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Abstract

Sonoporation is a physical method that has been successfully used to deliver drugs into living cells
both in vitro and in vivo for experimental and therapeutic purposes. Despite numerous studies on this
topic, often reporting successful outcomes, very little is known about the mechanisms involved in the
hypothesized membrane permeabilization processes. In this study, electron microscopy was used to
investigate the ultra-structural modifications of cell membranes, induced by sonoporation. Here, we
demonstrate that sonoporation in the presence of microbubbles induces the formation of a significant
number of transient and permeant structures at the membrane level. These structures were transient
with a half-life of 10 min and had a heterogeneous size distribution ranging from a few nanometers to
150 nm. We demonstrated that the number and the size of these structures were positively correlated
with the enhanced intracellular uptake of small molecules. In addition, we showed that these
structures were associated with caveolae-dependent endocytosis for two thirds of the recorded events,

with the remaining one third related to non-specific routes such as membrane disruptions as well as
caveolae-independent endocytosis. In conclusion, our observations provide direct evidences of the
involvement of caveolae-endocytosis in cell membrane permeabilization to small molecules after

sonoporation.

1. Introduction

The biomedical applications of therapeutic molecules
are limited because their physico-chemical properties
impose inefficient transmembrane transport abilities
and/or the deficiencies of membrane transport
mechanisms. To overcome these limitations, the
development of efficient targeted delivery methods
has been developed to increase the local concentration
of therapeutic molecules at the desired site while
minimizing side effects to healthy tissues.
Sonoporation, based on the use of high frequency
ultrasound (1-10 MHz) in combination with gas
microbubbles was introduced as a non-viral physical
method that is currently under evaluation for gene and
drug delivery [1, 2]. Sonoporation involves the treat-
ment of a desired volume of cells in vitro or tissue
in vivo with ultrasound in the presence of micro-
bubbles. These microbubbles, which are formulated as

lipid, albumin or polymer shelled micrometer sized
gas bodies in aqueous suspension, are commonly
mixed with cells for in vitro applications or adminis-
tered by intravascular/intratissue injection for in vivo
applications [3]. The exposure of microbubbles to
ultrasound causes their periodic oscillations and/or
their collapse, under appropriate insonation condi-
tions. It is now known that these oscillations can
induce micro-streaming, shock waves and/or micro-
jets that can affect the integrity of biological barriers (e.
g., cell membrane, endothelial barrier) [4—6]. The use
of sonoporation to deliver therapeutic molecules to
tissues has been extensively explored over the past dec-
ade. For example, the loco-regional delivery of anti-
tumoral drugs has been reported [7, 8] and is now
under clinical investigation [9]. Sonoporation has
been successfully used to transfer nucleic acids into the
heart, skeletal muscle, tumors, vessels, liver and kidney
[3]. This method enables exogenous delivery of

©2015IOP Publishing Ltd


http://dx.doi.org/10.1088/1478-3975/12/6/066007
mailto:jean-michel.escoffre@univ-tours.fr
mailto:ayache.bouakaz@univ-tours.fr
http://crossmark.crossref.org/dialog/?doi=10.1088/1478-3975/12/6/066007&domain=pdf&date_stamp=2015-11-23
http://crossmark.crossref.org/dialog/?doi=10.1088/1478-3975/12/6/066007&domain=pdf&date_stamp=2015-11-23
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

10P Publishing

Phys. Biol. 12 (2015) 066007

molecules with minimal cell or tissue damage, inflam-
mation and/or immunological response. In addition,
ultrasound can be non-invasively targeted to a specific
volume of superficial tissues or deeply embedded
organs. Taken together, these properties make sono-
poration an innovative and compelling method for
gene and drug delivery 3, 10].

Although sonoporation shows promise in a variety
of research disciplines and clinical applications, very
little is known about the molecular and cellular pro-
cesses that underlie the transfer of exogenous mole-
cules across the plasma membrane to the cytoplasm
where their intracellular targets occur [11]. Based on
indirect evidences [12, 13], the formation of mem-
brane pores and the stimulation of endocytosis path-
ways have both been hypothesized as main
mechanisms in the sonoporation process. Indeed, by
assessing the uptake or release of molecular markers
[12, 14] and by measuring ionic conductivities
[15, 16], previous studies have shown that sonopora-
tion induces a transient increase in membrane perme-
ability through likely the generation of transient
membrane pores and the stimulation of endocytosis.
The membrane pores might facilitate the intracellular
delivery of small molecules (<4 kDa) while the endo-
cytosis might induce the uptake of macromolecules
(>4 kDa). Recent developments in electron micro-
scopy offer new opportunities for the monitoring and
identification of the membrane structures involved in
the transmembrane delivery of exogenous molecules.
Using scanning electron microscopy (SEM), Mehier-
Humbert et al first reported the visualization of few
100 nm sized pores, but their size distribution could
not be defined, neither the duration of their occur-
rence [13]. A subsequent study estimated the size of
these pores to be of the order 0.001-4.31 um [17].
However, membrane pores with sizes >400 nm have
been associated with a significant loss of cell viability
[18]. A common feature of almost all previous studies
is that they are all based on a simple visualization of
dark and spherically-shaped structures across the cell
surface immediately after sonoporation. Although
these structures have been classified as pores, there has
been no correlation between the presence of these
structures and the increased transmembrane permea-
bilization of non-permeant molecules, neither with
the viability of cells. In addition, there has been no
direct study on the transient character of sonoporation
and on the number and the fate of these structures in
the minutes and hours after sonoporation.

To gain direct insights into membrane modifica-
tions and explore the cellular membrane response,
which follow sonoporation, we made sequential
recordings of the major transient phase after ultra-
sound exposure in presence of microbubbles on
human glioblastoma cells using electron microscopy.
Sonoporation effects were followed by ultra-structural
analysis of cell membrane modifications. Overall con-
sistency of these results was assessed through a
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comparison with the results of SYTOX-Green uptake
(i.e. a small and non-permeant molecule) obtained
using flow cytometry. All these results are here dis-
cussed taking into account the existing knowledge
about the mechanisms of membrane sonoporation.

2. Material and methods

2.1. Cell culture

Human U-87 MG glioblastoma cells were derived
from a malignant glioma (European Collection of Cell
Cultures, Salisbury, UK). These cells were grown as a
monolayer in OptiMEM” High W /GlutaMAX-I (Life
Technologies Corp., Carlsbad, CA) supplemented
with 10% fetal calf serum (FCS) (PAA Laboratories,
Veliz-Villacoublay, France). The cells were routinely
subcultured every 4 days and incubated at 37 °C in a
humidified atmosphere in a 5% CO, incubator. This
cancer cell line is commonly used to develop and
optimize sonoporation for the delivery of chemother-
apeutic drugs and nucleic acids [19-21].

2.2.Endocytosis inhibition

U-87 MG cells were pre-treated with 50 uM genistein
(Sigma-Aldrich, St. Louis, MO) at 37 °C for 1h to
inhibit caveolae-mediated endocytosis. Immuno-
fluorescence and MTT assays demonstrated that this
treatment condition led to efficient and non-toxic
effect of genistein for U-87 MG (unpublished data).
Genistein hampers caveolae-coated vesicle internali-
zation by hindering dynamin-2 ring assembly, which
is crucial for late stages of membrane invagina-
tion [22, 23].

2.3. Membrane permeabilization

Membrane permeabilization was monitored by asses-
sing the intracellular uptake of SYTOX-Green inter-
calating fluorescent dye (Life Technologies Corp.),
using flow cytometry [14]. This low molecular weight
molecule (600 Da) is a non-permeant fluorescent dye
used as model drug and exhibits a 100- to 1000-fold
increase in fluorescence intensity upon binding to
nucleic acid.

As previously described, U-87 MG cells were see-
ded on 18 mm diameter cover slips placed in 24 well
plates. Cells were cultured in OptiMEM” High W/
GlutaMAX-I supplemented with 10% FCS, to 80%
confluence at 37 °C in a humidified atmosphere with
5% CO, incubator. Four experimental groups were
defined: (i) control (i.e., untreated), (i) US alone (i.e.,
without microbubbles), (iii) US + MB (i.e., sono-
poration) and (iv) genistein and US+MB (i.e., genis-
tein pretreatment followed by sonoporation). Briefly,
cell culture medium was replaced with OptiMEM”
High W/GlutaMAX-I supplemented with 1% FCS. To
minimize the generation of standing waves [24], the
24-well plates were placed on top of a platform and
partially immersed within a deionized and degassed
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1 MHz single-element focused transducer

1 well of 24-well plate

25mm

OptiMEM® HighW/GlutaMAX-I - 1% FCS

4+—— Deionized and degassed water at 37°C

Figure 1. Experimental setup for in vitro sonoporation (drawing not to scale).

BR14 microbubbles

U-87 MG cells

Ultrasound absorber

Table 1. Experimental groups and applied ultrasound settings.

Duty
Intensity cycle Exposure
Conditions (W cm™?) (%) time (s) Microbubbles
A P P R —
B 1 20 60 -
C 0.5 20 60 +
D 1 20 60 +
E 1 20 10 +
F 1 10 60 +
G 2 50 60 +

water tank at 37 °C with ultrasound-absorbing rubber
pad placed underneath (figure 1). SYTOX-Green and/
or BR-14 microbubbles (Bracco Research Geneva,
Switzerland) were added immediately before ultra-
sound application to give a final concentration of
1 uM SYTOX-Green and a microbubble-to-cell ratio
of 5 (i.e., optimal microbubble concentration to pre-
vent cell detachment upon ultrasound exposure). A
1 MHz single-element focused transducer with a dia-
meter of 15 mm and focused at 25 mm (Vevo Soni-
Gene™ system, VisualSonics BV, Netherlands) was
immersed into each well of 24-well plates (figure 1).
The focal distance between the front face of transducer
and the cell monolayer was kept constant with a trans-
ducer holder. Various exposure conditions were
investigated by varying, either the duty cycle (10%,
20% and 40%), the acoustic intensity (0.5-2 W cm™?),
or the total exposure time (10 or 60 s) (see table 1).
Both the permeabilization level (i.e., percentage of
SYTOX-Green positive cells, which describes the level
of permeabilized cells) and efficiency (i.e., mean fluor-
escence intensity associated to percentage of SYTOX-
Green positive cells, which describes indirectly the
intracellular amount of SYTOX-Green) were assessed
by flow cytometry, at different time points (i.e., 0, 5,
10, 15, 30, 60 min) after sonoporation. Cells were har-
vested by trypsinization and resuspended in complete
medium. The cell suspension was centrifuged (3 min,
800 g) and was then re-suspended in phosphate saline

buffer. The cells were then stained with propidium
iodide at 0.5 ugmL ™" in order to quantify the cell
mortality. Fluorescence histograms were recorded by
using a flow cytometry (Beckman Coulter Inc., Full-
erton, CA) and analyzed using the Kaluza software
supplied by the manufacturer. A minimum of 10 000
events was analyzed to generate each histogram. The
gate was arbitrary set for the detection of green and red
fluorescence intensities. The permeabilization level
and efficiency were determined from the population
of viable cells.

2.4. Electron microscopic assessment and analysis

Using the same set-up and procedure previously
described for membrane permeabilization (table 1),
ultra-structural modifications of cell plasma mem-
brane were assessed, in the absence of SYTOX-Green,
both by scanning (SEM) and transmission electron
microscopy (TEM). Briefly, cells were fixed by incu-
bating in 4% paraformaldehyde and 1% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.2) for 48 h. SEM
specimens were dehydrated in a graded series of
ethanolic solution (50%-100%) and critical point
dried in liquid carbon dioxide. SEM imaging was
achieved by first, attaching the coverslips with fixed
adherent cells to sample stubs and sputter coating with
platinum (5nm) followed by imaging with a LEO
DSM 982 SEM (Zeiss, Germany). In contrast, TEM
specimens were post-fixed by incubating in 2%
osmium tetroxide solution (Electron Microscopy
Science, Hatfield, PA) for 1 h. They were then dehy-
drated by immersion in a graded series of ethanolic
solutions (50%-100%), cleared in propylene oxide,
and embedded in Epon resin (Sigma-Aldrich), which
was allowed to polymerize for 48 h at 60 °C. Seriated
ultrathin sections (70 nm) were cut with a Leica
Ultracut UCT ultramicrotome, placed on electron
microscopy one-slot grids coated with Formvar film
and stained with 5% uranyl acetate for 20 min and 5%
lead citrate. The serial sections were then imaged at
100kV with a JOEL 1011 Transmission electron
microscope (JEOL Ltd, Tokyo, Japan) connected to a
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Gatan  digital camera driven by  Digital
Micrograph software (Gatan, Pleasanton, CA) for
image acquisition and analysis. Images were retro-
spectively reviewed by an expert independent reader
blinded to treatment assignment. The number of
transient permeant structures, endocytic events and
membrane disruptions were determined for each
image (10 images/cell; N > 30 cells/experimental
condition).

2.5. Statistical analysis

Data were presented as mean =+ standard error of the
mean (SEM) of five independent experiments and
analyzed for statistical significance by Statistical analy-
sis was executed using the non-parametric Mann-
Whitney U test (StatPlus:mac, Analyst Soft Inc.,
Alexandria, VA). Significance was defined as p < 0.05
(NS, non-significance, *p < 0.05, *p < 0.01 and
“*p < 0.001).

3. Results and discussion

3.1. Sonoporation enhances SYTOX-Green uptake
through the formation of permeant structures

To directly monitor membrane modifications induced
by sonoporation, U-87 MG glioblastoma cells were
exposed to different ultrasound conditions (table 1) in
the presence of the small and non-permeant molecule,
SYTOX-Green, either with (condition A, C-G) or
without BR-14 microbubbles (condition B). The
ultrasound exposure of cells in the absence of micro-
bubbles (condition B) was characterized by 28 + 1%
of permeabilized cells as compared to 59 % 2% cells
(p < 0.05) for ultrasound combined with microbub-
bles (condition D, figure 2(A)). Significantly, sono-
poration exhibited a eight-fold increase in cell
permeabilization efficiency i.e., 105 & 3 in arbitrary
units (a.u.) as compared to 13 £ 3 a.u. for ultrasound
alone (p < 0.001) (figure 2(B)).

Under these acoustic parameters, the presence of
microbubbles significantly affected the cell viability
(6 £ 1% versus 2 = 1%; p < 0.05) (figure 2(C)). In
addition, the ultrasound conditions C, E and F were
less efficient to permeabilize cells compared to the
condition D (figure 2). Under the ultrasound condi-
tion G, the permeabilization level (99 £ 1%) and effi-
ciency (222 £ 2 a.u.) were significantly increased
compared to the condition D (p < 0.05). However,
this condition dramatically increased the cell mortality
(40 £ 1%; p < 0.05). Altogether, these results sug-
gested that the acoustic parameters of the condition D
were the most appropriate to get a high percentage of
permeabilized and viable cells.

To visualize ultra-structural modification of cell
membranes induced by sonoporation, cells were
immediately fixed after sonoporation and analyzed
using SEM. SEM images of control (untreated) U-87
MG glioblastoma cells (figure 3(A), condition A) were

A Zeghimiet al

characterized by a smooth surface with sparse dis-
tribution of microvilli. Under the control condition,
one sees no membrane disruptions, which could be
construed as due to putative artifactual effect of speci-
men fixation procedure. Compared to US alone con-
dition (figure 3(A), condition B), the combination of
US + MB induce the formation of dark and spheri-
cally-shaped structures in addition to scattered pat-
ches that were randomly distributed across cell
membranes (figure 3(A), conditions C-G), suggesting
adirect involvement of sonoporation in the creation of
these structures. Apart from condition G, one can
notice that the high permeabilization level and effi-
ciency shown in figure 2(B) were positively associated
to a high mean number of observed structures per cell
(figure 3(B)). For this reason, these structures are here-
after termed permeant structures. The size distribution
of the observed structures was heterogeneous with a
diameter ranging from a few nanometers up to
150 nm (figure 3(C)), irrespective of the ultrasound
conditions tested in this study. These finding are in
good agreement with previous data that highlighted a
relationship between molecular size and intracellular
delivery efficiency [17, 25]. Indeed, sonoporation was
more efficient for the intracellular delivery of small
molecules (i.e., anticancer drugs) when compared to
macromolecules (i.e., plasmid DNA) [12, 13]. Under
the ultrasound condition G, the mean number of per-
meant structures per cells was low but the size of these
structures (0.5-4 pum) was much higher than those
induced in other ultrasound conditions (figure 3(C)).
In agreement with previous publications [18], the for-
mation of such micro-sized structures (also known as
membrane wounds) are associated with loss of cell via-
bility as confirmed by the quantification of cell viabi-
lity displayed in figure 2(C). It was noticeable that the
count of the permeant structures was significantly
higher for sonoporation in the presence of micro-
bubbles (633 + 32 structures) as compared to ultra-
sound alone (189 4 39 structures, p < 0.001;
figure 2(B)). These results suggest that microbubble-
assisted ultrasound treatment led to a higher number
of permeant structures and increased cell permeabiliza-
tion level compared with ultrasound treatment alone,
thus suggesting that microbubbles potentiated the
ultrasound-mediated = membrane  permeabiliza-
tion [25, 26].

3.2. Permeant membrane structures are transient

To investigate the temporal evolution of sonopora-
tion-induced permeant structures, cells were fixed at
increasingly later time-intervals (i.e., 0, 5, 10, 15, 30
and 60 min after sonoporation) after sonoporation
and both the count (number of permeant structure/
cell) and size (projected diameter) of permeant struc-
tures were quantified (figure 4). Figures 4(A) and (B)
show both a progressive and significant decrease in the
number and size of the permeant structures towards

4



10P Publishing

Phys. Biol. 12 (2015) 066007

A Zeghimiet al

Ultrasound conditions

Figure 2. Effect of sonoporation using various ultrasound excitation parameters on the cell permeabilization and viability. U-87 MG
cells were incubated with SYTOX-Green with or without microbubbles and then insonated under different conditions (table 1).
Permeabilization level (A) and efficiency were monitored immediately after sonoporation by flow cytometry. The cell viability (C) was
assessed by propidium iodide staining. Data expressed as mean £ SD was calculated from three independent experiments. Statistical
analysis was performing using the non-parametric Mann-Whitney test. Significance was defined as p < 0.05 (NS, non-significance,
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later time-intervals, and show that membrane reseal-
ing commenced <5min after sonoporation. The
kinetics of membrane resealing, i.e., the number of
permeant structures as a function of time after sono-
poration, was characterized by exponential decay with
a half-life close to 10 min (figure 4(C)). One hour after
sonoporation, most cells exhibited a fully recovered
and intact membrane clearly showing that they
had recovered their native membrane integrity
(figure 4(A)) [27-29]. The duration of membrane
recovery was shown to range from a few seconds to a
maximum of a few hours, with differing kinetics,
depending on the ultrasound parameters, the marker
size and the cell physiology [11, 30].

Moreover, we evaluated whether there was any
association between membrane recovery and cellular
uptake of SYTOX-Green. The permeabilization level
and efficiency were measured when this molecule was
added to the cell medium at increasingly later time-
intervals after sonoporation. Analysis of membrane
recovery by SEM images and by SYTOX-Green uptake
(figure 4(D)) showed a strong and significant positive
correlation (Pearson’s coefficient, 0.98; p < 0.05).
These results demonstrate that the permeant structures
were transient and their number correlated positively
with the uptake of small molecules. In the rest of the
present study, these structures will be termed transient
and permeant structures (TPSs).

The membrane surface of these resealed cells was
characterized by a high number of scattered patches
(figure 4(A)) that were not observed in the control cells
(figure 3(A)). The size of these patches was larger than
the TPS sizes. One hour after sonoporation, few pat-
ches were observed on the membrane surface of cells,
which recovered their membrane integrity, thus
demonstrating again the transient nature of these
structures (figure 4(A)). These scattered patches indi-
cate that the membrane resealing process is probably
more complicated than a simple self-rearrangement of
plasma membrane. In agreement with previous stu-
dies [17, 31], these results support the model of a
patching mechanism as membrane repair process.
Sonoporation has been shown to trigger calcium ion
influx through the permeabilized membrane [31],
which might then cause the translocation of intracel-
lular vesicles towards the permeabilized membrane
and rapidly fuse together and also with the adjacent
plasma membrane [17].

3.3. Caveolae-dependent endocytosis is involved in
sonoporation-mediated membrane
permeabilization

To further characterize these TPSs, the cells were
immediately fixed after sonoporation and embedded.
TEM was used to examine the plasma membrane of
thin-sectioned cells. As shown in figure 5(A),
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Figure 3. Ultra-structural modifications of U-87 MG cell membranes after sonoporation. U-87 MG cells were exposed to different
ultrasound conditions (table 1) either in absence or in presence of microbubbles and immediately fixed after sonoporation for
subsequent SEM imaging (A). The mean number (B) and size distribution (C) of the permeant structures per cells were represented

endocytic invaginations or vesicles were rarely
observed near the plasma membrane of control
glioblastoma cells (1 & 1 endocytic invaginations or
vesicles per cell; figure 5(B)). No disruption of plasma

membrane was detectable and hence was considered
absent. In contrast, after sonoporation, a greater
number of uncoated pits was observed at the plasma
membrane level of cells (27 =2 versus 1 +£1
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Figure 4. Evolution of permeant structures as function of time post-sonoporation. U-87 MG cells were exposed to optimal ultrasound
parameters (condition D) in presence of microbubbles and immediately fixed and scanned using SEM at different time-points post-
sonoporation (0-60 min) (scale bar—1 pm) (A). Size distribution of the permeant structures per cell was analyzed (B). Kinetics of
permeant structure resealing (C). Mean number of permeant structures per cell was quantified as a function of time. Correlation
between the mean number of permeant structures per cell and changes in membrane permeability (SYTOX-Green uptake) after
sonoporation (D). The mean fluorescence intensity associated to the SYTOX-Green uptake into cells as a function of the mean
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uncoated pits per cell; figures 5(A) and (B)). Similarly,
control (i.e., untreated) cells exhibited fewer numbers
of clathrin-coated pits per cell (1 & 1) compared to
sonoporated cells (2 £ 1 clathrin-coated pits per cell;
figures 5(A) and (B)). Besides, disruptions of plasma

membrane were also detected in sonoporated cells
(3 £ 1 membrane disruptions per cell; figures 5(A)
and (B)). These observations suggest that the sono-
poration probably increases the native permeability of
plasma membranes to small molecules not only
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Figure 5. Identification of permeant structures by transmitted electron microscopy. Untreated and genistein-treated U-87 MG cells
were immediately fixed after exposure to optimal ultrasound condition (condition D) in presence of microbubbles. They were then
embedded and scanned using TEM (scale bar—0.2 pm) (A). Mean number of uncoated pits, clathrin-coated pits and membrane

MB+US Genistein-MB+US

through membrane disruptions but also endocytosis
pathways.

The uncoated pits are currently associated to the
caveolae-endocytosis pathways. To determine whe-
ther or not caveolae-endocytosis pathway is involved
in the sonoporation-mediated membrane permeabili-
zation, cells were treated prior to sonoporation with
genistein, an inhibitor of this pathway. The genistein-
treated cells were immediately fixed after sonopora-
tion and then embedded. TEM scans of thin-sectioned
cells were subsequently acquired, in order to monitor
changes in the plasma membrane (figure 5(A)). The
number of uncoated pits for sonoporated cells pre-
treated with genistein decreased significantly as com-
pared to sonoporated cells without genistein incuba-
tion (1 + 1 uncoated pits versus 27 + 2 uncoated
pits; figure 5(B)), thus confirming that sonoporation

stimulated the caveolae-dependent endocytosis. Sur-
prisingly, the mean number of clathrin-coated pits
observed at the membrane level was significantly
enhanced for sonoporated cells pre-treated with genis-
tein as compared to sonoporation cells without genis-
tein (9 £ 2 clathrin-coated pits versus 2 & 1 clathrin-
coated pits; figure 5(B)). A plausible explanation for
this phenomenon is that genistein incubation prob-
ably modifies the physicochemical properties of the
plasma membrane, leading to the stimulation of cla-
thrin-mediated endocytosis. In addition, the mean
number of membrane disruptions remained unchan-
ged and their occurrence was independent of the
experimental conditions (3 & 1 membrane disrup-
tions; figure 5(B)).

In order to confirm these findings, SEM scans of
genistein-treated and sonoporated cells were acquired

8
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Figure 6. Sonoporation-stimulated caveolae-dependent endocytosis. Untreated and genistein-treated U-87 MG cells were
immediately fixed after exposure to optimal ultrasound condition (condition D) in presence of microbubbles and subsequently
scanned using SEM (scale bar—1 pm) (A). Size distribution and analysis of number ((B) insert) of the permeant structures (B).
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and compared with SEM images of cells subjected to
sonoporation alone (figure 6). Figure 6(B) shows that
incubation of the cells with genistein led to a three-fold
decrease in the random distribution of TPS as com-
pared to sonoporated cells (200 =+ 28 TPS versus
633 £ 32 TPS; figure 6(B), insert). The size distribu-
tion of these structures was similarly heterogeneous
(figure 5(B)). It is worth noticing however that the
mean number of these structures was similar to that
observed when ultrasound was applied in the absence
of microbubbles (200 + 28 TPS versus 189 + 39 TPS;
figure 3(B)), thus confirming that the combination of
microbubbles and ultrasound was central to the for-
mation of the TPS. Moreover, the assessment of mem-
brane permeabilization using SYTOX-Green and flow
cytometry revealed that the treatment of cells with
genistein led to a two-fold decrease in permeabiliza-
tion level (27 + 1% versus 59 + 2%) and efficiency
(54 £+ 1 a.u. versus 105 + 3 a.u.) as compared to the
sonoporated cells without genistein incubation. In
agreement with electron microscopy data, these
results support the hypothesis that the caveolae-
dependent endocytosis is to a large extent responsible
for the membrane permeabilization and the delivery
of small exogenous molecules (figure 6). Nevertheless,
the involvement of clathrin-dependent endocytosis in
the sonoporation process cannot be absolutely exclu-
ded. Further investigations are necessary to determine

the role of this endocytic pathway in the membrane
permeabilization using sonoporation.

Previous studies have mainly reported the involve-
ment of caveolae- and clathrin-dependent endocytosis
in sonoporation-mediated uptake of macromolecules
such as 500 kDa dextrans [12, 32]. Unlike previous
studies that were based on indirect observations, our
results based on electron microscopy observations,
complement previous studies, and offer visual evi-
dences that sonoporation stimulates the endocytosis
pathways and generates membrane disruptions. In
addition, our data support the involvement of endocy-
tosis, specially caveolae-mediated endocytosis, in the
sonoporation-induced uptake of small molecules
while most previous studies reported that small mole-
cules and macromolecules cross the permeabilized
membrane through membrane pores and endocytosis
pathways, respectively [12, 32]. However, a recent
real-time study described the recruitment of clathrin-
mediated endocytosis in sonoporation-mediated
delivery of small molecules (i.e., SYTOX-Green
~600 Da) in rat C6 glioma cells [22]. The difference
observed in the stimulation of endocytosis pathways
(i.e., clathrin—versus caveolae—mediated endocy-
tosis) might be due to different ultrasound parameters,
microbubble and cell types used in both studies. Based
on these evidences, the term of sonoporation, which
suggests the formation of membrane pores only,
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might be not appropriate to describe the phenomenon
of acoustically-mediated membrane permeabilization.
Thus, sonopermeabilization should be used to define
this phenomenon. Microbubble-assisted ultrasound
might improve the uptake of the small therapeutic
molecules and macromolecules into the cells by sti-
mulating the endocytosis. Thus, Lee et al reported that
the acoustically-enhanced endocytosis of pDNA poly-
plexes increased gene expression. delivery using catio-
nic lipids or polymers has been already reported [33].
In chemotherapy, microbubble-assisted ultrasound
might increase the intracellular uptake of low mole-
cular weight chemotherapeutic drugs through the sti-
mulation of endocytotic pathways, thus enhancing the
therapeutic efficiency of these compounds [34].

Perhaps most importantly, the nature of stimuli
involved in increasing membrane permeability has not
yet been elucidated. It has been widely proposed that
the exposure of microbubbles to ultrasound causes
their oscillations, which lead to intense liquid flow
around the microbubble, so-called micro-streaming
[4]. At even higher acoustic pressures, the micro-
bubbles undergo large oscillations in a process leading
to violent collapse and destruction of the micro-
bubbles. This collapse might be accompanied by the
generation of shock waves in the medium surrounding
the microbubbles [5]. In the case of asymmetrical col-
lapse, jet formation may also occur when a collapsing
microbubble is located near a boundary such as a cell
membrane [6]. As a result, these physical phenomena
can generate mechanical stimuli on the plasma mem-
brane, responsible for its permeabilization through
the stimulation of endocytosis and the formation of
membrane disruptions or pores. We have recently
reported that microbubble destruction occurs under
the same ultrasound parameters used in this study
[26]. Microbubble destruction probably causes shear
stress on the plasma membrane, with further stimula-
tion of the endocytosis pathways. Electrophysiological
studies demonstrated that sonoporation-mediated
shear stress elicit calcium ion influx, which leads to the
activation of BKCa stress-activated channels and a
subsequent, local hyperpolarization of the cell mem-
brane [15]. This hyperpolarization may facilitate
uptake of exogenous molecules through endocytosis
[15,16,35].

4, Conclusion

In summary, the present study highlights a positive
correlation between the direct visualization of the
ultra-structural changes in the permeabilized mem-
brane using SEM and the assessment of membrane
permeabilization by flow cytometry using SYTOX-
Green. Our results show that sonoporation induces
membrane permeabilization through the formation
of TPSs. Using TEM, these structures have been
identified as being caveolar endocytic vesicles.
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