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10 g body weight) by tail vein injection. The mice were
sacrificed 1 day after dye injection. The TA muscles were
removed and photographed using a digital camera. The
TA muscles were embedded in an OCT compound and
immediately frozen at —80°C. Serial sections 10 um thick
were cut by cryostat and observed with a fluorescence
microscope (Axiovert 200 M, Carl Zeiss).

Hindlimb Ischemia Model

The ischemic hindlimb model was created in five-week-old
male ICR mice as previously reported (26). Briefly, animals
were anesthetized, and a skin incision was made in the left
hindlimb. After ligation of the proximal end of the femoral
artery at the level of the inguinal ligament, the distal
portion and all the side branches were dissected free and
excised. The right hindlimb was kept intact to control the
original blood flow. Immediately after ischemia was
induced, a mixture of 40 pl of a pDNA (10 pg of
pBLAST-hbFGF or pBLAST as an control vector) and
BL (30 pg) suspension was injected into the adductor
muscle of the ischemia mice, and US exposure (1 MHz,
2 w/cm?, 50% duty cycle, 60 s) was immediately applied at
the injection site. Measurements of the ischemic (left)/normal
(right) limb blood flow ratio were performed for a set time using
a laser Doppler blood flow meter (OMEGAFLO, FLO-C1).

bFGF ELISA

bFGF secretion was determined as previously reported (27).
Briefly, 5- to 6-week-old male ICR mice were anesthetized
by intraperitoneal injection of pentobarbital. The leg was
shaved and depilated to expose the tibialis anterior muscle.
Ten micrograms of DNA in a 40 pL bubble liposome or
PBS solution were injected into the tibialis anterior muscle.
After DNA injection, US exposure was applied. The tibialis
anterior muscle was collected 2 days after the DNA
injection. The muscle was washed three times in 3 mL of
PBS to remove debris and blood. The washed muscle was
placed in a 24-well plate coating growth factor reduced
Matrigel (BD Biosciences) and incubated at 37°C. The
muscle was grown in 1.5 mL of M199 medium containing
2% fetal bovine serum, 100 U/mL penicillin, and 100 mg/
mL streptomycin. The levels of secreted cytokines in the
conditioned media of the explants cultures were measured
using human bFGF ELISA (R&D Systems), according to
the manufacturer’s instructions.

Immunohistochemistry
The ischemic thigh muscles were perfused on day 14 with

PBS and 4% paraformaldehyde and embedded in paraffin.
Muscle sections (4 pm) were stained with anti-CD31
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antibody (BD pharmingen) overnight at 4°C. We then
incubated the sections with Alexa Fluor 488 rabbit anti-rat
IgG Molecular Probes).

In Vivo Studies

Animal use and relevant experimental procedures were
approved by the Tokyo University of Pharmacy and Life
Science Committee and Teikyo University on the Care and
Use of Laboratory Animals. All experimental protocols for
animal studies were in accordance with the Principle of
Laboratory Animal Care in Teikyo University.

Statistical Analyses

All data are shown as the mean+SD (n=4 or 6). Data were
considered significant when P<0.05. The #test was used to
calculate statistical significance.

RESULTS

In Vivo Gene Delivery into the Skeletal Muscle of Mice
with BL and US Exposure

It has been reported that microbubbles improve tissue
permeability by cavitation upon US exposure. We first tried
to deliver the naked pDNA (pCMV-Luc) into tibialis
muscle using BL and US. A solution of pDNA and BL
was injected into TA muscle, and US was immediately
applied to the injection site, as shown in Fig. 1. As a result,
the relative luciferase activity was high in the group treated
using the pDNA plasmid with BL and US exposure. In
contrast, there was low activity in the groups treated with
pDNA alone, pDNA+BL, or pDNA+US. The luciferase
activity in the group receiving a combination of BL with
US exposure was 200- or 20-fold higher than that of the
group treated with pDNA alone or pDNA + US,
respectively (Fig. la). We next investigated whether their
gene expression was derived from muscle cells. In a similar
fashion, the EGFP expression plasmid (pEGFP-N3) was
delivered into TA muscle, and 5 days after the gene
delivery, the EGFP expression was sectioned and examined
by fluorescent microscopy. As shown in Fig. 1b, the
intramuscular gene delivery of the EGFP expression
plasmid by BL and US exposure was present in a wide
area of the positive muscle fibers of EGFP. In contrast, in
the muscle specimens of the other treated groups (pDNA
alone, pDNA+BL, or pDNA+US), very little expression
was shown (Fig. 1b). We also observed the luciferase gene
expression area in the whole body using an i vivo luciferase
imaging system at 5 days after the transfection into the
muscle treated with pDNA, BL, and US exposure.
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Although the level of gene expression gradually decreased
2 weeks after the transfection using BL and US exposure,
the moderate gene expression persisted for 4 weeks after the
transfection (data not shown). The gene expression was
restricted to the area of US exposure (Fig. 1lc). This

«Fig. | Reporter gene expression after BL and US-mediated gene transfer

compared with Lipofectamine 2000. (a) Luciferase expression after BL and
US-mediated gene transfer compared with Lipofectamine 2000. Mice
were treated with BL and US-mediated intramuscular luciferase gene
transfer or Lipofectamine 2000. Five days after transfection, luciferase
expression was determined. In another experiment, a pDNA (pCMV-Luc
(10 ug))-Lipofectamine 2000 (25 ug) complex was suspended in PBS and
injected into the left femoral artery. #*P < 0.01 compared to the group of
pDNA alone, pDNA+US, pDNA+BL, or Lipofectamine 2000 with BL.
pDNA (pCMV-Luciferase): 10 ug, BL: 30 ug. US exposure (Frequency:
I MHz, Duty: 50%, Intensity: 2 W/cm?, Time: 60 s). (b) EGFP expression
after BL and US-mediated gene transfer. Mice were treated with BL and
US-mediated intramuscular EGFP gene transfer. Five days after transfec-
tion, EGFP expression was analyzed by fluorescent microscopy. Each of
the gene transfer conditions are indicated above the pictures. Magnifica-
tion: x 200. () photon counts are indicated by the pseudo-color scales.

suggested that the combination of BL and US exposure
facilitated the efficient transfection of pDNA into the
muscle due to the induction of cavitation. We also assessed
the tissue damage by testing EBD uptake in the muscle
transfected with the BL and US exposure; however, significant
tissue damage was not observed at the US condition
{frequency: 1 MHz; duty: 50%; intensity: 2 W/cm?
time: 60 s), even in the presence of the cavitation by
BL and US exposure (Fig. 2b, e). When a higher US
intensisty (4 W/cm?) was applied, significant tissue damage
was detected (Fig. 2c, f).

In Vivo Effects of the bFGF Expression System

We next attempted to deliver bFGF plasmid into tibialis
muscle using BL and US and determine the bFGF protein
expression in explant culture medium. The amount of
bFGF protein was high in the group treated with bFGF
plasmid with BL and US exposure. In contrast, there was
low expression in the group treated with bFGF plasmid
alone, or bFGF plasmid+US (Fig. 3). We further investi-
gated the capillary density in order to know the effects of
BL and US-mediated gene delivery with bFGF plasmid
injected intramuscularly into hindlimb ischemia model
mice. In the treatment group with BL and US-mediated
gene transfer, their capillary vessels with CD31 positive cells
were significantly increased compared to the treatment
group of the control plasmid (empty vector), the bFGF
plasmid alone, or bFGF plasmid + US (Fig. 4a, b).
Measurements of the ischemic (left)/non-ischemic (right)
hindlimb blood flow ratio were further performed for a
period of time using a laser Doppler blood flow meter.
Consistent with this induction of angiogenesis, the blood
flow in the group treated with the bFGF plasmid with BL
and US exposure was significantly increased compared with
the group treated with the control plasmid (empty vector),
the bFGF plasmid alone, bFGF plasmid + US (Fig. 5).
Although we also examined the blood flow ratio after
treatment with US exposure alone or BL with US exposure
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Fig. 2 Tissue-damage testing

using EBD. pDNA alone without
BL and US exposure (a, d). pDNA
with BL and US exposure
condition at a frequency of | MHz
with an intensity of 2 W/em?

(b, €), or 4 W/em? (c, f) for 60 s.
The TA muscles were
photographed using a digital

camera (a, b, and ¢). Evans-blue
fluorescence of 10 um
cryosections from the TA muscles
was examined with fluorescence
microscopy (d, e, and ).
Magnification: X 100.

to the ischemic limb muscle, their blood flow ratio still
remained in the 20 to 40% range. These results suggest that
intramuscular injection of bFGF as an angiogenic gene with
bubble liposomes followed by US exposure enabled us to
mmprove an angiogenesis in the ischemic muscle.

DISCUSSION

The gene delivery of naked plasmid DNA is a feasible
technique for non-viral gene therapy in a safe clinical use;
however, a higher efficiency of site-specific delivery is
required to achieve therapeutic effects in patients. In this
view, we previously reported that BL is an efficient gene

400
*k
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bEGF concentration (pg/ml)

pDNA(bFGF)
pDNAMbFEGE)+US
pDNA(bFGF)+BL+US

Fig. 3 bFGF protein expression after BL and US-mediated bFGF gene
transfer. Mice were treated with BL and US-mediated intramuscular bFGF
gene transfer. Two days after transfection, the muscle was collected and
placed into Matrigel coating plates. After 3 days, the secreted bFGF protein
expression was determined by ELISA. *¥P<0.05 vs. other treatment
groups., pDNA (pBLAST-bFGF): 10 ug BL: 30 ug US exposure
(Frequency: | MHz, Duty: 50%, Intensity: 2 W/cm?, Time: 60 s).
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delivery tool (24,28,29). However, it is not enough to say
that BL is a feasible and effective tool to carry out gene
therapy to treat diseases. Here we demonstrate the
development of a safe and efficient gene delivery system
into skeletal muscle using the combination of BL and US
exposure, and we assess the feasibility and the effectiveness
of BL for angiogenic gene delivery. We therefore examined
the potential ability of BL with US exposure to deliver a
gene into skeletal muscle and its applicability for therapeutic
angiogenesis in ischemic model. By using BL with US
exposure, we first performed a transfer of luciferase-
expressing plasmid DNA as a reporter plasmid into the TA
muscle of mice. The remarkable gene expression could be
enhanced efficiently only with the combination of both BL
and US exposure when compared with other treatments
(Fig. 1a). Exceeding our expectations, their gene expression
was 200-fold higher than that of the plasmid DNA injection
alone. When compared to Optison, one of the currently
existing microbubbles (9-11), with US exposure, however,
the gene transfer efficacy of BL was almost same as when
using Optison (data not shown). Previously, our reports have
demonstrated that the gene transfection efficiency i witro
could be affected with increasing the US intensity and the
exposure time (20). The transfection efficiency increased with
an increasing intensity of ultrasound and reached a plateau
at 2 W/em® No significant damage was observed under
these conditions (Fig. 2b, ¢). When a higher intensity of US
(4 W/cem®) during the gene transfer with BL was applied to
improve the transfection efficiency, the gene expression was
conversely diminished (data not shown), and significant
damage was also observed (Fig. 2c, f). This treatment caused
significant tissue damage, probably due to the temperature
elevation in the US exposure site. In this experiment, we
therefore employed an US condition (frequency: 1 MHz;
intensity: 2 W/cm?; duty cycle: 50%; US exposure time:
1 min) that was in terms with a safety profile. As shown in
Fig. 1b, the number of EGFP-positive muscle fibers could be
apparently enhanced by the combination of BL and US
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Fig. 4 Effect of BL and US-mediated bFGF gene transfer into hindlimb
ischemia on capillary density. (@) CD3! staining of hindlimb musdle
sections 14 days after BL and US-mediated bFGF gene transfer. The
stained sections were analyzed by fluorescent microscopy. (b) CD31
positive vessels were measured. Green dots indicate CD31 positive
vessels stained with an FITC-labeled anti-CD3!| antibody. Scale bar
represented 50 um. *P <0.05 vs. other treatment groups.

exposure; in contrast, without BL, only a few fibers could be
observed in a treatment of US exposure without BL.
Consequently, we found that a gene delivery method using
BL and US exposure helped to both improve the transfec-
tion efficiency in the US focused site with a minimally
invasive transfection procedure.

It is unclear whether BL with US exposure could
improve transgene expression. Previously, we reported that
BL could induce cavitation by a short duration (1-10 s) of
US exposure and lead to efficient gene transfer into various

types of cells (19,20). Therefore, the major biological effect
of BL for gene delivery into the muscle may be through a
cavitation induction, as was shown in previous reports (19).
In contrast, in the case of Lipofectamine 2000, a commercial
cationic lipid that is widely used in gene delivery, the
transfection efficiency in the muscle was markedly lowered
(Fig. 1a). This result is consistent with reports that serum
proteins interact with and disturb cationic liposomes (29). It
is expected that more time is required for this transfection,
because cationic lipid/pDNA complexes (lipoplex) are
entered into the cytoplasm by an endosomal pathway.
Therefore, when the lipoplex with Lipofectamine 2000 was
directly injected into the muscle, before it could enter into
the cytoplasm by an endosomal pathway, it is possible that
the degradation of pDNA or the aggregation of lipoplexes
easily occurred. In contrast, once a solution of both BL and
pDNA is administered into the muscle, US exposure is
immediately applied at the injection site, leading to efficient
gene expression, as shown in Fig. 1. In this way, unlike with
lipoplexes, this simple method with BL and US exposure
does not require a long time to achieve an efficient gene
transfection. Our previous report has demonstrated that, by
BL and US exposure, siRNA could directly enter into the
cytoplasm without an endosomal pathway (22). In this
report, because the level of gene expression corresponding
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Fig. 5 Effect of BL and US-mediated bFGF gene transfer on the recovery
of blood flow in ischemic limbs. After femoral artery lfigation, mice were
treated with BL and US-mediated intramuscular bFGF gene transfer. After
the transfection, blood flow was measured at 14 days using a laser
Doppler blood flow meter. *P <0.05 vs. other treatment groups. Blood
Flow Ratio (%): ischemic / normal blood flow ratio. pDNA (pBLAST-
bFGF): 10 ug, BL: 30 ug, US exposure (Frequency: | MMz, Duty: 50%,
Intensity: 2 W/cm?, Time: 60 s).
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to half of the expression in BL with a 1-minute US exposure
could also be observed by BL with an only 10-second US
exposure (data not shown), it may be thought that this
transfection method by BL with US exposure enables
immediate and direct pPDNA delivery into the cytoplasm of
muscle cells. The transfection efficiency might increase due
to the appearance of transient holes in the cell membrane
caused by the spreading of the BL, followed by their
eruption with US exposure, which is consistent with previous
reports using Optison (9).

Recently, a therapeutic strategy delivering angiogenic
gene factors has been widely studied for clinical use in
ischemic diseases (30). The delivery of naked plasmid DNA
encoding an angiogenic gene into the ischemia has also
been reported in clinical trials. However, the transfection
efficiency is still insufficient for effective angiogenesis
without side effects (30). Therefore, we assessed the
feasibility and the effectiveness of BL for a gene therapy
by trying to deliver a plasmid expressing bFGF, a key
angiogenic factor, into the skeletal muscle of hindlimb
ischemia model mice by the combination of BL and US
exposure. As expected, with the gene delivery of the bFGF
plasmid into an intramuscular injection with the combina-
tion of BL and US exposure, the capillary density and the
blood flow ratio of the ischemic to non-ischemic hindlimb
were markedly increased in the hindlimb transfected with
the bFGF plasmid DNA through the combination of BL
and a low intensity of US exposure compared to the
plasmid DNA injection alone (Figs. 4 and 5). In addition, it
has been reported that low-intensity US exposure can
induce angiogenesis (31,32). However, no significant
recovery in ischemic hindlimbs was observed with the
combination of BL and US exposure without bFGF
plasmid or with US exposure alone without the bFGF
plasmid (data not shown). These results apparently indicate
that therapeutic angiogenesis using naked plasmid DNA
transfer that is enhanced by BL and US exposure could be
a potential method in a clinical setting. We believe that
there are several possibilities for BL usage in therapeutic
angiogenesis with naked plasmid DNA in clinical use. The
novel method using the combination of BL and US
exposure may possibly reduce the amount of naked plasmid
DNA, administration times, and the achievement of
efficient gene transfer non-invasively without a viral vector,
thereby enabling the decrease of the potential cost in
clinical settings.

CONCLUSION
The present studies demonstrated a novel gene delivery

method into skeletal muscle by the combination of BL and
US exposure. Applied as gene therapy in a mouse model of

@ Springer

ischemic limb muscle, intramuscular injection of bFGF as
an angiogenic gene with BL followed by US exposure
enabled improvement of an angiogenesis followed by
apparent increased blood flow in the ischemic muscle.
Because intramuscular injection of naked plasmid DNA
alone may be inefficient and restrict its clinical use, this US-
mediated BL technique may provide an effective non-
invasive and non-viral method for angiogenic gene therapy
for limb ischemia as well as for wound healing, ischemic
heart disease, myocardial infarction, peripheral arterial
diseases, and other various diseases.
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ARTICLE INFO ABSTRACT

Background: We developed perfluorocarbon gas-containing bubble liposomes (BL) with Arg-Gly-Asp (RGD)
sequence-containing peptides, which bind to activated platelet glycoprotein IIb/llla complexes. The aim of
this study was to examine the enhancing effects in ultrasonic thrombus imaging using these targeted BL in
vitro and in vivo.

Methods: Liposomes composed of phosphatidylcholine and cholesterol were manufactured, and RGD
peptide was attached by a covalent coupling reaction. Sonication was used to conjugate liposomes and
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Igg‘gg‘?{ography perfluorocarbon gas, which formed targeted BL. In vitro, targeted BL were mixed with whole blood, which
Thrombus was allowed to coagulate while being shaken and rotated. In vivo, we administered targeted BL to 10 rabbits
Imaging with acute thrombotic occlusions in the ilio-femoral artery. Thrombi were imaged using a 7.5-9 MHz linear
Ultrasound transducer and a conventional ultrasound machine, and by scanning electron microscopy. Ultrasound images
Liposome were digitized, and mean pixel gray-scale level (black= 0, white =255) was measured.

Results: In vitro, mean pixel gray-scale level of the thrombi in targeted BL group was significantly higher than
in control and non-targeted BL groups (93426 vs. 58 + 16, 48 +9, p=0.002, n=10). Scanning electron
microscopy revealed large amounts of targeted BL attached to the thrombi. In vivo, mean pixel gray-scale
level of the thrombi with targeted BL was significantly higher (33.2 £ 6.4 vs. 24.84 8.5, p=0.0051, n=10)
than that before targeted BL administration.
Conclusions: Perfluorocarbon gas-containing BL with RGD peptide represent a novel echo contrast agent, which
can markedly enhance ultrasonic thrombus imaging in vitro and in vivo, and may be useful for noninvasively
diagnosing acute thrombotic vessel occlusion.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Echocardiographic diagnosis of vascular or intracardiac thrombi is
sometimes challenging, even using state-of-the-art ultrasound sys-
tems and comercially available ultrasound contrast agents [1,2].
Intravascular ultrasound imaging provides more detailed pictures of
thrombi due to its higher frequency; however, thrombi within the
vessel lumen can often be mistaken for soft plaques, unless they are
distinguished from soft plaques by mobility, lobular edges and
movement away from the vessel wall during the cardiac cycle [3].

* Corresponding author. Tel.: +81 49 228 3587; fax: +81 49 226 5274.
E-mail address: nishioka@saitama-med.ac.jp (T. Nishioka).
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Therefore, it is essential to improve the diagnostic accuracy of
echocardiography for detecting thrombi in vivo.

Recently, using emerging molecular imaging techniques, several
types of novel thrombus-targeting ultrasound contrast agents have
been developed and examined for use in the diagnosis of thrombi in
vitro and in animal models [4-10}. These ultrasound contrast agents
are lipid-encapsulated perfluorocarbon gas or nongaseous liposomes,
and antibodies or peptides are used as specific ligands to fibrin or
platelets. However, these agents are not commercially available.

We have developed novel polyethylene glycol-modified liposomal
bubbles (bubble liposomes, BL) containing perfluoropropane gas,
which can be used as an ultrasound contrast agent [11-13]. We
attached targeted ligands for activated platelets to these BL. We used
Arg-Gly-Asp (RGD) sequence-containing peptides, which bind to the
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fibrinogen receptor on the activated platelet membrane glycoprotein
lIb/llla complex [14-17]. We hypothesized that the activated
thrombus-targeting BL would enhance fresh thrombus visualization
by conventional transcutaneous ultrasound and may enable diagnosis
of acute thrombotic vessel occlusion. The aim of this study was to
examine the enhancing effects on ultrasonic imaging of fresh thrombi
using these BL in vitro and in vivo.

2. Materials and methods
2.1. Preparation of thrombus-targeting BL

The lipid-based shell of the perfluorocarbon gas-containing BL was composed of
12.6 mg of 1,2-distearoyl-sn-glycero-phosphatidylcholine (DSPC) (NOF Corp., Tokyo,
Japan), 5.1 mg of 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-m-poly-
ethyleneglycol 2000 maleimide (DSPE-PEG-Mal-2000; Avanti, Alabaster, AL) and
3.0 mg of cholesterol (Sigma-Aldrich Japan, Tokyo, Japan). Liposomes were prepared by
reverse phase evaporation [16]. Briefly, a mixture of all reagents was dissolved in 2.0 ml
of chloroform and mixed with the same amount of di-isopropyl ether and normal
saline. The mixture was sonicated using a probe-type 19.5-kHz ultrasound at 550 W
(XL~2020 Sonicator, Misonix, Inc., Farmingdale, NY) and then evaporated at 65 °C using
a rotary evaporating system (Tokyo Rika, Tokyo, Japan). After the chemical solvent was
completely removed, the size of liposomes was adjusted to be less than 0.2 ym using
extruding equipment and a membrane filter (Northern Lipids, Inc., Vancouver, Canada)
with sizing filters. To the liposome liquid, 1 mg of linear octapeptide with an amino acid
sequence of cysteine-glycine-glycine-glycine-arginine~glycine-aspartic acid-phenyl-
alanine (CGGGRGDF) (Operon Biotechnologies, Tokyo, Japan) was added [14,17] and
allowed to conjugate to the maleimide on the liposomal surface via thio-ether covalent
coupling at room temperature for 2 h. Gel filtration was then used to remove unreacted
peptide fragments. Lipid concentration was measured with the Wako Phospholipid C
test (Wako Pure Chemical Industries, Osaka, Japan) and the RGD-liposomes were
diluted to a final concentration of 20 mg/ml. The RGD-liposomes were sealed in a 5-ml
vial and air was exchanged with perfluoropropane gas (Takachiho Chemical Ind. Co.,
Ltd., Tokyo, Japan), followed by 20-kHz ultrasound treatment using a bath-type
sonicating system (Branson model 3510, Emerson, CT) for 5 min to generate RGD-BL
[11,12]. Sterilized filtration (0.45 pm) was then performed to remove expanded and
oversized BL. Non-targeted BL were also prepared in the same manner, except without
the addition of RGD peptides. The diameter of each BL was determined by dynamic
laser light-scattering measurements using the ELS-800 particle analyzer (Otsuka
Electronics, Osaka, Japan).

2.2, In vitro thrombus imaging

In total, 30 thrombi were used in this in vitro study. For preparation of each
thrombus, 9 ml of whole blood was collected in a test tube from a healthy volunteer,
placed on a seesaw-type shaker and allowed to coagulate at room temperature while
being shaken and rotated at a speed of 60 rpm for 1 h. Ten thrombi served as controls,
non-targeted BL were added to 10 thrombi and targeted BL were added to the
remaining 10 thrombi. Targeted BL or non-targeted BL (100, 20 mg/ml lipid
concentration) were added to the test tube after 10 min. The formed thrombi were
washed with normal saline, cut into small pieces and placed in a latex tube filled with
degassed water. Thrombi were imaged using a 7.5-MHz linear transducer with a
conventional ultrasound machine (SONOS2000, Philips Medical Systems, Potomac,
MD) (frame rate, 40-50/s; mechanical index, 0.4) in a bath filled with degassed water.
As a control, 10 thrombi prepared without BL were also imaged at the same gain setting
and ultrasound intensity. For quantitative analysis, the mean video intensity level of
whole thrombi was measured on a 256 gray-scale level (black = 0, white =255) using
NIH image software [18].

2.3. Scanning electron microscopic observation of thrombi

Thrombi were prepared as described for the in vitro thrombus imaging study.
Thrombi with targeted BL, non-targeted BL or saline were fixed in 2% glutaraldehyde in
normal saline and dehydrated in a graded ethanol series. Thrombi were further cut and
divided into smaller pieces in order to observe the inside as well as the surface. This was
followed by critical-point drying and gold sputtering (JEOL JFC-1100, Nippon Denshi,
Tokyo, Japan). Specimens were then examined with a conventional scanning electron
microscope (JOEL Carry Scope, Nippon Denshi, Tokyo, Japan) at an acceleration voltage
of 5 to 15 kV [19].

2.4. Acute thrombotic occlusion model of rabbit ilio-femoral artery

This study followed the American Physiological Society Guidelines for Animal
Research, which conform to the “Position of the American Heart Association on
Research Animal Use” adopted by the AHA in November 1984. A total of 20 New
Zealand white rabbits were used; 10 each for the targeted BL study and the non-
targeted BL study. Each rabbit was anesthetized using 50 mg of ketamine and 20 mg of
xylazine. Anesthesia was maintained with pentbarbitrate (15 mg/kg). A 5-Fr sheath
was inserted into the right carotid artery, a balloon catheter was advanced to the ilio-

femoral artery, and the intima was injured by balloon inflation. Afterwards, the balloon
catheter was pulled back, a 0.014-inch guide wire was positioned at the injury site, and
electrical stimulation (from a 3-V battery) was applied between the guide wire and skin
electrode {20,21]. After 30 min, the artery was thrombotically occluded and arterial
occlusion was confirmed by angiography.

2.5, In vivo thrombus imaging

The thrombus was imaged in a longitudinal axis view using a 9-MHz linear
transducer and a conventional ultrasound machine (UF-750XT, Fukuda Denshi, Ltd.,
Tokyo, Japan) (frame rate, 24-30/s; mechanical index, 0.3). Manipulating the
transducer just above the angiographic vessel occlusion site, the ultrasonic occlusion
site was identified as an abrupt interruption of echo-Doppler signal within the vessel,
The region of interest was then defined as the area between the near and far vessel
walls without a Doppler signal, according to the consensus of two cardiologists (K.H.
and T.N.). To maintain the same view, the ultrasound transducer was fixed with a hand-
free stabilizer. The ultrasound thrombus images were continuously recorded from just
before to 10min after the bolus injection of targeted BL (1ml, 20 mg/ml lipid
concentration) through the ear vein in 10 rabbits. After the experiment, the video
intensity of the thrombus was measured using NIH image, as described for the in vitro
study. As controls, the video intensity of the thrombi was measured before and after
injection of 1ml (20 mg/ml lipid concentration) of non-targeted (without RGD
peptide) BL in another 10 rabbits.

2.6. Statistical analyses

Results are given as means =1 standard deviation. As video intensity levels of the
thrombi were not considered to be normally distributed, non-parametric tests were
used to compare data. For the in vitro study, thrombus echo intensity was compared
and analyzed using the Kruskal-Wallis test followed by a post-hoc Bonferroni test. For
the in vivo study, thrombus echo intensity before and after BL administration was
compared by the Wilcoxon-signed rank sum test. A p value <0.05 was considered
statistically significant.

3. Results
3.1. In vitro thrombus imaging

Ultrasonic images of thrombi were apparently enhanced when
compared to the control and non-targeted BL groups (Fig. 1A). The mean
pixel gray-scale levels of the control and non-targeted BL thrombi were
not significantly different. However, the mean pixel gray-scale level of
the thrombi in the targeted BL group was significantly higher than those
in the control and non-targeted BL thrombus groups (93 = 26 vs. 58 =
16, 48+9, p=0.0001, n=10) (Fig. 1B). Enhancement of ultrasonic
thrombus imaging in the targeted BL group lasted at least 15 min, at
which point observation was discontinued. BL diameter was 0.185 4
0.044 pm.

3.2. Scanning electron microscopic observation of thrombi

Large amounts of targeted BL were attached to the fibrin nets and
platelets on the surface of thrombi, as well as in the deep inner
portions of thrombi (Fig. 2C). In contrast, no BL were attached to the
thrombi in the non-targeted BL and control groups (Fig. 2A and B).
Targeted BL were smaller than the fibrin mesh (<0.2pum) in all
observed fields.

3.3. In vivo thrombus imaging

The rabbit ilio-femoral arterial thrombus was clearly visualized
using a conventional ultrasound system with the targeted BL (Fig. 3A).
After targeted BL injection, the mean pixel gray-scale level of the
thrombus rapidly peaked (within 1min) and then gradually de-
creased; however, it did not return to baseline levels, even after 10 min
(Fig. 4). Targeted BL significantly increased the mean pixel gray-scale
level of the thrombus at 1 min when compared to that before targeted
BL administration (33.24 6.4 vs. 24.8 £ 8.5, p=0.0051, n = 10). After
non-targeted BL injection, blood echo intensity around the thrombus
was increased; however, no significant increases were observed in the
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A Control (no BL)

Non-targeted BL administration

Targeted BL administration

Gray scale level

Control

Non-targeted Targeted
BL BL

Fig. 1. Ultrasonic thrombus imaging is apparently enhanced by targeted BL in vitro
when compared to control and non-targeted BL (A). Video intensity levels of the
thrombi in the targeted BL group were significantly higher than in the control and non-
targeted BL groups (B). BL: bubble liposomes.

mean pixel gray-scale level of the thrombus at 1 min (25.5+4.8 vs.
26453, p=0.3329, n=10) (Fig. 3B and C).

4. Discussion

In our in vitro and in vivo studies, we confirmed that ultrasound
imaging of thrombi is markedly enhanced by targeted BL, even via
intravenous administration using a conventional diagnostic ultra-
sound machine. This is also the first study to show the feasibility of
perfluorocarbon gas-containing liposomes, rather than a phospholip-
id mono-layer, as a targeted ultrasound contrast agent, in addition to a
carrier for gene delivery [11-13].

In clinical settings, various ultrasound contrast agents with lipid-
based or non-lipid-based shells are commercially available for diagnos-
tic use. These agents are prepared to enhance blood flow or tissue
perfusion. Some of these agents are capable of passively imaging
inflammation using the inherent chemical properties of the shell
components [22]. However, they have no specific ligands on their
surface for actively targeting pathophysiological molecules.

Lanza et al. first reported a fibrin-targeting ultrasonic contrast agent.
They used lipid-encapsulated, nongaseous perfluorocarbon emulsion
and an antifibrin monoclonal antibody as a targeting ligand, incorpo-
rating avidin-biotin triphasic interaction steps to demonstrate excellent
thrombus enhancement [4]. However, this technique has limited
applications in humans due to the complexity of targeting interactions
and immunogenicity of avidin [23]. Unger et al. developed thrombus-
targeting perfluorocarbon gas-containing microbubbles with lipid
mono-layer shells incorporating small peptides as ligands for activated
platelets [5-7]. This agent was able to enhance ultrasonic thrombus
imaging both in vitro and in vivo during continuous intravenous
infusion. Demos and Hamilton reported thrombus-targeting nongas-
eous echogenic immuno-liposomes, which enhanced ultrasonic imag-
ing of both intravascular and intracardiac thrombi [8,9]. In this study,
anti-fibrinogen antibody was used as the targeting ligand, which may
cause systemic adverse effects due to secondary immunoreactions.
Alonso et al. developed abciximab, an antibody fragment specific for the
glycoprotein IIb/llla receptor, bearing immunobubbles with phospho-
lopid mono-layer shells. These immunobubbles improved visualization
of human clots both in vitro and in an in vivo model of acute arterial
thrombotic occlusion [10].

Targeted BL shows some advantages over these previously reported
thrombus-targeting ultrasound contrast agents [4-10]. We used
liposomes as a basic structure, as a lipid bi-layer shell increases the
stability of BL and works as a barrier against gas diffusion [12], and the
liposomal surface can be modified for the conjugation of various
targeted ligands, as well as for achieving longer circulation times.
Polyethylene glycol was attached to the surface lipid layer in order to

A control simple thrombus

B Non-targeted BL and thrombus

C Targeted BL and thrombus

10000x

Fig. 2. Scanning electron microscopy revealed large amounts of BL attached to the thrombi in the targeted BL group (C), which were not observed in the non-targeted BL (B) and

control groups (A). BL: bubble liposomes.
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Fig. 3. Ultrasound image of in vivo thrombi is significantly enhanced after administration of targeted BL via an ear vein. (A) NIH image quantitative analysis shows significant
increases on in vivo thrombus echo intensity by intravenous administration of targeted BL; (B) however, similar changes are not seen after administration of non-targeted BL (C). BL:

bubble liposomes.

increase hydrophilicity, thereby offering a stealth effect with respect to
reticulo-endothelial capture and allowing longer circulation times
[24,25]. Moreover, a BL size of less than a micron (nano-size) permits
deeper penetration into thrombi.

The targets of ultrasonic thrombus imaging have been fibrin [4,8,9]
or activated platelets [5-7,10]. Fibrin is typically present in all types
of thrombi (arterial and venous, acute and chronic). In contrast,
activated platelets are found in fresh thrombi in cases of acute coronary
syndrome and stroke. The RGD sequence-containing peptide is a ligand
for the activated platelet membrane glycoprotein Ilb/llla complex. The
RGD peptide is chemically stable and easily conjugated to the lipid
surface layer, as it is composed of a small number of amino acids and
binds strongly to phospholipids via a thio-ether bond without the need
for complex chemical synthesis [14,15]. In contrast to antibodies,
peptides are generally smaller in size and simpler in structure, resulting
in less immunoreactivity [26,27]. Among the various types of RGD
peptides, we used an octapeptide (CGGGRGDF) in this study. The initial
C of this peptide was used for coupling and GGG served as an “arm” to
distance the active RGD binding site from thiol-coupling to maleimide
on the liposomal surface {17]. Moreover, this peptide has been reported
to be a potent inhibitor of platelet agglutination through the

o7 O Targeted BL
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0 2 4 6 8 10  min

Time after BL injection

Fig. 4. Representative time-intensity curves of thrombi video intensity immediately
before and after targeted and non-targeted BL injection measured using NIH image.
Targeted BL significantly increased the mean pixel gray-scale level of the thrombus
from 1 to 10 min after injection; however, no significant increases were observed after
non-targeted BL injection. BL: bubble liposomes.

glycoprotein IIb/llla receptor, and to be uniquely sensitive to the
activation state of this receptor, even after incorporation into liposomes
with polyethylene glycol modification [14,17].

The mean diameter of this targeted BL was 0.18 um. Theoretically, a
single BL of this size is out of the diagnostic range of conventional
ultrasound imaging. However, BL are apparently echogenic and are
clearly visualized with high echo-intensity using conventional ultra-
sound machines [11]. As shown in the scanning electron microscopic
section of this study, the targeted BL accumulated deep within the inner
portions of the thrombi, as well as on the surface. This may have been
due to the apparently smaller size of BL relative to the space between
fibrin nets, and could also explain the strong enhancement on ultrasonic
imaging both in vitro and in vivo. Non-targeted BL were unable to
enhance thrombus imaging, probably due to the insufficient amount of
BL passively retained around and within the thrombi required for
echogenicity.

Liposomes are usually considered nontoxic unless administered at
very high doses [28]. Liposomal drugs are already commercially
available and are safely used in humans [29-31]. Polyethylene glycol
is also considered nontoxic and is excreted unmetabolized in the urine
[32]. The RGD peptide is an octapeptide and is considered to be non-
toxic and non-immunogenic {26,27]. Perfluoropropane is an inert gas,
used as a constituent of commercially available echo contrast agents
such as Optison and Definity [33], and is exhaled from the lungs [34].
Therefore, this echo contrast agent is generally considered nontoxic,
although safety in humans remains to be demonstrated. Other potential
barriers for clinical use are related to the specificity of the RGD peptide.
This ligand is highly specific to activated platelet glycoprotein IIb/llla
receptor [14,17]. However, the specificity is limited and this ligand may
also bind to sites of angiogenesis, inflammation, osteoporosis and cancer
[35]. In contrast, the relatively high specificity of this ligand to activated
platelets may prevent the attachment of the targeted BL to organized
chronic thrombi, although this hypothesis was not examined in the
present experiment. Therefore, this agent may only enhance fresh
thrombi on imaging and may provide a unique opportunity to
distinguish fresh thrombi from old organized thrombi. Another
limitation of this study is that we did not use the harmonic imaging
technique, which is considered to improve ultrasound image quality,
particularly when used with echo contrast agents. With the use of
harmonic imaging, more distinct enhancement of thrombi can be
expected in larger animals or humans.
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In conclusion, perfluorocarbon gas-containing liposomal bubbles
with RGD peptides are a novel echo contrast agent that can markedly
enhance fresh thrombi on ultrasonic imaging in vitro and in vivo, and
may be useful for noninvasive diagnosis of acute thrombotic vessel
occlusion.
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