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a  b  s  t  r  a  c  t

Oral  squamous  cell  carcinoma  is the most  common  type  of  head  and  neck  cancer.  Recently,  efficient,  easy,
and minimally  invasive  gene  delivery  methods  are  expected  to be developed  as  cancer  gene  therapies.
However,  the  optimal  method  for delivering  therapeutic  genes  into  oral  tissue  for  cancer  treatment  has
not been  elucidated.  Therefore,  we  hypothesized  that  the  tongue  is  a  good  target  tissue  for  gene  delivery
with  Bubble  liposomes  and  ultrasound.  To  assess  this,  we  attempted  to deliver  a mixture  of  plasmid  DNA
encoding  a  luciferase  or  enhanced  green  fluorescent  protein,  and  Bubble  liposomes  into  murine  tongue
with  or  without  ultrasound  exposure.  The  ultrasound  conditions  were  1  MHz,  2  W/cm2,  60  s,  and  duty
ltrasound
ene delivery
ongue tissue

cycle:  50%.  The  time-course  of  gene  expression  in  the  tongue  was  investigated  with  a  luciferase  assay
and fluorescent  microscopy.  Luciferase  expression  was significantly  increased  in  tongue  transfected  using
Bubble  liposomes  and  ultrasound  compared  with  that  of  the  tongue  untreated  with  ultrasound,  and  this
high  level  of  luciferase  activity  was  maintained  for  2 weeks.  From  these  results,  Bubble  liposomes  can
be used  in  combination  with  ultrasound  to efficiently  deliver  plasmid  DNA  into  the  tongue  in  vivo.  This
technique  is  a  highly  promising  approach  for gene  delivery  into  oral  tissue.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Although the most common types of oral disease are den-
al caries and periodontal disease, oral cancer such as squamous
ell carcinoma (SCC) is associated with an unfavorable prognosis.
ongue SCC is the most common type of oral SCC, and metasta-
is to the lymph nodes and/or proximal tissues often occurs (Ohba
t al., 2010; Shiga et al., 2007). The current treatments for tongue
CC include surgery, radiation therapy, and chemotherapy, all of
hich have severe side effects. Therefore, cancer cell-specific treat-
ent that does not damage normal cells is desired. Recently, gene
elivery to tumor cells such as using adenovirus-based p53 gene
herapies has gained attention (Edelman and Nemunaitis, 2003;
uang et al., 2009). The two main gene carrier systems for gene

Abbreviations: SCC, squamous cell carcinoma; US, ultrasound; BL, Bubble lipo-
ome; PEG, polyethylene glycol; EBD, Evans blue dye; QOL, quality of life.
∗ Corresponding author. Tel.: +81 42 676 3183; fax: +81 42 676 3182.

∗∗ Corresponding author. Tel: +81 3 5498 1995; fax: +81 3 3787 7886.
E-mail addresses: negishi@toyaku.ac.jp (Y. Negishi),

amamoto-m@dent.showa-u.ac.jp (M.  Yamamoto).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.11.001
therapy are viral vectors and non-viral delivery systems. Viral vec-
tors are efficient carriers for gene transfection (Lundstrom, 2003),
but some serious problems such as immunogenicity and toxic-
ity have been reported (Check, 2002, 2003; Marshall, 1999). On
the other hand, the transfection efficiency of non-viral methods
remains a problem. Therefore, it is necessary to develop a safe and
highly efficient gene transfer method.

Recently, it has been reported that the use of microbubbles in
combination with low energy ultrasound (US) enhances transfec-
tion efficiency (Greenleaf et al., 1998; Shohet et al., 2000; Sonoda
et al., 2006; Taniyama et al., 2002a,b). Regarding the orofacial
area, there have been a few reports about gene delivery using
microbubbles and US, for example, Sakai et al. (2009) and Chen
et al. (2009) reported transient gene transfection in the target tissue
using different microbubbles. However, prolonged gene expression
is necessary in the clinical setting, and the size and stability of the
microbubbles employed also needs to be improved. Previously, we
developed “Bubble liposomes (BL)” as a novel gene delivery carrier

system and reported that gene delivery using a combination of BL
and US is safer and more efficient in both in vitro and in vivo com-
pared to other non-viral methods (Negishi et al., 2008, 2011; Suzuki
et al., 2007). However, there are no reports about gene delivery to

dx.doi.org/10.1016/j.ijpharm.2011.11.001
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:negishi@toyaku.ac.jp
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Fig. 1. Luciferase activity in tongue tissue transfected with a reporter gene using BL
and US. Mice were subjected to BL and US-mediated luciferase gene transfer. Relative
luciferase activity was determined on day 5 after transfection. The data are shown as
M. Sugano et al. / International Journ

ral tissue using this technique. Therefore, in the present study, we
ssessed whether efficient gene delivery into mouse tongue tissue
ould be achieved using BL and US.

. Materials and methods

.1. Animals

Five-week-old male ICR mice were used for all animal exper-
ments (Tokyo Laboratory Animals Science, Tokyo, Japan). All
tudies were approved by the Animal Experiment Committee of
okyo University of Pharmacy and Life Sciences. The mice were
iven feed and tap water ad libitum throughout the experimental
eriod.

.2. Preparation of Bubble liposomes

The BL were prepared using the previously described method
Negishi et al., 2008; Suzuki et al., 2007). In brief, PEG lipo-
omes composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DPPC) (NOF Corporation, Tokyo, Japan) and 1,2-distearoyl-sn-
lycero-3-phosphatidyl-ethanolamine-polyethyleneglycol (DSPE-
EG2000-OMe) (NOF Corporation) in a molar ratio of 94:6 were
repared using a reverse phase evaporation method. In brief, all
eagents were dissolved in 1:1 (v/v) chloroform/diisopropyl ether.
hosphate-buffered saline was added to the lipid solution, and the
ixture was sonicated and then evaporated at 47 ◦C. Then, the

rganic solvent was completely removed, and the size of the lipo-
omes was adjusted to less than 200 nm using extruding equipment
nd a sizing filter (pore size: 200 nm)  (Nuclepore Track-Etch Mem-
rane, Whatman plc, UK). The lipid concentration was measured
sing a Phospholipid C test Wako (Wako Pure Chemical Indus-
ries Ltd., Osaka, Japan), and BL were prepared from liposomes
nd perfluoropropane gas (Takachio Chemical Ind. Co. Ltd., Tokyo,
apan). First, 2-mL sterilized vials containing 0.8 mL  of a liposome
uspension (lipid concentration: 1 mg/mL) were filled with perflu-
ropropane gas, capped, and then pressurized with a further 3 mL
f perfluoropropane gas. The vial was placed in a bath-type soni-
ator (42 kHz, 100 W)  (Bransonic 2510j-DTH, Branson Ultrasonics
o., Danbury, CT, USA) for 5 min  to form BL.

.3. Plasmid DNA

Two reporter plasmids were used. The pcDNA3-Luc plasmid,
hich is derived from pGL3-basic (Promega, Madison, WI), is an

xpression vector encoding the firefly luciferase gene under the
ontrol of the cytomegalovirus promoter. The pEGFP-N3 plasmid
Clontech Laboratories, Inc., Mountain View, CA) is an expression
ector encoding enhanced green fluorescent protein (EGFP) under
he control of the cytomegalovirus promoter.

.4. In vivo gene delivery using BL and US

ICR mice were anesthetized with 10 mg/mL  pentobarbital
hroughout each procedure. A 20 �L mixture of pDNA (20 �g) and
L (10 �g) was injected into the tongue tissue of the mice using

 33-gauge syringe (Hamilton Company, USA), and US exposure
frequency: 1 MHz; duty: 50%; intensity: 2 W/cm2; time: 60 s) was
mmediately applied to the injection site. A Sonitron 2000 (Nepa
ene Co., Ltd.) was used as an ultrasound generator. Several days
fter the injection, the mice were sacrificed, and the tongue tissue

n the US-exposed area was collected and homogenized with Poly-
ron (Kinematica, Inc., New York, USA). The cell lysate and tissue
omogenates were prepared with a lysis buffer (0.1 M Tris–HCl (pH
.8), 0.1% Triton X-100, and 2 mM EDTA). Luciferase activity was
the  mean ± S.D. *P < 0.05, Mann–Whitney’s U test (n = 5), compared to other groups.
pDNA (pCMV-luciferase): 20 �g; BL: 10 �g; US conditions: frequency: 1 MHz, duty:
50%,  and intensity: 2 W/cm2, time: 60 s. BL, Bubble liposomes; US, ultrasound.

then measured using a luciferase assay system (Promega, Madi-
son, WI)  and a luminometer (LB96V, Belthold Japan Co. Ltd., Tokyo,
Japan). Activity is indicated as relative light units (RLU) per mg
of protein. To analyze EGFP expression, the collected tongue was
fixed with paraformaldehyde and dehydrated in sucrose solution.
The specimens were then embedded in OCT compound and imme-
diately frozen at −80 ◦C. Serial 10 �m thick sections were then
cut using a cryostat and observed with a fluorescence microscope
(Axiovert 200 M,  Carl Zeiss).

2.5. Tissue damage testing using Evans blue dye (EBD)

Tissue-damage testing using EBD was performed as reported
previously (Liu and Huang, 2002). Briefly, EBD was  dissolved in
PBS (10 mg/mL) and sterilized using 0.2 �m membrane filters.
The mice treated with pDNA, BL, and US were administered EBD
(0.5 mg  dye/10 g body weight) by tail vein injection and then sac-
rificed 1 day after the EBD injection. Their tongue tissues were
collected, fixed with paraformaldehyde, embedded in OCT com-
pound, and immediately frozen at −80 ◦C. Serial 10 �m thick
sections were cut using a cryostat and observed with a fluorescence
microscope (Axiovert 200 M,  Carl Zeiss).

2.6. Statistical analysis

All data are shown as the mean ± S.D. (n = 5 or 6).
Mann–Whitney’s U test was  used to determine the statisti-
cal significance of any differences. The differences detected in
multiple comparison tests were assessed by two-way repeated-
measures analysis of variance (ANOVA). Differences associated
with a P < 0.05 were considered significant.

3. Results

We first tried to deliver naked pDNA into tongue tissue using
BL and US under the conditions used in a previous study, in which

naked pDNA was delivered into skeletal muscles (Negishi et al.,
2011). Significantly increased gene expression was  detected in the
group treated with BL and US exposure (Fig. 1.); i.e., it was 12-fold
higher than that of the group treated with pDNA alone. In the groups
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Fig. 2. Characteristics of ultrasound gene delivery systems using BL. To examine
the optimal parameters for BL and US-mediated gene transfer into tongue tissue,
the  mice were subjected to various transfection conditions; i.e., by altering the
amount of pDNA, US intensity, and US exposure time. The other conditions were
as  follows: US frequency: 1 MHz, duty: 50%. The data are shown as the mean ± S.D.
(a)  The variation in the gene expression level induced by changing the amount of
pDNA. The amount of pDNA was changed from 0.2 �g to 20 �g. The total injection
volume remained constant at 20 �L. *P < 0.05, Mann–Whitney’s U test (n = 5), com-
pared with 0.2 �g of pDNA. (b) The variation in the gene expression level induced by
changes in the US intensity. The US intensity was set at 0, 0.5, 1.0, 2.0, or 4.0 W/cm2.
*P < 0.05, Mann–Whitney’s U test (n = 5), compared with 0 W/cm2 (no US exposure).
34 M. Sugano et al. / International Jour

reated with pDNA + BL and pDNA + US, the relative luciferase activ-
ty remained as low as that of the pDNA alone group.

Then, to optimize the conditions for in vivo gene delivery into
ongue tissue, we examined three transfection condition param-
ters, the total pDNA, US intensity, and US exposure time. First,
o assess whether the pDNA injection volume affected transfec-
ion efficiency, we adjusted it from 0.2 �g to 20 �g. As a result,
he increase in luciferase activity was found to be dependent on
he amount of pDNA, and the most significant increase in rel-
tive luciferase activity was detected at 20 �g pDNA (Fig. 2a.).
ext, we investigated the relationship between US intensity and

he transfection efficiency of gene delivery into tongue tissue. The
S intensity was varied within the 0–4 W/cm2 range. The relative

uciferase activity was significantly higher in the groups treated
ith US intensities of 2.0 W/cm2 and 4.0 W/cm2 (Fig. 2b.). More-

ver, we also examined the effect of the US exposure time and
ound that luciferase activity was highest when US was  delivered
or 60 s (Fig. 2c.). In contrast, when US was delivered for a longer
eriod, the transfection efficiency tended to decrease. We  further
xamined the duration of gene expression induced after treatment
ith BL and US exposure. As a result, we found that high luciferase

ctivity was maintained for about 2 weeks (Fig. 3).
Next, the localization of EGFP-expressing cells and tissue dam-

ge after gene delivery with BL and US was  observed with
uorescence microscopy. In histological observations, distinct EGFP
xpression was observed in the tongue tissue treated with BL and
S (Fig. 4.). In the group treated with BL and US, there were many
GFP expressing cells throughout the muscle layer. In the other
roups, only a few sporadically distributed cells were found to
xpress EGFP. However, using a high US intensity to achieve effi-
ient gene transfection leads to tissue damage (Duvshani-Eshet and
achluf, 2005; Kim et al., 1996). Therefore, to investigate the tis-

ue damage caused by gene transfection, mice had EBD injected into
heir tail veins one day before they were euthanized, as enhanced
BD uptake indicates increased cell damage. As a result, we found
hat severe tissue damage was observed after the application of
igh intensity US (4.0 W/cm2) or a US exposure time of 120 s or
ore (Fig. 5).
From these results, we suggest that the optimal conditions for

ene delivery into the murine tongue using BL and US are as fol-
ows: total pDNA (2 �g/�L): 20 �g, US intensity: 2 W/cm2, and US
xposure time: 60 s.

In addition, SonazoidTM, a commercially available microbubble,
as been used as an echo-contrast gas in clinical. We  therefore also
est the transfection efficacy of SonazoidTM in the same experiment.
owever, the luciferase activity was moderate increase even in the
ombination of US exposure (data not shown).

. Discussion

Gene therapy is expected to be clinically useful for treating
enetic diseases, cancer, and/or infectious diseases. These diseases
re also found in the orofacial area, and a number of studies have
ecently examined the usefulness of gene therapy for a variety of
ral diseases. In those studies, gene delivery into the orofacial area
as performed with viral vectors due to their high transfection effi-

iency. For example, it has been reported that reporter genes were
ransfected into rat salivary glands using several kinds of viral vec-
or (Shai et al., 2002; Zheng and Baum, 2005). In addition, viruses
re the most common transfer system used to deliver gene therapy
o oral SCC (Ladeinde et al., 2005). However, viral systems are not

erfect because of their safety and immunogenicity (Check, 2002,
003; Marshall, 1999).

Therefore, many researchers have tried to establish non-
iral gene delivery systems that combine high transfection
(c)  The variation in the gene expression level induced by changes in the US expo-
sure time. The US duration was set at 0, 10, 30, 60, 120, or 180 s. *P < 0.05, **P < 0.01,
Mann–Whitney’s U test (n = 6), compared with 0 s (no US exposure).

efficiency with reduced invasiveness. Among these non-viral gene
delivery methods, Fechheimer et al. (1987) first reported the US-

mediated gene delivery technique, and since then gene transfer
using ultrasonic waves has developed into a safe and non-viral
gene transfection technology. A physical phenomenon known as
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Fig. 3. Time-dependent changes in luciferase activity in tongue tissue transfected
using BL and US. Relative luciferase activity was examined at 3, 5, 7, 10, 14, 21, and
28  days after the gene transfection. The transfection conditions were as follows:
pDNA (pCMV-luciferase): 20 �g; BL: 10 �g; US conditions: frequency: 1 MHz, duty:
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0%,  intensity: 2 W/cm2, and time: 60 s. The data are shown as the mean ± S.D.

avitation is assumed to be the mechanism responsible for US-
ediated gene delivery. When the “cavitation bubble” generated

y US energy is destroyed, it produces a jet stream, which in turn
roduces transient pores in cell membranes, allowing extracel-

ular plasmid DNA to enter the cytosol. In addition, it has been
hown that transfection efficiency often improves in the pres-
nce of microbubbles, and the utility of their application has been
emonstrated both in vitro and in vivo (Greenleaf et al., 1998;
hohet et al., 2000; Sonoda et al., 2006; Taniyama et al., 2002a,b).

Microbubbles were originally used as an ultrasonic contrast
gent for clinical ultrasound diagnosis. A variety of microbubbles
ith different encapsulated gas types, shell materials, and diluents
ave been designed. The mean diameter of microbubbles that are
arketed as echo-enhanced contrast agents is several microme-

ers. Several reports have compared the transfection efficiencies of

hese microbubbles during their use in combination with US (Alter
t al., 2009; Hassan et al., 2009; Li et al., 2003; Wang et al., 2005).

ig. 4. EGFP expression in tongue tissue transfected with a reporter gene using BL and US
he  tongue. On day 5 after the transfection, the tongue was sectioned into 10 �m thick sli
ach  of the gene transfer conditions is indicated above the pictures. Magnification: 200×
harmaceutics 422 (2012) 332– 337 335

However, the intravascular application of microbubbles is hin-
dered by problems with their stability, targeting ability, and particle
size. Thus, we developed and applied a new liposome composed
of hydrophilic polyethylene glycol (PEG) as a drug delivery sys-
tem. PEG-liposomes containing perfluoropropane gas are known as
“Bubble liposomes (BL)”. We  have reported that this BL-mediated
US gene transfer system enhances transfection efficiency both
in vitro and in vivo (Negishi et al., 2008, 2010; Suzuki et al., 2007,
2008a,b, 2010). Negishi et al. (2011) used gene transfer methods
involving BL and US to transfect genes into murine skeletal muscle
and discussed their reasons for selecting skeletal muscle as a target
tissue for gene therapy. They stated that as skeletal muscle cells
are large and display stability and longevity, they are an attractive
target tissue for gene therapy.

The generation and oscillation of “cavitation bubbles” after
ultrasound exposure is influenced by the composition and pres-
sure of the organs surrounding the transfection site. Therefore, it
is important to optimize each transfection condition in the tar-
geted tissue. The majority of tongue tissue is composed of skeletal
muscle and is covered with a keratinized oral mucosa. In our his-
tological observations, distinct EGFP expression was observed in
the tongue muscle, as shown in Fig. 4. On the other hand, scat-
tered EGFP expression was observed on the surface area of the
mucoepithelial layer (data not shown). Moreover, a previous report
described that repeated US exposure enhances transfection effi-
ciency and prolonged gene expression compared with single US
exposure (Bekeredjian et al., 2003). In this study, we  showed that
high luciferase activity was  maintained for 2 weeks in murine
tongue tissue treated with BL and single US exposure. Such per-
sistent expression is thought to be suitable for therapy against
tongue cancer. Whether the effect of the therapeutic gene needs
to be continuous depends on the disease being targeted; for exam-
oral tissues, it is very important to optimize the transfection condi-
tions for long-term gene expression in the target tissue. Further

. Mice were treated with BL and then subjected to US-mediated EGFP transfer into
ces using a cryostat, and EGFP expression was analyzed by fluorescent microscopy.
. BL, Bubble liposomes; US, ultrasound.
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Fig. 5. Tissue-damage testing using EBD. To assess the tissue-damage by BL and US-mediated gene transfer into tongue tissue, the mice were treated pDNA with BL and
various  US exposure conditions. (a) At a frequency of 1 MHz  with an intensity of 0, 0.5, 1.0, 2.0, or 4.0 W/cm2 for 60 s (upper section). (b) At a frequency of 1 MHz  with an
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ntensity  of 2.0 W/cm for 10, 30, 60, 120, or 180 s (lower). Evans-blue fluorescenc
cale  bar: 200 �m.

xperiments using genes that encode therapeutic proteins are
equired to assess the clinical application of this US-mediated BL
ethod.
This is the first report regarding gene transfer to tongue tissue

sing BL and US as a therapeutic method for diseases of the oral
avity. As mentioned above, tongue SCC is one of the most common
orms of head and neck cancer; nevertheless, no standardized treat-

ent strategy for this condition has been established (Shiga et al.,
007). Oral dysfunction and decreased quality of life (QOL) are often
een after surgical treatment in tongue SCC patients. Therefore,
ene delivery systems involving BL and US exposure that enable
ancer cell-specific treatment may  improve the QOL of tongue SCC
atients.

. Conclusion

In conclusion, the results of this study suggest that our
ene delivery method involving BL and US could be a useful
reatment for patients with tongue SCC. This US-mediated BL tech-
ique is a highly promising approach for gene delivery into oral
issue.
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