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Recently, microbubbles used in combination with ultrasound has been proposed
as an alternative method for in vitro and in vivo gene delivery. Ultrasound (US)
and microbubble assisted delivery (USMD) has great clinical potential based on
the fact that ultrasound contrast agents (USCAs) are clinically approved for
diagnostic applications. The mechanism that supports gene delivery via USMD is
thought to be ‘sonoporation’. It is hypothesised that the interaction of US and
USCA can induce a transient cell membrane permeabilisation leading to
enhanced DNA uptake. The exact mechanism(s) of gene uptake remains a
subject of academic debate and various hypotheses have been proposed, including
acoustic microstreaming or local shear stresses, microjetting and cavitation. This
review provides the current understanding of USMD and highlights both the
bubble characteristics and ultrasound parameters that support USMD in vitro
and in vivo. Both safety and efficacy of gene delivery by sonoporation are
discussed. In addition, USMD is compared with electroporation, another widely
used physical method for gene delivery.

Keywords: sonoporation; contrast agent; gene transfer electroporation

1. Introduction

Gene therapy aims to introduce nucleic acids or genetic material into mammalian cells
in order to modulate gene expression and to achieve therapeutic benefits. Although
viral vectors have demonstrated the feasibility of this therapeutic approach and remain
the best vehicles to introduce genes into cells, alternative approaches capable of safely
delivering genes into cells both with high efficacy and low to minimal immunogenicity,
remain a fundamental requirement. Indeed, despite successful clinical trials on
ornithine carbamyltranscarbamylase deficiency and on Severe Combined X linked
immunodeficiency, severe fatal adverse effects linked to the use of viral vectors have
been reported [1-3]. Over the last decade, considerable attention has been paid to
identifying and/or designing non-viral vectors, as alternative approaches to delivering
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genes. Among these, chemical gene delivery systems that incorporate viral-like features
to transfect cells [4,5] have been reported. The final goal of these systems is to
transform a plasmid DNA (pDNA) encoding a therapeutic gene into a ‘magic bullet’,
suitable to deliver the desired gene into the right target cells and to transfer the gene
in the nucleus upon systemic administration. This challenge will be achieved when the
‘magic bullet’ is able to cross several extracellular barriers (blood vessels and
microvessels) before reaching the target cells and to pass through several intracellular
barriers (intracellular membranes and compartments) to reach the target cell’s nucleus
where the gene expression takes place (Figure 1). On reaching the target cell, the
plasma membrane is the first barrier that must be overcome. Since pDNA are
negatively charged, they are hardly internalised by cells. Plasmid DNA can be taken
up by cells via endocytosis if they are complexed with synthetic vectors. Once
endocytosed, pDNA particles are usually confined inside endosomes or vesicles from
where they must escape. Moreover, within the cytosol, molecule or particle diffusion is
highly dependent on their size, although microtubules or actin microfilaments,
components of the cytoskeleton, the molecular complex scaffold maintaining the cell
architecture, could all be used as railways for cytosolic diffusion. pDNA should reach
the nucleus where the expression machinery takes place. The nucleus is surrounded by
the nuclear envelope that is composed of a double membrane with pores having
diameters of 9nm. This nuclear envelope is a highly selective barrier that allows only
a passive diffusion for molecules or particles having a size smaller than that of nuclear
pores. Larger molecules are actively imported to the nucleus. This requires the use of
a nuclear localisation signal (NLS), a cationic consensus peptide sequence that is
recognised by nuclear machinery import complex proteins. In addition to these
intracellular barriers, pDNA injected systemically needs to get over the extracellular
barriers. It must be shielded in order to escape detection by the immune system. It
must reach organs or tumours upon extravasation from the vascular lumen to the
interstitial space through fenestrations or tight junctions of the endothelial layer or
upon transcytosis via endothelial cells laying the blood vessels.

Altogether, the above mentioned processes show that the design of optimal targeted
gene delivery systems based on chemical compounds is highly challenging. Besides

Figure 1. Intracellular barriers of gene delivery: (1) Plasma membrane; (2) endosomal escape; (3)
cytosolic diffusion; (4): nuclear import. MT: microtubules or actin microfilaments constituting
cytoskeleton architecture. The nucleus is delimited by a nuclear envelop with pores of 9 nm diameter.
Small molecules (<40 kDa) (o) can diffuse passively through the nuclear pore while larger molecules
() require the use of nuclear localisation signal (NLS).
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chemical gene delivery systems, several physical methods starting from a simple naked
DNA injection to much more sophisticated systems such as electroporation and USMD
have been proposed. The latter seems to fulfil the requirements of a safe site-specific
delivery by combining targeting and cell delivery of gene due to the possibility of focused
microbubble activities by ultrasound insonation.

The ultrasound imaging community has seen dramatic technical advances over the
last two decades. Today, ultrasound imaging is an established and confident technique
for clinical diagnosis. Various advances in terms of equipment and signal processing
have contributed to a better understanding of the anatomy and function of various
organs. With the introduction of real-time two dimensional imaging, a variety of
anatomical structures can be visualised non-invasively. Moreover, new ultrasound
applications become possible with the introduction of important technological
innovations. Real-time three dimensional imaging is now a reality with the availability
of matrix array transducers containing more than 3000 elements, each of them the size
of a human hair. With such two-dimensional array transducers, commercially available
scanners are able to provide real-time volumetric images with adequate resolution and
image quality. The recent introduction of USCAs provided a major breakthrough and
has brought a revolution in clinical US applications. It has stimulated production of a
new class of imaging methods such as harmonic imaging, which is already evident in
commercial systems.

Contrast imaging methods aim to identify and display the echo from the contrast agent
and to reject the echo from the surrounding tissue, offering a new way for the detection of
tissue microvasculature. US images reproduce echoes being reflected by the insonated
structures (ultrasonic backscatter). Therefore increasing the amount of echo amplitudes
from the insonated areas will boost the quality of the created ultrasonic image. This is
definitely important when dealing with tiny vessels beyond the resolution of current
ultrasound imaging equipment. As in MRI, CT, and conventional X-ray imaging
modalities, the use of contrast agents could change the way US imaging is performed,
opening novel and unique diagnostic opportunities.

USCAs are currently commercially available in Europe, Asia and United States. They
consist of tiny gas microbubbles with a mean diameter of 3 um, smaller than red blood
cells and are therefore appropriate for intravenous injection. The microbubbles are
stabilised by a shell of biocompatible material such as protein, lipid or polymer to extend
their lifetime. Microbubbles display similar flow dynamics as blood and are ultimately
metabolised from the blood pool [6].

Recently, new USCAs have been developed that are characterised by both a smaller
mean size and a prolonged persistence. Various techniques have been used to combine
materials that control the bubble shell and gases with low diffusion rates [6]. A widespread
engagement of pharmaceutical companies to USCAs has been realised, leading to a
number of commercially available contrast agents and others that are under development
[6]. Table 1 displays examples of approved contrast agents and those clinically available.
Sonovue™ is a second-generation contrast agent, composed of sulfur hexafluoride gas
bubbles coated by a highly elastic phospholipid monolayer shell. The diameter of
Sonovue™ bubbles ranges from 1 to 12 um [7]. Sonovue ™ has been approved and is now
available in many European countries. Definity'™ is another commercially available
second-generation contrast agent. Resulting from a lipid-based technology, it consists of
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Table 1. Currently approved and/or commercially available ultrasound contrast agents.

Manufacturer Name Gas Shell Status
Bracco Sonovue Sulfur hexafluoride Phospholipids Available EU
Dupont/BMS Definity Octafluoropropane Liposome AvailableUS
Mallinckrodt Albunex Air Albumin Available
Mallinckrodt Optison Octafluoropropane Albumin Available
Nycomed Sonazoid Perfuorocarbon Lipid Approved Japan
Point biomedical Biosphere Air Bi-layer Late clinical
Schering AG Levovist Air Fatty-acid Available

phospholipid-encapsulated microspheres containing octafluoropropane gas. Definity™
microspheres have a size range from 1.1 to 3.3 um. They have recently been approved by
the US Food and Drug Administration (FDA) for marketing in the USA and in a few
countries of the European community under the Luminity™ trademark. Sonazoid™
microbubbles contain a perfluorocarbon gas stabilised by a surfactant and have a mean
size of 3 um. They are dedicated to applications in cardiology, and potentially radiology,
including imaging of the heart and liver. Sonazoid™ has been recently approved in Japan
for radiology.

2. Interaction of ultrasound waves and gas microbubbles

Contrast agents modify the acoustic properties of tissues and thus the behaviour of
propagated ultrasound waves. The presence of gas microbubbles in the tissue induces
various changes including an increase of the backscattered ultrasound wave amplitude,
an attenuation of the ultrasound beam and a reduction of sound speed [6]. The
relevant characteristics of ultrasound contrast agents are the amplification of the
scattered ultrasound waves that can be split into passive and active processes.
Microbubbles reflect the incident wave passively, due to the acoustic impedance
mismatch between the gas and the surrounding medium (tissue). In addition,
microbubbles act as an active reflector and become a source of ultrasound. When
hit by an ultrasound wave, microbubbles compress during the positive pressure cycle
and expand during the negative pressure cycle. These oscillations depend on the applied
acoustic pressure and transmitted frequency and are maximal when the incident
frequency coincides with the natural or resonance frequency of the bubbles. This
resonance phenomenon is very important since the backscattered echo signal from a
resonant bubble increases dramatically. Moreover, a resonant microbubble becomes a
source of nonlinear ultrasound signals indicating the presence of novel frequency
components in the backscattered signal at multiples of the transmitted or fundamental
frequency with the most dominant at 2 times the transmit frequency. Consequently, the
acoustic behaviour of a gas microbubble can be separated into three acoustic regimes
depending on the applied acoustic pressure and frequency. The mechanical index (MI)
is an acoustic parameter that incorporates both variables. MI has been defined for
safety purposes and is imposed by the Food and Drug Administration (FDA) to all
ultrasound equipment manufacturers. MI expresses the quantity of mechanical work
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supported by the microbubble during a single ultrasound cycle. It is defined as the
ratio of peak negative pressure in mega pascal upon the square root of the incident
frequency in megahertz

According to the recommendations of FDA, the mechanical index should not exceed
1.9 in all clinically approved ultrasound scanners.

For low MI, microbubble compression and expansion are symmetrical with weak
amplitudes. The microbubble size varies linearly with the acoustic pressure. For slightly
higher MI, microbubble oscillation becomes asymmetric since its compression is smaller
than its expansion. Microbubble asymmetric behaviour during compression and
expansion is the source of nonlinear oscillations which are characterised by the
generation of nonlinear frequency components, called harmonics (Figure 2). For much
higher MlIs, the microbubble breaks. Microbubble destruction depends strongly on the
type of contrast agent and mainly the shell surrounding the gas. During microbubble
destruction, the gas often escapes and forms novel free gas microbubbles that become
sources of strong nonlinear frequency components [8].

Figure 3 shows the three acoustic regimes of the microbubble when the mechanical
index is increased. For small MI, microbubbles oscillate linearly and provide significant
amplification of the echo signal, mainly in Doppler applications where large vessels
are investigated. This behaviour corresponds to fundamental or conventional
imaging modes which nowadays are rarely used for contrast imaging. For medium
MI, microbubbles oscillate nonlinearly generating harmonic frequencies. The second
harmonic frequency is currently used for contrast specific imaging and has become

Symmetrical oscillations Asymmetrical oscillations

Acoustic pressute sC pressure

e ® O - O
\/\

Bubbie radus Bubble radms

Figure 2. Symmetrical (linear) and asymmetrical (nonlinear) oscillations of a gas bubble under
ultrasound activation.
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Figure 3. Three microbubbles acoustic regimes as a function of applied mechanical index.

a default imaging mode for contrast agents. Various imaging methods that exploit
the second harmonic component have been proposed and are now implemented
on recent ultrasound scanners. These include pulse inversion, power modulation
and contrast pulse sequence [9]. When the MI is increased further, microbubbles
are destroyed. This destruction is associated with the generation of transient but
strong nonlinear frequency components. Triggered or intermittent imaging is a new
imaging technique designed for contrast agent and operates only in the destructive
mode.

3. Sonoporation-assisted gene delivery

It was quickly recognised that USCAs could play a role in therapy if used as vehicles for
delivering drugs. The sonoporation phenomenon, thought to support drug delivery via a
combination of microbubbles and US, is currently under investigation for a better
understanding. This mechanism has been exploited for various purposes including gene
transfer. The commercial availability of USCAs and the versatility of their use as well as
their approval for clinical applications render USCAs-mediated gene delivery very
attractive.

Over the last few years, several studies have demonstrated that under US insonation,
microbubbles are able to modulate transiently the cell membrane permeability, thereby
allowing molecules to be incorporated into cells [9]. Furthermore, the shells of
microbubbles can be loaded with drugs or genes or functionalised by specific antibodies
or ligands to target specific tissues [10].

Efficient sonoporation has been obtained with transmitted US frequencies close to
those used clinically and extend from 0.5 to 4 MHz. Different molecules with variable
molecular weights ranging from plasmids, oligodeoxynucleotide [11], and radioactive
tracers [12] have been incorporated into cells by sonoporation. Plasmids encoding reporter
genes as those of green fluorescent protein (GFP), luciferase or p-galactosidase are
commonly employed as tools to monitor transfection efficiency. Figure 4 shows an
example of sonoporation-mediated gene delivery into the human glioblastoma cell line
(U87-MG) upon exposure to | MHz US at 310 kPa in the presence of perfluocarbone gas
containing phospholipids bubbles (BRIU®, Bracco Research, Geneva) and a plasmid
DNA encoding GFP gene. The green fluorescence staining corresponds to GFP expressed
in the cytoplasm and in the nucleus.
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Figure 4. Confocal microscopy photograph of sonoporated human glioblastoma (U87-MG) cells.
Cells were treated with plasmid encoding GFP gene in the presence of BRIU® microbubbles (20
bubbles per cell) and insonate during 1 min at 1 MHz, 310kPa and 40% DC. (Right) GFP image;
(left) phase contrast image.

4. In vitro US assisted gene delivery

The growing literature concerning sonoporation shows the potential interest of this
method. Several cell types including cancer and primary cells have been tested to introduce
plasmid DNA encoding reporter genes or fluorescent tracers as fluorescein-tagged dextran
(Table 2 [13-22]). One can note that sonoporation is efficient even in endothelial and
smooth muscle cells that are known to be resistant to conventional transfection methods
such as lipofection. However, the efficiency is highly dependent on the cell type, although
this could be attributed to different experimental set-ups used in these reports. Indeed, US
parameters applied were variable in terms of frequency (from 1 to 3 MHz), of acoustic
power (from 0.5 to 2W/cm?) and insonation (exposure) times ranging from 10sec to
30min. These parameters influence considerably the efficacy of the delivery.
The combination of US with gas microbubbles is required to get an optimal delivery
even though application of US alone was shown to induce a weak molecular transfer into
cells [14]. While it is difficult to make direct comparison between the data reported in
Table 2, it seems that transfections with a 1 MHz frequency are the most efficient. The
results also point out differences between the cell loading efficiency (percentage of FITC
dextran-positive cells) and the gene delivery efficacy (percentage of GFP positive cells or
luciferase activity). For example, sonoporation of MATBIII cells under 2.25MHz,
507kPa and Bracco’s USCAs allowed the loading of 60% cells with FITC-dextran, but
only 20% of them expressed GFP when they were transfected with a plasmid encoding
GFP gene.

Microbubble stability is considered a critical parameter [22] in sonoporation.
A positive correlation between USCA life time and sonoporation efficiency has been
demonstrated. Microbubble stability is dependent, in part, on gas composition.
A comparison between air filled microbubbles (Levovist® and Albunex®) and
octafluoropropane gas bubbles (Optison®) has shown that the transfection efficiency
of CHO cells with Optison® was 7-fold higher than with the other bubbles at 1 MHz,
20% duty cycle (DC) and 0.5 W/cm? [22]. As most other delivery methods, USMD can
affect cell viability. In most in vitro studies such as those shown in Table 2, the toxicity
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induced by this technique is rather low compared to other transfection reagents or
methods that can induce up to 50% of cell mortality depending on the cell type. To
optimise the sonoporation efficiency, various US parameters and USCA concentrations
have been evaluated on human U87-MG glioblastoma cells. Sonoporation efficacy was
particularly correlated to the acoustic pressure [17], to duty cycle [23,24] and to the
total exposure time [23,24]. In Figure 5 is an example of the duty cycle influence on the
sonoporation efficiency of U87-MG cells performed at 1MHz and 310kPa with
BRIU® microbubbles (20 microbubbles per cell) and a plasmid encoding GFP. The
number of cells expressing GFP varied with DC and reached approximately 40% at
DC of 40%. Cell viability was also correlated to DC and the percentage of cell death
induced at 75% DC was twice as much as that obtained at 40% DC (40% versus
20%). In addition, the transfection efficiency was also dependent on exposure time
(Figure 6). Two minutes of insonation led to a transfection rate of 43% which is about
10% higher than the rate achieved with 1min insonation. This increase of the
transfection efficiency did not induce higher cell mortality. In addition, the type of
microbubbles, their lifetime [22] and their concentration, all have an impact on the
sonoporation efficiency [17-23].
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Figure 5. Duty cycle influence on the transfection efficiency rate. U87-MG cells were insonated
during 1 min at 1 MHz, 310kPa. Cells expressing GFP and dead cells were quantified by flow
cytometry. Upper panel: Transfection rate; Lower panel: Cytotoxicity. Data shown are obtained
relatively to the number of non-treated cells taken as 100%.
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5. In vivo sonoporation assisted gene delivery

The majority of in vivo sonoporation studies have been conducted on rodent models.
Different types of accessible organs have been tested largely due to developments and
miniaturisation of ultrasound transducers. Tables 3 [25-30] and 4 [14,31-37] summarise
in vivo sonoporation experiments that have been reported. The cardiovascular system
was one of the first targeted systems that have aroused a real therapeutic perspectives
for sonoporation. US in association with microbubbles have allowed both detailed
visualisations of heart structures and gene delivery. Commercial and custom USCAs
have been tested for their potential to deliver the luciferase gene in the left ventricle of
rat hearts [33]. Using a triggered mode where one US insonation at 1.3MHz was
transmitted every four heart beats, gene expression was higher than with the
continuous mode that induced extensive microbubble destruction. Moreover, the gene
expression was restricted mainly to the targeted region (heart) with only a weak
expression in other organs validating the targeted delivery of the method. It is worth
mentioning that the safety of the method is excellent since no significant modification
in host genes regulation has been reported. Another example that validates the utility
of the method has been reported by Taniyama et al. on rat restenosis after angioplasty
model [14]. Usually, the long term therapeutic effect of angioplasty is limited by
restenosis occurring in 40% of patients due to an abnormal smooth muscle cell
proliferation of intima. An overexpression of p53 protein in smooth muscle cells upon
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Figure 6. Influence of US exposure time on the transfection efficiency. U87-MG cells were
insonated with similar US parameters as in Figure 4. GFP expressing cells and the rate of cell
mortality were evaluated by flow cytometry. Upper panel: transfection rate; lower panel:
cytotoxicity. Data shown are obtained relatively to the number of non-treated cells taken as 100%.
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sonoporation with p53 anti-oncogene gene in the presence of US (2.5W/cm?) and
Optison® microbubbles has led to an inhibition of intima cells proliferation on rat
carotid artery after angioplasty [14]. This strategy could be used as a preventive
treatment for patients after angioplasty. Brain diseases could also be treated with US-
enhanced gene delivery. There are several reports concerning in vitro gene delivery into
neural cells and the use of US to breach the blood brain barrier [10,38,39]. It has been
shown that transcranial application of ultrasound at 2.20 MHz and 0.57 MPa associated
with an intravascular injection of Optison® microbubbles can reversibly permeabilise
the blood brain barrier in rabbit. Therefore, the central nervous system known to be
rather inaccessible to therapeutic agent can be breached upon sonoporation. This
method has also permitted an increase of blood capillary permeability in skeletal
muscles [40, 41]. In another study, Song has shown extravasation of microspheres from
blood vessels and their transfer into skeletal muscle tissue at 1 MHz and 0.75MPa in
the presence of Optison®. Another report relates the injection of pDNA encoding
luciferase gene combined with cationic lipid microbubbles by intra-muscular (IM),
intra-venous (IV) or intra-arterial (IA) routes and with an insonation of rat hind limb
skeletal muscles [41]. The luciferase activity detected in limb muscles following TA
injection was similar to that obtained following IM and was 200-fold greater than that
achieved after IV administration. These results indicate that insonation away from
injection site can induce sufficient extravasation of pDNA to transfect muscles. The
feasibility of using USMD has also been examined for mammary carcinoma [42], and
prostate cancer [28]. In a rat tumour model obtained by implantation of mammary
carcinoma cells in adipose tissue, experimental microbubbles and plasmid injected
directly into tumour followed by insonation led to an efficient gene expression without
causing inflammatory response or necrosis [42]. In a murine PCa prostate cancer
model, sonoporation with 1 MHz transducer, 2W/cm? and 30% DC applied for 20 or
30min in the presence of Optison® induced a 2-fold increase of gene expression
compared to pDNA alone [28]. In a separate study Hauff has demonstrated that 50%
reduction of pancreas adenocarcinoma tumour growth can be obtained after three
intra-tumoural administrations of plasmid encoding pl6 combined with US (color
Doppler mode, MI=1.5) and microbubbles [43]. Recently, a significant effect has been
reported on gingival squamous carcinoma cells implanted in nude mice [44]. A
complete suppression of tumour growth was obtained in mice transfected with
Optison® and plasmid encoding cytolethal bacterial toxin A using a transducer of
1 MHz with an output of 2W/cm? and 50% DC. Altogether, these results indicate that
selective US conditions offer the possibility to transfer therapeutic genes in various
tissues. However, data reported in Tables 2 and 3 show that the sonoporation
efficiency is highly dependent on the US parameters, the USCA properties and the type
of cells or tissues under investigation. Few in vivo studies in mice, rat and porcine
models using reporter and therapeutic genes have been carried out to assess the
effectiveness of USMD (Tables 3 and 4). Therapeutic genes and microbubbles
were injected either intravenously or directly into the tissue of interest. The
results showed that the USMD induced a significant improvement in gene delivery
compared to injection of pDNA alone. When reported, the toxicity of the treatment
seemed to be mild or insignificant despite the large amounts of pDNA used (more
than 1mg).
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Overall, in vivo studies confirm the potentiality of USMD and with no doubt, gaining
more insight into the sonoporation mechanism will further improve this gene delivery
method.

6. Mechanisms of membrane permeabilisation

The mechanism(s) of molecular translocation into cells via sonoporation is not well
understood. One likely hypothesis considers that the activities of microbubbles under
ultrasound insonation are responsible for transient pore formation in the cell membrane.
Marmottant and colleagues [45] have observed with a high speed camera the deformation
of lipidic vesicle and release of their fluorescent content in contact with the microbubble.
The release of the fluorescent marker was induced by a transient membrane rupture upon
contact with oscillating microbubbles. Electrophysiological studies have shown that
sonoporation induced a variation of potential membrane and transmembrane currents.
Deng et al [46] demonstrated on Xenopus ovocyte that US in the presence of microbubbles
transiently increases transmembrane currents induced by a decrease of the membrane
resistance probably due to pore formation. The amplitude of the measured current is
strongly dependent on the acoustic pressure and insonation time [46]. Recently,
observations with a high speed camera have shown that interaction of microbubbles
with cells led to variable effects [47]. For a low acoustic pressure, the microbubble—cells
interaction has generated a mechanical compressive stress [47]. This membrane stimulation
could be responsible for the permeability probably via pores formation allowing cellular
entry of external molecules. Conversely, high acoustic pressures could produce bubbles
destruction or violent acoustic phenomena such as microjets [48]. Microjetting is due to
microbubble deformation under funnel shape that can be projected and directed to cell
extremity. The projection speed can reach 100ms ' creating a membrane disruption at the
cell contact [48]. Microbubbles under the influence of US may also cause cell membrane
deformation due to mechanical stress. Patch clamp exploration of electrophysiological
properties of mammary cancer MDA-MB 231 cells has shown that sonoporation induces
modifications in membrane potential by triggering stretch activated ionic channels [49].
Insonation of microbubbles in contact with the plasma cell membrane decreases
instantaneously the membrane potential. It is worth noting that despite the induction of
mechanical stresses through the microbubble oscillations, the cell viability was unaffected
[49].

In order to validate the pore formation hypothesis and to determine pore size, the
incorporation of nanoparticles with different sizes have been evaluated [15, 16]. Efficient
transfer was achieved when the pore size was of the order 37 to 75 nm. Investigations on
the transfer of a fluorescent plasmid DNA and its intracellular distribution during
sonoporation have shown that plasmid DNA entry does not depend on the endocytosis
pathway which differs from transfection pathways as induced with DNA /cationic lipids
(lipofection) or DNA/polymers (polyfection) complexes. During sonoporation, plasmid
DNA was distributed homogeneously into the cytoplasm [16]. In contrast, plasmid DNA/
cationic lipids complexes are confined inside endocytic vesicles from where the plasmid
DNA must escape to enter the nucleus to be expressed [16]. The kinetics of gene expression
after sonoporation and lipofection has been investigated [12,15,16,50]. It appears that
sonoporation allows transfer of plasmid DNA directly into the nucleus allowing a faster
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expression of the green fluorescent protein than with lipofection. The latter involves slow
and complex mechanisms for gene expression.

7. Electroporation

Electroporation involves the application of short high-voltage pulses to induce transient
cell membrane permeabilisation thereby allowing the entry of extracellular molecules.
Membrane destabilisation is achieved when the applied external electric field potential is
above the plasma membrane potential. Membrane permeation is induced transiently when
millisecond pulses of electric field are applied on cells in suspension but the cell viability is
highly dependent on various parameters such as the field strength, pulse duration and
number of pulses. Such electric pulses promote interaction of the plasma membrane with
extracellular compounds favouring their progressive intracellular internalisation. It is
generally accepted that gene transfer efficiency is related to a combination of membrane
permeabilisation and DNA electrophoresis [51-53]. Five steps are now known to be
involved in the kinetics of electropermeabilisation.

(1) Induction step (us): the external electrical field induces an increase of membrane
potential difference resulting in a local deformation when the value (critical
permeabilisation threshold) reaches 200 mV. The magnitude of the defects is highly
dependent on the buffer used.

(2) Expansion step (ms): the defects last as long as the field is maintained at an
overcritical value.

(3) Stabilisation step (ms): a recovery of the membrane organisation as soon as the
field is subcritical.

(4) Resealing step: the membrane reseals slowly on a scale of seconds or minutes.

(5) Memorial step: as a consequence of cell membrane modifications, membrane
structural features (flip—flop) and some of its physiological features recover on a
longer time scale.

A cell native transmembrane potential difference of 50-70 mV in magnitude is usually
created by the difference in ionic strength between the intracellular and extracellular fluids.
When exposed to an electric field, cells undergo different perturbations due to Joule
heating and electromechanical effects (stretching and deformation which elevate the
potential difference) (Figure 7). When this finally exceeds 200-300mV, a structural
rearrangement of the membrane occurs including lipid reorganisation and electroconfor-
mational change of proteins [54-56]. This threshold is highly homogeneous across different
cell types [57,58], whereas the duration of electropermeation is dependent on the
magnitude and the duration of the applied transmembrane potential [59,60]. Membrane
temperature is an equally important factor since membrane physical properties are highly
dependent on the temperature. The electric field creates pores, resulting in an increase of
membrane electrical conductance and in short-circuiting transmembrane potential (AVm).
Teissié and Tsong [61] have shown that 35% of pores induced by a strong field exposure of
erythrocytes are linked to Na/K ATPase, ions channels. An electrical field of a single 4-ms
pulse and 500 mV decreases Na* and K™ channel currents by 20% and 30%, respectively.
The kinetics of electroporation depend strongly on the voltage applied on the cell
membrane
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Figure 7. Modulation of electric potential difference of a cell by electrical field. The native
transmembrane electrical potential difference AWE is superimposed by the one induced by the
electrical field AyO. Arrows are representative of electrical potential gradient directions (blue:
resting potential; red: electrical field induced potential). Cell is hyperpolarised at its side facing the
anode and depolarised at the other side facing the cathode; Visualisation of permeabilised cells
following electroporation (8 pulses for Sms duration, 1Hz, 0.8 kV/cm) applied in the presence of
propidium iodide. Images shown are obtained 1 s after the electropulsation, (A) phase contrast, (B)
fluorescence and (C) fluorescence intensity radial profile along the dotted line. Black arrow
corresponds to the electric field direction.(a.u: arbitrary units) (Adapted from [60], courtesy of M.P
Rols and J. Teissie and with the permission of Elsevier).

Molecules with sizes less than 4kDa have been directly introduced into the cytosol
using electroporation. These workers found that such molecules could asymmetrically
cross the membrane sides facing the 2 electrodes. It was found too that the membrane
leaflet area facing the anode is more permeabilised than the leaflet area facing the
cathode [51,60]. For larger molecules such as plasmid DNA, more complex steps are
involved. For example, using fluorescence microscopy digitised imaging Teissié and
co-workers were able to make observations of the first events at the single cell level.
They observed that permeabilisation occurs at the cell membrane side facing the
electrodes while molecular DNA interaction with the cell membrane occurs on the
membrane leaflet facing the cathode. The DNA molecules are entrapped as clusters of
0.2um domains. The electric field induces interaction between electropermeabilised
membrane and DNA molecules leading to its insertion. No free plasmid DNA
diffusion into the cytoplasm was detected. The transfection efficiency increased from
20% to more than 40% when the polarity of the electrical pulses was inverted between
each pulse, suggesting that changing pulse polarity or pulse direction leads to increased
DNA/membrane interactions [62,63].

Taken together, the following conclusions can be drawn from these studies: (i) the
electric field must be strong enough to induce the membrane destabilisation; (ii) DNA
must be stable and present during the electroporation; and (iii) the electrical field pushes
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DNA in the bulk towards the cell membrane. The transmembrane passage of such a big
molecule is a post-pulsing event because it is very slow.

In vivo, it seems that a pool of DNA escapes from the attention of extracellular
nucleases and can be electrotransfered successfully up to 4 hours [64]. A number of
studies have demonstrated that, when applied, in vivo electrotransfer markedly enhances
(100-1000 fold) gene expression compared to naked plasmid DNA injection into a
variety of tissues such as skin, muscle, lung, tumours, synovium cartilage, cardiac
muscle, brain, retina, cornea as well as spinal cord [65,66]. Moreover, it has been
shown that electrically assisted gene delivery has potential to be used as therapeutic
intervention in several diseases such as muscular dystrophy, cancer, arthritis and blood
disorders [65,66]. Pulses can be exponential [67] or square [68] waves, their number
varied from one to 14 with 100-300pus to 50ms of duration and the electric field
strength can be high (1500V) or low voltage (50V). Successful in vitro and in vivo
DNA delivery can be realised by application of high voltage with short pulses followed
by a low voltage and long pulses duration to induce DNA electrophoresis. Therefore,
optimisation of the procedures is of importance for each application. The type of
electrode and the distribution of electrical field inside the tissue are two major
parameters. The electrode configuration governs the field distribution in tissues, and
that in turn controls the effectiveness of the electropermeabilisation [69].
Plate clectrodes are widely used for muscle and tumour electroporation. This is
because they allow transcutaneous application of pulses with a homogenous electric
field. Conversely, a high field voltages need to be applied in order to reach the
threshold value for permeabilisation although these voltages can cause electrical skin
burns as well as necrosis or apoptosis of underlying tissues. Needle electrodes allows
for a deeper penetration inside tissues but cause heterogeneity of the electrical field
distribution that is higher near the needles and on their tips, causing local damage.
New types of electrodes have been designed to overcome the limiting effect of the
formers. Amongst them are meander contact electrodes [70,71], syringe electrode
devices that allow for simultaneous injection of DNA and application of electric field
[72], spatula electrodes [73] and needle-free patch electrodes [74].

8. Sonoporation assisted-gene delivery improvements

As in electroporation, sonoporation induces a membrane destabilisation leading to
increased DNA incorporation. These two methods induce a hyperpolarisation of the
plasma membrane due to activations of ionic channels upon mechanical stress [49].
Whereas initial electroporation procedures caused considerable cell damage, developments
over the past decades have led to unprecedented levels of equipment sophistication and
protocol optimisations that have reduced these drawbacks. Nowadays, sonoporation
seems to induce minimal cell damage. In order to improve its efficiency and hasten its
clinical acceptance, improved knowledge of the mechanism(s) will be of importance.
Having a clear understanding of the influence of US parameters in terms of transducer
type, output power and the pulse sequencing mode on microbubble activities will be
crucial for improvement. This will likely require the design of new types of transducers,
determining the pulse number, the acoustic frequency and power. Most importantly, the
type of gas and the bubble shell compositions that best mediates bubble stability and their
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use are crucial for microbubble formulation. Similarly, knowledge of the relationship
between the optimal bubble size and ultrasonic frequencies that mediate gene delivery will
likely improve the technology.

Sonoporation offers the possibility of combining imaging and targeted gene delivery.
The design of a new multi-frequency transducer could be useful because frequencies
available for imaging on most US scanners are not optimal for gene delivery. It is also
thought that developing implantable miniature ultrasonic devices operating over months
or days that can be implanted near or inside the tumour via a percutaneous needle
insertion [75] will have a significant therapeutic contribution. This technique will be
suitable for localised cancers that may not be resectable such as prostate cancers which do
not respond to radiotherapy.

9. Nanobubble development

Most available USCA exhibiting size ranges from 1-10pum are relatively large
compared to traditional pharmaceutical vehicles. One challenge is to reduce the
bubble size at submicron scale to gain a powerful targeting function. Indeed, targeting
of cells outside capillaries requires bubbles with a size less than 1 um, facilitating their
extravasation through endothelium of blood vessel. The ‘leaky’ tumour vasculature
presents pores with cut-off size between 380nm and 780nm [76,77]. To date, few
studies on the development of nanoscale size USCA have been reported. For this
purpose, nanoemulsions or nanodroplets containing liquid perfluorocarbon have been
synthesised [78,79]. These particles are 10 fold smaller and more stable than
microbubbles under pressure and mechanical stress. Although they exhibit low
echogenicity in solution, it is highly increased once they are deposited on a monolayer.
So, these nanoparticles will be only detectable once adhered to their target site. Dayton
et al. [79] have reported that application of US with high duty cycle pulses can deflect
such perfluorocarbon nanodroplets in the acoustic field due to their displacement in the
direction of US propagation. US application appears to concentrate these nanoparticles
on a cell monolayer and a maximal effect is obtained at 5SMHz with an intensity of
2.4W/cm?. Because they do not exhibit large radial oscillations as USCA microbubbles,
these nanoparticles remain intact after application of high acoustic pressure in the
order of magnitude of MPa (3 MPa at 10 MHz). So, the drug release inside the targeted
cell could not be obtained via a sonoporation effect. Still, such small USCAs can be
used as specific targeted contrast and delivery vehicles that can act through non-
destructive mechanisms.

Recently, a very elegant approach consisting of preparing mixtures of drug-loaded
polymeric micelles and perfluoropentane nano/microbubbles stabilised by biodegradable
block copolymer has been proposed [80]. In this system, phase state and nanoparticle
sizes are sensitive to the copolymer/perfluorocarbon volume ratio. Doxorubicin-loaded
nanobubbles were able to extravasate selectively into the tumour interstitium, upon
intravenous injection in mice. These nanobubbles coalesced to produce microbubbles
with a strong, durable ultrasound contrast. The nascent microbubbles oscillated and
collapsed under the action of tumour-directed ultrasound enhancing significantly drug
uptake by tumour cells in vitro. A tumour regression in the mouse model was observed
in mice treated with these nano/microbubbles loaded with doxorubicin.
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In conclusion, the development of submicron USCAs deserves attention for their
promise in targeted therapy and imaging. Nevertheless the development of a more
appropriate ultrasound technology could be required to exploit such nanobubbles.

10. Conclusions

Sonoporation constitutes a transfer method with low toxicity, easy to implement,
adaptable to different cell types and suitable for in vivo situations. However, membrane
permeabilisation and penetration mechanisms should be clarified to improve molecule
incorporation. Sonoporation seems to be a delivery technique that provides efficient gene
transfer with safety for healthy tissues. Moreover, it offers the possibility to associate
ultrasound imaging and therapy. Loading bubbles with specific antibodies and focusing
the US beam in a limited organ area will achieve a targeted therapy. Indeed, both
accumulation of therapeutic agent contained-targeted bubbles and induction of membrane
permeability through interaction of oscillating bubbles with cell surface will increase
cellular incorporation of therapeutic agents.
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