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Fig. 11. Maintaining of Anti-tumor effects by DNA vaccination using Man-PEGz9q bubble lipoplexes and US exposure. At 80 days after first transplantation of E.G7-OVA cells to
immunized mice three times by Man-PEGz000 bubble lipoplexes and US exposure, E.G7-OVA cells (1 x 10° cells) were re-transplanted subcutaneously into the back of mice which

the fi tumors were

rejected (n = 5). The tumor volume was evaluated (each value represents the mean = SD) and the survival was monitored up to 80

days after the tumor re-transplantation. *p < 0.05; **p < 0.01, compared with the corresponding group of NT. N.T., non-treatment.

various types of nucleic acids, such as NF-kB decoy [48], ICAM-1
antisense oligonucleotides [49], with low doses of nucleic acids.
Moreover, organ-specific gene expression was observed in US-
exposed organ by exposing US to the organ directly after intra-
venous administration of Man-PEGygo9 bubble lipoplexes
(Supplementary Fig. 5); therefore the beforehand knockdown of
inflammatory factors such as NF-kB or ICAM-1 by Man-PEG2g00
bubble lipoplexes and US exposure might be available for the
prevention of ischemia reperfusion injury, a major problem in
living donor liver transplantation.

5. Conclusion

In this study, we developed the gene transfection method
using Man-PEGzggp bubble lipoplexes and US exposure. This
transfection method enabled APC-selective and efficient gene
expression, and moreover, effective anti-tumor effects was
obtained by applying this method to DNA vaccine therapy against
cancer. This method could be widely used in a variety of targeted
cell-selective and efficient gene transfection methods ~by
substituting mannose with various ligands reported previously
[2—6]. In addition, in this gene transfection method, pDNA can
directly introduce the nucleic acids into the cells through the
transient pores created by US-responsive degradation of bubble
lipoplexes, therefore this method could apply to many ligands
which are not taken up via endocytosis. These findings make
a valuable contribution to overcome the poor introducing effi-
ciency into cytoplasm which is a major obstacle for gene delivery
by non-viral vectors, and show that this method is an effective
method for in-vivo gene delivery.
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Chapter 33 .

Effective In Vitro and In Vivo Gene Delivery 2

by the Combination of Liposomal Bubbles s
(Bubble Liposomes) and Ultrasound Exposure .
Ryo Suzuki and Kazuo Maruyama 5
Abstract 4 6

Gene delivery with a physical mechanism using ultrasound (US) and nano/microbubbles is expected as 7
an ideal system in terms of delivering plasmid DNA noninvasively into:a specific target site. We developed 8
novel liposomal bubbles (Bubble liposomes (BLs)) containing the lipid nanobubbles of perfluoropropane 9
which were utilized for contrast enhancement in ultrasonography:: BLs were smaller in diameter than 10
conventional microbubbles and induced cavitation upon cxposurc ultrasound. In addition, when 11
coupled with US exposure, BLs could deliver plasmid DNA into various types of cells in vitro and in 12
vivo. The transfection efficiency with BLs and US was higher, than that with conventional lipofection 13
method. Therefore, the combination of BLs and; US mxghl be an efficient and novel nonviral gene 14

@ delivery system. ) ' 15
Key words: Liposomes, Nanobubbles, Gexlre‘ delivery, Ultrasound, Noninvasive, Nonviral vector 16
1. Introduction : 7

Ultrasound (US) has been utilized as a useful tool for in vivo 18
imaging, destruction of renal calculus and treatment for fibroid of 1o
the. uterus. It was reported that US was proved to increase 20
permeability of the plasma membrane and reduce the thickness of 21
the unstirred layer of the cell surface, which encourages the DNA 22
entry into cells (1, 2). The first studies applying ultrasound for 23
gene delivery used frequencies in the range of 20-50 kHz (1, 3). 2
However, these frequencies, along with cavitation, are also 25
known to induce tissue damage if not properly controlled (4-6). 26
To improve this problem, many studies using therapeutic 27
ultrasound for gene delivery, which operates at frequencies of 28
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2 1-3 MHz, intensities of 0.5-2.5 W/cm?, and pulse-mode have
30 emerged (7-9). In addition, it was reported that the combination
31 of therapeutic US and microbubble echo contrast agents could

2 enhance gene transfection efficiency (10-14). In the sonoporation
33 with microbubbles, it was reported that estimates of pore size
% based on the physical diameter of maker compounds were most
35 commonly in the range of 30-100 nm, and estimates of membrane
36 recovery time ranged from a few seconds to a few minutes (15).

a7 Therefore, it is thought that plasmid DNA is effectively and.
38 directly transferred into the cytosol via these pores. Conventional
39 microbubbles including US contrast agents based on protein
40 microspheres and sugar microbubbles are commercially available,
41 the size of these bubbles being about 1-6 um (16). For example,
42 although the mean diameter of Optison microbubbles is about
43 2.0-4.5 pm, and they contain bubbles of up to 32 um in diameter.
m Tsunoda et al. reported that some mice died immediately after
45 the i.v. injection of Optison without ultrasound exposure due to
46 lethal embolisms in vital organs (17). The same problem has not
a7 been reported in humans, but there is the possibility that Optison
48 can not pass through capillary vessels. Therefore, microbubbles
49 should generally be smaller than red blood cclls From this
50 stand point of view, it is nccessary to develop novel bubbles which
51 are smaller than con nal microbubbles. Using liposome

® 52 technology, we devel ‘novel liposomal bubbles containing
53 perfluoropropane gas. We called these bubbles “Bubble liposomes
54 (BLs).” BLs were. smaller than Optison (18-21). In addition,
55 BLs could. effectively deliver plasmid DNA by the combination
56 with US exposure in vitro and in vivo.

sz 2. Materials

ss  2.1. Preparation - 1. 1,2-distearoyl-sn-glycero-phosphatidylcholone (DSPC) and
so  of BLs (18) 1,2-distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-
60 methoxypolyethyleneglycol (DSPE-PEG(2 k)-OMe) (NOF
61 corporation, Tokyo, Japan).

62 2. Chloroform.

63 3. Diisopropyl ether.

64 4. Phosphate buffered saline (pH 7.4) (PBS): 137 mM NaCl,
65 8.10 mM Na,HPO,, 2.68 mM KCl, 1.47 mM KH,PO,
66 (Wako Pure Chemical Industries).

67 5. Perfluoropropane (Takachiho Chemical Industries, Tokyo,
68 Japan). :
69 6. Rotary evaporator (TOKYO RIKAKIKAI, Co. Ltd. (EYELA),
70 Tokyo, Japan).
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2.2. Transmission
Electron Microscopy
of BLs (20)

2.3. In Vitro
Ultrasonography
with BLs (19)

2.4. Gene Delivery with

BLs and US In Vitro
and In Vivo
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. Extruding apparatus (Northern Lipids Inc., Vancouver, BC).
. Bath-type sonicator (42 kHz, 100 W) (Branson Ultrasonics

Co., Danbury, CT).

. Liposome sizing filters (pore sizes: 100 and 200 nm)

(Nuclepore Track-Etch Membrane, Whatman plc, UK).

0.45 pm pore size filter (MILLEX HYV filter unit, Durapore
PVDF membrane) (Millipore Corporation, MA).

. Dynamic light scattering (ELS-800) (Otsuka Electronics

Co., Ltd., Osaka, Japan).

. Phospholipid C-test wako (Wako Pure Chemical Industries).

. Sodium alginate (500-600cP).

. Calcium chloride.

. Glutaraldehyde.

. Cacodylate buffer.

. Osmiumtetroxide.

. Ethanol.

. Epan812.

. Uranyl acetate. : i

. Electron microscope: JEOL JEM12000EX at 100 kV.

. Ultrasound ifﬁaging equipment: UF-750XT (Fukuda Denshi

Co. Ltd;, Tokyo; Japan).

. 9 MHz linear probe (9 MHz, Fukuda Denshi Co. Ltd.)

. Cells: COS-7 cells (the African green monkey kidney fibroblast

cell linc), S-180 cclls (mouse sarcoma), Mcth-A fibrosarcoma

cells (mouse fibrosarcoma), Jurkat cells (human T cell line),

Colon 26 cells (mouse colon adenocarcinoma), B16BL6 cells
(mouse meranoma), Human umbilical vein endothelial cells
(HUVEC) (Kurabo Industries, Osaka, Japan).

. Culturc media: Dulbecco’s modified Eagle’s medium

(DMEM), RPMI-1640, Eagle’s medium (MEM) and
medium 199 (Sigma Chemical Co., St. Louis, MO),
Supplements: Fetal bovine serum (FBS, GIBCO, Invitrogen
Co., Carlsbad, CA), HEPES and heparin (Wako Pure
Chemical Industries), endothelial cell growth supplement
(ECGS) (Sigma Chemical Co.), Antibiotics: Penicillin and
Streptomycin (Wako Pure Chemical Industries).

. COS-7 cells and S-180 cells were cultured in DMEM supple-

mented with 10% heat-inactivated FBS. Mecth-A fibrosar-
coma cells and Jurkat cells were cultured with RPMI-1640
supplemented with 10% heat inactivated FBS. Colon 26 cells
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111 were cultured with RPMI-1640 supplemented with 10%
112 heat-inactivated FBS and 2.5% HEPES. B16BL6 cells were
113 cultured with MEM supplemented with 10% heat-inactivated
114 FBS. HUVECs were cultured in a DMEM and medium 199
115 mixture with 15% heat-inactivated FBS, heparin (3.25 U/
116 mL) and ECGS. All culture media contained 100 U/ml peni-
17 cillin and 100 pg/ml streptomycin.
118 4. Animals: ddY mice (4-6 weeks age, male), Anesthetic agent:
119 NEMBUTAL (Dainippon Sumitomo Pharma Co., Ltd.,
120 Osaka, Japan), Adhesive agent (Aron Alpha) (Daiichi Sankyo
121 Co., Ltd., Tokyo, Japan).
122 5. Ultrasound equipments and probes for gene delivery —
123 Ultrasound equipments: Sonopore 3000 and Sonopore 4000
124 (NEPAGENE Co. Ltd.), Probe: KP-T6 (diameter: 6 mm)
125 and KP-T8 (diameter: 8 mm), KP-T20 (diameter: 20 mm)
126 (NEPAGENE Co., Ltd.)
127 6. Assessment of cytotoxicity: MTT [3-(4,5-s-dimethylthiazol-
128 2-yl)-2,5-diphenyl  tetrazolium . bromide]  (Dojindo,
129 Kumamoto, Japan), Sodium;dodecyl sulfate (SDS) (Wako
130 Pure Chemical Industries), Microplate reader (POWERSCAN
131 HT; Dainippon Pharn1dceutical, Osaka, Japan).
132 7. Luciferase assay: C;il lysis buffer (0.1 M Tris-HCI (pH 7.8),
@ 133 0.1% Triton X-100; 2 mM EDTA), Luciferase assay system @
134 (Promega, Madison, WI), Luminometer (TD-20/20)
135 (Turner Designs, Sunnyvale, CA).
136 8. In Vivo_luciférasc imaging: Escain (Mylan Inc., Tokyo, Japan),
137 D-luciferin and In vivo luciferase imaging system (IVIS)
138 (Caliper Life Sciences, MA).

1s 3. Methods

40 3.1. Preparation 1. DSPC and DSPE-PEG(2 k)-OMe were dissolved in 8 mL of
141 of BLs (18) 1:1 (v/v) chloroform/diisopropyl ether.

142 2. Four milliliter of PBS (pH 7.4) was added into the lipid solu-
143 tion. The mixture was sonicated to make suspension, and
144 evaporated at 65° (water bath) to remove solvent.

145 3. After evaporation, liposome suspension was passed through
146 sizing filters (pore sizes: 100 and 200 nm) using an extruding
147 - apparatus. And the size of liposomes was adjusted to less than
148 200 nm.

149 4. The liposomes suspension was sterilized by passing them
150 through a 0.45 pm pore size filter. (see Fig. 1a)

151 5. Finally, size of the sterilized liposomes was measured with
152 dynamic light scattering (ELS-800). The average diameter of

0001095075.INDD 4 @ 10/3/2009 12:42:04 PM
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Fig. 1. Aspect and structure of BLs. PEG-liposomes (a) were s’ér{iba‘fed‘with supercharged perfluoropropane gas. After
@ that, they became to BLs (b). Optison (c) and BLs (d) were, observed with microscope using the darklite illuminator @
(NEPAGENE, Co., Ltd). (e): Transmission electron microscopy (TEM) of BLs. (f): Scheme of structure of BLs

these: liposomes were about 150-200 nm. In addition, lipid  1s3
gonéenuﬁtion was measured with the Phospholipid C-test wako. 154

6. The lipid concentration of liposomes suspension was adjusted 155

to'l'mg/mL with PBS. 156

7.Two milliliter of the liposomes suspension (lipid conc. 1 mg/ 157

mL) was entered into sterilized vial (vial size: 5 mL). 158

8. The vial was filled with perfluoropropane, capped and then  1se

supercharged with 7.5 mL of perfluoropropane. 160

9. The vial was placed in a bath-type sonicator (42 kHz, 100 W) 161

for 5 min to form BLs (see Fig. 1 and Note 1). 162

3.2. Transmission 1. BLs were suspended into sodium alginate (500-600cP) solu- 163
Electron Microscopy tion (0.2% (w/v) in PBS). 164
of BLs (20) 2. This suspension was dropped into calcium chloride solution  1es

(100 mM in PBS) to hold BLs within calcium alginate gel. 166

3. The beads of calcium alginate gel containing BLs were prefixed 167
with 2% glutaraldehyde solution in 0.1 M Cacodylate buffer. 168

4. The beads were postfixed with 2% OsO,, dehydrated with an 169
ethanol series, and then embedded in Epan812 (polymerized 170
at 60°). 17
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172 5. Ultrathin sections were made with an ultramicrotome at a

173 thickness of 60-80 nm.

174 6. Ultrathin sections were mounted on 200 mesh copper grids.

175 7. They were stained with 2% uranyl acetate for 5 min and Pb

176 for 5 min.

177 8. The samples were observed with JEOL JEMI12000EX at

178 100 kV (see Fig. le; Notes 2 and 3).

e 3.3.In Vitro 1. BLs were placed into latex tube filled with degassed PBS

10 Ultrasonography (10 mL) in a water bath.

w1 With BLs (19) 2. The probe (9 MHz) of an ultrasound i 1mag1ng equipment was

182 positioned under the water bath.

183 3. BLs in the tube were imaged (see Fig. 2 a, b)

184 3.4, In Vitro Gene 1. Plasmid DNA, cells and BLs were= suspendcd in culture

185 Delivery with BLs medium with 10% FBS (final vo]u_mc 00 pL) in 2 mL poly-

186 and US propylene tubes. 3 ’

187 341, Transfection 2. The probe (KP-T6) (2 MHZ, d1amcter 6 mm) of US was

18 of Plasmid DNA into Cell placed into the suspens

18s  with BLs and US (21) 3. US was exposed to the sus'pensions with Sonopore 3000 or

190 4000 under the condition of various US parameters (Duty,
@ 191 Intensity, Exposurc time, Burst rate) (see Fig. 2c¢).

Fig. 2. In vitro Ultrasonography with BLs. The Method of ultrasonography for observation of BLs was shown in (a). BLs
were injected into PBS filled latex tube in the water bath. Then, the samples were observed with ultrasonography (b).
To confirm the disruption of BLs by US exposure using Sonopore 4000 (c), BLs were observed with naked image (d, f)
and ultrasonography (e, g) before (d, e) and after (f, g) US exposure (2 MHz, 2.5 W/cm2, 10 s). Circlein (c, e, g) shows
US probe

0001095075.INDD 6 @ 10/3/2009 12:42:09 PM
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4. After US exposure, the cells were washed twice with PBS and 12

then resuspended in fresh culture medium. 103

5. The cells were cultured in culture plate or wells. 194

6. After 2 days culture of cells, the expression of transgene was 15

measured (see Fig. 3; Notes 4 and 5). 186

3.4.2. Assessment 1. Cells (1x10°) and BLs were suspended in culture medium with 17
of Cytotoxicity 10% FBS (final volume; 500 pL) in 2 mL polypropylene tubes. 198
by the Treatment of BLs 2. US was exposed to cells using Sonopore 3000 or 4000 with a 199
and US to Cels (1) probe (KP-T6) (2 MHz, diameter: 6 mm). 20
3. After US exposure, the cells were washed twice with PBS and 201

then resuspended in fresh culture medium. 202

4. One hundred microliter of the cells suspension were cultured 203
in 96 well plates for 24 h. 204

5. Cellviability was assayed using MTT, as descnbed by Mosmann, 205
with minor modifications (22). Bneﬂy, MTT (5 mg/mL, 208
10 pL) was added to each well, and the cells were mcubatcd at 207
37°C for 4 h. The formazan' product was dissolved in 100 pL. 208
of 10% SDS containing 15 mM HCI. Color intensity was mea- 209
sured using a mxcroplatc ‘reader at test and reference wave- 210

lengths of 595 and 655 nm, ‘respectively. 211

® 3.5. In Vivo Gene 1. The femoral mery Wa’s exposed by operation. 212
Delivery with BLs 2. BLs (250 pg) and plasmid DNA (10 pg) suspension (300 uL)  2ts

and US was slowly. m]ectcd into the femoral artery of ddY mice 214

3.5.1. Gene Delivery (6 weeks age; male) using 30-gauge needle (M-S Surgical 215

for Femoral Artery (18) ME G. Co: Ltd., Tokyo, Japan). i

3. In the same time, US (frequency: 1 MHz, duty: 50%, inten- 217 [AU1]
. sity®1 W/cm?, time: 2 min) was transdermally exposed to 218
downstream of injection site using Sonopore 3000 or 4000 219
with a probe (KP-T8) (diameter: 8 mm). 220
4. After 2 days of injection, the mice were sacrificed and the femoral 221
artery of US exposure area was collected. Then, gene expression 222

in the artery was measured (see Fig. 4; Notes 6 and 7). 23
3.5.2. Gene Delivery 1. S-180 cells (1x10° cells) were i.p. injected into ddY mice 224
for Ascites Tumor (20) (4 weeks age, male) on day 0. 225

2. When S-180 cells grew as the ascites tumor in mice after 8 days 226
of the injection, the mice were anaesthetized with NEMBUTAL 227
Injection (50 mg/kg), then injected with 510 pL of plasmid 228
DNA and BLs (500 pg) in PBS. 229

3. US (frequency: 1 MHz, duty: 50%, intensity: 1 W/cm?, time: 230
1 min) was transdermally exposed to the abdominal area using 231
Sonopore 300 or 4000 with a probe (KP-S20) (dlamcter 232
20 mm). 233
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Fig. 3. Property of gene delivery with BLs and US exposure (a) Schema of transfection mechanism by BLs and US.
The mechanical effect based on the disruption of BLs by US exposure, which results in generation of some pores on
plasma membrane, is associated with direct delivery of extracellular plasmid DNA into cytosol. (b) Luciferase expression
in COS-7 cells transfected by BLs and US. COS-7 cells (1 x 10° cells/500 pl/tube) were mixed with pCMV-Luc (5 pg)
and BLs (60 pg). The cell mixture was exposed with US (Frequency: 2 MHz, Duty: 50%, Burst rate: 2 Hz, Intensity: 2.5 W/
cm?,Time: 10 s). The cells were washed and cultured for 2 days. After that, luciferase activity was measured. (¢) Effect
of US condition on transfection efficiency with BLs. COS-7 cells were exposed with US (Frequency: 2 MHz, Duty: 50%,
Burst rate: 2 Hz, Intensity: 2.5 W/cm?, Time: 0, 1, 5, 10 s) in the presence of pCMV-Luc (0.25 pg) and BLs (60 pg).
Luciferase activity was measured as above. (d) Effect of serum on transfection efficiency of BLs. COS-7 cells in the
medium containing FBS (0, 10, 30, 50% (v/v)) were treated with US (Frequency: 2 MHz, Duty: 50%, Burst rate: 2 Hz,
Intensity: 2.5 W/cm?, Time: 10 s), pCMV-Luc (0.25 pg) and BLs (60 pg) or transfected with lipoplex of pCMV-Luc
(0.25 pg) and lipofectin (1.25 pg). (e) In vitro gene delivery to various types of cell using BLs and US. The method of
gene delivery was same as above. S-180: mouse sarcoma cells, Colon26: mouse colon adenocarcinoma cells, B16BL6:
mouse melanoma cells, Jurkat: human T cell line, HUVEC: human umbilical endothelial cells. Luciferase activity
was measured as above. * <10°RLU/mg protein, # < 10°RLU/mg protein Each data represents the mean+S.D. (n=3).
L: PEG-liposomes, LF: Lipofectin
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Fig. 4. In vivo gene delivery into mouse ascites tumor cells with Bubble liposomes.
S-180 cells (1x 10° cells) were i.p. injected into ddY mice. After 8 days, the mice were
anaesthetized, then injected with 510 L of pCMV-Luc (10'ug) and Bubble liposomes
(500 pg) in PBS. Uttrasound (frequency: 1.MHz; duty: 50%; intensity: 1.0 W/cm?, time:
1 min) was transdermally applied to, the abdominal area. In another experiment, pCMV-
Luc (10 pg) - Lipofectin (50 pg) or Lipofectamine 2000 (50 pg) complex was suspended
in PBS (510 L) and injected into thé peritoneal cavity of mice. After 2 days, S-180 cells
were recovered from the abdomens of.the mice. Luciferase activity was determined, as
described in Materials and Methods Each bar represents the mean=S.D. (n=23-6).

@ **P<0.01 compared to. the group treated with plasmid DNA Bubble I|posomes
ultrasound exposure or l|pofect|on with Lipofectin or Lipof ine 2000. LF, Lip
LF2000, Lipofectaming 2000; # < 102RLU/mg protein

4“After 2 days of US exposure, ascites tumor cells were recovered 234
+. from the abdomen of the mice. Then, the gene expression in 235

. the recovered cells was measured (see Fig. 5). 236
3.5.3. Gene Delivery 1. S-180 cells (1 x 10° cells) were inoculated into the left footpad 237
for Solid Tumor (20) of ddY mice (5 weeks age, male). 238

2. At day 4, when the thickness of the footpad was over 3.5 mm 239
(normal thickness was about 2 mm), the left femoral artery 240

was exposed by operation. 241
3. BLs (100 pg) and plasmid DNA suspension (100 pL) were 242
injected into the femoral artery using 30-gauge needle. 243

4. In the same time, US (frequency: 0.7 MHz, duty: 50%, inten- 244
sity: 1.2 W/cm?, time: 2 min) was transdermally exposed to 245
the tumor tissue using Sonopore 3000 or 4000 with a probe 26

(KP-T8) (diameter: 8 mm). 247
5. The needle hole was then closed with an adhesive agent and 248
skin was p'l.lt in a suture. 249
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Fig. 5. Gene delivery to femoral artery with Bubble liposomes Each sample containing plasmid DNA 10 pg was injected
into femoral artery. At the same time, ultrasound (frequency, 1 MHz; duty, 50%; burst rate; 2 Hz; intensity, 1 W/cm? time
2 min) was exposed to the downstream area of injection site. (a) Luciferase expression in femoral artery of the ultrasound
exposure area at 2 days after transfection, Luciferase expression was determined as described in Materials and Methods.
Data are shown as means=S.D. (n=5). (LF2000: Lipofectamine 2000)‘(b) In vivo luciferase imaging at 2 days after
transfection in the mouse treated with plasmid DNA, Bubble Ilposomes and ultrasound exposure. The photon counts are
indicated by the pseudocolor scales
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Fig. 6. In vivo gene delivery into mouse solid tumor with Bubble liposomes. S-180 cells (1 x 10° cells) were inoculated into
left footpad of ddY mice. After 4 days, the mice were anaesthetized, then injected with 100 pL of pCMV-Luc (10 pg) in
absence or presence of Bubble liposomes (100 p.g) in PBS. Ultrasound (frequency: 0.7 MHz, duty: 50%; intensity: 1.2 W/
cm?, time: 1 min) was transdermally exposed to tumor tissue. In another experiment, pCMV-Luc (10 ug) — Lipofectamine
2000 (25 pg) complex was suspended in PBS (100 pL) and injected into the left femoral artery. After 2 days, tumor tissue
was recovered from the mice. Luciferase activity was determined as described in Materials and Methods. (a) Luciferase
activity in solid tumor. Each bar represents the mean +S.D. for five mice/group. **P<0.01 compared to the group treated
with plasmid DNA, ultrasound exposure or Lipofectamine 2000. (b) In vivo luciferase imaging in the solid tumor bearing
mice. The photon counts are indicated by the pseudocolor scales. LF 2000, Lipofectamine 2000

250 6. After 2 days of US exposure, the mice were sacrificed and the
251 tumor tissues were collected. Then, the gene expression of
252 the tumor tissue was measured (see Fig. 6 and Note 8).
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3.6. Measurement
of Reporter Gene
Expression

3.6.1. Luciferase Assay

3.6.2. In Vivo Luciferase

1. The lysis buffer (0.1 M Tris-HCI (pH 7.8), 0.1% Triton
X-100, 2 mM EDTA) was added to the sample cells in vitro
or tissues in vivo. In the case of the tissues in vivo, they were
homogenized before next step.

2. The cells or the homogenized tissues in lysis buffer were

repeatedly frozen and thawed three times to completely
disrupt the cell membranes.

3. After that, the lysate of the cells or tissues was centrifuged and
the supernatant was collected in other tube.

4. Luciferase activity in the supernatant was measured using a

luciferase assay system and a luminometer. The activity is
reported in relative light units (RLU) per mg protein of cells
or tissue. e

1. The mice were anaesthetized with Escain and i.p. injected

Imaging with D-luciferin (150 mg/kg).
2. After 10 min, luciferase expression was observed with in vivo
luciferase imaging system (IVIS).
4. Notes

0001095075.INDD 11

1. There are some important points to prepare BLs. The air in
the vial containing the liposome suspension is completely
replaced with perfluoropropane. After that, it needs to be
supercharged in the vial with perfluoropropane. And the vial is
sonicated with a bath-type sonicator (42 KHz, 100 W)
(BRANSONIC 2510 J-DTH, Branson Ultrasonics). In this
step, sonication power and the vial position in the bath are
very important. Because we have experimented that BLs were
not prepared using other type of bath sonicator (UC-1
(38 KHz, 80 W), IKEDA RIKA, Japan) with low intensity of
ultrasound exposure. In addition, BLs were not prepared
using other gas such as air, nitrogen gas or carbonic dioxide
gas. Therefore, it thought that it is important for the prepara-
tion of BL to use hydrophobic gas such as perfluoropropane.

2. To fix BLs as a sample for transmission electron microscope,

BLs were held within calcium alginate gel. The handling of
BLs was improved by holding within the gel. The advantage
for using this gel is to make the gel even at low temperature.
Because BLs became unstable according to increasing tem-
perature. Therefore, it is thought that the gel, such as aga-
rose, which has gel point at high temperature is inappropriate
for this purpose.

3. It was thought that liposomes were reconstituted by sonication

under the condition of supercharge with perfluoropropane.
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Then, perfluoropropane was entrapped within lipids like
micelles. In addition, the lipid nanobubbles were encapsu-
lated within liposomes. To confirm the structure of BLs, we
observed BLs with transmission electron microscope.
Interestingly, BLs had nanobubbles into lipid bilayer.
Therefore, we called this “Bubble liposome” because of this
structure. This structure of BLs was different from that of
conventional microbubbles and nanobubbles which had lipid
monolayer.

4. This protocol can be adapted for many other types of cell. In
the gene transfection for adherent cells, the transfection effi-
ciency in the condition of suspension was higher than that in
the condition of adhesion on the culture plate. Although this
result is unclear, it is thought that the distance between BLs
and cells is important. Because BLs entrapping gas is easy to
flow and result in getting away from:the adherent cells on
the plate.

5. In in vitro gene delivery, it is vqf'y important to fix the loca-
ton of it, in order to reduce the experimental error of each
data. The efficiency of.this gene delivery was not affected
even in the presence of serum. Moreover, the gene expression
was observed even under the condition of US exposure for
1's. From these results, it was suggested that this system could
immediately deliver plasmid DNA into cells. @

6. In in vivo gene delivery, echo jelly is necessary for US expo-
sure to.micé. Gene expression was observed in the arrested
area of US exposure. Because it is thought that the mechani-
cal ‘effect based on the disruption of BLs by US exposure
results in generation of some pores on plasma membrane of

“ the cells in the area of US exposure.

. 7. This system is thought that there is not a serious damage for
the cells in blood such as red blood cells by the disruption of
BLs in blood stream by US exposure.

8. The transfection efficiency with the gene delivery system by
sonoporation mechanism using BLs and US was higher
than conventional lipofection method with Lipofectin and

Lipofectamine 2000. Therefore, it is expected that this sys-
tem might be an effective nonviral gene delivery system.
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To investigate whether or not the combined ultrasound and antibiotic treatment is effective against
chlamydial infection, a new ultrasound exposure system was designed to treat chlamydia-infected cells.
First, the minimum inhibitory concentrations of antibiotics against Chlamydia trachomatis were deter-
mmed Infected cultures were treated with antibiotics then sonicated at intensity of 0.15 or 0.44 W/
cm? with or without Bubble liposomes. After 48 or 72 h after mfectlon chlamydial mclusmns were
stained and examined by fluorescence microscopy. The i i of dextran-fl ein

gﬂ:ﬁd by ultrasound irradiation with Bubble liposomes was observed by fluorescence microscopy. The results
Nanobubbles showed that application of nanobubble-enhanced ultrasound caused no significant effect on cell viability
Antibiotic and chlamydxal mfectwnty However, Doxycycline (1/2 MIC) or CZX (1.0 pg/ml) in combination with
Intracellular bacteria e dramatically reduced the number of inclusions compared with that

administered with antibiotics only. Bubble dose-dependent synergy was also observed. After ultrasound
irradiation at intensity of 0.44 W/cm? on the presence of Bubble liposomes, 10% of Hela cells were
observed to have internalized the dextran molecules. This study suggests the possibility of using nano-
bubble-enhanced ultrasound to deliver antibiotic molecules into cells to eradiate intracellular bacteria,

such as chlamydiae, without causing much damage to the cells itself.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An obligate intracellular pathogen, Chlamydia trachomatis, is the
most prevalent sexually transmitted bacterium worldwide [1]. C.
trachomatis is a Gram-negative bacterium which has a unique bi-
phasic developmental cycle characterized by an infectious but
metabolically inactive extracellular form, called the ‘elementary
body’, which initiates infection through the uptake by the host cell.
Thereafter, elementary bodies differentiate into noninfectious but
metabolically active forms, called the ‘reticulate body’, which pro-
liferate within the inclusion. Reticulate bodies also differentiate
back to elementary bodies before release at the end of the develop-
mental cycle. At its sites of primary infection, C. trachomatis infects
the urethral or cervical epithelium, causing acute urethritis or cer-
vicitis [2]. These frequently progress into chronic inflammatory
dlsease the most significant of which, is chronic salpingitis, an

ory disease of fall tubes that can result in pelvic
inflammatory disease, ectopic pregnancy, and tubal infertility [3].

* Corresponding author. Address: 7-45-1 Nanakuma, Jonan-ku, Fukuoka 814-
0180 Japan. Tel.: +81 92 801 1011x3206; fax +81 92 865 6032.
E-mail «com, feril .ac.jp (L.B. Feril).

1350-4177/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi;10.1016/j.ultsonch.2010.07.015

The recommended antibiotic treatments for urogenital infec-
tions are a single dose of azithromycin or a 7-day course of doxy-
cycline for management of active infections [4]. These regimens
have been shown to result in satisfactory cure rates of acute infec-
tions [5,6]; however, chronic diseases (designated “persistent
infection”) have been suggested to be less responsive to antibiotic
therapy [7].

Previous work has shown that some antibiotics treatment of
Pseudomonas aeruginosa or Escherichia coli coupled with ultrasound
irradiation enhances the bactericidal activity [8]. The more recent
research has revealed that similar synergistic effects of combined
ultrasound and antibiotic treatment are seen in both Gram-posi-
tive and Gram-negative bacteria with some antibiotics, especially
the aminoglycosides [9]. It is not clear whether the combined
ultrasound and antibiotic treatment are effective on intracellular
pathogen, e.g. chlamydial infection. If an intracellular bacterial
infection could be efficiently eradicated from an infected person,
one could avoid chronic antibiotic treatments. In addition, this
strategy of treatment could be beneficial in the management of
chlamydial persistent diseases.

Here, we are studying the synergistic use of ultrasound and
antibiotics to kill the chlamydia. This report presents results of
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the first step in that research, which is investigation of the in vitro
response of C. trachomatis-infected human epithelial cells to com-
bination of ultrasound and two types of antibiotics.

2. Materials and methods
2.1. Chlamydial strain and cell lines

C. trachomatis serovar E/[UW-5/Cx was prepared in McCoy cells
and propagated according to a previously reported method [10].
The mouse fibroblast cell line McCoy cell (CRL 1696) and human
epithelial cell line HeLa 229 cell (CLL 2.1) were maintained in Dul-
becco’s modified Eagle medium (DMEM, Invitrogen, Grand Island,
NY, USA) supplemented with 10% heat-inactivated fetal calf serum
(FCS, Invitrogen) and 100 pig/ml streptomycin.

2.2. Infection of HeLa cells

The Hela cells were seeded into a 24-well plate with lumox™
fluorocarbon film base (optically clear, 50 pm-thin, gas permeable
film, Greiner bio-one, Gottingen, Germany). Stocks of chlamydial
strain were diluted with sucrose-phosphate-glutamate (SPG)
medium [10]. Chlamydial suspensions of 0.5 x 10* inclusion-form-
ing units (IFUs) in 0.25 ml SPG medium were inoculated onto the
monolayer cultures of HeLa cells (1 x 10* cells/well). This is equiv-
alent to a multiplicity of infection of 0.5. After incubation at 37 °C
for 90 min, the inoculum was decanted, and the cells were washed
in medium to remove the nonadsorbed chlamydiae and were then
further incubated in 1 ml DMEM containing 1 pg/ml cyclohexi-
mide (Sigma Chemicals, St. Louis, MO, USA) and 2% FCS (mainte-
nance medium).

2.3. Preparation of bubble liposome

Bubble liposomes were prepared according to a method previ-
ously described [11]. Liposomes composed of 1,2-distearoyl-sn-
glycero-phosphatidylcholine (DSPC) (NOF Corp., Tokyo, Japan)
and 1,2-distearoyl-snglycero-3-phosphatidyl-ethanolamine-meth-
oxypolyethyleneglycol(DSPE-PEG(2k)-OMe, (PEG Mw = ca. 2000),
NOF) (94: 6 (m/m)) were prepared by reverse phase evaporation.
Briefly, all reagents (totallipid: 100 umol) were dissolved in 8 ml
of 1:1 (v/v) chloroform/diisopropyl ether, then 4 ml of phosphate
buffered saline (PBS) were added. The mixture was sonicated and
evaporated at 65 °C. The solvent was completely removed, and
the size of the liposomes was adjusted to less than 200 nm using
an extruding apparatus (Northern Lipids Inc., Vancouver, BC, Can-
ada) and sizing filters (pore sizes: 100 and 200 nm; Nuclepore
Track-Etch Membrane, Whatman plc, UK). After sizing, the lipo-
somes were sterilized by passing them through a 0.45 um pore size
filter (MILLEX HV filter unit, Durapore PVDF membrane, Millipore
Corp., MA, USA). The size of the liposomes was measured by dy-
namic light scattering (ELS-800, Otsuka Electronics Co., Ltd., Osaka,
Japan). The average diameter of these liposomes was between 150
and 200 nm. Lipid concentration was measured using the Phospho-
lipid C test (Wako Pure Chemical Industries). BLs were prepared
from the liposomes and perfluoropropane gas (Takachiho Chemical
Industrial Co., Ltd., Tokyo, Japan). Briefly, 5 ml sterilized vials con-
taining 2ml of the liposome suspension (lipid concentration:
2 mg/ml) were filled with perfluoropropane, capped, and then
supercharged with 7.5 ml of perfluoropropane. The vial was placed
in a bath-type sonicator (42 kHz, 100 W; BRANSONIC 2510J-DTH,
Branson Ultrasonics Co., Danbury, CT, USA) for 5 min to form the
BLs. In this method, the liposomes were reconstituted by sonica-
tion under the condition of supercharge with perfluoropropane in
the 5 ml vial container. At the same time, perfluoropropane would

be entrapped within lipids like micelles, which were made by DSPC
and DSPE-PEG(2k)-OMe from liposome composition, to form nano-
bubbles. The lipid nanobubbles were encapsulated within the
reconstituted liposomes, which sizes were changed into around
1 pm from 150 to 200 nm of original.

2.4. Immunofluorescence staining and fluorescence microscopy

At 48 or 72h after infection, the infected monolayers were
washed with PBS, and the cells were fixed with —20°C chilled
methanol. After the specimens had been dried, the inclusion bodies
were stained with fluorescein isothiocyanate (FITC)-labeled mono-
clonal antibody against C. trachomatis lipopolysaccharides (Progen
Biotechnik, Heidelberg, Germany) for 30 min at room temperature.
The cells were rinsed with saline, and the films were cut off from
the plate, and mounted in a 1:1 solution of PBS-glycerol. The anti-
body staining resulted in yell green chlamydial proteins, and
Evans blue counterstaining yielded red eukaryotic cells. The forma-
tion of inclusions was assessed using a Zeiss Axiophot fluorescence
microscope. The cells positive for inclusions are considered in-
fected cells and infectivity was presented as the number of inclu- .
sion-forming units (IFUs).

2.5. Antibiotics and measurements of MICs

Doxycycline (DOX, Sigma Chemicals) and ceftizoxime (CZX,
Fujisawa Yakuhin Kogyou, Tokyo, Japan) were obtained in powder
form. Both antibiotics were diluted with saline, and were dissolved
in maintenance medium at a concentration of 100 pg/ml and fro-
zen at —80 °C until used. The minimum inhibitory concentrations
(MICs) were determined using a method previously described
[12]. Briefly, confluent monolayer cultures of cells in a 24-well
flat-bottomed plate with 13-mm coverslips were inoculated by
centrifugation and incubated in 1 ml of maintenance medium con-
taining a serial dilution of antibiotics for 72 h. To determine the
MICs, the cover slips were stained and observed as described in
Immunofluorescence staining and fluorescence microscopy. The
lowest concentration of the antimicrobial agent that completely
inhibited the formation of visible chlamydial inclusions was deter-
mined as the MIC.

2.6. Ultrasound exposure
An acoustically transparent gel (Pharmaceutical Innovations

Inc., Newark, NJ) was applied on the ultrasound probe before posi-
tioning the plate containing the sample on top of it (Fig. 1). Thera-

@ C. trachomatis+DOX or C2X

é] Bubble liposomes

Hela 229

Ultrasound transducer
Sonication
1.011 MHz; 0.15 or 0.44 W/cm?
0.5 Hz pulse rate; 25% duty factor; 20 sec.

Fig. 1. Experimental design. Schematic drawing of the ultrasound setting. C
trachomatis-infected Hela cells were exposed to ultrasound after addition of
antibiotic and Bubble liposomes.
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peutic ultrasound (1.011 MHz) was irradiated from a device (Sono-
Pore KTAC-4000, NepaGene, Chiba, Japan) at intensity of 0.15 or
0.44 W/cm? (duty cycle of 25%) for 20 s immediately after addition
of Bubble liposomes into the sample.

2.7. Measurement of cell viability

The Trypan blue dye exclusion test was carried out by mixing
200 pl of the suspension of HeLa cells with an equal amount of
0.3% Trypan blue solution (Sigma Chemicals) in PBS. After 5 min
incubation at room temperature, the number of cells excluding
Trypan blue was counted using a C-Chip disposable hemocytome-
ter (Digital Bio Technology Co., Gyeonggi, Korea) to estimate the
number of viable cells immediately after sonication.

2.8. Measurement of infectivity of chlamydiae

The 1.0 ml of chlamydial suspensions in SPG treated with ultra-
sound and/or nanobubbles was inoculated into triplicate cultures
of McCoy cells in order to estimate the infectivity immediately
after sonication. Chlamydial suspensions, 0.25 ml each, were added
onto the monolayer culture of McCoy cells. After centrifugation at
1000g for 60 min, the inoculum was decanted, and the cells were
washed with medium to remove the nonadsorbed chlamydiae,
and were then further incubated in 1.0ml of maintenance
medium.

2.9. Internalization of dextran-fluorescein conjugates

Dextran-fluorescein conjugates (3000 MW, anionic: Molecular
Probes, Inc., OR, USA) were soluble in 0.02 M Tris-HCl buffer (pH
8.0) at 10 pg/ml, and performed by filtration using 0.2 pm pore-
diameter sterile filters. Aqueous solutions of dextran were diluted
to 10 pg/ml with maintenance medium. The 50 pl of solution of
dextran conjugates instead of antibiotics were added into the
monolayer cultures of HeLa cells in a 24-well plate with lumox™
fluorocarbon film bottom. Ultrasound was irradiated for 20 s with
or without Bubble liposomes at 50 pg/ml. Cultures were rinsed in
PBS(-) solution and examined immediately after rinsing by fluo-
rescent microscopy (Leica Microsystems CTR4000, Wetzlar,
Germany).

2.10. Statistical analysis

Data from these study were analyzed using unpaired t-test
including Welch’s correction. Results were considered to be signif-
icant when the corrected p-value is less than 0.05, indicated as
p<0.05 in the manuscript and figure legends. Error bars shown
in the figures are standard deviations of duplicate samples in
experiments repeated at least three times.

3. Results

3.1. Cell viability of HeLa cells and infectivity of chlamydiae by
nanobubble-enhanced ultrasound

We first investigated whether nanobubble-enhanced ultra-
sound decreased the cell viability of HeLa cells and the infectivity
of chlamydia. As shown in Table 1, ultrasound at intensity of
0.44 W/cm? caused no significant effect, but ultrasound at inten-
sity of 0.15 W/cm? decreased slightly on cell viability. On the other
hand, the application of ultrasound also caused no significant effect
on chlamydial infectivity at both intensities of 0.15 and 0.44 W/
cm? (Fig. 2).

Table 1
Viable cell counts following exposure of Hela cell to ultrasound.

Application of ultrasound Cytotoxicity: No. of viable

cells/well (% of control)

Control
(-) Sonication 7475 £ 1950
() Bubble liposomes (100)
Bubble
(-) Sonication 8940 + 950
(+) Bubble liposomes (120)
Ultrasound (0.15 W/cm?) 6290 +950
(+) Bubble liposomes (84)
Ultrasound (0.44 W/cm?) 7865 £ 950
(+) Bubble liposomes (105)
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Fig. 2. Infectivity of iae by hanced No signifi-

cant change in infectivity when cells were treated with bubble liposomes (Bubble
only) or ultrasound at intensities 0.15 W/cm? (Bubble + US(0.15)) and 0.44 W/cm?
(Bubble + US(0.44)) in the presence of bubble liposomes.

3.2. Ultrasonic enhancement of antibiotic action on C. trachomatis-
infected HeLa cells

The MIC of DOX for C. trachomatis-infected HeLa cells was deter-
mined to be 0.03 pg/ml. Infected cultures were treated with DOX at
1/2 MIC (0.015 pg/ml) then sonicated with or without the addition
of Bubble liposomes (50 pg/ml). The results showed that ultra-
sound alone or Bubble liposomes alone did not decrease the forma-
tion of inclusions in infected cells administered with DOX (Fig. 3).
However, DOX at 1/2 MIC in combination with nanobubble-en-
hanced ultrasound significantly reduced the number of IFUs to
66+39% and 15+ 12%, respectively, at intensities of 0.15 and
0.44 W/cm?, ¢ d with that administered with DOX at 1/2
MIC only (Control in Fig. 3).

The MIC of CZX for C. trachomatis-infected HeLa cells could not
be determined because intracellular pathogens are known to be
resistant to CZX, therefore, we tried to use considerably high con-
centrations of 0.125, 0.25, 0.5 and 1.0 pg/ml. Any of the concentra-
tions used did not show any effect against chlamydia when applied
alone but in combination with bubble-enhanced ultrasound, sig-
nificant IFU reduction was observed and most with 1.0 pg/ml
CZX (data not shown). Similar to the observed effect with DOX,
1.0 pg/ml CZX in combination with nanobubble-enhanced ultra-
sound also reduced the number of IFUs to 53 + 32% and 50 + 48%,
respectively, at intensities of 0.15 and 0.44 W/cm?, compared with
that administered 1.0 pg/ml CZX only (Fig. 4).
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Fig. 3. Ultrasonic enhancement of bactericidal activity of doxycycline (DOX) at 1/2
MIC on C. trachomatis-infected HeLa cells. Data represents % of control that is the
number of chlamydial inclusions treated with DOX at 1/2 MIC only (*p <0.05).
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Fig. 4. Ultrasonic of activity of (€ZX) at

1.0 pg/ml on C. trachomatis-infected Hela cells. Data represents % of control that is
the number of chlamydial inclusions treated with CZX at 1.0 pg/ml only (*p < 0.05).
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Fig. 5. Effect of concentration of Bubble liposomes in addition with ultrasound
irradiation and antibiotics on C trachomatis-infected Hela cells. (A) Before
ultrasound irradiation, the infected culture was treated with DOX at 1/2 MIC. (B)

Before ultrasound irradiation, the infected culture was treated with CZX at 1.0 pg/
ml (*p<0.05).

Next, we examined the effect of the amount of Bubble lipo-
somes on nanobubble-enhanced ultrasound reduction of IFU. With
increased amount of Bubble liposomes, the synergistic effect of
ultrasound and DOX was significantly increased (Fig. 5A). Bubble
dose-dependent synergy was also observed with CZX and ultra-
sound (Fig. 5B).

3.3. Internali:

of dextran—fluorescein c by ultrasound

Finally, to examine whether ultrasound can facilitate intracellu-
lar uptake of large molecules, we sonicated HeLa cells in the pres-
ence of fluorescein-labeled dextran and afterwards examined the
cells by fluorescence microscopy. Approximately 10% of viable cells
were observed to have internalized the dextran molecules after
ultrasound irradiation at intensity of 0.44 W/cm? in the presence
of Bubble liposomes (Fig. 6). This observation showed that ultra-
sound can facilitate cellular uptake of large molecules.

4. Discussion

Previous reports have shown a synergistic effect between ultra-
sound and antibiotics in killing E. coli and P. aeruginosa [8]. The
purpose of this present study was to determine if the same syner-
gistic effect could be observed with C. trachomatis even if this is an
intracellular organism. The results of the MIC experiments and the
measurements of bactericidal activity against C. trachomatis show
that addition of nanobubble-enhanced ultrasound to DOX treat-
ment enhanced the effectiveness of DOX in eradicating C. tracho-
matis (Fig. 3). Dramatic reduction of IFUs to 15+ 12% was
observed at higher ultrasound intensity of 0.44 W/cm? (Fig. 3).
These findings could have important clinical applications because
the tissue concentration of antibiotics often became below the
MICs in actual clinical settings.

In a previous study, the duration of the illness in patients with
C. trachomatis-triggered reactive arthritis (ReA) was shorter in pa-
tients treated with lymecycline for 3 months than in a placebo-
treated group [13]. Other studies on the long-term treatment of
acute ReA with ciprofloxacin showed no advantage over placebo
treatment in the outcome of ReA [14]. So far, the optimal treatment
of ReA with antimicrobial drugs remains controversial. In addition,
it was recently reported that persistent chlamydial infection in-
duced ReA [15-17]. Most recent finding by Reveneau et al. have
shown that persistent chlamydial forms are more resistant to
DOX than acute forms because of the decreased antibiotic uptake
by host cells [18]. Therefore, a more effective treatment of persis-
tent chlamydial infections requires a method to increase antibiot-
ics uptake by the infected cells. On the other hand, advances in
ultrasound and nanobubble-enhanced ultrasound technologies
have raised the possibility of using ultrasound not only for diag-
nostic but also for therapeutic purposes. The combination of an
agent as nanobubbles and ultrasound exposure makes sonopora-
tion possible. Sonoporation is characterized by a transient change
in cellular membrane permeability mediated by ultrasound [19-
24]; the cavitation energy created by the bubble collapse is
thought to be the key mechanism [19]. Thereby, we confirmed that
the intracellular delivery of macromolecules such as dextran was
observed under the condition used in our experiments (Fig. 6). In
addition, ultrasound did not damage Hela cells or chlamydial
organisms in the presence of Bubble liposomes (Fig. 2 and Table
1). This may be due to the size of the bubbles such that cavitations
created are enough to deliver the drug to the cells but not “large”
enough to create fatal damage to the cell itself. However, to under-
stand the dynamic of the interactions between nanobubble, cell
membrane and ultrasound [25], further study is needed. Collec-
tively, our data suggest the possibility of using nanobubble-en-



