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Figure 1| Construction and physicochemical properties of DACHPt-loaded micellar nanomedicines (DACHPt/! m) with different diameters. a, Schematic
showing DACHPt/m formed through the interaction between DACHPt and the carboxylic groups of poly(glutamic acid) (green) in PEG-b-P(Glu) and P(Glu).
In media containing chloride ions, DACHP! (yellow circles) is released from the micelles through ligand exchange between the carboxylic groups in P(Glu)
and the chloride ions. b, Changing micelle size by altering the ratio of P(Glu) from the homopolymer and the P(Glu) portion of PEG-b-P(Glu) in the mixture.
Total glutamic acid residue concentration was maintained at 5 mM. ¢, Micelles of all sizes release DACHPY at similar rates. d, Micelles of all sizes incubated
in cell culture media containing 10% serum at 37 °C maintained their sizes over 48 h. e, Plasma clearances of micelles with different diameters follow similar

trends. Data are means-+s.em, n=3,

The 30, 50, 70 and 100 nm DACHPt/m presented similar zeta
potentials, ranging from -—2.29 to 0.15mV at pH 7.4 (Table 1).
These micelles showed similar drug release rates (Fig. 1c), driven
by the ligand exchange of DACHPt between the carboxylic groups
of P(Glu) and the chloride ions in the biological media. After 96 h
incubation in cell culture media containing 10% fetal bovine serum
(EBS) at 37 °C, the drug release from DACHPt/m reached ~50%
(Fig. 1c). Under similar conditions, differently sized DACHPt/m

maintained their diameters for over 48 h (Fig. 1d). DACHPt/m of
different sizes also showed similar plasma clearance rates (~12% of
injected dose (ID) per ml plasma remained after 24 h) and plasma
half-lives (7-8 h) (Fig. le and Supplementary Table S1, respectively).
We recently showed that DACHPt/m can maintain their micellar
structure in the circulation for at least 24 h after injection®.
Furthermore, DACHPt/m of varying sizes show similar distri-
butions in the kidney, liver and spleen (Supplementary Fig. $2 and
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Figure 2 | Anticancer activity and tumour accumulation of DACHPt/m with different diameters. a-d, Plots of relative tumour volumes of subcutaneous
hyperpermeable murine colon adenocarcinoma (C26) (a) and subcutaneous hypopermeable human pancreatic adenocarcinoma BxPC3 (¢) tumours, and
accumulation of DACHPt/m in C26 (b) and BxPC3 (d) tumours. To evaluate antitumour activity, oxaliplatin was injected on days 0, 2 and 4 (dose,

8 mg kg™") and micelles were injected on days 0, 2 and 4 (dose, 3 mg kg™ on a platinum basis). For tumour accumulation experiments, micelles were
injected at 100 pg per mouse on a platinum basis. Data are means-+s.em., n=6. *P > 0.05; **P < 0.05; ***P < 0.01; ***P < 0.001.

Table S1), which are the miajor organs responsible for the clearance of
nanocarriers?. The levels of accumulation of DACHPt/m in these
organs are comparable to other polymeric micelles incorporating cis-
platin® or doxorubicin’, except for a slightly higher accumulation of
100 nm DACHPt/m in the liver. Because the surface chemistry and
charge of nanocarriers have been reported to critically affect the
interactions of nanocarriers with plasma proteins and cells and
the biodistributions of nanocarriers??22%%, the analogous surface
chemistry (PEG-coated surface), neutral charge and comparable
plasma clearance of DACHPt/m with different diameters are
substantial advantages for the evaluation of their extravasation,
penetration and accumulation abilities in solid tumours as well as
the associated therapeutic outcomes.

Antitumour activity of DACHPt/m in solid tumours

The  antitumour activity and accumulation of DACHPt/m with
different diameters were examined in tumour models with different
permeabilities: a hyperpermeable murine colon adenocarcinoma
26 (C26) model characterized by high vascularization and slight
tumour stroma®! and a human pancreatic adenocarcinoma BxPC3
characterized by low vascularization, reduced vascular permeability
due to pericyte coverage of blood vessels?®! and thick fibrosis,
which are representative characteristics of some intractable solid
tumours®3-%, Note that the in vitro cytotoxicity of sub-100 nm
DACHPt/m on C26 and BxPC3 cell lines was not substantially
affected by micelle size (Supplementary Table S3), suggesting that
their in vivo antitumour effect can be associated with their accumu-
lation and microdistribution in solid tumours. In the C26 model,
all micelles demonstrated comparable tumour growth inhibition

NATURE NANOTECHNOLOGY | VOL 6 | DECEMBER 2011 | www.nature.com/naturenanotechnology

(Fig. 2a), whereas oxaliplatin did not show a significant antitumour
effect. The accumulation levels of all sub-100 nm micelles in C26
tumours were consistently comparable, reaching ~10% IDg™*
tumour at 24 h post-injection (Fig. 2b). In the BxPC3 model, the
size effect of DACHPt/m on antitumour activity became evident,
with the 30 nm micelles completely suppressing tumour growth, the
50 nm micelles leading to reduced antitumour activity, and the
70 nm and 100 nm micelles failing to show any antitumour effect
(Fig. 2¢). The accumulation of the 30 nm micelles was two times
higher than that of the 50 nm micelles and four times higher than
that of the 70 and 100 nm micelles after 24 h in BxPC3 tumours
(Fig. 2d), which is also consistent with the antitumour efficacies
in Fig. 2c. .

The intratumoral microdistribution of fluorescently labelled
DACHPt/m with different sizes in tumour sections was studied to
investigate size-dependent extravasation and penetration of micellar
nanomedicines in tumours. Histological investigations using haema-
toxilyn and eosin (H&E) staining revealed a well-vascularized
medullary histological pattern of C26 tumours with reduced
tumour stroma (Fig. 3a). In this tumour model, the fluorescence
signals from the 30, 50, 70 and 100 nm micelles were uniformly
distributed throughout the entire section at 24 h post-injection,
suggesting deep tumour penetration of all sub-100 nm micelles
(Fig. 3b, red). The immunofluorescence localization of platelet
endothelial cell adhesion molecule-1 (PECAM-1), expressed by
endothelial cells, indicated the extensive distribution of blood
vessels in C26 tumours (Fig. 3b, green). However, H&E staining of
BxPC3 tumours revealed the formation of nests of cancer cells
surrounded by fibrotic tissue (Fig. 3¢), which may act as a barrier
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Figure 3 | Microdistribution of fluorescently labelled DACHPt/m of varying sizes in tumours. a-d, Histological examination of C26 tumour (a) and BxPC3
turnour (c) by H&E staining (dashed lines in ¢ show area of cancer cell nests in the BxPC3 tumour) and fluorescent microscopic images of sections of C26
(b) and BxPC3 (d) tumours 24 h after intravenous administration of fluorescent micelles with different sizes. Micelles were labelled with ‘Alexa 594 (red).
Blood vessels were marked with PECAM-1 and Alexa 488 secondary antibody (green). Scale bars, 50 pm. e-g, Mapping of platinum atoms from DACHPt
and iron from haemoproteins in tumour sections of C26 (e), BxPC3 (f) and a BxPC3 cancer cell nest (indicated by dashed line) (g) by p-SR-XRF 24 h after

administration of micelles. Scale bars, 50 pm.

against the penetration of drugs and nanocarriers®3!. In the BxPC3
model, immunofluorescence detection of PECAM-1 (Fig. 3d, green)
indicated the presence of blood vessels around the cancer cell nests
and the absence of vessels in the interior of these structures. We
observed that the 30 nm micelles penetrated inside the tightly
nested structures of BxPC3 tumours, but the fluorescent signal of
the bigger micelles diminished and was concentrated close to the
blood vessels, indicating their failure to enter the nests of cancer
cells (Fig. 3d, red). This size-dependent penetration of fluorescent

818

DACHPt/m may affect the intratumoral distribution of the
delivered drug.

Given that the drug loaded in the micelles was a platinum
complex, we assessed the drug microdistribution in tumour sections
by detecting element disposition using p.-synchrotron radiation
X-ray fluorescence (u-SR-XRF). The very distinct peak of the
platinum from the DACHPt can be observed in the sum spectrum of
the line scan as well as the elements traditionally present in animal
tissue. The distribution of iron and platinum in tumour tissue
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sections was studied to evaluate the distribution of haemoproteins
(linked to the presence of blood vessels) and the location of
the drug, respectively. For this experiment, we used DACHPt/m
with diameters of 30 and 70 nm because of the critical differences
in antitumour activity, tumour accumulation and microdistribution
of DACHPt/m in the BxPC3 tumour model for diameters below and
above 50 nm (Figs 2¢,d, 3d).

In the C26 tumour model, the extensive spread of iron atoms
indicates abundant vascularization (Fig. 3e), consistent with the abun-
dance of blood vessels observed by immunofluorescence microscopy
(Fig. 3b, green). DACHPt delivered from the 30 and 70 nm micelles
was broadly distributed in this tumour model (Fig. 3e). In the
BxPC3 xenografts, the distribution of iron atoms (Fig. 3f,g) indicates
reduced vascularization -and disposition of blood vessels in this
model, suggesting a restricted blood flow inside the nest structures.
The platinum mapping shows that the 30 nm micelles delivered
DACHPt inside the cancer cell nests, whereas DACHPt from the
70 nm micelles is localized in the periphery of the nests (Fig. 3g). In
both' tumour models, the intratumoral microdistribution of
DACHPt has a layout similar to that of the fluorescent micelles, con-
firming that tumour penetration by the micelles directly affects drug
accumulation and antitumour outcome.

1038/NNANO.20TL1

The real-time observation of in vivo behaviour of nanocarriers

might reveal the critical barriers in a living body. Unlike conventional
histological analysis, the iz vivo confocal laser scanning microscopy
(CLSM) technique enables spatiotemporal and quantitative analyses
of extravasation, tissue penetration and cellular internalization
of nanocarriers in a living animal*. By using an in vivo CLSM com-
bined with a high-speed resonance scanner designed to acquire clean
live tissue images, we intravitally evaluated the penetration and
" accumulation of the fluorescently labelled micelles. The 30 and
70 nm micelles were labelled with Alexa 488 (green) and Alexa 594
(red) fluorescent probes, respectively (Supplementary Fig. $3), and
concurrently injected into tumour-bearing mice to evaluate real-
time extravasation, penetration and microdistribution of both
micelles in the same tumour (Fig. 4). Fluorescence measurements
in the tissues were relative to the fluorescence intensity in the
vasculature immediately after injection of the micelles (V). .

At 1 h post-injection of the micelles, the fluorescence intensity of
both 30 and 70 nm DACHPt/m in the blood vessels of tumours
was ~80% of V. (Fig. 4ab). In C26 tumours, the micelles
showed similar extravasatlon and penetration (Fig. 4a,
Supplementary Video S1). The z-stack volume reconstruction of
the C26 tumour showed a profusely vascularized structure and a
comparable presence of both micelles in the tumour interstitium
(Fig. 4c, Supplementary Video S2). In BxPC3 tumours, the extrava-
sation profiles of the 30 and 70 nm micelles after 1 h were clearly dis-
similar (Fig. 4b, Supplementary Videos $3, $4). The 30 nm micelles

crossed the vascular wall, achieving over 20% of V. at 40 pm from

the blood vessel (Fig. 4b). In contrast, the 70 nm micelles extrava- -

sated at discrete sites close to the blood vessels and failed to move
towards the interstitial space (Fig. 4b). These distinct penetration
profiles were evident in the z-stack volume reconstruction of the
BxPC3 tumour, showing that thé extravasation points of the 70 nm
micelles surrounded the blood vessels (Fig. 4d.e, Supplementary
Videos S5 and S6). At 24 h post-injection, the intensities of the
extravasated 30 and 70 nm micelles in the C26 tumour were ~40%
of V. at 100 pm from the blood vessels (Fig. 4f), and both
micelles were observed inside the individual cells of the tumour
tissue (Fig. 4f). In BxPC3 tumours, the distribution of the
micelles corresponded reasonably to their different extravasation
profiles; the 30 nm micelles achieved deep tumour accumulation,
but the 70 nm micelles remained close to the vasculature (Fig. 4g,
white arrows). The intensity of the extravasated 30 nm micelles
was ~40% of V. (Fig. 4g) and they apparently localized in
the cells (Fig. 4g). These observations strongly suggest that
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30 nm DACHPt/m can penetrate nests of cancer cells distant
from blood vessels, allowing homogeneous dmg distribution in
hypopermeable tumours.

Although many factors (including morphology, hydrophobicity
and nanoparticle charge) affect their accumulation in tumours, it is
of primary importance to study long-circulating nanocarriers,
because prolonged circulation is a prerequisite for tumour
targeting based on the EPR effect. Results obtained by intratumoral
microdistribution studies indicate that micellar nanomedicines
with diameters less than 50 nm might be superior in terms of extra-
vasation and penetration into tumour tissues among the sub-100 nm
micellar nanomedicines. The limitation of the present study is that
the size of the micellar nanomedicines was restricted to between
30 and 100 nm. Because the threshold of remal clearance of
nanoparticles is ~5.5 nm (ref. 35), tumour accumulation and
intratumoral distribution of nanomedicines in the range between 5
and 30 nm remain to be clarified. Furthermore, the biodistribution
study revealed that the 100 nm micelles showed higher accumulation
in the liver compared with other smaller micelles (Supplementary
Fig. S2, Table S1), suggesting the importance of the size of nano-
medicines for their distribution in organs, which may be associated
with toxicity. Hence, optimizing the size of nanomedicines should
take into account the balance between antitumour efficacy and
potential toxicity.

Enhancing tumour permeability with a TGF-§ inhibitor

‘We have recently reported that low doses of a transforming growth
factor (TGF)- inhibitor (TGF-B-I) transiently decreases the peri-
cyte coverage of the endothelium in the neovasculature of pancreatic
tumours, resulting in enhanced accumulation and antitumour
activity of 65 nm micellar nanomedicines and 90 nm Doxil®.
These results motivated us to evaluate the effect of the TGF-f inhibi-
tor on the delivery of sub-100 nm DACHPt/m in BxPC3 tumours.
When mice were treated with 1 mgkg™" of TGF-B-I (LY364947),
the 70 nm micelles reduced the tumour growth rate as effectively
as the 30 nm miicelles (Fig. 5a). Moreover, accumulation of the
70 nm micelles in tumours was augmented to a level comparable
with that of the 30 nm micelles (Fig. 5b). These results indicate
that the impaired extravasation and penetration of the 70 nm

-micelles in BxPC3 tumours can be overcome by treatment with

TGEF-B-1.

Fluorescence microscopic evaluauon of BxPC3 tumour sections
revealed that the fluorescently labelled 70 nm micelles showed
enhanced intratumoural penetration even inside cancer cell nests
after administration of TGE-B-I (Fig. 5c). This result suggests that
modulation of the stromal components in tumour tissue by
TGE-B-1, including pericyte coverage around the tumour blood
vessels, is important for penetration of the 70 nm micelles, Moreover,
the w-SR-XRF measurement demonstrated that co-administration
of TGF-B-I facilitated intratumoral delivery of DACHPt from the
70 nm micelles, which reached the interior of the cancer cell
nests at 24 h post-injection (Fig. 5d). This result is consistent
with the augmented antitumour activity (Fig. 5a) and enhanced intra-
tumoural penetration (Fig. 5b) of 70 nm DACHPt/m by TGF-B-L

Intravital CLSM observation also confirmed that treatment with
TGE-B-1 enhanced the extravasation and penetration of 70 nm
micelles into BxPC3 tumours (Fig. Se, Supplementary Video S7).
We found that the 30 and 70 nm micelles demonstrated a compar-
able distribution in the tumour tissues, and both achieved ~20% of
V... at 40 pm from the blood vessels at 1h after co-injection

max

(Fig. 5e). At 24 h after injection, both micelles had deeply penetrated

the tumour (Fig. 5f), reaching over 40% of V.. at 100 wm from the
blood vessels (Fig. 5f). The 30 and 70 nm micelles also appeared to
show comparable subcellular localization (Fig. 5f). These results
suggest that the improvement in extravasation and penetration of
70 nm DACHPt/m by TGF-B-I caused the increased antitumour
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Figure 4 | In vivo real-time microdistribution of DACHPt/m with different diameters in tumours. a,b, Microdistribution of fluorescently labelled 30 nm
(green) and 70 nm (red) micelles 1 h after injection into C26 (a) and BxPC3 (b) tumours. Their colocalization is shown in yellow. Right panels in a and b
show fluorescence intensity profile from the blood vessel (0-10 pum; grey area) to the tumour tissue (10-100 pm) in the selected region (indicated by a
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Figure 5 | Effect of TGF-B inhibitor (TGF-B-1) on antitumour activity and tumour accumulation of DACHPt/m in BxPC3 tumours. a, Graph showing relative
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microscopy of tumour sections 24 h after co-administration of the fluorescent micelles and TGF-B-I. Scale bars, 50 pm. d, Platinum and iron mapping of
tumour sections by w-SR-XRF 24 h after administration of 30 and 70 nm micelles. Scale bars, 50 pm. ef, Intravital distribution of 30 nm (green) and 70 nm
(red) micelles in BxPC3 tumours 1h (e) and 24 h (f) after co-injection of micelles and TGF-B-I. Their colocalization is shown in yellow. Right panels show
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activity, supporting the hypothesis that TGF-B inhibitors have great ~ Conclusions
potential for enhancing the therapeutic efficacy of nanomedicinesin ~ The enhanced targeting of drugs to cancer cells within tumours by
hypopermeable tumours. nanomedicines largely depends on size. We have shown that the
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tumoricidal efficiency of long-circulating polymeric micelles
depends on the size of the micelles and the permeability of the
tumour. In hypervascular tumours with a highly permeable struc-
ture, sub-100 nm micellar nanomedicines showed no size-depen-
dent restrictions on extravasation and penetration in tumours. In
contrast, only nanomedicines smaller than 50 nm can penetrate
poorly permeable hypovascular tumours. Furthermore, increasing
the permeability of hypovascular tumours using TGF-B signalling
inhibitor improved the accumulation and distribution of the
larger 70 nm micelles, offering a way to enhbance the efficacy of
larger nanomedicines. Because efficient extravasation and tumour
penetration are important prerequisites for targeting cancer cells,
our findings are important for designing sophisticated nanomedi-
cines that are capable of cell recognition and selective intracellular
release of payloads.

Materials and methods

Materials, cell lines and animals. Information regarding materials, cell lines
(murine colon adenocarcinoma 26 (C26) cells and human pancreatic cancer BxPC3
cells) and animals is described in the Supplementary Information. All animal
experiments were performed in accordance with the Guidelines for the Care and Use
of Laboratory Animals as stated by the University of Tokyo.

Tumour models. BALB/c nude mice were inoculated subcutaneously with C26 cells
(1 x 10° cell ml™") to prepare the hyperpermeable tumour model, or with BxPC3
cells (1 x 107 cell ml™!) to prepare the hypopermeable tumour model. In vivo and
ex vivo confocal microscopy, elemental mapping and antitumour activity studies
were performed when tumours were 50 mm in volume?®. Biodistribution studies were
performed when the tumours were ~100 mm in volume®.

Preparation of PEG-b-P(Glu) block copolymer and P(Glu) homopolymer.
PEG-b-P(Glu) block copolymers and P(Glu) homopolymers were synthesized
according to a previously described synthetic method® with a minor modification.
Detailed procedures for polymer synthesis and characterization are described in
the Supplementary Information. PEG-b-P(Glu) was fluorescently labelled by
conjugating the Alexa 488 and Alexa 594 succinimidyl esters to the w-amino group
of the polymer in dimethyl sulfoxide. Detailed procedures are described in the
Supplementary Information.

Preparation and characterization of DACHPt/m with different diameters.
DACHPt/m with different diameters were prepared according to a previously
described method with a slight modification!®26%”, Detailed procedures are
described in the Supplementary Information. The size distribution of DACHPt/m
was evaluated by DLS measurements at 25 °C, and the zeta potential of the micelles
was measured in phosphate buffer at pH 7.4 using a Zetasizer Nano Z$90 (Malvern
Instruments). The platinum content in the micelles was determined by ion-coupled
plasma-mass spectrometry (ICP-MS) using a Hewlett Packard 4500 ICP-MS.
Fluorescently labelled DACHPt/m was prepared in a similar manner with Alexa 488
or Alexa 594 labelled PEG-b-P(Glu). The stability of DACHPt/m with different
diameters in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS
at 37 °C was determined by DLS. The release rate of the micelles under similar
conditions was studied by the dialysis method using a dialysis bag (molecular weight
cutoff = 2,000). More detailed information is described in the Supplementary
Information.

Transmission electron microscopy. The experimental procedure is described in the
Supplementary Information.

In vitro cytotoxicity assay, The experimental procedure is described in the
Supplementary Information.

Antitumour activity assay. Mice were treated three times intravenously at two-day
intervals with 3 mg kg™ (on a platinum basis) of 30, 50, 70 and 100 nm
DACHPt/m. Anti-tumour activity was evaluated in terms of tumour size (V),
which was estimated by the equation

V=axb/2

where a and b are the major and minor axes of the tumour, respectively, as measured
by a caliper. The statistical significance of different findings between the
experimental and control groups was determined by analysis of variance (ANOVA)
with Tukey’s multiple comparison test. The results were considered statistically
significant if two-tailed P-values were less than 0.05.

Plasma clearance and organ and tumour accumulation of DACHPt/m

with different diameters. The experimental procedure is described in the
Supplementary Information.

822

Microdistribution and immunohistochemistry of fluorescently labelled
DACHPt/m. Mice bearing C26 or BxPC3 tumours were intravenously injected with
Alexa 594-labelled 30, 50, 70 and 100 nm DACHPt/m at 100 g per mouse on a
platinum basis. Twenty-four hours later, tumours were collected and immediately
frozen in an acetone/dry ice mixture. The frozen samples were further sectioned
(thickness, 16 wm) in a cryostat, briefly fixed with cold acetone and then incubated
with PECAM-1 antibody. Alexa 488 was used as the secondary antibody. Samples
were observed using a Zeiss LSM510 Meta confocal microscope (Oberkochen). For
H&E staining, the excised samples were fixed overnight in 4% paraformaldehyde
and then paraffin-embedded to prepare them for the perfusion study in the tumour
tissues. Samples were observed under an AX80 microscope (Olympus).

Element array analysis using p-X-ray fluorescence, SR-XRF was used to determine
DACHPt as well as iron distribution in sections of solid tumours (C26 or BxPC3)
at 24 h post-intravenous injection of 30 and 70 nm DACHPt/m. The detailed
experimental procedure is described in the Supplementary Information.

In vivo confocal laser scanning microscopy (in vivo CLSM). Mice bearing C26 or
BxPC3 tumours were intravenously co-injected with fluorescently labelled 30 and
70 nm DACHPt/m at a dose of 10 mg kg™ *. The 30 nm micelles were labelled with
Alexa 488, and the 70 nm micelles were labelled with Alexa 594. The in vive CLSM
observation of tumour tissues was performed according to a previously reported
method®%, All in vivo picture acquisitions were performed using a Nikon AIR
confocal laser scanning microscope system attached to an upright ECLIPSE

FN1 (Nikon). The 30-nm-diameter micelles were detected using 488/510 nm
excitation/emission filters, and the signal from the 70 nm micelles was acquired
with 560/620 nm excitation/emission filters.

Enhancement of tumour permeability by treatment with a TGF-B inhibitor. The
effect of TGE-B inhibitor on the accumulation and antitumour activity of
DACHPt/m was determined using the methods already described. For the
antitumour activity experiment, BxPC3-bearing mice were administered
intraperitoneal injections of TGF- inhibitor LY364947 at 1 mg kg™ every second
day. For tumour accumulation studies, BxPC3-bearing mice received an
intraperitoneal injection of the TGF-B inhibitor at 1 mg kg™" at 1 h before
co-injection of the 30 and 70 nm micelles.
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Recently, ultrasound-mediated gene delivery with nano- and microbubbles was developed as a novel non-
viral vector system. In this gene delivery system, microstreams and microjets, which are induced by
disruption of pano/microbubbles exposed to ultrasound, are used as the driving force to transfer genes into
cells by opening transient pores in the cell membrane. This system can directly deliver plasmid DNA and
siRNA into cytosol without endocytosis pathway. Therefore, these genes are able to escape from degradation
in lysosome and result in enhancing the efficiency of gene expression. In addition, it is expected that
ultrasound-mediated gene delivery using nano/microbubbles would be a system to establish non-invasive
and tissue specific gene expression because ultrasound can transdermally expose to target tissues and
organs. This review focuses on the current ultrasound-mediated gene delivery system using nano/
microbubbles. We discuss about the feasxblhty of this gene delivery system as novel non-viral vector system.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Gene therapy has a potential in the treatment of cancer and diseases
that are due to genomic causes. Viral vectors are efficient carriers of
genes for transduction, but some problems have become evident [1-3].
Delivery vectors that are highly potent in terms of gene transduction
efficiency should also be safe and easy to apply. Non-viral vectors have
recently received focus as gene carriers, but their transduction efficiency
is very low. Efforts have recently been directed towards improving this
aspect [4-6]. Towards this end, ultrasound has been investigated for
improving the efficiency of transgene delivery, and holds promise as a
non-invasive gene delivery system.

* Corresponding author. Tel.: +81 42 685 3722; fax: +81 42 6853432,
E-mail address: maruyama@pharm.teikyo-u.acjp (K. Maruyama).

0168-3659/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/jjconrel.2010.05.009

Ultrasound shows potential for improving the efficiency of gene
delivery into tissues and cells, a technique known as sonophoresis/
sonoporation [7]. It is believed that ultrasound perturbs cell
membranes and causes transient pores to open in the membrane,
thus facilitating gene entry into the cell [8]. In addition, it has been
reported that microbubbles utilized as ultrasound contrast agents
play an important role in enhancing the efficiency of gene delivery,
without causing cell damage [9]. In general, cell damage is dependent
on ultrasound intensity, concentration of microbubbles and cell type.
Especially, ultrasound intensity and exposure time are key factors.
Therefore, it is important to optimize the condition of ultrasound
exposure in ultrasound-mediated gene delivery [10-13]. Some
researchers studied about the cell damage by the disruption of
microbubbles with ultrasound exposure [14-19]. These reports are
useful as informative references for ultrasound-mediated gene
delivery utilizing microbubbles.
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Microbubbles which are destroyed by ultrasound exposure generate
microstreams or microjets, resulting in shear stress to cells and the
generation of transient holes in cell membranes [20]. Since this
approach can be used to deliver extracellular molecules such as genes
into cells, microbubbles could facilitate ultrasound-mediated gene
delivery. In addition, submicron sized bubbles (nanobubbles), which
are smaller than conventional microbubbles, were recently reported
[21,22], and we have also developed novel liposomal nanobubbles
(Bubble liposomes) {11,23~32]. These nanobubbles can also be utilized
as enhancing tool of gene delivery efficiency in ultrasound-mediated
gene delivery. In this review, we introduced about ultrasound-mediated
delivery systems combined with nano/microbubbles and discussed the
feasibility as non-viral vector system.

2. Microbubbles as ultrasound contrast agents

Ultrasonography is a widely used diagnostic medical imaging
technique that is non-invasive, relatively low-cost, easy to use, provides
real-time imaging, and importantly, avoids the use of hazardous
ionizing radiation. Ultrasound wave pulses generated by an ultrasound
transducer are partially reflected or scattered by the interfaces between
different tissues. The transducer detects the ultrasound waves returned
by scattering, and these signals are converted to ultrasound images.
Since blood scatters ultrasound poorly, ultrasound contrast agents,
which increase the scattering and reflection of ultrasound waves, are
utilized for blood flow imaging, especially in cardiosonography.
Gramiak and Shah in 1968 were the first to use contrast agents in
echocardiography [33], and reported that the aortic delineation was
improved by intracardiac injection of agitated saline containing air
bubbles. However, these air microspheres disappeared within a few
seconds following intravenous injection due to the high solubility of air
in blood, and the impossibility of larger air bubbles to pass through
pulmonary capillaries. For these reasons, it is difficult to use injected
conventional air bubbles for opacifying the left cardiac chambers, unless
they are injected by the intracoronary or aortic route.

To improve the stability and decrease the size of air bubbles,
microbubbles with a thin shell such as albumin (Albunex) or galactose
palmitic acid (Levovist) have been developed (Table 1). These bubbles
are first-generation microbubbles, and are air-filled microspheres. Their
mean diameter ranges from 1 to 8 pm, and they are capable of passing
through pulmonary capillaries. However, these air-filled microbubbles
disappear from the bloodstream within seconds after administration
because of their low resistance to arterial pressure gradients, and the
high solubility of air in blood [34]. Approaches for increasing the stability
of microbubbles and decreasing the solubility of their gas in blood are
clearly required, and lead to the development of microbubbles filled
with a high molecular weight hydrophobic gas such as perfluorocarbons
or sulfur hexafluoride. These microbubbles represent second-genera-
tion contrast agents, in which surfactants, sonicated albumin and
phospholipids are used to form the bubble shell in order to improve
microbubble stability in the bloodstream. The acoustic backscatter of
these microbubbles is higher than that of blood and organs, due to

Table 1

Ultrasound contrast agents.

- Name e " Shell Entrapping gas - : Size (pm)
Albunex - Albumin Afr 43
Levovist ;.- Galactose AT 2-4
Optison Albumin - - Perfluoropropane 3-32
Definity Lipids Perfluoropropane 1.1-20
‘Imagent Lipids Perfluoropropane : 5
Sonovue Lipids Sulphur hexafluoride 2.5
Sonazoid Perfluorobutane 2-3

Lipids

differences in acoustic impedance between gases, and blood or organs.
Therefore, microbubbles are useful contrast agents, especially in
echocardiography. In addition, Sonazoid which was a phosphatidylser-
ine-stabilized perfluorobutane microbubbles was developed as a useful
contrast agent for hepatic tumors [35-37]. This is due to uniqueness of
Sonazoid whose microbubbles are likely to be taken up by Kupffer cells
(liver macrophages) in the healthy liver and enhances contrast of the
liver parenchyma during the delayed phase, which usually occurs
within 10 min after the injection. In contrast, tumor that lacks Kupffer
cells was not enhanced resulting in clear negative contrast of the tumor
[36]. Thus, Sonazoid is a new type of microbubble which is able to target

‘Kupffer cells. However, Sonazoid has been commercially available

microbubble for clinical use only in Japan since 2007. In the future, it is
expected that tissue specific targeting bubbles such as Sonazoid are
developed.

3. Properties of microbubbles combined with ultrasound

The behavior of microbubbles depends on the amplitude of
ultrasound used. At very low acoustic pressure (mechanical index
(MI)<0.05-0.1), the microbubbles cause linear oscillation, and the
reflected frequency is equal to the transmitted frequency (Fig. 1(a)). An
increase in acoustic pressure (0.1<MI<0.3), referred to as low-power
imaging, causes non-linear expansion and compression of the micro-
bubbles (Fig. 1(b)). In fact, the bubble becomes somewhat more
resistant to compression than to expansion. This phenomenon is known
as stable or non-inertial cavitation, and results in the emission of non-
linear harmonic signals at multiples of the transmitted frequency {38].
Harmonic imaging with microbubbles enhances the bubbles-to-tissue
backscatter signal ratio, due to insignificant harmonic backscatter from
tissue in this range of ML Therefore, this technique can improve the
signal-noise ratio and be useful in left ventricular pacification imaging
{39]. In addition, stable or non-inertial cavitation can enhance transient
cell membrane permeability (Fig. 2(a)) [40]. Machluf et al. reported that
ultrasound exposure (0.16 MI, 1 MHz) in the presence of microbubbles
deliver plasmid DNA into cells [41,42].
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Fig. 1. Scheme showing microbubble behavior in acoustic fields (a) Very low intensity
ultrasound induces linear oscillation of the microbubble. (b} Low intensity ultrasound
induces oscillation of the microbubble with a gradual increase in microbubble diameter
until it reaches a resonant diameter, at which point stable oscillation occurs (filled black
circles). (c) High intensity ultrasound causes a rapid increase in the diameter of the
microbubble for a few cycles, which induces bubble disruption.

Rarefaction

Compression

Rarefaction




38 R. Suzuki et al. / Journal of Controlled Release 149 (2011) 36-41

(a) Non —inertial cavitation

Compression
phase

Cell NG T & Y-

membrane C Transient
Cytoplasm pore

(D) nertial cavitation (C)

Nano/Micr
bubble

- Cytoplasm

Transient
pore

Fig. 2. Scheme showing the pore formation in the cell membrane by oscillating or
disrupting microbubble (a) The pushing and pulling behavior (non-inertial cavitation)
of the. microbubble and (b) the collapse of microbubbles (inertial cavitation) cause
rupture of the cell membrane creating pore allowing trans-membrane flux of fluid and
macromolecules such as plasmid DNA and oligonucleotides (c).

Higher acoustic pressure (MI>0.3-0.6) causes forced expansion and
compression of microbubbles and results in bubble disruption (collapse)
(Fig.. 1(c)). This inertial cavitation involved in bubble disruption is
utilized as flash-replenishment in reperfusion study of diagnosis [43].
This inertial cavitation induces microstreams/microjets around the
bubbles. The peak velocity: of the microstreams/microjets can reach
700 m/s. These microstreams/microjets can enhance the permeability of
cell membranes due to the formation of transient pores (Fig. 2(b)) [20].
In the presence of nano-/microbubbles, the threshold for cavitation
decreases, and it results in rendering their destruction feasible at lower
energies of ultrasound.

4. Gene delivery using sonoporation as a non-viral vector system

The first studies investigating the utility of ultrasound for gene
delivery used frequencies in the range 20-50 kHz {7,44]. However,
these frequencies, along with cavitation, are known to cause tissue
damage if not properly controlled [45,46]. To overcome this problem,
many gene delivery studies have used therapeutic ultrasound, which
operates at frequencies of 1-3 MHz, intensities of 0.5-2.5 W/cm? or
MI 0.3-2, and in pulse-mode [47]. However, as these conditions result
in very inefficient gene delivery, therapeutic ultrasound combined
with nano/microbubble contrast agents has been investigated for
enhancing gene transfection efficiency [9,13,48,49]. This combination
method has many of the characteristics required for practical gene
therapy including low toxicity, the potential for repeated applications,
organ specificity and broad applicability to acoustically accessible
organs. Under proper conditions, the combination of ultrasound and
nano/microbubbles can create transient non-lethal perforations in cell
membranes. Taniyama et al. reported that transient pores formed in
cell membranes upon exposure to ultrasound and Optison, and that
the pores completely closed [20]. In addition, the behavior of
insonated microbubbles was observed with high-speed camera
microscopy [50]. Exposure to high intensity ultrasound induced
complete disruption of the microbubbles. The above findings suggest
that the combination of microbubbles and ultrasound could be useful
for gene delivery (Fig. 2(c)).

4.1, Applying to plasmid DNA delivery

Much research has been conducted both in vitro and in vive into
gene delivery using ultrasound to disrupt microbubbles. In early
feasibility studies, reporter genes such as luciferase, B-galactosidase
and green fluorescent protein (GFP) were utilized to assess transfec-
tion efficiency [13,51-54]. Transfection method in in vitro study is
very simple. In general, cells suspended with microbubbles and
plasmid DNA were exposed with ultrasound for a few second-several
tens of seconds due to be completed transfection in a short period of
time [27]. Transfection efficiency is affected by ultrasound exposure
condition such as intensity, frequency, period, duty cycle, or type and
concentration of microbubble {10,11,13,14]. Normally, the efficiency
increase according to increasing ultrasound intensity and period [11].
On the other hand, it was reported that the efficiency and cell viability
by the transfection with fractionated exposure was higher than that
with continuous exposure in the same period of total exposure [19]. In
addition, it was reported that there was optimal concentration of
microbubbles [55]. Unfortunately, optimal condition is not completely
clear in the transfection using. this system because of many
changeable parameters as mentioned above. Thus, some researchers
have studies the properties of this transfection technology to find out
optimal condition. '

Many of in vivo early studies focused on organs and tissues that are
readily imaged by diagnostic ultrasonography, including heart
[52,56], skeletal muscle [51] and kidney [57]. Bekeredjian et al.
reported the use of ultrasound and microbubbles to deliver reporter
genes into heart [56]. Subsequently, Korpanty et al. succeeded in
delivering the gene for vascular endothelial growth factor (VEGF) into
heart using the same gene delivery system, and VEGF-mediated
angiogenesis to rat myocardium [58]. This technique has begun to be
broadly utilized as a gene delivery system to other organs, tissues and
cells such as the vascular system, pancreas, central nerve system,
tumors, and hematopoietic cells. For example, Shimamura et al.
reported transfection to the central nervous system by sonoporation
after injection of a reporter gene and Optison into cistern magna or
striatum [59]. In this study, transfection by microbubbles using
ultrasound transferred the reporter gene into cells around the
neurons, and not into the neuron cells themselves. Takahashi et al.
reported gene transfer into the spine using ultrasound and micro-
bubbles [60}. In addition, Aoi et al. developed herpes simplex virus
mediated thymidine kinase (HSV-tk)-mediated suicide gene therapy
using nanobubbles and ultrasound [61]. In this therapy, HSV-tk
corded plasmid DNA and nanobubbles were injected into tumor tissue
of mice, and ultrasound was transdermally exposed toward the tissue.
The reduction of tumor size was observed by administration of
ganciclovir in the mice transfected HSV-tk corded plasmid DNA with
nanobubbles and ultrasound. Previously, we developed novel liposo-
mal nanobubble (Bubble liposome) entrapping perfluoropropane
gas (Fig. 3(a—c)) [11,27]. The size of Bubble liposomes was about
500 nm and they were much smaller than Sonazoid (Fig. 3(b)). Bubble
liposome could also utilize as an effective plasmid DNA delivery tool
in vitro (Fig. 3(d)) and in vivo by the combination with ultrasound.
We reported the utility of Bubble liposome in cancer gene therapy
using interleukin-12 (IL-12) corded plasmid DNA [24]. The combina-
tion of Bubble liposomes and ultrasound dramatically suppressed
tumor growth (Fig. 4). As mentioned above, sonoporation combined
with nano/microbubbles could be a good system for plasmid DNA
delivery.

4.2. Applying to oligonucleotide delivery

Oligonucleotides such as antisense, decoy and small interfering
RNA (siRNA) are important molecules that can stop the expression of
specific genes [62,63]. In particular, RNA interference (RNAi) using
siRNA has potential in the development of new treatments for disease,
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Fig. 3. Comparison of microbubbles and Bubble liposomes (a) Schematic of Bubble liposome. (b) Size distribution of Sonazoid and Bubble liposomes as measured by dynamic light
scattering. (¢) Transmission electron microscopy (50,000x) of Bubble liposome. (d) Luciferase expression in various types of cells transfected using Bubble liposomes and
ultrasound. Cells (1 x 10° cells/500 pL) mixed with pCMV-Luc (5 pg) and Bubble liposomes (60 pg) were exposed or not to ultrasound (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. Thereafter, luciferase activity was determined with luminometer. Data are shown as means = S.D.
(n=3). BL, Bubble liposome, pCMV-Luc: luciferase corded plasmid DNA, HUVEC: human umbilical vascular endothelial cell.

including malignant, infectious and autoimmune diseases. In order to
achieve efficient gene silencing, it is important that the siRNA is
introduced into the cytoplasm of the target cell [64]. Diverse
approaches have been attempted to develop efficient oligonucleotide
delivery methods [62]. However, technologies that enable the tissue-
targeted delivery of siRNA using non-viral vectors need improvement.
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Fig. 4. Cancer gene therapy by IL-12 gene delivery with Bubble liposomes and
ultrasound B6C3F1 mice were intradermally inoculated with 1 x 10% OV-HM cells into
the flank. On day 7 after tumor inoculation, the tumors were injected with pCMV-1L12
(10 pg) using Bubble liposomes (2.5 pg) and/or ultrasound (1 MHz, 0.7 W/cm?, 1 min),
or Lipofectamine 2000 as a conventional lipofection method. (b) Therapeutic effect was
assessed by measuring tumor growth. The volume of the growing tumors was
calculated by: (tumor volume; mm?®) = (major axis; mm) x (minor axis; mm)?x 0.5).
The data are represented as tumor volume relative to the tumor volume on day 7 after
tumor inoculation. Each point represents the mean + SD (n==5). BL: Bubble liposomes,
US: Ultrasound, LF2000: Lipofectamine 2000, pCMV-IL-12: JL-12 corded plasmid DNA,
pCMV-Luc: Luciferase corded plasmid DNA.

As mentioned above, the combination of ultrasound and nano/
microbubbles can directly deliver extracellular molecules into the
cytosol [25], where antisense, decoy and siRNA function, so this
delivery system might better exhibit the functions of these oligonu-
cleotides. Azuma et al. reported that NF-xB decoy delivery into
transplanted kidney by the combination of microbubbles and
ultrasound could significantly decrease IL-13 and TNF-« (inflamma-
tory cytokines) and prolonged the survival rate of kidney-trans-
planted mice [57]. Negishi et al. reported that siRNA was directly
introduced into the cytoplasm by nanobubbles and ultrasound [30]. In
addition, transfection of siRNA into tibialis muscles with nanobubble
and ultrasound resulted in gene-silencing, which was sustained for
more than 3 weeks. It therefore appears that the combination of nano/
microbubbles and ultrasound could be a useful siRNA delivery system.
In addition, siRNA transfection with ultrasound and microbubbles was
utilized to apply to mesenchymal stem cells, indicating that this
technique could be applicable to genetically modified stem cell
therapy. Vandenbroucke et al. also developed an interesting siRNA
delivery system using sonoporation [65]. They coupled (PEG-siPlex)
of PEGylated cationic liposomes and siRNA, and introduced the
complex into gas-filled lipid microbubbles. Both the microbubbles and
PEG-siPlex, which were modified with biotin, were attached via
avidin. Although PEG-siPlex can protect siRNA from digestion by
nucleases in vivo, PEGylation makes it difficult for the siRNA to be
recognized and taken up by the target cells. The microbubble/
sonication system should be able to overcome the negative effects
of PEGylating siRNA-cationic liposomes (siPlex) and enhance the
efficiency of ultrasound-assisted siRNA delivery. Although siRNA
delivery mediated by ultrasound and nano/microbubbles must be
optimized, this system may open up new perspectives for ultrasound-
controlled in vivo siRNA delivery.
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5. Efforts to tissue- or orgén-selective gene delivery

To establish ideal gene therapy, it is important to deliver
therapeutic gene into target tissue or organ. In the early study, gene
and nano/microbubbles were directly injected into target tissue and
organ [53,66]. However, in this method, there are some limitations
such as injection volume and injection technique. To improve these
problems, some researchers recently developed ultrasound-mediated
gene delivery by the supplying gene and nano/microbubbles via blood
flow [11,67]. In this delivery, gene expression was limited in the area
exposed ultrasound. Ultrasound can be easily focused to a target
tissue or organ. Therefore, it might be possible to develop an optimal

tissue- or organ-specific gene delivery system by combining nano/
microbubble targeting and focused ultrasound. Shen et al. succeeded
to developed ultrasound-mediated gene expression in liver via
intraportal injection of plasmid DNA and microbubbles [68]. Grayburn
et al. reported insulin expression following insulin gene delivery to
pancreatic islets in rat by a combination of microbubbles and
ultrasound exposure and succeeded to decrease blood glucose level
in diabetes rat [67,69]. We also developed the gene delivery into
tumor tissue by the combination of injection from tumor dominant
artery and ultrasound exposure toward tumor tissue {11]. In addition,
transdermal ultrasound exposure toward liver could induce liver
selective gene expression after systemic injection of plasmid DNA and
Bubble liposomes. In this case, luciferase expression was dominantly
observed in the parenchymal cells of liver. These results suggested
that Bubble liposomes could quickly transduce plasmid DNA into each
tissue by cavitation even under the existence of blood stream.
Moreover, we developed the combination method using mannosy-
lated lipoplexes and Bubble liposomes with ultrasound to enhance
gene transfection in mannose receptor-expressing cells in liver [29].
In this study, after systemic injection of mannosylated lipoplex,
Bubble ‘liposomes were systemically injected and ultrasound was
transdermally exposed toward liver. Gene expression was observed
mannose receptor-expressing cells such as macrophage and dendritic
cells which were known as antigen presenting cells. It is expected that
ultrasound-mediated gene delivery with nano/microbubbles might be
useful to develop target tissue or organ-selective gene delivery in
vivo. '

Previously, several groups have reported active targetable nano/
microbubbles to endothelium [70], rejected tissues [71], neovascu-
lature endothelium [72}, lymph node-related vasculature {73] and
activated platelets[74] by targeting ICAM-1 [75], VCAM-1 [76] or
integrins [77]. We also developed blood clot targetable Bubble
liposomes modified with arginine-glycine-aspartic acid (RGD) pep-
tides to develop effective ultrasound contrast agents for blood clots
imaging [78]. Although these nano/microbubbles were developed as
ultrasound imaging agents, it might be possible to develop an optimal
tissue- or organ-selective gene delivery system by combining

- targetable nano/microbubble associated with gene and ultrasound.

6. Conclusion

Ultrasound has long been utilized as a useful diagnostic tool.
Therapeutic ultrasound was recently developed and is being utilized
in clinical settings. The combination of therapeutic ultrasound and
nano/microbubbles is an interesting and important system for
establishing a novel and non-invasive gene delivery system. Gene
expression efficiency with this system can effectively deliver gene
compared with conventional non-viral vector system such as
lipofection method due to deliver gene into cytosol without
endocytosis pathway. Many in vivo studies has been reported about
ultrasound-mediated gene delivery with nano/microbubbles. Espe-
cially, there are some reports about feasibility studies of gene therapy
for various diseases [24,29,61,67] In addition, this system has a
potency of site specific gene delivery by the control of ultrasound

exposure site. Therefore, it is expected that this technology would be
utilized as a novel gene delivery system in clinical field.
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Transfection using ultrasound exposure in the presence of
nanobubbles can overcome an important barrier for nonviral
gene delivery, that is entering the nucleus without cell division.
The monitoring of the relationship between fluorescent protein
expression and cell division reveals that ultrasound-mediated
transfection with liposomal bubbles is independent on the
disappearance of nuclear membrane at mitosis.

In many cases, nonviral gene transfer depends on the cell
cycle.! Giorgio et al. found that mitosis enhances transgene
expression of plasmid DNA delivered by cationic liposomes.?
The critical rate-determining step for nonviral gene delivery is
nuclear entry of an exogenous gene.> Although enormous efforts
have been directed to this problem, an estimation method has not
been established for a long time.* Recently Hakamada, Miyake,
and co-worker reported the examination of cell morphology and
the dynamics of EGFP gene expression by using a fluorescent
microscopic apparatus capable of monitoring single cell behav-
jor.> With a lipoplex (Lipofectamine LTX, Invitrogen, Carlsbad,
CA, USA) as nonviral vector, their results definitely showed that
the onset timing of gene expression depended on cell division.
This work semiquantitatively demonstrates for the first time
that the nuclear envelope determines the rate of nonviral gene
delivery. ©

On the other hand, it is well known that physical methods
such as electroporation and sonoporation are effective gene-
delivery methods especially for primary cells.5 Wagner et al.
reported that gene transfer by electroporation shows hardly any
cell cycle dependence.” Maruyama et al. succeeded in the
enhancement of sonoporation transfection efficiency by combin-
ing ultrasound and acoustic liposomes (bubble liposomes) which
contain the ultrasound imaging gas perfluoropropane.® Bubble
liposomes could act as an effective gene-delivery tool not only in
vitro but also in vivo.? Under ultrasound exposure, the cavitation
of nanobubbles in liposomes induced mechanical constraints on
the plasma membrane and increased the membrane permeability
by the creation of nanosize pores. The kinetics of protein
expression was significantly faster for sonoporation than for
lipofection that requires endocytosis.!” However, very little is
known whether ultrasound affects plasmid entry into the
nucleus. In this paper, cell division and protein expression
kinetics on ultrasound-mediated gene delivery with bubble
liposomes have been studied by Hakamada’s method.’

In 24-well culture plate, NIH3T3 cells (mouse fibroblast)
were seeded at 6 x 10* cells per well and cultured at 37 °C with
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5% CO, atmosphere in 10% FBS-containing DMEM. Cells were
transfected with pCMV-Venus encoding a green fluorescent
protein (venus) under the control of the CMV promoter. After
transfection, phase-contrast and fluorescent images of cells in
each well were recorded at intervals of 10 min for 30 h, and their
exposure times were 50 and 400 ms, respectively. The measure-
ment was started at 1h post-transfection. As a compared
nonviral gene carrier, linear poly(ethyleneimine)s (jetPEI,
Polyplus-Transfection, Illkirch, France) was used because it
showed high transfection ability in vitro and in vivo.!! The
transfection procedure was followed with manufacturer’s in-
struction. On the other hand, preparation of bubble liposomes
and transfection of plasmid DNA using bubble liposomes are
carried out according to similar way previously reported by

-Maruyama et al.®® The ultrasound was exposed for 10s under

following conditions: frequency, 2 MHz, duty, 50%; intensity,
2.5Wem™2; burst rate, 2Hz using Sonopore 3000 (NEPA
GENE, CO., LTD., Chiba, Japan).

The results of jetPEI (Figure 1a) show a similar relation-
ship between the timing of cell division and the onset timing of
gene expression as that by lipofection.’ The peak of protein
expressing cells appeared around 10h post-transfection

2000 A (a) 2000 (b)
1500

1500

1000 1000

500 1 500

Onset timing of gene expression/min

0+
0 500 1000 1500
Timing of cell division/min

2000 o 10 20 30
Number of cells (-)

Figure 1. (a) Correlation between the timing of cell division
and the onset of protein expression by jetPEl-mediated trans-
fection. (b) Distribution of the cell number on the onset timing
on jetPEI-mediated transfection.
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Figure 2. (a) Correlation between the timing of cell division
and the onset of protein expression on ultrasound-mediated
transfection with bubble liposomes. (b) Distribution of the cell
number on the onset timing on ultrasound-mediated transfection
with bubble liposomes; expressing after division (blue),
expressing before division (yellow), expressing without division
(red), respectively.

(Figure 1b). The polymeric nonviral gene transfection obviously
depended on cell division although Wagner et al. mentioned
cell-cycle-independent gene transfection by linear PEL7

On the contrary, correlation between the timing of cell
division and the onset of protein expression by ultrasound-
mediated transfection in the presence of liposomal bubbles is
shown in Figure 2. Under these conditions, sonoporation did not
show cytotoxicity at all by WST assay. There is no relationship
between the timing of cell division and the onset of protein
expression. Before 10h post-transfection, more than 80% of
cells expressed the protein without cell division unlike jet-PEI
(Figure 2b). The kinetics of gene expression showed that
ultrasound-mediated transfection with nanobubbles allowed a
rapid and direct transfer of naked DNA not only into the
cytoplasm but also into the nucleus, probably via ultrasound-
induced pores in the nuclear membrane. The transient perfo-
ration of plasma membrane by collapse of microbubbles was
confirmed by SEM observation by Kudo et al.!? The maximum
velocity of the microstreams may be 700ms~..'3 These rapid
and strong microstreams could induce transient pores at plasma
and nuclear membranes simultaneously and enhance the
permeability of exogenous DNA into the nucleus. The expres-
sion after cell division showed an earlier time profile than that of
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jet-PEIL that also suggests direct transfer of plasmid DNA into
cytoplasm rather than endocytosis.

In summary, our results demonstrate that ultrasound-
mediated gene transfer with liposomal bubbles is nontoxic and
effective under appropriate conditions even toward nondividing
cells. We expect these findings will enhance the utility of current
sonoporation, particularly in gene and drug delivery.
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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-
mined. 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 infection, chlamydial inclusions were
stained and examined by fluorescence microscopy. The internalization of dextran-fluorescein conjugates

ﬁf{gggﬂ‘ p by ultrasound irradiation with Bubble liposomes was observed by fluorescence microscopy. The results
Nahobixb%xb s showed that application of nanobubble-enhanced ultrasound caused no significant effect on cell viability
Antibiotic and chlamydial infectivity. However, Doxycycline (1/2 MIC) or CZX (1.0 pg/ml) in combination with

nanobubble-enhanced ultrasound 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 hposomes, 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 mtracel[u!ar bacteria,

Intracellular bacteria

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

© 2010 Elsevier B.V. All rlghts reserved.

1. !ntxoduction

An obligate intraceliular pathogen, Chlamydia trachomatis, is the
most prevalent sexually transmitted bacterium worldwide [1]. C.
trachamatis is a Gram-negative bacterium which has a unique bi-
phasxc 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
disease, the most significant of which, is chronic salpingitis, an
inflammatory disease of fallopian tubes that can result in pelvic
inflammatory disease, ectopic pregnancy, and tubal infertility [3].

* Corresponding authcr. Address: 7-45-1 Nanakuma, Jonan-ku, Fukuoka 814-
0180 Japan; Tel.=+81 92 801 1011x3206; fax: +81 92 865 6032.
E-mail addresses: ferilism@yahoo.com, feril@fukuoka-u.ac.jp (L.B. Feril).
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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[JUW-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 pg/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 107 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 pmol) 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 3 0.45 pm 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 um from 150 to 200 nm of original.

2.4. Immunofluorescence staining and fluorescence microscopy

At 48 or 72 h 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 yellow-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/mli 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 ultrasournd probe before posi-
tioning the plate containing the sample on top of it (Fig. 1). Thera-

8] C. trachomatis+DOX or CZX

éj 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 andfor nanobubbles was inoculated into triplicate cultures
of McCoy cells in order to estimate the infectivity immediately
aftersomcatnon Chlamychal suspensxons 0.25 ml each, were added

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 ug/ml, and performed by filtration using 0.2 um pore-
diameter sterile filters. Aqueous solutions.of dextran were diluted
to 10 ig/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 thesé 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 duphcate samples in
expenments repeated at least three times.

3. Resuits

3.1 Céll 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 'jhlumydm As.shown in Table 1, ultrasound at intensity of
0.4 ‘W/em? caused no significant effect, but ultrasound at inten-
s:ty 0f 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 expostre of Hela cell to ultrasound.

Ultrasound (0.15 W/cm?)
(+) Bubble hposomes

Ultrasmmd( 4WIcm2)‘
(+) Bubble hpogomes e

Fig. 2, Infectivity of chlamydiae by nanabubble-enhanced ultrasound. No signifi-
cant change in infectivity when cells were treated ‘with bubble liposomes (Bubblc
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 hpcsomes

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 ug/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 nancbubble-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?, compared with that administered with DOX at 1/2
MIC only (Control:in Fig. 3).

The MIC of CZX for C. frachomatis-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 chiamydia when applied
alone but in combination with bubble-enhanced ultrasound, sig-
nificant IFU reduction was observed and most with 1.0 ug/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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40

% of control (IFUs)

(4

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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% of control (IFUs)

Fig. 4. Ultrasonic enhancement of bactericidal activity of ceftizoxime (CZX) 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).

IFUsiwell

100t

0 10 50 10 &0
Amourt of bubble (pg/mi)

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 ugf
mi (*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. SA). Bubble
dose-dependent synergy was also observed with CZX and ultra-
sound (Fig. 5B).

3.3. Internalization of dextran-fluorescein conjugates 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 Wjcm? 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-
stdnd 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 nancbubble-en-



