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treated within 4.5 h of onset, owing to the substantial risk
of intracranial hemorrhage [6-8].

To overcome the limitations of conventional fibrinolytic
therapy, the cavitational and non-cavitational effects of
ultrasound (USD) have been studied and tested in con-
junction with thrombolytic agents to facilitate thrombus
disruption [9-16]. Treatment without the use of a throm-
bolytic agent, but with the combination of echo contrast
microbubbles and USD, has been found to be effective
in vitro and in vivo. This has been theorized to be attrib-
utable to a lower cavitational threshold and enhanced
microstreaming phenomena when microbubbles in con-
junction with USD are used [17-23]. In vivo, transcutane-
ous USD in combination with microbubbles has been
reported to recanalize thrombotically occluded iliofemor-
al, coronary and ascending pharyngeal arteries [18,20-22],
reduce infarction size [23] and improve microvascular
recovery [20] in animal models, without significant side
effects. Clinical trials using transcutaneous USD with mi-
crobubbles in the setting of ischemic stroke have not been
conducted; instead, a combination of USD, microbubbles
and thrombolytic agents has been examined. This combi-
nation strategy improves recanalization rates and pre-
serves brain function as compared with USD and
thrombolytic agents without microbubbles [24-27]. How-
ever, an increased number of intracranial hemorrhages
has also been reported [27].

In order to non-invasively detect thrombus location, we
manufactured thrombus-targeted liposomal bubbles (bub-
ble liposomes [BLs]), which we also expected to enhance
ultrasonic clot disruption. These BLs may avoid the need
for invasive angiography to identify the thrombotically
occluded site prior to the application of therapeutic USD
in in vivo studies [18,20-22]. The BL was composed of
perfluorocarbon gas-containing nanosized liposomes with
Arg-Gly-Asp (RGD) sequence peptides on their surface
lipid layer, which attach glycoprotein IIb-Illa complex
on activated platelets and enhance the visualization of
fresh thrombus by conventional diagnostic ultrasound
examination [28]. We hypothesized that these thrombus-
targeted BLs could also enhance disruption with the use
of therapeutic external USD, and could be used to
develop a fully non-invasive diagnostic and therapeutic
system for the treatment of thrombotic vessel occlusion.
The aim of this study was to examine the enhancing effect
of the newly developed thrombus-targeted liposomal bub-
bles on ultrasonic disruption of the thrombus in vitro and
in vivo.

Materials and methods

Preparation of thrombus-targeted BLs

Liposome-based perfluorocarbon-containing BLs were
composed of 126 mg of 1,2-disteoyl-sn-glycero-phospho-
choline (Avanti, Alabaster, AL, USA), 51 mg of 1,2-

distearoyl-sn-glycero-3-phosphatidylethanolamine-m-poly-
ethylene glycol 2000 with maleimide (Avanti), 30 mg of
cholesterol (Sigma-Aldrich, Tokyo, Japan), CGGGRGDF
peptide (Operon Biotechnologies, Tokyo, Japan), and per-
fluoropropane gas (Takachiho, Tokyo, Japan). We previ-
ously reported the manufacture of these liposome-based
perfluorocarbon-containing BLs [28]. In brief, a mixture
of all reagents except for CGGGRGDF peptide and per-
fluoropropane gas 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, with a
probe-type 19.5-kHz ultrasound device at 550 W (XL-
2020 Sonicator; Misonix, Farmingdale, NY, USA), and
then evaporated at 65 °C with a rotary evaporating
system (Tokyo Rika, Tokyo, Japan). After the chemical
solvent had been completely removed, the size of lipo-
somes was adjusted to < 0.2 pym with extruding equip-
ment and a membrane filter (Northern Lipids,
Vancouver, Canada) with sizing filters. To the liposome
liquid, 1 mg of linear octapeptide with the sequence
CGGGRGDF (Operon Biotechnologies) was added, and
allowed to conjugate to the maleimide on the liposomal
surface via thio—ether covalent coupling at room tempera-
ture for 2 h. Gel filtration was then used to remove unre-
acted peptide fragments. The 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); this was followed by 20-kHz USD treatment
with a bath-type sonicating system (Model 3510; Bran-
son, Emerson, CT, USA) for 5 min to generate the
RGD-BLs [28]. Sterile filtration (0.45 um) was then per-
formed to remove the expanded and oversized BLs. Non-
targeted BLs were prepared with the same methods but
without the addition of RGD peptide. The amount of
perfluoropropane gas trapped in the BLs was estimated
to be ~ 10 pL mg‘1 lipid, and the diameter of each BL
was 180 £+ 44 nm as measured by dynamic laser light-
scattering measurements with an ELS-800 particle
analyzer (Otsuka Photonics, Tokyo, Japan).

Therapeutic USD system

For both in vitro and in vivo studies, two different USD
systems (low intensity or high intensity) were used. For
the low-intensity USD study, the Timi3 system was used
(Timi3 Systems, Santa Clara, CA, USA). This device con-
sisted of a low-frequency USD generator (maximum
intensity, 1.4 W cm™>2) and a transducer that delivered
27 kHz of USD at a pulse rate of 25 Hz (acoustic
pressure, 0.145 MPa; mechanical index, 1.4). For the
high-intensity study, the therapeutic USD system was
composed of a sine wave pulse generator (MG-422A,;
Anritsu, Tokyo, Japan), a radiofrequency power amplifier
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(2100L; ENI, Rochester, NY, USA), and a prototype pie-
zoelectric transducer (Fuji Ceramics, Shizuoka, Japan).
The transducer consisted of 10 PZT disks (thickness,
4 mm) tightly bonded together. It was operated in a con-
tinuous-wave mode at a frequency of 27 kHz (acoustic
pressure, 0.346 MPa; mechanical index, 3.2) and an inten-
sity of 4.0 W cm™2 as measured by the calorimetric
method [29].

Protocol for in vitro study on human thrombi

The following in vitro investigation conforms with the
principles outlined in the Declaration of Helsinki, and
the protocol was approved by the Fthical Committee of
the National Defense Medical College. In total, 60
thrombi were used in this in vitro study. For the prepara-
tion of each thrombus, 9 mL of whole blood was col-
lected 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 r.p.m. for 1 h. Targeted BLs or non-targeted BLs
(100 puL, 20 mg mL™! lipid concentration, ~ 1.1% v/v)
were added to the test tube 10 min after the initiation of
coagulation. The formed thrombus was washed with nor-
mal saline, cut into small pieces, weighed on an electronic
balance, and placed in a plastic test tube containing 2 mL
of human plasma. Before the therapeutic USD exposure,
attachment of the BLs on the clot was confirmed by con-
ventional USD imaging, as well as by scanning electron
microscopy [28]. The test tube was placed at 1 cm from
the therapeutic USD transducer in a bath filled with
degassed water. Thirty thrombi were exposed to low-
intensity USD: 10 without BLs as controls, 10 with non-
targeted BLs, and 10 with targeted BLs. Similarly, 30
thrombi were exposed to high-intensity USD: 10 without
BLs as controls, 10 with non-targeted BLs, and 10 with
targeted BLs. The water temperature was maintained at
37 °C. Each thrombus was exposed to low-intensity USD
(27 kHz, 1.4 W cm™2) or high-intensity USD (27 kHz,
40 W cm'z) for 5 min. After USD exposure, the clot
was weighed again. The thrombus weight reduction rate
([pre-treatment weight — post-treatment weight]/pre-treat-
ment weight x 100 [%]) was calculated as an index of the
thrombolytic effect.

In vivo study protocol in an acute thrombotic occlusion
model of a rabbit iliofemoral artery

The animal protocol was approved by the Animal Care
and Use Committee of the National Defense Medical
College, and conformed with the Guide for the Care and
Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication, 8th
Edition, 2011).

A total of 54 New Zealand white rabbits (~ 2.4 kg)
were used: 24 for the low-intensity USD study, 20 for the
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high-intensity USD study, and 10 for the fibrinolysis
study. Each rabbit was anesthetized with 50 mg of keta-
mine and 20 mg of xylazine injected intramuscularly, and
anesthesia ~ was  maintained  with  pentobarbital
(15 mg kg™") delivered via a marginal ear vein. The ade-
quacy of anesthesia was monitored by the loss of the ear
pinch reflex. Anesthetized rabbits were placed on a warm-
ing plate to maintain the body temperature at 37 °C.
Aseptic techniques were used for all surgical procedures.
A SFr sheath was inserted into the right carotid artery, a
balloon catheter was advanced to the right iliofemoral
artery, and the intima was injured by balloon inflation
and scratching. The balloon catheter was then pulled
back, a 0.014-inch guide wire was positioned at the
injured site, and electrical stimulation (3-V battery) was
applied between the guide wire and skin electrode
[18,21,28,30]. Thirty minutes later, the right iliofemoral
artery was thrombotically occluded, and the arterial
occlusion was confirmed by angiography. The thrombus
was also imaged with a 9-MHz linear transducer and a
conventional USD machine 1 min after BL injection
(UF-750XT; Fukuda Denshi, Tokyo, Japan) (frame rate,
24-30/s; mechanical index, 0.3) (Fig. 1).

To determine the thrombolytic effect of targeted BLs
and USD, we applied the low-intensity or high-intensity
USD transcutaneously over the site of the rabbit iliofe-
moral arterial thrombus in combination with an intrave-
nous injection of non-targeted BLs or targeted BLs. A
total of 44 New Zealand white rabbits with iliofemoral

Fig. 1. (A) Angiographic image of thrombotically occluded rabbit
iliac artery (black arrow) after balloon inflation and electrical (3-V
battery) stimulation. (B) In sonographic images, the targeted bubble
liposomes (BLs) accumulated on the thrombus (white arrows). (C,
D) After combination therapy with low-frequency ultrasound (USD)
and thrombus-targeted BLs, TIMI grade 3 flow was achieved (C),
and the high echogenic area within the iliac artery almost disap-
peared (white arrowheads) (D).
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arterial occlusions were divided into two groups: 24 for
low-intensity USD, and 20 for high-intensity USD. In
both groups, non-targeted BLs were intravenously admin-
istered in half (12 or 10, respectively) of the rabbits, and
targeted BLs were used in the other half (12 or 10, respec-
tively) of the rabbits.

Before the USD exposure, 200 IU kg™ heparin was
injected intravenously. Angiography was performed every
15 min for a total of 90 min, and the TIMI blood flow
grade was assessed [18,31]. Non-targeted or targeted BLs
(1 mL, ~1.1% v/v) were intravenously injected every
15 min after the angiography. Subsequently, transcutane-
ous USD was applied externally over the site of the
thrombus for 12 min. In the targeted BL and USD
group, thrombus location was also confirmed with a diag-
nostic USD machine (UF-750XT; Fukuda Denshi) and
with angiography (Fig. 1). BL injection and subsequent
USD exposure were repeated four times for a total of
60 min. The vessel was observed for acute thrombotic re-
occlusion for the next 30 min. The recanalization (TIMI
grade 3 flow) rate was calculated, and the reperfusion
time was measured only in cases in which reperfusion was
achieved. All of the angiographic assessments represented
the consensus of two expert cardiologists (T.N. and B.T.)
blinded to group allocation.

In 10 New Zealand white rabbits with iliofemoral arte-
rial occlusions, 27 500 IU kg™! recombinant tissue plas-
minogen activator (rt-PA) (Monteplase, FEizai, Tokyo,
Japan) was intravenously administered within a period of
1 min immediately after intravenous injection of
200 IU kg™ heparin. Angiography was repeated every
15 min for a total of 90 min, and the TIMI blood flow
grade was assessed [18,31]. At the end of the experiment,
all rabbits were killed with an overdose of pentobarbital
(75 mg kg ') injected via a marginal ear vein.

Statistical analysis

Results are given as mean value + 1 standard deviation.
In the in vitro study, clot weight reduction rates were
compared by use of ANovA. In vivo, the reperfusion rates
were compared by use of a 2 x 2 or a 2 x 3 chi-square
test, and the reperfusion times among the three groups
were compared by use of the Kruskal-Wallis test. A
P-value of < 0.05 was considered to be statistically signifi-
cant.

Results

In vitro study

The clot weight reduction rate achieved with low-intensity
USD with targeted BLs was significantly higher than that
with the non-targeted BLs and in the controls without
BLs (25% £ 11% vs. 14% =+ 9% and 9% =+ 3%, respec-
tively; P < 0.01). Non-targeted BLs gave no significant

enhancement of clot weight reduction (Fig. 2). Similarly,
the clot weight reduction rate achieved with high-intensity
USD in combination with targeted BLs was significantly
higher than that with non-targeted BLs and in the con-
trols (65% =+ 21% vs. 21% £ 9% and 21% + 14%,
respectively; P < 0.01). No significant enhancement of
clot weight reduction was observed when non-targeted-
BLs were used.

On comparison of the effects of low-intensity USD and
high-intensity USD, the clot weight reduction rate was
significantly higher in the high-intensity USD group than
in the low-intensity USD group when USD was applied
without BLs (21% 4 9% vs. 9% =+ 3%) and with tar-
geted BLs (65% =+ 21% vs. 25% £ 11%).

In both groups, echo signal enhancement of all thrombi
by targeted BLs declined to control and non-targeted BL
levels after USD exposure.

In vivo low-intensity USD study

Rabbit iliofemoral arterial thrombus was clearly recog-
nized with a conventional USD system with the targeted
BLs, and also confirmed by angiography (Fig. 1). The
Doppler signal enhancement of the iliofemoral arterial
flow by both targeted and non-targeted BLs was observed
even at 12 min after therapeutic USD irradiation. TIMI
grade 3 flow was achieved in eight of 12 rabbits (67%)
with targeted BL and USD exposure; however, TIMI
grade 3 flow was achieved in only one of 12 rabbits (8%)
in the non-targeted BL and USD group (Table 1; Fig. 3).
These differences were statistically significant (targeted
BLs, 67%; non-targeted BLs, 8%; P = 0.003). The time
to reperfusion was ~ 40 min in the group with targeted
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Fig. 2. The in vitro thrombus weight reduction rate ([pre-treatment
weight — post-treatment weight]/pre-treatment weight x 100 [%])
obtained with low-frequency ultrasound (USD): high-intensity USD
exposure for 5 min with the targeted bubble liposomes (BLs), with
the non-targeted BLs, or without BLs (P < 0.01, n = 10, ANova);
low-intensity USD exposure for 10 min with the targeted BLs, with
the non-targeted BLs, or without BLs (P < 0.01, n = 10, ANOVA).
The clot weight reduction rate increased with therapeutic USD with
targeted BLs in each intensity study. NS, not significant.
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BL and USD exposure (Table 1). There were three cases
of blood flow reduction (TIMI grade 3 to 2) during the
observation period in the targeted BL group (Fig. 3).

In vivo high-intensity USD study and fibrinolysis study

After exposure to low-frequency high-intensity transcuta-
neous USD, TIMI grade 3 flow was achieved in nine of
10 rabbits (90%) with targeted BLs. On the other hand,
recanalization was achived in only two of 10 rabbits
(20%) with USD and non-targeted BLs, and four of 10
arteries (40%) were recanalized with rt-PA monotherapy
(Table 2; Fig. 4). These differences were statistically sig-
nificant (targeted BLs, 90%; non-targeted BLs, 20%; rt-
PA, 40%; P = 0.004). Moreover, the average reperfusion
time for rabbits to achieve TIMI grade 3 flow was signifi-
cantly shorter for those cases with high-intensity USD
thrombolysis with targeted BLs than for those with high-
intensity USD with non-targeted BLs or for those with

Table 1 Frequency of TIMI grade 3 flow (A) and time to each TIMI
grade 3 flow (B) achieved with a combination of transcutaneous
low-intensity ultrasound (USD) and targeted bubble liposomes (BLs)
or non-targeted BLs

Targeted Non-targeted

BLs + USD BLs + USD P-value
A
Frequency, no. (%) 8/12 (67) 1/12 (8) 0.003
(05)]
Mean time (min) 43.1 £ 20.3 60.0 £ 0 NA
NA, not applicable.
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ordinary thrombolysis with rt-PA (targeted BLs,
16.7 £+ 5.0 min; non-targeted BLs, 60.0 + 0 min; rt-PA,
413 &+ 144 min; P = 0.007; n=10) (Table 2). There
were no cases of acute reocclusion, and all recanalized
arteries maintained TIMI grade 3 flow, whereas two cases
of acute reocclusion occurred during the procedure and
the observation period in the non-targeted BL group
(Fig. 4).

Discussion

This study demonstrated significant enhancement of ultra-
sonic thrombus disruption by the thrombus-targeted BLs
and external low-frequency USD system in vitro and
in vivo, and the possibility of a completely non-invasive
treatment that combines the identification of thrombus
position with rapid clot disruption. This study validates
the use of the low-frequency USD system with targeted
BLs for rapid, effective and comprehensive thrombolytic
treatment. The combination of USD and targeted BLs
played a primary role in this study in both the diagnosis
and treatment of thrombotic vascular occlusions.

In many of the previous studies dealing with ir vivo
USD clot disruption and using microbubbles to reinforce
the USD energy, invasive angiography was used to iden-
tify the precise location of the thrombus, and to guide the
manipulation of the therapeutic USD probe [9,10,18,21].
Otherwise, transcranial Doppler was used to monitor
deteriorated blood flow, or a large transducer was used to
cover the area of vessel occlusion [25-27,32]. Recently, we
developed thrombus-targeted liposomal bubbles for USD
imaging of fresh thrombus. This in vitro and in vivo
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Fig. 3. Schematic presentation showing TIMI flow grades of the arteries treated with low-intensity ultrasound (USD) with non-targeted bubble
liposomes (BLs) and targeted BLs. TIMI grade 3 flow was achieved in 67% of arteries with targeted BLs and in only 8% of arteries with non-

targeted BLs (P = 0.003, 2 x 2 chi-square test).
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study showed that the USD image of thrombus could be
identified at a glance with a conventional diagnostic USD
machine with the targeted BLs, as also found in our pre-
vious study [28]. This enhanced thrombus imaging facili-
tated successful USD thrombolysis without invasive
angiography.

The targeted BLs significantly enhanced ultrasonic clot
disruption in vitro and in vivo when used with both low-
intensity and high-intensity USD. In particular, with
high-intensity USD exposure with targeted BLs in vivo,
arterial recanalization was achieved in 90% of acute
thrombotically occluded rabbit iliofemoral arteries within
20 min from the beginning of the diagnostic procedure.
This speed of treatment potentially surpasses that of the
PCI procedures, which, on average, require at least
90 min to achieve reperfusion from arrival at the hospital

Table 2 Frequency of TIMI grade 3 flow (A) and time to each TIMI
grade 3 flow (B) achieved with a combination of transcutaneous
high-intensity ultrasound (USD) and targeted bubble liposomes
(BLs) or non-targeted BLs, or recombinant tissue-type plasminogen
activator (rt-PA) alone

Targeted Non-targeted
BLs + USD BLs + USD rt-PA P-value
(A)
Frequency, 9/10 (90) 2/10 (20) 4/10 (40) 0.004
no. (%)
(B) :
Mean time  16.7 &+ 5.0 60.0 = 0 413 + 144  0.007
(min)

Il o /N

[3]. This rapid and non-invasive therapy shows promise in
acute cardiovascular medicine, as diagnostic and thera-
peutic USD equipment is compact in size, inexpensive,
and does not require dedicated laboratory space and spe-
cialized PCI staff.

These results were equivalent to those of the sono-
thrombolysis study by Culp er al., in which a combina-~
tion of 2-MHz USD and eptifibatide-tagged microbubbles
opened acute intracranial thrombotic occlusions in six of
eight pigs without the use of a thrombolytic agent [22].
Recently, Alonso et al. reported that diagnostic 2-MHz
USD in combination with abciximab immunobubbles
induced thrombolysis (increased plasma D-dimer levels)
without lytic agents in rats [33]. However, the arterial
recanalization was not assessed, as a partial thrombotic
occlusion model of the rat carotid artery was used. Xie
et al. also reported that diagnostic USD (1.5 MHz) treat-
ment with platelet-targeted microbubbles in combination
with half-dose recombinant prourokinase gave a 53%
coronary arterial recanalization rate at 30 min in pigs
[20]. These studies demonstrate that clinically used diag-
nostic USD frequencies can be applied to thrombus disso-
lution with thrombus-targeted microbubbles. However,
their thrombolytic effect was relatively limited, except for
the intracranial model [22], presumably because the cavi-
tational energy generated by high-frequency USD (MHz)
and microbubbles was relatively low in the absence of a
closed space such as a skull, where USD energy could be
enhanced by standing wave formation [34]. To overcome
this limitation, we used low-frequency (kHz) USD as a
therapeutic device to achieve a higher recanalization rate.
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Fig. 4. Schematic presentation showing TIMI flow grades of the arteries treated with recombinant tissue-type plasminogen activator (rt-PA)
alone, with high-intensity ultrasound (USD) with non-targeted bubble liposomes (BLs), and with high-intensity USD with targeted BLs. TIMI
grade 3 flow was achieved in 90% of arteries treated with USD with targeted BLs, in only 20% of arteries treated with USD with non-targeted
BLs, and in 40% of arteries treated with rt-PA monotherapy (P = 0.02, 2 x 3 chi-square test).

© 2013 International Society on Thrombosis and Haemostasis



Low-frequency USD is advantageous, because it pene-
trates deeper into tissue and has less thermal effect than
high-frequency USD [35]. Low-frequency USD has been
reported to recanalize canine iliofemoral and coronary
arteries without tissue damage [9,10,21,36], and has been
safely applied in combination with thrombolytic agent in
humans with STEMI [13], with a USD intensity as low as
that used in our low-intensity USD study. However, there
are still safety concerns regarding the application of high-
intensity, low-frequency USD with microbubbles, and
these should be clarified in a future study.

Nano-sized BLs could have some potential disadvan-
tages. It is assumed that BLs release less energy than
larger microbubbles when they collapse. In fact, the non-
targeted BLs showed negligible enhancement of USD clot
disruption in vitro. Moreover, only 8-20% cases of
thrombosed rabbit iliofemoral arteries recanalized in vivo
with non-targeted BLs. Theoretically, each BL itself is
too small to reflect USD waves with the frequency used
in this study. However, we previously demonstrated that
the targeted BLs are highly concentrated around and
within the thrombus, by using scanning electron micros-
copy, and that they markedly enhance ultrasonic throm-
bus imaging [28]. Consequently, as shown in this in vitro
and in vivo study, we found marked enhancement of the
thrombolytic effect by attaching the thrombus-targeting
ligands on the same BL structure. The small size of the
BLs, with a mean diameter of 180 nm, could also have
some advantageous effects. A BL size of <l pm ensures
both a long in vivo circulation time and deep penetration
into thrombi. The longer the circulation time, the more
opportunity the targeted BL has to attach to the activated
thrombus. Deep penetration into thrombi through the
fibrin network allows for greater accumulation of targeted
BLs within thrombi. These two features of small BLs
were favorable, when USD energy was applied, for
disruption and reduction of the culprit thrombus.

Liposomes are usually considered to be non-toxic,
unless they are administered at very high doses [37]. Poly-
ethylene glycol is also considered to be non-toxic, and is
excreted unmetabolized in the urine [38]. The RGD pep-
tide is an octapeptide, and is considered to be non-toxic
and non-immunogenic [39,40]. Perfluoropropane is an
inert gas, used as a constituent of commercially available
echo contrast agents such as Optison and Definity [41],
and is exhaled from the lungs [42]. Therefore, this echo
contrast agent is generally considered to be non-toxic,
although safety in humans remains to be demonstrated.

In a clinical setting, lower-intensity USD has some
advantages over high-intensity USD in terms of safety.
However, low-intensity USD exposure with targeted BLs
achieved only a modest thrombolytic effect in this study.
When low-intensity USD is used, an alternative approach
is mnecessary to enhance the resonance phenomenon
caused by the interaction between USD and the BLs. As
the RGD peptide is not an ideal targeting ligand, because
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of its broad cross-reactivity with a number of integrins,
one possible option is to achieve a higher concentration
of the BLs on the thrombus by using a more effective tar-
geting ligand. The other option is to use larger BLs,
which generate a higher amount of cavitational energy
during collapse. However, the BLs should be small
enough to penetrate into the thrombus. Therefore, the
most effective size of BLs remains to be determined.
Another option is to combine targeted BL-enhanced
USD thrombolysis with conventional fibrinolytic therapy.
The dose of the fibrinolytic agent, such as tissue-type
plasminogen activator, could be reduced with this strat-
egy. Further study is needed to elucidate this issue.

The targeted BLs enhance imaging of the culprit
thrombus and enable manipulation of the therapeutic
USD probe, targeting and directing it towards the culprit
thrombus. Furthermore, the combination treatment with
targeted BLs and high-intensity, low-frequency USD
achieved a 90% recanalization rate, which is markedly
higher than that with rt-PA monotherapy. This method
has the potential to be a reperfusion strategy that could
be more rapid than any other method, including PCI.
The absence of acute reocclusion with this therapeutic
approach might be attributable to minimal mural throm-
bus being left in the culprit lesion. Further study is
needed to identify the most suitable targeting ligand and
BL size for generating the maximum thrombus disruption
and achieving the most effective thrombolysis with low-
intensity USD.

Limitations

There are some technical limitations regarding thrombus
formation in both the in vitro study and the in vivo study.
We prepared all in vitro clots from the blood of a single
individual, to examine the effects of USD and targeted
BLs on clots with homogeneous lytic activities. However,
this could simultaneously be a limitation of this study,
because individual lytic response can differ as a function
of the different levels of inhibitory enzymes and/or vary-
ing concentrations of plasminogen. Moreover, in vivo
hyperacute thrombi could be more fragile than those in
clinical culprit lesions.

Reocclusion of the culprit artery was not observed after
successful recanalization with low-frequency USD and tar-
geted BLs. However, the observation period after recanali-
zation in this study might not be long enough to exclude
the possibility of reocclusion, which may occur later. There
are some safety limitations. It is known from the simula-
tion study of intracranial sonothrombolysis [34] that USD
sometimes causes standing wave formation and unneces-
sary acoustic cavitation, especially in brain tissue, even
outside the targeted clot. Regarding the coronary and
peripheral arteries, low-frequency, high-intensity USD
energy can be delivered transcutaneously for clot disrup-
tion without concomitant tissue damage in animal models,
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especially when coupled with the use of a cooling system
to prevent thermal injury [9,10,21,36]. However, low-fre-
quency USD could cause unexpected non-linear cavita-
tional effects, and its safety has to be clarified in
combination with microbubbles before clinical application.

Conclusions

Perfluorocarbon gas-containing liposomal nanobubbles
with activated thrombus-targeting RGD peptides devel-
oped for USD thrombus imaging are novel echo contrast
agents that can markedly enhance USD thrombolysis
both in vitro and in vivo. The combination of USD and
thrombus-targeted BLs could be used as an effective and
completely non-invasive recanalization therapy that does
not require angiography to detect acute thrombotic vessel
occlusion or therapeutic thrombus dissolution.
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methods are focused on safer alternatives in gene therapy to
viral vectors. Among nonviral physical delivery methods,"™ it
has been shown that ultrasound (US) exposure enhances the
efficiency of drug or gene delivery into tissues and cells, a tech-
nique known as sonoporation.’ It is believed that this effect
transiently increases the permeability of cell membranes
around by US cavitation activity, enabling the transport of
extracellular molecules into viable cells.>*® Microbubbles can
act as contrast agents for US imaging by enabling visualization
of disease site and enhancing the delivery efficiency of drugs or
genes by cavitation as a result of US exposure while reducing
cellular damage.”™'> Conventional microbubbles containing US
echo-contrast gases are commercially available.'®!” However,
these microbubbles exhibit problems with size, stability, and
targeting function. Liposomes—useful carriers of drugs, anti-
gens, and genes—can easily be prepared in a variety of sizes
and modified to add a targeting function.'"®?* Therefore, we
assumed that polyethylene glycol-modified liposomes contain-
ing the US imaging gas (perfluoropropane gas) could be novel
gene delivery carriers. We have previously developed novel lip-
osomal bubbles, “Bubble liposomes” (BLs), which could solve
the problems faced with microbubbles and which could feasi-
bly be used for delivering genes in vitro and in vivo.'”?*®

There is currently a need for imaging angiogenesis both for
diagnostic purposes and for assessing therapeutic effects. Tar-
geted contrast US provides an opportunity when moieties such
as peptides or monoclonal antibodies that bind to the endothe-
lial cell surface are utilized to image angiogenesis.

Many types of peptides have been reported that specifically
bind to tumor angiogenic endothelium, including the AG73 pep-
tide, which is considered a ligand for syndecan.”*** Moreover,
syndecan-2 is highly expressed in neovascular vessels.>?® We
hypothesized that BLs targeted via linkage with AG73 would spe-
cifically adhere to the tumor angiogenic endothelium, and this
selective adhesion would allow us to detect tumor angiogenesis
ultrasonically. We have recently succeeded in developing AG73-
modified BLs (AG73-BL) as a targeted US contrast agent.”” If the
AG73-BL is used for gene delivery in combination with US expo-
sure, efficient cavitation may be induced at the surface of the tar-
get cells, leading to the delivery of extracellular pDNA into the
cytosol. However, it is unknown whether a gene delivery system
with the combination of AG73-BL and US exposure will be an
effective method. Herein, we assessed the gene delivery ability of
AG73-BL to HUVEC as a component cell of blood vessels.

MATERIALS AND METHODS

Materials
Dipalmitoylphosphatidylcholine (DPPC), 1,2-distearoylphosphatidyle-
thanolamine-methoxy-polyethyleneglycol (DSPE-PEG,g00-OMe), and
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1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-polyethylenegly-
col-maleimide (DSPE-PEG;qpp-Mal) were purchased from NOF Cor-
poration (Tokyo, Japan). An Endothelial Cell Growth Medium Kit was
purchased from Cell Applications, Inc. (San Diego, CA). All other
materials were used without further purification.

Preparation of Liposomes and BLs

To prepare liposomes for the BLs, DPPC and DSPE-PEG,g00-OMe
were mixed at a molar ratio of 94:6. The liposomes were prepared by
a reverse-phase evaporation method, as described previously.?>* In
brief, all the reagents were dissolved in 1:1 (v/v) chloroform/diisopro-
pylether. Phosphate-buffered saline was added to the lipid solution,
and the mixture was sonicated and then evaporated at 47°C. The or-
ganic 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 ple, UK). After being sized, the liposomes were passed
through a sterile 0.45-um syringe filter (Asahi Technoglass, Chiba, Ja-
pan) for sterilization. For the fluorescent labeling of the lipid mem-
brane,1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine  perchlo-
rate (Dil: 0.1 or 1 mol% of total lipids) was added. The lipid
concentration was measured using the Phospholipid C test (Wako
Pure Chemical Industries, Osaka, Japan). BLs were prepared from lip-
osomes and perfluoropropane gas (Takachiho Chemical, Tokyo,
Japan). First, 5 mL sterilized vials containing 2 mL of a liposome sus-
pension (lipid concentration: 1 mg/mL) were filled with perfluoropro-
pane gas, capped, and pressurized with 7.5 mL of perfluoropropane
gas. The vials were placed in a bath-type sonicator (42 kHz, 100 W,
Bransonic 2510J-DTH, Branson Ultrasonics, Danbury, CT) for 5 min
to form BL. The mean size of the BLs were determined using the
light-scattering method with a zeta potential/particle sizer (Nicomp
380ZLS, Santa Barbara, CA). As shown in previous report, it was
confirmed that the mean particle diameter of BLs ranged from 400 to
600 nm with a relatively narrow distribution after the encapsulation
of the gas.”’

Preparation of AG73 Peptide-Modified Liposomes
and BLs

The Cys-AG73 peptide (CGG-RKRLQVQLSIRT) and a scrambled
Cys-AG73T control peptide (CGG-LQQRRSVLRTKI) were synthe-
sized 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 chromatogra-
phy. The peptides were confirmed by an electrospray ionization mass
spectrometer at the Central Analysis Center, Tokyo University of Phar-
macy and Life Sciences. Liposomes composed of DPPC, DSPE-
PEG,000-OMe, and DSPE-PEG,ggy-Mal at a molar ratio of 94:5.8:0.2
were prepared by a reverse-phase evaporation method. For the prepa-
ration of AG73 peptide-modified liposomes, adequate amounts of
AG73 peptide were added to the liposomes and gently mixed, as
described previously.”” Briefly, for coupling, AG73 peptide at a molar
ratio of fivefold DSPE-PEG,gp-Mal was added to the liposomes in
the presence of tris(2-carboxyethyl)phosphine hydrochloride, 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
through a thioether bond. The resulting AG73 peptide-conjugated
liposomes (AG73-liposomes) were dialyzed to remove any excess
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peptide. The AG73-liposomes were modified with 6 mol% PEG and
0.2 mol% peptides. AG73 peptide-modified BLs (AG73-BL) were pre-
pared from liposomes and perfluoropropane gas. The conjugation of
AG73 to PEG liposomes has been confirmed by reverse-phase high-
performance liquid chromatography (HPLC) analysis as shown in our
previous report.”® Results showed that Cys-AG73 peptide could be
completely conjugated to DSPE-PEG2000-Mal. The average number
of the peptides per BL was approximately 30 peptide molecules based
on the calculation by using the above values and the assumption that
the molecular weight of peptide is 2000; the average number of phos-
pholipid molecules per liposome was estimated by the method of
Enoch and Strittmatter.”

Cell Lines

Human umbilical vein endothelial cells (HUVECs) were purchased
from Cell Applications and cultured using an Endothelial Cell Growth
Medium Kit. All experiments were performed using HUVECs
between passage 5 and 9.

Microscopic Analyses

The day before transfection, HUVEC (3 X 10* cells/well) were seeded
in the wells of a 48-well plate (Asahi Technoglass, Chiba, Japan) and
incubated for 18 h at 37°C in 5% CO,. Thirty micrograms of AG73-
BL was mixed with the culture medium and added to the cells. The
plates were sealed with sterile tape and inverted for 5 min. The images
of the cells bound with the BL, AG73-BL, or AG73T-BL were ran-
domly captured with a microscope (Axiovert 200 M, Carl Zeiss) at
100X magnification. Total number of bound bubbles per cell
(n = 300 cells per each treatment) in four images was counted. Num-
ber of each bubbles binding to one HUVEC are averaged.

Plasmid DNA

The plasmid pcDNA3-Lug, derived from pGL3-basic (Promega, Mad-
ison, WI), is an expression vector encoding the firefly luciferase gene
under the control of a cytomegalovirus promoter.

Transfection of pDNA Using BL, AG73-BL, or
AG73T-BL

The day before transfection, HUVEC (3 X 10* cells/well) were seeded
in the wells of a 48-well plate (Asahi Technoglass, Chiba, Japan) and
incubated for 18 h at 37°C in 5% CO,. Ten to thirty micrograms of
BL, AG73-BL, or AG73T-BL and 14 ug of pDNA were mixed with the
culture medium and added to the cells. The plates were sealed with
sterile tape and inverted for 5 min. After the interaction between each
type of BL and the cells, the tape was removed and the cells were im-
mediately exposed to US (frequency, 2 MHz; duty, 50%; burst rate,
2.0 Hz; intensity, 0.1 W/cm?®) for 10 s through a 6-mm-diameter
probe placed in the well. A Sonopore 3000 sonicator (NEPA GENE,
Chiba, Japan) was used to generate the US. The cells were washed
twice with culture medium and cultured for 2 days. For the measure-
ment of luciferase expression, cell lysate was prepared with a lysis
buffer (0.1M Tris-HCl (pH 7.8), 0.1% Triton X-100, and 2 mM
EDTA). Luciferase activity was measured using a luciferase assay sys-
tem (Promega, Madison, WI) and a luminometer (LB96V, Belthold
Japan, Tokyo, Japan). The activity is indicated as relative light units
(RLUs) per mg of protein.

Cytotoxicity of BL, AG73-BL, or AG73T-BL and US to
HUVEC

One day after transfection as described above, cell viability was assayed
using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Briefly,
WST-8 (10 L) was added to each well and the cells were incubated at
37°C for 2 h. The formazan product was dissolved in 10 L of HCl
(0.1M) to stop the reaction. The color intensity was measured using a
microplate reader at test and reference wavelengths of 450 and
650 nm, respectively.

Statistical Analyses

All data are shown as mean = SD (n = 4). The data were consid-
ered significant when P < 0.05. The #test was used to calculate statisti-
cal significance.

RESULTS AND DISCUSSION

Adhesion of AG73 Peptide-Modified Bubble
Liposomes (AG73-BL) to HUVECs

As shown in Figure 1, if BLs modified with a targeting ligand
are prepared and used for gene delivery in combination with
US exposure, after the binding of the BL onto the target cell
and exposure to US, it is possible that efficient cavitation will
occur just above the target cell membrane, leading to efficient
gene delivery into the target cell. Indeed, we observed that gene
delivery could be significantly enhanced when culture plate
with adherence cell lines (HUVEC or COS7 cells) were mixed
with the solution of BLs and pDNA, inverted for several
minutes, and exposed to US (data not shown). In this situa-
tion, it is possible that BLs can be easily accessible to the sur-
face of cell membrane because of the floating character of
itself. Therefore, these results may suggest that destruction and
cavitation of BLs by US exposure occur on the surface of cell
membrane, leading to more efficient gene delivery.

More recently, we have developed AG73 peptide-modified
Bubble liposomes (AG73-BL) as neovascular-targeting BLs to
enhance the contrast image.”” Therefore, we assumed that
AG73-BL in combination with US exposure could induce cavi-
tation directly above the target cell membrane. Prior to the
transfection experiment using the AG73-BL, we first confirmed
the adhesion of AG73-BL to HUVECs as a component cell of
blood vessels in the culture plate. To confirm whether AG73-
BL actually bind to the surface of HUVEC:s in the culture plate,
AG73-BL was mixed with the culture medium and added to
the cells. The plates were deaerated with the mixture, sealed
with sterile tape, and inverted for 5 min to float and attach the
AG73-BL onto the cell membranes. Then, the cells were
observed under a microscope. As shown in Figure 2, we found
that AG73-BL could bind to the cells. In contrast, nonlabeled
BL (BL) or scrambled peptide-modified BLs (AG73T-BL) had
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FIGURE 1 Scheme of gene transfection with AG73-BLs exposed to US. If AG73 peptide-modified
BL, which can attach to the cell membrane of HUVECs, is used for gene delivery in combination
with US exposure, after binding the AG73-BL onto the cell membrane of the HUVECs and expos-
ing it to US, it may be possible for efficient cavitation to be induced on the target cell membrane,

405

leading to efficient gene delivery into the target cell.

very low affinity for binding to the cells. The AG73 peptide is
derived from laminin and serves as a ligand for syndecans,
which are highly expressed on HUVECs.>>*® The AG73 pep-
tide also binds to the heparan sulfate side chains of synde-
cans.*®! Therefore, these results suggested that AG73-BL
could effectively bind to HUVEC:s via the syndecan receptor.

Gene Transfection by the Combination of AG73-BL
and US Exposure

Using luciferase-expressing pDNA to assess the gene delivery
efficiency, we examined the gene delivery capacity of the
AG73-BL into the cells in the combination with US exposure.
As shown in Figure 3, highly efficient gene expression was
observed when the AG73-BL and US exposure were applied. In
contrast, lower gene expression was observed with the use of
BL or AG73T-BL. We found that the cavitation induction on
the cell surface by the combination of AG73-BL and US expo-
sure was important in achieving efficient gene delivery. The
cytotoxicity of the combination of AG73-BL and US exposure
was determined using the WST assay. However, cell viability
was more than 80% after each transfection (Figure 4). These
results suggest that the AG73-BL has stronger adherence to the
cells compared to BL or AG73T-BL, which lead to the induce-
ment of efficient cavitation on the cell membrane and the
delivery of plasmid DNA into the cells. In the case of systemic
gene delivery, transfection efficiency is decreased if the BL and
gene are not colocalized in blood vessels. Therefore, it is neces-
sary to control the biodistribution of both the BL and the
gene, and to consider the degradation of the gene by nuclease.

Biopolymers (Peptide Science)

To overcome these problems, we have developed plasmid DNA
and siRNA-loaded Bubble liposomes containing cationic lipids
that are capable of loading plasmid DNA or siRNA.**** We

AG73-BL

AG73T-BL
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FIGURE 2 Comparison of the cell attachment properties of BL,
AG73-BL, or AG73T-BL by microscopic analysis. BL, AG73-BL, or
AG73T-BL was added to each HUVEC culture. After 5 min of incu-
bation, each specimen was observed with bright field microscopy.
The binding bubbles to HUVEC are indicated by arrows. Magnifica-
tion: X100. The number of bubbles binding to one HUVEC is
measured. *P < 0.05 compared with AG73T-BL or BL.
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FIGURE 3 Gene transfection into HUVECs by AG73-BL and US
exposure. BL, AG73-BL, or AG73T-BL with or without pDNA
(CMV promoter/enhancer and luciferase gene containing plasmid
DNA) was added to each cultured HUVEC. After 5 min of incuba-
tion, US was applied (frequency, 2 MHz; duty, 50%; burst rate, 2
Hz; intensity, 0.1 W/cm?; time, 10 s). The cells were cultured for 48
h, and luciferase activity was determined. *P < 0.05 compared with
AG73T-BL or BL.

have also reported that newly developed AG73-BL can work as
an US imaging agent that targets tumor vessels and allows
imaging in in vivo studies.” Therefore, if AG73-BLs containing
cationic lipids are prepared, they could become an ideal US-re-
sponsive and neovasculature-selective gene delivery tool when
used in combination with US exposure and could lead to bene-
ficial clinical applications for cancer therapy.

Recently, the term theranostics has been defined as a com-
bined method of the modalities of diagnostic imaging and
therapy, which enables simultaneous diagnosis and delivery of
therapeutic drugs or genes.*> Therefore, if BLs with cationic
lipids are encapsulated with an echo-contrast gas, modified
with a targeting ligand, and loaded with a therapeutic gene, the
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FIGURE 4 Cytotoxicity of BL or AG73-BL with US exposure. BL
or AG73-BL was added to each cultured HUVEC. After 5 min of
incubation, US was applied (frequency, 2 MHz; duty, 50%; burst
rate, 2 Hz; intensity, 0.1 W/cm?; time, 10 s). The cytotoxicity 1 day
after transfection by the combination of AG73-BL and US exposure
was determined using the WST assay. All data represent the
mean = SD (n = 4).

combination with US may enable target-tissue specific US
imaging and gene therapy by the theranostic approach.

CONCLUSIONS

In this study, we showed that AG73-BL could stably and specif-
ically attach onto the surface of HUVECs via a ligand for syn-
decans. Furthermore, the gene delivery efficiency was higher
than that of control BL (nonlabeled BL or AG73T-BL), when
US exposure was applied after the attachment. These results
suggested that cavitation could be effectively induced by US ex-
posure to AG73-BL binding to the cell surface of HUVECs,
and the subsequent gene delivery into cells could be enhanced.
AG73-BL should be considered as a more feasible gene delivery
tool and an US contrast agents in vivo. Therefore, the combi-
nation of AG73-BL and US exposure may be useful for US
imaging and the delivery of pDNA or other nucleic acid mole-
cules to the neovasculature in tumors via systemic injection
and may be applicable to a less invasive diagnostic and thera-
peutic system.

We are grateful to Dr. Katsuro Tachibana (Department of Anat-
omy, School of Medicine, Fukuoka University) for technical
advice regarding the induction of cavitation with US and Mr.
Yasuhiko Hayakawa and Mr. Kosho Suzuki (NEPA GENE CO.,
LTD.) for technical advice regarding exposure to US.
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ARTICLE INFO ABSTRACT

Article history:

We have developed polyethyleneglycol (PEG)-modified liposomes (Bubble liposomes; BLs) that entrap
ultrasound (US) contrast gas, and we have reported that the combination of BLs and US exposure was an
effective tool for delivering pDNA and siRNA in vitro and in vivo. In this study, we prepared pDNA-loaded
BLs using three types of cationic lipids to enhance the US imaging effect and the transfection efficiency
via systemic injection. We investigated the US imaging abilities of these BLs, their protective effects on
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’;%";{’”:?5 pDNA from serum component, and their transfection effects in vitro and in vivo. As a result, we dem-
C:tiorficlgsgmes onstrated that the US imaging ability and transfection effect varied with lipid component and that p-BLs

containing DSDAP could be the most stable and effective tool the among three types of p-BLs. Indeed, in
ischemic muscle, p-BLs containing DSDAP could be detected using diagnostic US and could deliver bFGF-
expressing pDNA using therapeutic US, leading to the induction of angiogenic factors and the
improvement of blood flow. These results suggest that combining p-BLs with US exposure may be useful
for stable US imaging and efficient gene delivery and may lead to the establishment of a theranostic

Ultrasound imaging
Gene delivery

approach, which is a combination of disease diagnosis and therapy.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Various techniques using nanoparticles in combination with
light, sound, and electromagnetic fields are currently being devel-
oped for both therapeutic and diagnostic application [1-9]. The term
theranostic describes technology with concurrent and comple-
mentary diagnostic and therapeutic capabilities. Among all diag-
nostic imaging techniques, ultrasound (US) imaging has a unique
advantage because it is real-time, low-cost, safe, and easy to incor-
porate into portable devices. In fact, US is used widely in clinical
settings not only for diagnosis but also for therapy. With the use of
microbubbles as US contrast agents the sensitivity of US imaging has
been greatly improved. Furthermore, a combination of US and
microbubbles has been proposed as a less invasive and tissue-
specific method for gene delivery. This combination produces

* Corresponding author. Tel./fax: +-81 42 676 3183.
E-mail address: negishi@toyaku.ac.jp (Y. Negishi).

0142-9612/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biomaterials.2012.12.018

transient changes in the permeability of the cell membrane and al-
lows for the site-specific, intracellular delivery of molecules such as
dextran, pDNA, siRNA, and peptides both in vitro and in vivo [10—15].

Microbubbles hold significant potential for theranostic applica-
tions, given their propensity to be visualized in vivo with high sen-
sitivity, their ability to improve drug delivery across biologic
barriers, and the possibility of loading therapeutic molecules into or
onto their shell. However, microbubbles have room for improve-
ment in size, stability, and targeting function. To solve these issues,
we previously developed “Bubble liposomes” (BLs). These are PEG-
modified liposomes that contain echo-contrast gas, which can
function as a gene and siRNA delivery tool with US exposure in vitro
and in vivo [16—20]. Furthermore, to increase the efficiency of
nucleic acid delivery via systemic injection, we prepared pDNA-
loaded BLs (p-BLs) and siRNA-loaded BLs (si-BLs) using 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP), a cationic lipid
often used for gene delivery [21,22]. These types of BLs could
improve the stability of nucleic acids in the presence of serum so
that the effects of nucleic acid delivery can be observed.
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In this study, we attempted to develop p-BLs that have the po-
tential to be useful contrast agents and efficient delivery tools for
gene therapy. We examined the therapeutic effect of gene delivery
using the hindlimb ischemia mouse model.

2. Materials and methods
2.1. Preparation of liposomes and BLs

To prepare liposomes for BLs that do not contain cationic lipid, 1,2-dipalmitoyl-sn-
glycero-phosphatidylcholine (DPPC) and 1,2-distearoylphosphatidylethanolamine-
methoxy-polyethylene glycol (PEGappo) were mixed at a molar ratio of 94:6. Both
lipids were purchased from NOF Corporation (Tokyo, Japan). For BLs containing cat-
ionic lipid, 1,2-stearoyl-3-trimethylammonjum-propane (DSTAP), 1,2-distearoyl-3-
dimethylammonium-propane (DSDAP), and dimethyldioctadecylammonium bro-
mide (DDAB) from Avanti Polar Lipids (Alabaster, AL} were used. Liposomes with
various lipid compositions were prepared using the reverse phase evaporation
method as described previously [19]. Briefly, DPPC, cationic lipid, and PEGaooo were
mixed at a molar ratio of 64:30:6 and dissolved in 1:1 (v/v) chloroform/diisopropy-
lether. HEPES-buffered saline (HBS: 150 mm NaCl, 10 mm HEPES, pH 7.0) was added to
the lipid solution, and the mixture was sonicated and then evaporated. The organic
solvent was completely removed, and the size of the liposomes was adjusted to less
than 200 nm using extruding equipment and a sizing filter (Nuclepore Track-Etch
Membrane, 200 nm pore size; Whatman plc, UK). After sizing, the liposomes were
filter-sterilized using a 0.45-pum syringe filter (Asahi Techno Glass Co., Chiba, Japan).

The liposome concentration was determined using a phosphorus assay. 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 sus-
pension (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 sonicator (42 kHz, 100 W, Bransonic 2510§-DTH; Branson Ultrasonics
Co., Danbury, CT) for 5 min to form BLs. The zeta potential and mean size of the BLs
were determined using a light scattering method with a zeta potential/particle sizer,
(Nicomp 380ZLS, Santa Barbara, CA). For preparation of BLs containing 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), we used phosphate-buffered saline (PBS)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-750] (PEG7s0) and DPPC, DOTAP, PEG2g00, and PEG7so were mixed at a molar
ratio of 79:15:2:4, as described previously [21].

2.2. Ultrasound imaging

Male ICR mice were anesthetized, and injected with a BL solution in HBS into the
tail vein. Examination of the heart or the ischemic hindlimb was performed using an
Aplio80 ultrasound diagnostic machine (Toshiba Medical Systems, Tokyo, Japan) and
a 12-MHz wideband transducer with contrast harmonic imaging at a mechanical
index of 0.27. The mean intensity at various time points after injection into the ROl
(region of interest) was quantified.

2.3. Cell lines and cultures

COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Kohjin Bio Co. Ltd., Tokyo, Japan), supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Equitech Bio Inc., Kerrville, TX), 100 units/mL penicillin, and
100 pg/mL streptomycin in a humidified atmosphere containing 5% CO at 37 °C.

24. Plasmid DNA (pDNA)

The plasmid pcDNA3-Luc, derived from pGL3-basic (Promega, Madison, WI), is
an expression vector encoding the firefly luciferase gene under the control of
a cytomegalovirus promoter. The plasmid pBLAST-hbFGF (InvivoGen Inc., San Diego,
CA) is an expression vector encoding the human bFGF gene controlled by an EF-1a
promoter. The plasmid pBLAST is used as an empty vector control. Fluorescein-
labeled pDNA (Label IT Plasmid Delivery Control) was purchased from Mirus
(Madison, WI).

2.5. Preparation of p-BLs

For the preparation of p-BLs, adequate amounts of pDNA were added to BLs and
gently mixed. To quantify the amount of pDNA loaded onto the BL surfaces, the BLs
were centrifuged at 2000 rpm for 1 min, and the unbound pDNA was removed as
previously reported [23]. The BL solution and aqueous solution containing unbound
pDNA were then boiled for 5 min to solubilize the BLs and prevent background
scattering. The optical density was measured at 260 nm using a spectrophotometer.

2.6. Stability of pDNA in the presence of serum

pDNA and p-BLs were incubated in 50% fetal bovine serum for 15—60 min.
Serum was used without heat inactivation. To remove lipids and serum proteins,

pDNA was extracted using a GenElute Mammalian Genome DNA Miniprep kit
(Sigma—Aldrich, St. Louis, MO, USA). pDNA stability was confirmed via 1% agarose
gel electrophoresis. The gel was stained with SYBR SAFE (Invitrogen Japan K.K.,
Tokyo, Japan) DNA stain and visualized under ultraviolet light.

2.7. Transfection of pDNA into cells using p-BLs and US

The day before transfection, 3 x 10* cells were seeded in the wells of a 48-well
plate (Asahi Techno Glass Co., Chiba, Japan). p-BLs (BLs 60 pg, pcDNA3-Luc 5 pg) in
culture medium containing 10% FBS were added to the cells. The cells were imme-
diately exposed to US (Frequency, 2 MHz; duty, 50%; burst rate, 2.0 Hz; intensity
2.0 W/cm?) for 10 s through a 6-mm diameter probe placed in the well. A Sonopore
3000 (NEPA GENE, Co., Ltd., Chiba, Japan) was used to generate the US. The cells were
washed twice with culture medium and cultured for two days. To measure luciferase
activity after transfection, cell lysate was prepared using a lysis buffer (0.1 m Tris—
HCl (pH 7.8), 0.1% Triton X-100, and 2 mm EDTA). Luciferase activity was measured
using a luciferase assay system (Promega, Madison, W1) and a luminometer (LB96V,
Belthold Japan Co., Ltd., Tokyo, Japan). The activity is reported as relative light units
(RLU) per mg of protein.

2.8. Hemolysis assay

Erythrocytes from mice were washed three times at 4 °C by centrifugation at
1000 rpm (Kubota 3700, Kubota, Tokyo, Japan) for 10 min and resuspended in PBS. A
5% stock suspension was prepared. Various BLs were added to the erythrocytes
(BLs:stock suspension = 1:1) and incubated for 4 h at 37 °C. After incubation, the
suspensions were centrifuged at 1000 rpm for 5 min, and supernatants were taken.
Hemolysis was quantified by measuring the absorbance of hemoglobin at a wave-
length of 540 nm., Lysis buffer was added to erythrocytes and used for the 100%
hemolysis sample.

2.9. Hindlimb ischemia model

The ischemic hindlimb model was performed in five-week-old male ICR mice, as
previously reported [24,25]. 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 side branches
were dissected and excised. The right hindlimb was kept intact to control the
original blood flow. 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).

2.10. Invivo luciferase gene delivery into the skeletal muscle of mice using BLs and US

Ten days after ligation of the femoral artery, a solution of 225 pL of p-BLs (BLs
200 pg, pcDNA3-Luc 50 pg) was injected into the tail vein, and the site of the
hindlimb ischemia was immediately exposed to US (Frequency: 1 MHz, Duty: 50%,
Burst rate: 2.0 Hz, Intensity: 1.0 W/cm?, Time: 2 min). A Sonitron 2000 (NEPA
GENE, Co., Ltd) was used as an ultrasound generator. Two days after transfection,
the mice were euthanized. The thigh muscle in the US-exposed area was collected
and homogenized in the lysis buffer. Luciferase activity was measured as described
above.

2.11. The therapeutic effects of bFGF gene delivery with BLs and US

Ten and twelve days after ligation of the femoral artery, a solution of 225 pL of p-
BLs (BLs 200 ug, pBLAST-hbFGF or pBLAST 50 ug) was injected into the tail vein, and
US exposure (Frequency: 1 MHz, Duty: 50%, Burst rate: 2.0 Hz, Intensity: 1.0 W/cm?,
Time: 2 min) was immediately applied at the site of hindlimb ischemia. A Sonitron
2000 (NEPA GENE, Co., Ltd) was used as an ultrasound generator. Blood flow was
measured several days after the second injection.

Four days after the second injection, the mice were euthanized, and the thigh
muscle in the US-exposed area was collected. Total RNA was extracted with RNAiso
Plus (Takara Bio Inc., Japan) according to the manufacturer’s instructions. Comple-
mentary DNA was synthesized from 1 ug total RNA in a 20 pL reaction using Prime
Script Reverse Transcriptase (Takara Bio Inc., Japan). Real-time RT-PCR was per-
formed using an ABI PRISM 7000 Sequence Detection System instrument and
software (Applied Biosystems Inc., Foster City, CA) with SYBR GreenER from Invi-
trogen. The primer sequences were previously described [21]. The amplification of
the 18S ribosomal RNA gene was used as a control for RNA integrity and for assay
normalization.

2.12. In vivo studies

Animal use and relevant experimental procedures were approved by the Tokyo
University of Pharmacy and Life Sciences Committee on the Care and Use of Labo-
ratory Animals. All experimental protocols for animal studies were in accordance
with the Principle of Laboratory Animal Care in Tokyo University of Pharmacy and
Life Sciences.
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2.13. Statistical analyses

All data are represented as the mean + SD (n = 3—6). Data were considered
significant when P < 0.05. A t-test or one-way ANOVA was used to calculate sta-
tistical significance.

3. Results

We initially investigated the efficacy of BLs containing cationic
lipids as US contrast agents. We performed US imaging of the heart
after injecting of BLs via the tail vein and assessed the intensity of
imaging effects. As shown in Fig. 1, all three types of BLs could
be used as US contrast agents and are more stable than the BLs
containing DOTAP that were previously reported [21,22). BLs con-
taining DSDAP were most effective of the three cationic lipids.

We examined the interaction of pDNA with each BL. As shown in
Fig. 2, 30—40% of pDNA was loaded by BLs. The size of all BL types
was 600—700 nm, and their zeta potential was almost neutral.
Furthermore, adding pDNA to BLs did not result in a significant
change in those physical properties (Table 1). We also investigated
the stability of pDNA in 50% serum. Fig. 3 shows an image of free
pDNA and p-BLs in the presence of serum for 15—60 min. The
high-mobility band in the non-incubated samples was attributed to
the most compact (supercoiled) form, whereas the other bands
were considered to contain the non-supercoiled content in the
plasmid preparation. The loss of the supercoil increased with lon-
ger incubation times; however, pDNA loaded onto BLs containing
cationic lipid was more stable than free pDNA. Previously, we
showed that p-BLs containing DOTAP could protect pDNA from
serum components [21]. The result, however, showed a loss of the
supercoiled conformation after incubation for 60 min, whereas the
protective effects of the three types of BLs shown in this study could
be observed even after incubation for 60 min.

To evaluate the ability of the BLs to induce cavitation which has
been proposed as a driving force for gene transfection, we trans-
fected pDNA into cells in vitro. Our results show that all BL types can
be used for transfection and that BLs containing DSDAP were the
most effective of the three cationic lipids (Fig. 4). We further
investigated the cytotoxicity of type of BL. Cytotoxicity was absent
after the transfection with p-BLs and US (data not shown). It has
been reported that cationic liposomes often cause the agglutination
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Fig. 2. Loading ratio of pDNA onto BLs. The ratio was calculated by measuring the
optical density of a solution of p-BLs containing pDNA (15 pg) and various BLs (60 yg)
after the removal of unbound pDNA via centrifugation.

of erythrocytes and high levels of hemolysis due to the interaction
of the lipid component with the erythrocyte membrane [26,27].
Therefore, we also assessed the interaction of each BL with eryth-
rocytes using an agglutination test and a hemolysis assay in vitro.
No agglutination was observed in any BL type (data not shown).
Furthermore, all BLs showed negligible hemolysis after a 4-hr in-
cubation (Fig. 5). These results suggest that BLs containing cationic
lipids have little effect on erythrocytes. )

To evaluate the usability of p-BLs as a pDNA delivery tool via
intravascular injection, we used the hindlimb ischemia mouse
model. Before in vivo transfection using p-BLs and US, we first
confirmed whether each p-BL was accessible to the ischemic hin-
dlimb using US diagnostic equipment. The delivery of each p-BL to
the ischemic hindlimb was observed and the signal intensity from
p-BLs containing DSDAP had largest increase (Fig. 6a, b). We then
transfected pDNA encoding the luciferase gene into the ischemic
hindlimb. As shown in Fig. 6¢, the combination of US and p-BLs
containing DSDAP was the most effective. We also examined the
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Fig. 1. (a) Ultrasonographic images of the heart using various BLs (1 mg/mL, 30 pL) containing cationic lipids 1-3 min after injection. Yellow circles show the region of interest (ROI).
(b) Mean intensity of the pixels within the ROI. (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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Table 1
Size and zeta potential of BLs or p-BLs.

Mean size (nm) Zeta potential (mV)

BLs p-BLs BLs p-BLs
Cation(—) 6365+ 840  655.6 +72.2 0.22 + 0.01 ~0.39 £ 0.11
DSTAP 742.0 + 85.6 906.9 + 82.7 —-0.36 £ 0.14 -1.81 £ 0.40
DSDAP 623.7 + 828  577.2+528 -017+037 -2.66+ 007
DDAB 700.8 +84.7 7387+975 061085 ~1.94 + 0.89

effects of transfection via US and p-BLs on the biochemical values
AST, ALT, ALP, and CK. AST and ALT were slightly increased in the
group treated with p-BLs containing DDAB; however, those values
returned to normal levels 48 h after the injection (data not shown).
Therefore, it was assumed that transfection with p-BLs and US had
little effect on liver function and muscle tissues. These results
suggest that p-BLs containing DSDAP were the most effective as
a US contrast agent and pDNA delivery tool compared to other BLs.

To determine the efficacy of the therapeutic effect, we trans-
fected pDNA encoding bFGF into the ischemic hindlimb using US
and p-BLs contained DSDAP. As a result, the mRNA levels of various
angiogenic factors significantly increased, and the blood flow rate
in the group treated with the bFGF gene also significantly improved
compared to the control group, which was treated with saline or
empty vector (Fig. 7). These results suggest that the combination of
p-BLs containing DSDAP and US exposure could be a useful tool as
a systemic gene delivery system and could be applicable to hin-
dlimb ischemia therapy.

4. Discussion

Recently, the integration of diagnostic imaging capability with
therapy is expected for clinical use, and theranostic agents have
received a great deal of research interest [3]. US imaging is one of
the most widespread diagnostic modalities used in clinics. More-
over, a combination of microbubbles and US has been proposed as
a less invasive and tissue-specific intracellular delivery for
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Fig. 4. Luciferase expression by cells transfected with pDNA using p-BLs and US.
Luciferase expression in COS-7 cells transfected with pDNA (5 pg) using p-BLs (60 ug)
and ultrasound (Frequency: 2 MHz, Duty: 50%, Burst rate: 2.0 Hz, Intensity: 2.0 W/fcm?,
Time: 10 s) at 2 days post-transfection. All data represent the mean & SD (n = 4).*
indicates P < 0.05 using a one-way ANOVA with Tukey’s post hoc test.

molecules such as dextran, pDNA, peptides, and siRNA both in vitro
and in vivo [10-15,28,29]. However, the accessibility of micro-
bubbles is restricted because of their size.

We previously developed nanosized pDNA-loaded BLs (p-BLs)
and siRNA-loaded BLs (si-BLs) using DOTAP and demonstrated that
the loading of nucleic acids onto BL improved the stability of the
nucleic acids, and the effects of nucleic acids delivery were
observed [21,22]. However, the gas retention ability of BLs con-
taining DOTAP was lower than that of conventional BLs, and there
remains room for improvement in their usability as a US contrast
agent. It is known that short-chain and unsaturated fatty acids
increase membrane fluidity [30]. DOTAP is unsaturated fatty acid
and is thought to destabilize the membrane of BLs. In fact, the
increased DOTAP content made it difficult to entrap the gas [22].

pDNA+BLs (cation-)

Incubation (min) 0 15 30

0 15 30

_60

super coiled pDNA
p-BLs (DSTAP) p-BLs (DSDAP) p-BLs (DDAB)
Incubation {min 0 15 30 60 15 30 60 0 15 30 60
super coiled pDNA

Fig. 3. Stability of pDNA in the presence of serum. Naked pDNA or p-BLs were subjected to 50% serum degradation at 37 °C for 15, 30, or 60 min and visualized via 1% agarose gel

electrophoresis.
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Fig. 5. Hemolysis test of BLs containing cationic lipids. Red blood cell suspensions
were incubated with BLs or buffer for 4 h at 37 °C.

We therefore expected that p-BLs using other saturated cationic
lipids would improve the stability of the liposomal membrane.
Indeed, the three types of BLs tested here were more effective as
a contrast agent compared to BLs containing DOTAP (Fig. 1). These
results suggested that changing of the cationic lipid led to mem-
brane stabilization and an improved gas retention ability.

The presence of nuclease in serum causes the degradation of
DNA, which results in a loss of supercoiled content and leads to
decreased transfection efficiency [31]. It has also been reported that
the retention of the pDNA-supercoiled structure results in high
transfection efficiency [32—34]. The proportion of pDNA loaded by
BLs containing cationic lipid was 30—40%; however, loading onto
the surface of BLs provided effective protection of pDNA against
serum (Figs. 2 and 3). In contrast, free pDNA in solution or the
mixture of pDNA and conventional BLs was not protected. More-
over, there were no significant changes in size and zeta potential
after adding pDNA. These data suggested that pDNA was bound to
the surface of BLs and that pDNA was protected by the fixed
aqueous layer formed with PEG. Unexpectedly, there was no sig-
nificant difference in the loading ratio and the pDNA protective
effect among three types of BLs, although the acid dissociation
constant (pKa) of DSDAP was low compared with that of DSTAP and
DDAB. Furthermore, conventional BLs not containing cationic lipids
also loaded small amounts of pDNA (data not shown). These results
suggest that pDNA can be loaded not only by electrostatic in-
teractions but also by the fixed aqueous layer formed with PEG. We
also speculate that the stability of the membrane has some effect on
the loading of pDNA. BLs with DSDAP might have a stable lipid
membrane and could thus be useful both for US imaging and
loading the pDNA.

The protective effects of the p-BLs tested here on pDNA were
more pronounced than those of p-BLs containing DOTAP, although
the pDNA loading ratios were roughly equivalent (data not shown).
The difference in the protective effects might be due not only to the
stability of membrane but also to the difference in cationic lipid
content. BLs with DSTAP, DSDAP, or DDAB might be able to load
pDNA more tightly than BLs with DOTAP. Therefore, the resistance
to nuclease could improve. To maintain the integrity of pDNA in
serum, pDNA should be stably held by BLs; however, US exposure
should induce the cavitation of p-BLs, causing the pDNA to be
released from the surface of BLs and transfected into cells. Prior to
transfection experiments in vivo, we investigated the effect of gene
delivery by p-BLs and US exposure in vitro. US exposure induced
cavitation in all BLs and effective gene expression was observed
(Fig. 4). Among them, the gene expression with p-BLs containing
DSDAP was the highest. The difference in gene delivery effects

Before After

Cation(-) DSTAP

DSDAP

160
140 | ‘ '
120 |
2
‘® 100 |
o e
2
£ 80Ff -
c
[5:4
Q
=

- cation(-) DSTAP DSDAP DDAB

BUS(-)OUS(+)

1.E+05

.E+04

Luciferase activity
(RLU/mg protein)

-

.E+03

1.E+02

cation(-)

DSTAP DSDAP DDAB

Fig. 6. (a) Ultrasonographic images of ischemic hindlimbs by various p-BLs (1 mg/mL,
200 pL) containing cationic lipids 30 s after injection. Yellow squares indicated the ROI.
(b) Mean intensity of the pixels within the ROL (c) Luciferase expression in ischemic
muscle transfected with pDNA (50 pg) using p-BLs (1 mg/mL, 200 puL) and ultrasound
(Frequency: 1 MHz, Duty: 50%, Burst rate: 2.0 Hz, Intensity: 1.0 W/cm?, Time: 2 min) at
2 days post-transfection. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

might be due to the gas retention ability, the hardness of liposomal
membrane, or the response to US. However, the stability of p-BLs
in vivo could be important for reaching a target site via systemic
injection.

We also examined whether p-BLs could be delivered to the
ischemic hindlimb via microvessels using a US imaging system. The
US echo signal was detected 5—10 s after the injection of p-BLs
(Fig. 6a, b). The US imaging data for each BL demonstrated



