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bstract

From the viewpoint of safety, non-viral vector systems represent an attractive gene delivery system for gene therapy. However, the transfection
fficiency of non-viral vectors in vivo is generally very low. Previously, it was reported that microbubbles, utilized as imaging agents for diagnostic
chocardiography, could promote gene delivery into cells when combined with ultrasound exposure. We therefore developed novel liposomal
ubbles (Bubble liposomes) containing the lipid nanobubbles of perfluoropropane which is used as ultrasound imaging agent. These Bubble
iposomes were smaller in diameter than conventional microbubbles and induced cavitation upon exposure to ultrasound. These results suggested

hat cavitation of these Bubble liposomes could be an efficient approach for delivering plasmid DNA into cells. In addition, in in vivo gene
elivery, the combination of Bubble liposomes and ultrasound provided more effective gene delivery than conventional lipofection methods,
urther suggesting that Bubble liposomes could be effective as a non-viral vector system in in vivo gene delivery. In this review, we discuss the
haracteristics of Bubble liposomes and their potential utility as a gene delivery tool in vitro and in vivo.

2007 Elsevier B.V. All rights reserved.
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. Introduction bility of the plasma membrane and reduces the thickness of the
Ultrasound has been successfully utilized in in vivo imaging,
estruction of renal calculus, and treatment of fibroids in the
terus. It has been reported that ultrasound increases the permea-
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nstirred layer at the cell surface, thus facilitating the entry of
NA into cells (Fechheimer et al., 1987; Miller et al., 1996).
he first studies investigating ultrasound for gene delivery used

requencies in the range of 20–50 kHz (Fechheimer et al., 1987;

oersbo and Brunstedt, 1990). However, these frequencies, along
ith cavitation, are also known to induce tissue damage if not
roperly controlled (Miller et al., 2002; Guzman et al., 2003;
ei et al., 2004). To address this problem, many gene deliv-
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Table 1
Examples of microbubbles (Lindner, 2004)

Microbubble Manufacturer Shell Gas Mean size

Albunex Molecular Biosystems Albumin Air 4.3 �m
Optison Mallinckrodt/Amersham Albumin Octafluoropropane 2–4.5 �m
Definity Bristol-Myers Squibb Medical Imaging Lipid/surfactant Octafluoropropane 1.1–3.3 �m
Imagent Imcor Lipid/surfactant N2/perfluorohexane vapor 6.0 �m
Sonovue Bracco Diagnostics Lipid Sulfur hexafluoride 2–3 �m
Levovist Schering AG Lipid/galactose Air 2–4 �m
Cardiosphere (BP127) Point Biomedical PLGA polymer/albumin Nitrogen 4 �m
AI-700 Acusphere PLGA polymer Perfluorocarbon 2.2 �m
Sonovist Schering AG Cyanoacrylate polymer Air
Sonazoid GE Healthcare Lipid (single layer) Perfluorocarbon 3 �m
B Lip
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ubble liposomes

LGA: polylactide-co-glycolide.

ry studies have been conducted using therapeutic ultrasound,
hich operates at frequencies of 1–3 MHz and at intensities of
.5–2.5 W/cm2 (Kim et al., 1996; Tata et al., 1997; Duvshani-
shet and Machluf, 2005). In addition, it has been reported that

he combination of therapeutic ultrasound and microbubble echo
ontrast agents enhances gene transfection efficiency (Greenleaf
t al., 1998; Shohet et al., 2000; Taniyama et al., 2002a,b; Li et
l., 2003; Chen et al., 2006; Sonoda et al., 2006; Suzuki et al.,
007a,b, in press). Using this approach, DNA is effectively and
irectly transferred into the cytosol. Conventional microbub-
les encapsulating ultrasound contrast agents, based on protein
icrospheres and sugar microbubbles, are commercially avail-

ble; the diameters of these bubbles are between 1 and 6 �m
Table 1) (Lindner, 2004). However, although the mean diame-
er of, for example, Optison microbubbles is about 2.0–4.5 �m,
ubbles of up to 32 �m in diameter are present in the prepa-
ation, suggesting that Optison is too large to reach peripheral
issues. Tsunoda et al. (2005) reported that several mice died
mmediately after i.v. injection of Optison, without ultrasound
xposure, due to lethal embolisms in vital organs. The same
roblem has not been reported in humans, but the possibility
xists that Optison cannot pass through capillary vessels. There-
ore, microbubbles should generally be smaller than red blood
ells, necessitating the development of novel bubbles which are
maller than conventional microbubbles.

Liposomes have several advantages as drug, antigen and gene
elivery carriers (Maruyama et al., 1990, 2004; Ishida et al.,
001; Harata et al., 2004; Yanagie et al., 2004; Hatakeyama et al.,
007; Kawamura et al., 2006; Yanagie et al., 2006). For exam-
le, their size can be easily controlled, and they can be modified
o incorporate a targeting function. Using liposome technol-
gy, it was expected that these novel bubbles would be smaller
han conventional microbubbles. Thus, we attempted to develop
ovel liposomal bubbles containing the ultrasound imaging gas,
erfluoropropane. And we have successfully developed liposo-
al bubbles in which the lipid nanobubbles of perfluoropropane
ith lipids derived from liposomes were encapsulated. We called
hese bubbles “Bubble liposomes”, and confirmed that Bubble
iposomes are smaller than Optison. In addition, 1 mg of Bubble
iposomes (in terms of lipid amount) injected into the tail veins
f mice did not result in any deaths, indicating that these novel

e
e
t
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id (bilayer) Perfluorocarbon 950 nm

iposomes might be safe for use in vivo. Moreover, we reported
hat Bubble liposomes could be used as a novel non-viral gene
elivery tool by combining the bubbles with ultrasound exposure
Suzuki et al., 2007a,b, in press). The present review focuses on
ene delivery systems utilizing Bubble liposomes in combina-
ion with ultrasound.

. Characteristics of Bubble liposomes

Bubble liposomes are polyethyleneglycol-modified lipo-
omes (PEG-liposomes) prepared by the reverse phase
vaporation method. PEG-liposomes were placed in vials super-
harged with perfluoropropane gas, then sonicated in a bath
onicator. The suspension of Bubble liposomes became cloudier
han the original liposome suspension (Fig. 1(a) and (b)).
bservation of both Bubble liposomes and Optison under a
icroscope equipped with a darklite illuminator (NEPA Gene
o. Ltd., Chiba, Japan) (Fig. 1(c) and (d)) showed that Bub-
le liposomes are smaller than Optison. The diameter of most
ubble liposomes is less than 2 �m, and the average diame-

er is about 950 nm (Suzuki et al., in press). In addition, we
onfirmed by means of transmission electron microscopy that
erfluoropropane gas was in fact trapped within the Bubble lipo-
omes (Fig. 1(e)). Interestingly, there were nanobubbles in the
ipid bilayer, suggesting that Bubble liposomes differ from con-
entional microbubbles, in which an echo gas is encased by a
ipid monolayer (Fig. 1(f)). Kodama et al. and Klibanov et al.
escribed microbubbles prepared from distearoylphospatidyl-
holine and PEG-stearate (Leong-Poi et al., 2003; Takahashi et
l., 2007). At the same time, perfluoropropane was entrapped
ithin lipid micelles composed of DSPC and DSPE-PEG (2k),

orming nanobubbles. These nanobubbles were encapsulated
ithin the reconstituted liposomes, which were approximately
�m in diameter rather than the 150–200 nm of the original

iposomes (Suzuki et al., in press). These Bubble liposomes
ere too large to use to passively target tumor tissues by the
nhanced permeability and retention (EPR) effect. However, we
xpected that Bubble liposomes could penetrate tissues deeper
han conventional microbubbles by means of blood circulating
n organs.
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Fig. 1. Structure of Bubble liposomes. PEG-liposomes (a) were sonicated with supercharged perfluoropropane gas, generating Bubble liposomes (b). Optison (c) and
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ubble liposomes (d) were observed with a microscope using a darklite illumin
howing the structure of Bubble liposomes.

To confirm the gas trapped in Bubble liposomes, we
bserved Bubble liposomes using ultrasound imaging (UF-
50XT, Fukuda Denshi Co Ltd., Tokyo, Japan) as shown in
ig. 2(a). Echo signals were apparently enhanced in Bubble lipo-
omes compared with conventional PEG-liposomes (Fig. 2(b)
nd (c)). Therefore, it is expected that Bubble liposomes can
e utilized as ultrasound imaging agents, and indeed we suc-
eeded in conducting echocardiography using Bubble liposomes
Suzuki et al., 2007b).

Conventional microbubbles can induce cavitation upon expo-
ure to ultrasound (Tachibana and Tachibana, 1995). Cavitation
upplies the energy required to deliver extracellular molecules
nto the cytosol (Taniyama et al., 2002a,b; Kinoshita and
ynynen, 2005a,b; Larina et al., 2005). We confirmed whether
ubble liposomes could induce cavitation by exposing Bub-
le liposomes to ultrasound generated using a Sonoporation
ene Transfection System (Sonopore, NEPA Gene Co. Ltd.,
hiba, Japan). After ultrasound exposure, the strength of the
ltrasound echo signals decreased markedly upon ultrasound
maging compared with Bubble liposomes not exposed to ultra-

ound (Fig. 2(d) and (e)). This result indicated that cavitation was
ffectively induced by the combination of Bubble liposomes and
ltrasound exposure, suggesting that Bubble liposomes could be
tilized as a gene delivery tool.

p
u
a
c

e) Transmission electron microscopy (TEM) of Bubble liposomes. (f) Scheme

. In vitro gene delivery with Bubble liposomes

Gene transfection by means of microbubbles has been previ-
usly reported (Taniyama et al., 2002a,b; Li et al., 2003; Chen
t al., 2006; Sonoda et al., 2006). Li et al. (2003) compared the
ene transfection efficiency of Albunex, Optison and Levovist
nto skeletal muscle cells and found that the efficiency of Optison
as the highest. In addition, Machluf et al. reported enhanced

ransfection efficiency into kidney cells using a combination of
ptison and ultrasound (Duvshani-Eshet et al., 2006). Under

hese conditions, cell surfaces became rougher, and showed
epressions with diameters of 100–300 nm. Also using Optison
n combination with ultrasound, Taniyama et al. (2002a,b) inves-
igated transfection into vascular endothelial cells and smooth

uscle cells. They reported small holes in the cells immediately
ollowing ultrasound exposure with Optison, but the holes disap-
eared after 24 h. Most gene delivery studies using microbubbles
tilize commercially available microbubbles such as Optison;
here are few reports regarding gene transfection with liposo-

al bubbles. Therefore, we examined the transduction of naked

lasmid DNA into COS-7 cells by Bubble liposomes and/or
ltrasound. Levels of luciferase expression were much higher
fter ultrasound treatment in the presence of Bubble liposomes
ompared to in their absence (Fig. 3). Interestingly, gene expres-
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ig. 2. Ultrasonography of Bubble liposomes. The ultrasonography method for
c) were injected into a PBS-filled latex tube in a water bath and the samples wer
he Bubble liposomes were observed with ultrasonography before (d) and after

ion efficiency was very high following ultrasound exposures as
hort as 10 s. We also confirmed that Bubble liposomes could
ffectively deliver plasmid DNA into cells even after 1 s of ultra-

ound exposure (Suzuki et al., in press). Thus, Bubble liposomes
re novel gene delivery agents that can almost instantaneously
ransfect extracellular plasmid DNA into cells.

ig. 3. Luciferase expression in COS-7 cells transfected with Bubble liposomes
ollowing ultrasound exposure. COS-7 cells (1 × 105 cells/500 �L per tube)
ere mixed with pCMV-Luc (5 �g) and Bubble liposomes (60 �g). The cell
ixture was exposed to ultrasound (frequency: 2 MHz; duty: 50%; burst rate:
Hz; intensity: 2.5 W/cm2; time: 10 s). The cells were washed and cultured for
days, then luciferase activity was measured. Each data point represents the
ean ± S.D. (n = 3). BL: Bubble liposomes; L: PEG-liposomes.
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ing Bubble liposomes is shown in (a). PEG-liposomes (b) or Bubble liposomes
erved with ultrasonography. To confirm the disruption of the Bubble liposomes,
trasound exposure (2 MHz, 2.5 W/cm2, 10 s).

Heat and jet streams are generally induced by cavitation,
hich might damage cells. We therefore examined the effects
f ultrasound on cells both in the presence and absence of Bub-

le liposomes (Fig. 4). Cell viability was measured using the
TT assay (Mosmann, 1983) at 1 day following treatment.
ltrasound did not damage COS-7 cells in the absence of Bub-
le liposomes, and only slightly affected the cells even when

ig. 4. Viability of COS-7 cells exposed to ultrasound and Bubble liposomes.
OS-7 cells were exposed to each ultrasound intensity with or without Bubble

iposomes, then the cells were cultured for 24 h and their viability was assessed
sing the MTT assay. Briefly, MTT (5 mg/mL, 10 �L) was added to each well
nd the cells were incubated at 37 ◦C for 4 h. The formazan product was dis-
olved in 100 �L of 10% sodium dodecyl sulfate (SDS) containing 15 mM HCl.
olor intensity was measured using a microplate reader at test and reference
avelengths of 595 and 655 nm, respectively. Each data point represents the
ean ± S.D. (n = 3). BL: Bubble liposomes.
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Fig. 5. Luciferase expression in various cell types transfected using Bubble
liposomes and ultrasound. Cells (1 × 105 cells/500 �L per tube) were mixed
with pCMV-Luc (5 �g) and Bubble liposomes (60 �g). A portion of the cell
mixture was exposed to ultrasound (frequency: 2 MHz; duty: 50%; burst rate:
2 Hz; intensity: 2.5 W/cm2; time: 10 s). Exposed and non-exposed cells were
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ashed and cultured for 2 days, then luciferase activity was measured. Each data
oint represents the mean ± S.D. (n = 3). BL: Bubble liposomes; US: ultrasound.
<103 RLU/mg protein, #<106 RLU/mg protein.

he amount of ultrasound administered was sufficient to induce
avitation of the Bubble liposomes. We also confirmed that the
avitation induced with Bubble liposomes did not damage plas-
id DNA (Suzuki et al., 2007a). In addition, we assessed the

easibility of delivering genes into various types of cells such
s mouse tumor cells, a human T cell line and human vessel
ndothelial cells. Fig. 5 shows that Bubble liposomes combined
ith ultrasound more effectively delivered plasmid DNA into

ll these cell types than did ultrasound alone. In vivo gene deliv-

ry with Bubble liposomes requires the delivery of plasmid
NA into cells in the presence of serum. Thus, we examined

he effect of serum on gene delivery with Bubble liposomes
Fig. 6) and showed that gene expression following treatment

ig. 6. Effect of serum on transfection efficiency of Bubble liposomes. COS-
cells (1 × 105 cells/500 �L) mixed with pCMV-Luc (0.25 �g) and Bubble

iposomes (60 �g) were exposed to ultrasound (frequency: 2 MHz; duty: 50%;
urst rate: 2 Hz; intensity: 2.5 W/cm2; time: 10 s) in the absence or presence of
erum (0, 10, 30 and 50%). The cells were washed and cultured for 2 days, then
uciferase activity was measured. Data are shown as means ± S.D. (n = 3).
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ith Bubble liposomes was not affected even in the presence of
erum.

. In vivo gene delivery with Bubble liposomes

To further assess the potential of in vivo gene delivery using
ubble liposomes and ultrasound, the delivery of plasmid DNA

nto the femoral artery of mice was studied (Fig. 7). Bubble
iposomes and plasmid DNA were injected into the femoral
rtery as ultrasound was transdermally applied downstream of
he injection site. Additionally, using Lipofectamine 2000, gene
xpression efficiency using Bubble liposomes was compared to
onventional lipofection (Fig. 7(a)). The combination of Bubble
iposomes and ultrasound exposure was more effective than con-
entional lipofection in inducing gene expression in the femoral
rtery. Moreover, gene expression with Bubble liposomes and
ltrasound exposure was observed only in the area exposed to
ltrasound (Fig. 7(b)). These results suggest that Bubble lipo-
omes quickly deliver plasmid DNA into the artery by cavitation
ven after only short contact between the Bubble liposomes and
ndothelial cells by means of the blood stream. It had been
hought that plasmid DNA was delivered into endothelial cells
ining the femoral artery because it was physiologically difficult
or plasmid DNA and Bubble liposomes to extravasate from a
ormal artery. Mizuguchi et al. (1998) reported effective can-
er gene therapy by locally introducing cytokine genes by gene
elivery into arteries leading to the tumor, or delivery into arter-
es in the tumor tissue. Therefore, we anticipated that Bubble
iposomes could be used to deliver genes into arteries in tumor
issue. In the footpad tumor bearing mouse model, Bubble lipo-
omes and luciferase-encoding plasmid DNA were injected into
rteries leading to the tumor while the tumor tissue was transder-
ally exposed to ultrasound. After 2 days, luciferase expression
as observed only in the tumor tissue. In addition, the gene

xpression efficiency of this method was higher than that of
he conventional lipofection method using Lipofectamine 2000
Suzuki et al., in press). We therefore believe that this method has
ignificant advantages for tumor gene therapy using non-viral
ectors.

In another study, we compared transfection efficiency using
ubble liposomes and Optison. Green fluorescent protein

GFP)-encoding plasmid DNA was delivered into cultured rab-
it corneal epithelial cells using ultrasound exposure in the
resence of Bubble liposomes or Optison. Gene expression effi-
iency with Bubble liposomes vs. Optison was about 25 and
0%, respectively. In an in vivo study, GFP-encoding plasmid
NA was injected into rat subconjunctiva tissue using bubbles

nd ultrasound exposure. Bubble liposomes more effectively
nduced gene expression in the tissue compared with Optison
Yamashita et al., in press). These results show that Bubble
iposomes are more effective than conventional microbubbles
t delivering genes for ophthalmologic treatments.

It is believed that gene expression using Bubble liposomes is

ransient, and that in order to maintain extended gene expression
t is necessary to inject the liposomes repeatedly. However, there
re reports of accelerated blood clearance (ABC) of PEGylated
iposomes after repeat injections due to the enhanced accumu-
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Fig. 7. Gene delivery to mouse femoral artery using Bubble liposomes. Each sample containing plasmid DNA (10 �g) was injected into the mouse femoral artery
while ultrasound (frequency: 1 MHz; duty: 50%; burst rate: 2 Hz; intensity: 1 W/cm2; time: 2 min) was applied downstream of the injection site. (a) Luciferase
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xpression in the area of the femoral artery exposed to ultrasound 2 days after t
ays after transfection of mice treated with plasmid DNA, Bubble liposomes an
he arrowhead shows the injection site and the circle shows the ultrasound exp

ation of PEGylated liposomes in the liver and thus its rapid
learance from blood circulation. Ishida et al. reported that IgM
ecreted in response to the first dose is involved in this clear-
nce response (Ishida et al., 2006; Wang et al., 2007). In in vivo
ene delivery using Bubble liposomes and ultrasound exposure,
ltrasound is normally applied at the same time as the Bub-
le liposomes are injected, or soon after the injection. Bubble
iposomes would therefore immediately deliver plasmid DNA
nto the cells upon ultrasound exposure in vivo. Therefore, it
s thought that transfection efficiency will not be affected by
he ABC phenomenon even in the presence of IgM against
EGylated liposomes after multiple injections, and that repeat

njections of Bubble liposomes will not reduce the efficiency of
ene delivery in vivo.

. Conclusions

We prepared Bubble liposomes containing submicron-sized
ubbles using a novel methodology. These novel liposomes
nduced cavitation upon exposure to ultrasound, which resulted
n plasmid DNA transduction into cells both in vitro and in
ivo. Gene delivery was complete within a very short period
f time. Therefore, Bubble liposomes could effectively deliver
lasmid DNA into an artery in vivo, even in the blood stream.
n this study, a mixture of plasmid DNA and Bubble lipo-
omes was injected into the femoral artery. Interestingly, the
rea of gene uptake using Bubble liposomes was limited to
he area exposed to ultrasound, indicating that gene expres-
ion depends on the area exposed to ultrasound. Therefore,

ene targeting should be easily achieved using this gene
elivery system simply by changing the site of ultrasound
xposure. Our future goal is to establish non-invasive and tissue-
pecific gene delivery with Bubble liposomes after systemic
njection.
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ction. Data are shown as mean ± S.D. (n = 5). (b) In vivo luciferase imaging 2
asound exposure. The photon counts are indicated by the pseudo-color scales.
area. BL: Bubble liposomes; LF 2000: Lipofectamine 2000; US: ultrasound.
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