5%
CO,. After incubation, 10 gL of cell-counting solution (WST-8,
Dojindo Laboratories, Tokyo, Japan) was added to each well,
and cells were further incubated for 2 h at 37 °C in 5% CO,.
Cell viability was assessed by measuring the absorbance at 450
nm with a reference absorbance at 650 nm (Infinite M1000,
TECAN, Minnedorf, Switzerland). Cell viability was calculated
according to the following formula:

cell viability (%) = A450(sample — blank)
/A450(control — blank) X 100

Flow Cytometry Analysis for the Intracellular Uptake
of AG73-Dox with BL and US Exposure. The intracellular
uptake of Dox was determined by flow cytometry analysis. Two
days before the experiments, 293T-Syn2 cells (1 X 10° cells/

dx.doi.org/10.1021/mp300463h | Mol. Pharmaceutics 2013, 10, 774-779
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well) were seeded in a 24-well plate. To examine the effect of
BL and US exposure on cellular uptake of Dox, AG73-Dox
liposomes ([Dox] = 20 pg/mL) were added to the cells and
incubated for 4 h at 37 °C in 5% CO,. After incubation, the
cells were washed twice and BLs (120 ug/mL) were added. US
exposure was then applied (frequency, 2 MHz; duty cycle, 50%;
burst rate, 2 Hz; intensity, 0.25—1.0 W/cm?; time, 10 s). Cells
were then collected by trypsinization and washed with PBS
three times. Fluorescence intensity was then measured by flow
cytometry.

Confocal Microscopy Analysis. Two days before the
experiments, 293T-Syn2 cells (5 x 10* cells/well) were seeded
in a collagen coated 48-well plate. AG73-Dox ([Dox] = 10 ug/
mL) was added to the cells and incubated for 4 h at 37 or 4 °C.
Cells were then washed twice and BLs (120 pg/mL) were
added. Then, US exposure was applied (frequency, 2 MHz;
duty cycle, 50%; burst rate, 2 Hz; intensity, 0.25—1.0 W/cm?%;
time, 10 s). The cells were subsequently incubated for 1 h and
then fixed with 4% paraformaldehyde for 1 h at 4 °C. For
nuclear staining, cells were treated with DAPI for 1 h.
Fluorescence images of the cells were analyzed using an
FV1000-D confocal microscope (OLYMPUS, Tokyo, Japan).
The fluorescence intensity of images was calculated by using

imaging analysis software (FLUOVIEW, OLYMPUS).

B RESULTS AND DISCUSSION

We evaluated the cytotoxicity of AG73-Dox combined with BLs
and US with a WST assay to examine whether the addition of
BLs and application of US could enhance the cytotoxicity of
AG73-Dox (Figure 1). Cells were treated with AG73-Dox for 4
h and washed twice to remove excess liposomes; then BLs were
added and US was applied. As shown in Figure 1, cell viability
was dependent on US intensity. Furthermore, BLs and US
enhanced the cytotoxicity of AG73-Dox more than they
enhanced the cytotoxicity of Dox-PEG. The viability of cells
after treatment with BLs and US alone (in the absence of Dox-
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Figure 1. Cytotoxicity of AG73-Dox with BLs and US for 293T-Syn2
cells. The cells were incubated with Dox-encapsulated liposomes for 4
h at 37 °C ([Dox]: 3 pug/mL) . After incubation, cancer cells were
washed and BLs were added. Then, the cells were exposed to US
(frequency, 2 MHz; duty cycle, 50%; burst rate, 2 Hz; intensity, 0.25—
1.0 W/cm?; time, 10 s) and cultured for 48 h. Then, cell viability was
measured using a WST assay. *p < 0.05. Data are shown as the mean
+ SD.
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encapsulating liposomes) was not significantly diminished (cell
viability was more than 80%). In a previous report, we showed
that AG73-Dox could effectively target cancer cells, including
293T-Syn2.” These results suggest that AG73-Dox, in
combination with BLs and US, could enhance the cytotoxicity
of the encapsulated drug.

Next, to examine the mechanism of enhanced cytotoxicity,
we used flow cytometry to measure the cellular uptake of Dox
after treatment with AG73-Dox with BLs and US. As shown in
Figure 2, the fluorescence intensity did not change with US
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Figure 2. Cellular uptake of AG73-Dox with BLs and US on 293T-
Syn2 cells. Cells were treated with AG73-Dox ([Dox] = 20 ug/mL)
for 4 h at 37 °C. After incubation, cells were washed and BLs were
added. Then, cells were exposed to US and fluorescence intensities
were measured by flow cytometry. (A) Histogram analysis. (B) Mean
fluorescence intensity analysis (n = 3).

Mean fluorescence intensity

exposure. These results suggest that cellular uptake of Dox is
not related to US intensity. Additionally, although cellular
uptake of Dox was low, even in the Dox-PEG treatment, the
cellular uptake of Dox was identical in cells treated with AG73-
Dox with BLs and US (data not shown). Moreover, to
investigate the cellular mechanism for uptake of Dox, the
intracellular localization of Dox was evaluated after treatment
with AG73-Dox with BLs and US. As shown in Figure 3, when
cells were treated first with AG73-Dox and subsequently
treated with BLs and US, Dox was localized diffusely
throughout the cytoplasm and its fluorescence was dependent
on US intensity. These data suggest that the antitumor effects
from treatment that combines AG73-Dox with both BLs and
US may not result from enhanced cellular uptake of Dox but
rather from enhanced drug release in the cytoplasm.

To further investigate the diffusion of Dox in the cytoplasm,
we blocked cellular uptake by culturing cells at low temper-
ature. As shown in Figure 4, the intracellular distribution of
Dox in the cytoplasm of cells treated with AG73-Dox at 37 °C

dx.doi.org/10.1021/mp300463h | Mol. Pharmaceutics 2013, 10, 774-779
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Figure 3. Effect of BL and US exposure on localization of Doxorubicin
and liposomes. 293T-Syn2 cells incubated with AG73-Dox ([Dox] =
10 pug/mL) for 4 h at 37 °C. After incubation, cells were washed and
BLs were added. Then, the cells were exposed to US. After incubation
for 1 h, the cells were fixed. The cells were treated with DAPI (blue)
for nuclear staining. (A) Confocal laser scanning microscopy (CLSM)
analysis. Blue: DAPIL Red: Dox. Green: liposomes. Scale bars: 20 ym.
(B) Fluorescence intensity of Dox. Data are shown as the mean + SD
(n = 8). *p < 0.0S, **p < 0.01, ***p < 0.005 compared with US (-).

was more widespread after treatment with BLs and US. On the
other hand, the distribution of Dox in the cytoplasm after the
same liposomal treatment at 4 °C was not increased by BLs and
US. We hypothesized that this was because the AG73-Dox
could not be endocytosed under the low temperature condition
(Pigure 4). This idea is further supported by comparing the
fluorescent distributions of Dox and liposomes. While the
fluorescence intensity of Dox in the cytoplasm was enhanced by
BLs and US, fluorescence intensity of liposomes did not change
(Figure 4 B). These results suggest that BLs and US do not
affect the uptake of liposomes into the cytoplasm but rather
enhance the effects of Dox by increasing drug release once the
AG73-Dox is already in the cytoplasm. Taken together, these
results suggest the following treatment mechanism: (1) AG73-
Dox is selectively endocytosed by cells and partially trapped
within endosomes (Figure S1 in the Supporting Information);
(2) Dox is released from AG73-Dox inside the endosomes, and
release is enhanced by application of BLs and US. Previously,
we have reported that the combination of BL and US exposure
could enhance liposomal gene transfection by promoting
endosomal escape.**”** The endosomal escape of AG73
peptide-modified liposomes induced by BL and US exposure
was significantly suppressed in the absence of Ca®* or ATP,
suggesting that these cofactors are necessary to facilitate drug
release.3* In addition, the combination of BLs and US did not
increase the release of Dox from liposomes (Figure S2 in the
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Figure 4. Effect of BLs and US on endosomal uptake. 293T-Syn2 cells
were incubated with AG73-Dox ([Dox] = 10 ug/mL) for 4 h at 37 or
4 °C. After incubation, cells were washed and BLs were added. Then,
the cells were exposed to US (frequency, 2 MHz; duty cycle, 50%;
burst rate, 2.0 Hz; intensity, 1.0 W/cm?; time, 10 s). After incubation
for 1 b, the cells were fixed and stained with DAPI (blue) for nuclear
staining. (A) Confocal laser scanning microscopy (CLSM) analysis.
Blue: DAPL Red: Dox. Green: liposomes. Scale bars: 20 um. (B)
Fluorescence intensity of Dox and liposomes. Data are shown as the

means + SD (n = 6) . *p < 0.005 compared with BLs and US (-).

Supporting Information). It could be suggested that the
combination of BL and US exposure promoted endosomal
escape of Dox, leading to dispersed Dox in cytoplasm.
Consequently, this technique that enhances intracellular
delivery of AG73-Dox via ligand-specific endocytosis and
intracellular release via BLs and US can cause significant
cancer cell cytotoxicity. BLs and US may also be useful for
enhancing drug release in other targetinsg carriers modified with
ligands (e.g, antibodies>™ folate,*® RGD peptide,39 or
transferrin*’).

Recently, high-intensity focused ultrasound (HIFU) has
attracted attention as a noninvasive technique for the treatment
of solid tumors.*** This method involves the ablation of
cancerous tissue via heat and cavitation. Anticancer agents are
administered before, during, or after HIFU exposure. Moreover,
the combination of microbubbles with HIFU can enhance the
therapeutic effects of HIFU.**~% Therefore, it would be
anticipated that the combination of a targeting agent, such as
AG73-Dox, with BLs and HIFU would enhance the effects of
treatment and make this a useful method for cancer therapy.

In this study, we observed cancer cell cytotoxicity caused by
the combination of AG73-Dox with BLs and US. The uptake of
AG73-Dox via endosomes, followed by the application of both
BLs and US, enhanced cytotoxicity compared to the
combination of PEG-Dox with BLs and US. We next examined
the intracellular behavior of Dox after treatment with BLs and
US. In this experiment, the combined treatment of AG73-Dox
with BLs and US did not enhance cellular uptake of Dox, but

dx.doi.org/10.1021/mp300463h | Mol. Pharmaceutics 2013, 10, 774779
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rather promoted drug release into the cytoplasm. To further
investigate the release mechanism of Dox in the cytoplasm, we
blocked cellular uptake of Dox using a low temperature
treatment. Under the low temperature condition, treatment
with BLs and US did not result in a drug release-enhancing
effect until AG73-Dox was endocytosed by the cells. These
results suggest that the combination of AG73-Dox with BLs
and US is useful for cancer therapy as a dual-function drug
delivery system with targeted and controlled release.
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ARTICLE INFO ABSTRACT

Article history: Ultrasound imaging is a widely used imaging technique. The use of contrast agents has become an
Received 2 August 2012 indispensible part of clinical ultrasound imaging, and molecular imaging via ultrasound has recently
Accepted 23 September 2012 attracted significant attention. We recently reported that “Bubble liposomes” (BLs) encapsulating US

Available online 22 October 2012 imaging gas liposomes were suitable for ultrasound imaging and gene delivery. The 12 amino acid AG73

peptide derived from the laminin ¢1 chain is a ligand for syndecans, and syndecan-2 is highly expressed
g’i{g’:{:ﬂi’d imagin in blood vessels. In this study, we prepared AG73 peptide-modified BLs (AG73-BLs) and assessed their
Contrast agent eing specific attachment and ultrasound imaging ability for blood vessels in vitro and in vivo. First, we
Microbubble assessed the specific attachment of AG73-BLs in vitro, using flow cytometry and microscopy. AG73-BLs
Tumor targeting peptide showed specific attachment compared with non-labeled or control peptide-modified BLs. Next, we

examined ultrasound imaging in tumor-bearing mice. When BLs were administered, contrast imaging of
AG73-BLs was sustainable for up to 4 min, while contrast imaging of non-labeled BLs was not observed.
Thus, it is suggested that AG73-BLs may become useful ultrasound contrast agents in the clinic for
diagnosis based on ultrasound imaging.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction receptors, a technique known as molecular ultrasound imaging
[2,6—8]. It should be noted that compared with contrast agents for
Ultrasound (US) imaging is a widely used diagnostic technique computed tomography (CT) and magnetic resonance imaging
which offers high spatial resolution, allows for real-time imaging, (MRI), microbubbles are much larger (2—8 um) [9].
and combines the advantages of noninvasiveness with the lack of Polyethyleneglycol (PEG)-modified liposomes have excellent
ionizing radiation, easy access to the public, and low cost [1,2]. US biocompatibility, stability, and a long circulation time and can be
contrast agents are gas-filled, echogenic microbubbles that remain easily prepared in a variety of sizes and modified to add a targeting
exclusively in the vascular compartment [2]. The application of function. For these reasons, they have been widely used as carriers
microbubbles has become an indispensible part of clinical US of drugs, antigens, and genes [10—14]. Therefore, PEG-liposomes
imaging [3], and molecular imaging via ultrasound has recently containing a US imaging gas could be used as contrast agents. We
attracted significant attention [4]. Microbubbles help to enhance recently reported that “Bubble liposomes” (BLs) were suitable for
the specificity and sensitivity of imaging for various types of US imaging and gene delivery [15—21]. However, the imaging
diseases, especially with tumors [5]. Moreover, ultrasound has been ability of BLs is only validated in vitro, and to improve the ability of
made more sensitive and can detect disease-associated endothelial US contrast agent, it is necessary to remodel BLs for molecular
targeting.
Angiogenesis, the formation of new blood vessels, is promoted
m;on ding author. TelJfax: +81 42 676 3183, early in _tumo‘rigenesis and is a critical Qeterminant of tumor
E-mail address: negishi@toyaku.ac,jp (Y. Negishi). growth, invasion, and metastatic potential [22]. Growth and
1 These authors contributed equally to this work. metastasis of solid tumors requires induction of angiogenesis, the

0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
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creation and remodeling of new blood vessels from a pre-existing
vascular network, to ensure the delivery of oxygen, nutrients, and
growth factors to rapidly dividing transformed cells. Without the
ability to induce angiogenesis, most neoplasms would fail to grow
larger than 2 mm in diameter or metastasize [23].

Here, we have focused on AG73, which is a 12-amino-acid
synthetic peptide derived from the globular domain of the laminin
a1 chain. AG73 peptide is a ligand for syndecans, a major heparan
sulfate-containing transmembrane proteoglycans [24—26]. More-
over, syndecan-2 is highly expressed in neovascular vessels [27—
30]. Therefore, we developed AG73 peptide-modified Bubble lipo-
somes (AG73-BLs) as neovascular-targeting BLs to enhance the
contrast image.

We prepared AG73-BLs and assessed the specific attachment of
AG73-BLs to blood vessels in vitro and in vivo. Furthermore, we
examined the US imaging ability of these AG73-BLs.

2. Materials and methods

2.1. Materials .

Dipalmitoylphosphatidylcholine (DPPC), 1,2-distearoylphosphatidylethanola-
mine-methoxy-polyethyleneglycol (DSPE-PEG;000-OMe), and 1,2-distearoyl-
sn-glycero-3-phosphatidylethanolamine-polyethyleneglycol-maleimide  (DSPE-
PEG2000-Mal) were purchased from NOF Corporation (Tokyo, Japan). Doxorubicin
(Dox) was purchased from Sigma—Aldrich Co. (St. Louis, MO, USA). For cell
culture, Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Kohjin
Bio Co. Ltd. (Tokyo, Japan). Endothelial Cell Growth Medium Kit was purchased
from Cell Applications, Inc. (San Diego, CA, USA). Fetal bovine serum (FBS) was
purchased from Equitech Bio Inc. (Kerrville, TX, USA). All other materials were
used without further purification.

2.2. Preparation of liposomes and BLs

To prepare liposomes for BLs, DPPC and DSPE-PEGjg0p-OMe were mixed at
a molar ratio of 94:6. The liposomes were prepared by a reverse-phase evaporation
method, as described previously [18—21]. In brief, all the reagents were dissolved in
1:1 (v/v) chloroform/diisopropylether. Phosphate-buffered saline was added to the
lipid solution, and the mixture was sonicated and then evaporated at 47 °C. The
organic solvent was completely removed, and the size of the liposomes was adjusted
to less than 200 nm using extrusion equipment and a sizing filter (Nuclepore Track-
Etch Membrane, 200 nm pore size, Whatman plc, UK). After being sized, the lipo-
somes were passed through a sterile 0.45-um syringe filter (Asahi Techno Glass Co.,
Chiba, Japan) for sterilization. For the fluorescent labeling of the lipid membrane, 1,1-
dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine perchlorate (Dil: 0.1 or 1 mol% of
total lipids) was added. The lipid concentration was measured using the Phospho-
lipid C test (Wako Pure Chemical Industries, Ltd., Osaka, Japan). BLs were prepared
from liposomes and perfluoropropane gas (Takachiho Chemical Inc,, Co., Ltd., Tokyo,
Japan). First, 5 mL sterilized vials containing 2 mL of liposome suspension (lipid
concentration: 1 mg/mL) were filled with perfluoropropane gas, capped, and then
pressurized with 7.5 mL of perfluoropropane gas. The vials were placed in a bath-
type sonicator (42 kHz, 100 W, Bransonic 2510]-DTH, Branson Ultrasonics Co.,
Danbury, CT) for 5 min to form BLs. The mean size of the BLs was determined
using light-scattering with a zeta potential/particle sizer (Nicomp 380ZLS, Santa
Barbara, CA).

2.3. Preparation of AG73 peptide-modified liposomes and BLs

The Cys-AG73 peptide (CGG-RKRLQVQLSIRT) and a scrambled Cys-AG73T
control peptide (CGG-LQQRRSVLRTKI) were synthesized manually using the 9-
fluorenylmethoxycarbonyl (Fmoc)-based solid-phase strategy, prepared in the
COOH terminal amide form, and purified by reverse-phase high-performance liquid
chromatography. Liposomes composed of DPPC, DSPE-PEG;gg0-OMe, and DSPE-
PEG;000-Mal at a molar ratio of 94:4:2 were prepared by a reverse-phase evapora-
tion method. For the preparation of AG73 peptide-modified liposomes, adequate
amounts of AG73 peptide were added to liposomes and gently mixed, as described
previously [31,32]. In briefly, for coupling, AG73 peptide at a molar ratio of 5-fold
DSPE-PEGz000-Mal was added to the liposomes in the presence of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP: final concentration 20 mw), and the
mixture was incubated for 6 h at room temperature to conjugate the cysteine of the
Cys-AG73 peptide with the maleimide of the liposomes using a thioether bond. The
resulting AG73 peptide-conjugated liposomes (AG73-liposomes) were dialyzed to
remove any excess peptide. The AG73-liposomes were modified with 6 mol% PEG
and 2 mol% peptides. AG73 peptide-modified BLs (AG73-BLs) were prepared from
liposomes and perfluoropropane gas. The particle size of the liposomes and BLs was

measured using a NICOMP 380ZLS. The measurement of particle sizing of the
liposomes and BLs was repeated three times.

24. Cell lines and animals

Murine colorectal carcinoma cells (colon26) were cultured in DMEM that was
supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 pg/mL) at
37 °C in a humidified 5% CO, atmosphere. Human umbilical vein endothelial cells
(HUVEC) were purchased from Cell Applications, Inc. and cultured in Endothelial
Cell Growth Medium Kit. All experiments were performed using HUVEC between
passage 5 and 9.

Male BALB/c mice (6 weeks old) were purchased from Tokyo Laboratory Animals
Science Co., Ltd. (Tokyo, Japan). All animal use and relevant experimental procedures
were approved by the Tokyo University School of Pharmacy and Life Science
Committee on the Care and Use of Laboratory Animals.

2.5, Flow cytometry and in vitro ultrasound imaging analysis

The specific attachment of BLs was determined by flow cytometry analysis
[33,34]. A suspension of HUVEC (2 x 10° cells/mL) was mixed with Dil-labeled BLs
(60 pg/sample) and incubated for 3 min at 4 °C. Subsequently, the cells were washed
with phosphate-buffered saline (PBS), and the cell samples were examined by flow
cytometry using an FACScan (Becton Dickinson, San Jose, CA, USA). The cell-
associated Dil was excited with an argon laser (488 nm). Data were collected for
10,000 gated events and analyzed using the CELL Quest software program. The
specific attachment and US imaging ability of BLs were determined by US imaging.
HUVEC (3.7 x 10° cells/well) were seeded in a 6-well plate and incubated for 24 h at
37°Cin 5% CO,. Then, BLs (300 pg/sample) were added to the plate. The plates were
sealed with sterile tape and inverted for 5 min. The medium was removed, and
subsequently, the cells were washed with DMEM containing 10% FBS. Then, B-mode
recordings were made using a high-frequency ultrasound imaging system (NP60OR-
UBM, Nepa Gene, Co., Ltd., Chiba, Japan).

2.6. Perfusion chamber system assay

HUVEC (2 x 107 cellsjwell) were seeded in a cell culture insert (BD, NJ, USA) and
incubated for 18 h at 37 °C in 5% CO,. The cell culture insert was set at cell mixture
culture system MK2000 (Yamato Scientific Co., Ltd., Japan.). Then, Dil-labeled BLs
(5 ug/mL) were added, and refluxed for 5 min at 3.92 dyn/cm? The cells were
washed with PBS twice and stained with Alexa Fluor 488-labeled phalloidin [2 units/
well: Molecular Probes (Invitrogen, CA, USA.)]. Then, fluorescence images of the cells
were analyzed using a BZ8100 (KEYENCE, Osaka, Japan).

2.7. Intratumoral localization of Bubble liposomes

Colon26 cells (1 x 10° cells/mouse) were inoculated subcutaneously in the
right flank of mice. Ten days after tumor inoculation {when the tumor volume
reached approximately 350 mm?: the tumor volume was calculated using the
following equation: tumor volume (mm?3) = longer diameter x (shorter one
diameter)? x 0.5] (n = 3). Dil-labeled BLs were administered via the tail vein. The
injected dose of lipid in each administration was 200 pg/mouse. At 20 min after
injection of the BLs, the mice were sacrificed, and the tumors were dissected.
These tissues were fixed in 10% paraformaldehyde substituted with 20% sucrose
and were embedded in optimal cutting temperature compound (Sakura Finetech,
Co. Ltd., Tokyo, Japan) and frozen at —80 °C. Tumor sections were prepared with
a width of 20 um and mounted on poly-1-lysine coated slides and fluorescently
abserved with a BZ-8100.

2.8. In vivo ultrasound imaging

For in vivo ultrasound (US) imaging, tumor-bearing mice (the tumor volume
reached approximately 350 mm?®) were used (n = 4). The mice were anesthetized
and their hair was removed using a depilatory cream. US imaging was performed
with a dedicated small-animal high spatial-resolution imaging system (Vevo2100,
VisualSonics). A 16 MHz linear transducer (GAIN: 25 dB, Frame Rate: 25 Hz, Dynamic
Range: 50 dB) was fixed on a railing system. The dose of lipid injected in each
experiment was 200 ug/mouse. For contrast-enhanced US imaging in the animals,

Table 1
Size of liposomes or Bubble liposomes.

Mean diameter + SD. (nm; n = 3)

Liposomes Bubble liposomes
PEG-liposomes (non-labeled) 134.7 £ 521 600.8 + 69.4
AG73-liposomes 153.2 + 60.4 420.3 £+ 549
AG73T-liposomes 1435 + 43.9 566.0 + 75
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Fig. 1. Size distribution of Bubble liposomes (A) BLs (non-labeled), (B) AG73-BLs and (C) AG73T-BLs.

first we obtained US images before BLs administration as a reference. The different
types of BLs were administered in a random order to minimize any bias. To facilitate
clearance of BLs from the preceding imaging sessions, a 30 min delay was used
between each imaging session. This delay between microbubble injection was
chosen on the basis of previous findings [35,36]. Images representing the adherent
BLs were displayed by the imaging system as green overlays on the contrast mode. In
brief, the images were recorded digitally and analyzed offline by using commercially
available high-resolution micro-US imaging software (Vevo2100, VisualSonics). The
differences in image intensity determined by subtraction of the before and after
administration images was automatically displayed by the software as a colored
(green) overlay on the gray-scale images. In addition, image intensity was calculated
by the software.

3. Results and discussion

3.1. Characteristics of AG73 peptide-modified liposomes and Bubble
liposomes

First, we sought to prepare AG73 peptide~-modified liposomes
(AG73-L) and Bubble liposomes (AG73-BLs). As shown in Table 1,
the mean particle diameter of the liposomes, including non-labeled
and peptide-modified liposomes, ranged from 130 to 160 nm. The
AG73 or AG73T peptide-modified liposomes did not aggregate [32].
The mean particle diameter of the BLs was larger and ranged from
400 to 600 nm, with a relatively narrow distribution (Fig. 1). The
BLs could effectively entrap the imaging gas, which suggested that
BLs could be used as a US contrast agent in vitro [15,16,20]. This
result suggests that we could fabricate a nanosized lipid bubble.

3.2. Specific adhesion and in vitro US imaging ability of AG73
peptide-modified Bubble liposomes

To examine the specific adhesion of AG73-BLs to blood vessels,
the fluorescence intensity of HUVEC was measured by flow
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cytometry analysis. As shown in Fig. 2(A), cell attachment of AG73-
BLs to HUVEC was higher than that of non-labeled or AG73T
peptide-modified BLs. The laminin-derived AG73 peptide is known
as a ligand for syndecans, and it has been reported that syndecan-2
is highly expressed on HUVEC [29,30]. In addition, the AG73
peptide binds to the heparan sulfate side chains of syndecans [25].
Therefore, to study whether AG73-BLs can bind to syndecan-2 on
the surface of HUVEC, the cells were treated with AG73-BLs and
heparin [Fig. 2(B)]. Our data showed that cellular attachment of
AG73-BLs was reduced by treatment with heparin. These results
suggested that AG73-BLs could effectively target blood vessels via
the syndecan-2 receptor. To elucidate the attachment and US
imaging ability of AG73-BLs as an ultrasound agent, the ability of
BLs was evaluated by US imaging after inverting the plate causing
the ascending force of BLs [Fig. 3(A)]. As shown in Fig. 3(A), the cells
treated with AG73-BLs could be imaged, whereas cells treated with
non-labeled or AG73T peptide-modified BLs could not be detected.
When we also calculated the US image intensity, the image inten-
sity of AG73-BLs was ten times higher than other BLs [Fig. 3(B)].
These results suggest that AG73-BLs could be helpful as an ultra-
sound imaging agent for blood vessels.

3.3. Perfusion chamber analysis

Next, to determine whether AG73-BLs as a targeting ultrasound
imaging agents could be used in a clinical setting, we investigated
the attachment of AG73-BLs on HUVEC using a perfusion chamber
system (Fig. 4). Perfusion chambers mimic circulatory blood flow
in vivo [37—40]. Perfusion chamber experiments were performed to
confirm binding of BLs to HUVEC under flow shear stress (flow rate
of 3.92 dyn/cm?, corresponding to high shear stress) [38]. As shown
in Fig. 4(B—D), we could only observe Dil-labeled AG73-BLs attached
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Fig. 2. Specific adhesion activity of AG73-modified Bubble liposomes to HUVEC. (A) HUVEC were treated with Dil-labeled BLs (PEG), AG73-BLs or AG73T-BLs for 3 min at 4 °C. The
fluorescence intensity was measured by flow cytometry. (B) HUVEC was treated with Dil-labeled AG73-modified BL or AG73-modified BL + heparin in the same way.
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Fig. 3. Ultrasonographic images of AG73-modified Bubble liposomes on HUVEC (A). HUVEC were treated with non-labeled (PEG), AG73-BLs or AG73T-BLs for 5 min at room
temperature. Then HUVEC were observed by US imaging (sample frequency: 80 kHz, pulse frequency: 18 MHz, Sweep: 20, B-mode). US image intensity (yellow circle) was
calculated by NIH image (B). *P < 0.01 compared with AG73T, PEG-Bubble liposomes. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. Adhesion activity of AG73-modified Bubble liposomes in perfusion chamber system (A). HUVEC were treated with Dil-labeled BLs (B), AG73-BLs (C) or AG73T-BLs (D) for
5 min at room temperature in a perfusion chamber system. This system put shear stress (3.92 dyn/cm?) on HUVEC. Subsequently, the cells were fixed and stained for e-actin. Actin
was visualized with Alexa488-labeled phalloidin (green). The stained cells were examined using a fluorescence microscope.
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Fig. 5. Intratumoral distribution of AG73-maodified Bubble liposomes. Colon26 bearing mice were intravenously injected with Dil-labeled BLs (A), AG73-BLs (B) or AG73T-BLs (C). At
20 min after injection, the tumors were removed, and then frozen-sections (20 pm) were prepared. Frozen-sections were examined by a fluorescence microscope.

to HUVEC. No cellular attachment of other BLs was observed. It have
been reported that a fluid shear stress of 2 dyn/cm? corresponds to
the stress of occurring in human arteries in vivo [37]. In this study,
we carried out perfusion chamber experiments under the 3.92 dyn/
cm?. These results suggest that AG73-BLs could strongly associate
with HUVEC and may be applied in clinical settings.

3.4. Intratumoral distribution of AG73-BLs

We have showed that AG73-BLs have a potential as a blood
vessel targeting ultrasound imaging agent in vitro. To evaluate the
targeting effect of AG73-BLs in tumor tissue, we examined the
intratumoral localization of AG73-BLs. As shown in Fig. 5, the tumor
sections treated with AG73-BLs showed high intensity and broad
areas with red fluorescence, whereas tumor sections treated with
non-labeled or AG73T peptide-modified BLs showed sparse red
fluorescence. Since at 20 min after injection of the BLs, the tumor
sections treated with non-labeled BLs have few red fluorescence,
we conclude that BLs cannot accumulate in the tumor by an
enhanced permeability retention (EPR) effect, which is phenomena
that nanoparticles exhibit a prolonged systemic circulation time
and increased tumor localization [41]. Therefore, this result
suggests that the BLs retains the ultrasound imaging gas in vivo
after administration. Previously, we also have reported that AG73
peptide-modified liposomes (AG73-L) were mainly bound to
intratumoral vessels and were partially extravasated in the tumor.

In addition, distribution of AG73-L to normal tissues (heart, liver,
spleen, and kidney) differed little from that of PEG-liposomes [32].
This result suggests that AG73-BLs could target blood vessels in
tumor tissue and be useful in in vivo.

3.5. In vivo US imaging

To evaluate the potential of the AG73-BLs as a blood vessel-
targeting ultrasound contrast agent in vivo, we performed ultra-
sound imaging in tumor-bearing mice. No animals suffered any
injuries, including burn, edema, and death, during this experiment.
Contrast image (green color) was detected as an increased scat-
tering signal following reference subtraction of the pre-injection
image. When non-labeled BLs were administered, the contrast
image was decreased at 1 min (data not shown). When AG73-BLs
were administered, the contrast image was maintained at 4 min
(Fig. 6). Moreover, Fig. 7 shows a time—intensity curve (TICs)
generated after an intravenous injection for BLs. The shapes of the
TICs were different for the AG73-BLs and the non-labeled BLs. The
accumulation of AG73-BLs in the tumors and the difference
between the TICs of the non-labeled BLs and the AG73-BLs could be
explained by the circulation and attachment to the tumor vessels
by AG73-BLs immediately after administration [Fig. 7(A)]. These
results show that AG73-BLs could target tumor vessels whereas
non-labeled BLs could not. In this study, we succeeded in devel-
oping an ultrasound imaging agent which targeted tumor vessels

Fig. 6. Ultrasound imaging of AG73-modified Bubble liposomes. Colon26 bearing mice were intravenously injected with non-labeled (A), AG73-modified BLs (B). US images ob-

tained 4 min after intravenous administration. The purple circles indicate the tumor.
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Fig. 7. Ultrasound imaging effect of AG73-modified Bubble liposomes on time—
intensity curve. Colon26 bearing mice were intravenously injected with non-labeled
and AG73-modified BLs. Time-intensity curves were obtained 0-1 min (A) and 3—
4 min after intravenous administration (B).

and allowed imaging. However, in order for AG73-BLs to be an ideal
ultrasound contrast agent in clinical practice, it is necessary to have
a longer lasting image. Therefore, we think that there is a need to
improve the AG73-BLs, such as modification of the peptide ratio
and/or optimization of the lipid composition.

We have previously reported that Bubble liposomes can func-
tion as a gene and siRNA delivery tool by applying them with US
exposure in vitro and in vivo [18—21]. Furthermore, we have suc-
ceeded to prepare BLs containing cationic lipids, which are ex-
pected to have widespread application as delivery tools for various
molecules possessing negative electric charges (siRNA or pDNA
etc.) for systemic delivery into a targeted organ or tissues [20,21].
Therefore, it might be expected that AG73-BLs containing drugs or
genes may be a useful tool for tumor-selective drug or gene delivery
systems in combination with US exposure and lead to beneficial
clinical applications for cancer therapy.

4. Conclusion

In this study, AG73 peptide-modified Bubble liposomes (AG73-
BLs) were developed to target blood vessels and to enhance the
contrast as an ultrasound imaging agent. The AG73 peptide is
a notably suitable targeting molecule because it is known to be
a ligand for syndecans, which are expressed in neovascular vessels.
The size of AG73-BLs was small (approximately 500 nm). The
attachment of AG73-BLs was higher than that of control BLs (non-
labeled BLs and AG73T-BLs). In addition, AG73-BLs bound

intratumoral vessels within the tumor. Moreover, ultrasound
imaging with AG73-BLs specifically imaged for intratumoral vessels
and enhanced the contrast and image for a longer examination time
than non-labeled BLs. Thus, AG73-BLs have the potential to become
a useful ultrasound contrast agent in clinical field for diagnosis
based on US imaging.

Acknowledgments

We are grateful to Prof. Katsuro Tachibana (Department of
Anatomy, School of Medicine, Fukuoka University) for technical
advice regarding the induction of cavitation with US and to Mr.
Yasuhiko Hayakawa, and Mr. Kosho Suzuki (NEPA GENE CO., LTD.)
for technical advice regarding exposure to US. This study was
supported by an Industrial Technology Research Grant (04A05010)
from the New Energy and Industrial Technology Development
Organization (NEDO) of Japan and a Grant-in-aid for Exploratory
Research (18650146) from the Japan Society for the Promotion of
Science, a Grant-in-Aid for Scientific Research (B) (20300179) from
the Japan Society for the Promotion of Science.

References

[1] willmann J,K, van Bruggen N, Dinkelborg LM, Gambhir S,S. Molecular imaging
in drug development. Nat Rev Drug Discov 2008;7:591—607.

[2] Lindner },R. Microbubbles in medical imaging: current applications and future
directions. Nat Rev Drug Discov 2004;3:527—33.

[3] Wilson S,R, Burns P,N. Microbubble-enhanced US in body imaging: what role?
Radiology 2010;257(1):24—39.

[4] Deshpande N, Needles A, Willmann [K. Molecular ultrasound imaging:
current status and future directions. Clin Radiol 2010;65(7):567—81.

[5] Danila M, Popescu A, Sirli R, Sporea ], Martie A, Sendroiu M. Contrast enhanced
ultrasound {CEUS) in the evaluation of liver metastases. Med Ultrason 2010;
12(3):233~7.

[6] Kiessling F, Huppert ], Palmowski M. Functional and molecular ultrasound
imaging: concepts and contrast agents. Curr Med Chem 2009;16:627—42.

[7] Klibanov AL. Ligand-carrying gas-filled microbubbles: ultrasound contrast
agents for targeted molecular imaging. Bioconjug Chem 2005;16:9-17.

[8] Dayton P,A, Rychak }]J. Molecular ultrasound imaging using microbubble
contrast agents. Front Biosci 2007;12:5124—42.

[9] Ferrara KW, Borden M,A, Zhang H. Lipid-shelled vehicles: engineering for
ultrasound molecular imaging and drug delivery. Acc Chem Res 2009;42(7):
881-92.

[10] Allen T.M, Hansen C, Martin F, Redemann C, Yau-Young A. Liposomes con-
taining synthetic lipid derivatives of poly(ethyleneglycol) show prolonged
circulation half-lives in vivo. Biochim Biophys Acta 1991;1066:29-36.

[11] Blume G, Cevc G. Liposomes for the sustained drug release in vivo. Biochim
Biophys Acta 1990;1029:91-7.

[12] Harata M, Soda Y, Tani K, Ooi ], Takizawa T, Chen M, et al. CD19-targeting
liposomes containing imatinib efficiently kill Philadelphia chromosome-
positive acute lymphoblastic leukemia cells. Blood 2004;104:1442-9.

[13] Maruyama K, Yuda T, Okamoto A, Kojima S, Suginaka A, Iwatsuru M. Pro-
longed circulation time in vivo of large unilamellar liposomes composed of
distearoyl phosphatidylcholine and cholesterol containing amphipathic
poly(ethylene glycol). Biochim Biophys Acta 1992;1128:44-9.

[14] Maruyama K, Ishida O, Kasaoka S, Takizawa T, Utoguchi N, Shinohara A, et al.
Intracellular targeting of sodium mercaptoundecahydrododecaborate (BSH)
to solid tumors by transferrin-PEG liposomes, for boron neutron-capture
therapy (BNCT). J Control Release 2004;98:195-207.

[15] Suzuki R, Takizawa T, Negishi Y, Hagisawa K, Tanaka K, Sawamura K, et al.
Gene delivery by combination of novel liposomal bubbles with per-
fluoropropane and ultrasound. ] Control Release 2007;117:130—6.

[16] Suzuki R, Takizawa T, Negishi Y, Utoguchi N, Maruyama K. Effective gene
delivery with novel liposomal bubbles and ultrasonic destruction technology.
Int ] Pharm 2008;354:49—55.

[17] Suzuki R, Takizawa T, Negishi Y, Utoguchi N, Sawamura K, Tanaka K, et al.
Tumor specific ultrasound enhanced gene transfer in vivo with novel lipo-
somal bubbles. ] Control Release 2008;125:137—44.

[18] Negishi Y, Matsuo K, Endo-Takahashi Y, Suzuki K, Matsuki Y, Takagi N, et al.
Delivery of an angiogenic gene into ischemic muscle by novel bubble lipo-
somes followed by ultrasound exposure. Pharm Res 2011;28:712-9.

[19] Negishi Y, Tsunoda Y, Endo-Takahashi Y, Oda Y, Suzuki R, Maruyama K, et al.
Local gene delivery system by bubble liposomes and ultrasound exposure into
joint synovium. J Drug Deliv 2011;2011. 203986.

[20] Endo-Takahashi Y, Negishi Y, Kato Y, Suzuki R, Maruyama K, Aramaki Y.
Efficient siRNA delivery using novel siRNA-loaded bubble liposomes and
ultrasound. Int J Pharm 2012;422(1-2):504-9.



Y. Negishi et al. / Biomaterials 34 (2013) 501-507 507

[21] Negishi Y, Endo-Takahashi Y, Matsuki Y, Kato Y, Takagi N, Suzuki R, et al.

Systemic delivery systems of angiogenic gene by novel bubble liposomes
containing cationic lipid and ultrasound exposure. Mol Pharm 2012;9(6):
1834—40.

Kerbel R, Folkman J. Clinical translation of angiogenesis inhibitors. Nat Rev
Cancer 2002;2:727-39.

Cross M,J, Claesson-Welsh L. FGF and VEGF function in angiogenesis: signal-
ling pathways, biological responses and therapeutic inhibition. Trends Phar-
macol Sci 2001;22:201-7.

Carey D). Syndecans: multifunctional cell-surface co-receptors. Biochem ]
1997;327:1-16.

Hoffman M,P, Nomizu M, Roque E, Lee S, jung DW, Yamada Y, et al. Laminin-1
and laminin-2 G-domain synthetic peptides bind syndecan-1 and are involved
in acinar formation of a human submandibular gland cell line. J Biol Chem
1998;273:28633—41.

Suzuki N, Ichikawa N, Kasai S, Yamada M, Nishi N, Morioka H, et al. Syndecan
binding sites in the laminin alphalchain G domain. Biochemistry 2003;42:
12625-33.

Couchman J,R. Syndecans: proteoglycan regulators of cell-surface micro-
domains? Nat Rev Mol Cell Biol 2003;4:926—37.

Fears CY, Gladson CL, Woods A. Syndecan-2 is expressed in the microvas-
culature of gliomas and regulates angiogenic processes in microvascular
endothelial cells. J Biol Chem 2006;281:14533—6.

Halden Y, Rek A, Atzenhofer W, Szilak L, Wabnig A, Kungl AJ. Interleukin-8
binds to syndecan-2 on human endothelial cells. Biochem J 2004;377(Pt 2):
533-8.

Mertens G, Cassiman JJ, Van den Berghe H, Vermylen }, David G. Cell surface
heparan sulfate proteoglycans from human vascular endothelial cells. Core
protein characterization and antithrombin III binding properties. ] Biol Chem
1992;267:20435-43.

Negishi Y, Omata D, lijima H, Takabayashi Y, Suzuki K, Endo Y, et al. Enhanced
laminin-derived peptide AG73-mediated liposomal gene transfer by bubble
liposomes and ultrasound. Mol Pharm 2010;7(1):217-26.

[32] Negishi Y, Hamano N, Omata D, Fujisawa A, Manandhar M, Nomizu M,

et al. Effect of doxorubicin-encapsulating AG73 peptide-modified lipo-
somes on tumor selectively and cytotoxicity. Results Pharm Sci 2011;1:
68—75.

Hwang T, Han HD, Song CK, Seong H, Kim JH, Chen X, et al. Anticancer drug-
phospholipid conjugate for enhancement of intracellular drug delivery.
Macromol Symp 2007;249-250:109-15.

Mannell H, Pircher ], Rdthel T, Schilberg K, Zimmermann K, Pfeifer A, et al.
Targeted endothelial gene delivery by ultrasonic destruction of magnetic
microbubbles carrying lentiviral vectors. Pharm Res 2012;5:1282—94.
Weller G.E, Wong M,K, Modzelewski R,A, Lu E, Klibanov AL, Wagner W.R,
et al. Ultrasonic imaging of tumor angiogenesis using contrast microbubbles
targeted via the tumor-binding peptide arginine-arginine-leucine. Cancer Res
15 Jan 2005;65(2):533-9.

Willmann JK, Paulmurugan R, Chen K, Gheysens O, Rodriguez-Porcel M,
Lutz AM, et al. US imaging of tumor angiogenesis with microbubbles targeted
to vascular endothelial growth factor receptor type 2 in mice. Radiology 2008;
246(2):508—18.

Franke RP, Grdfe M, Schnittler H, Seiffge D, Mittermayer C, Drenckhahn D.
Induction of human vascular endothelial stress fibres by fluid shear stress.
Nature 1984:307(5952):648--9. '

Giavazzi R, Foppolo M, Dossi R, Remuzzi A. Rolling and adhesion of human
tumor cells on vascular endothelium under physiological flow conditions.
] Clin Invest 1993;92(6):3038—44.

Yamawaki H, Lehoux S, Berk B,C. Chronic physiological shear stress inhibits
tumor necrosis factor-induced proinflammatory responses in rabbit aorta
perfused ex vivo. Circulation 2003;108(13):1619—25.

Pysz M,A, Foygel K, Rosenberg J, Gambhir S,S, Schneider M, Willmann J,K.
Antiangiogenic cancer therapy: monitoring with molecular US and a clinically
translatable contrast agent (BR55). Radiology 2010;256(2):519—-27.

Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability
and the EPR effect in macromolecular therapeutics: a review. | Control Release
2000;65:271—-84.






