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Abstract
Microbubbles (MBs) in combinationwith ultrasound (US) can enhance cellmembrane permeability,
and have the potential to facilitate the cellular uptake of hydrophilicmolecules. However, the exact
mechanismbehindUS- andMB-mediated intracellular delivery still remains to be fully understood.
Among the proposedmechanisms are formation of transient pores and endocytosis stimulation. In
our study, we investigatedwhether endocytosis is involved inUS- andMB-mediated delivery of small
molecules. Dynamic fluorescencemicroscopywas used to investigate the effects of endocytosis
inhibitors on the pharmacokinetic parameters ofUS- andMB-mediated uptake of SYTOXGreen, a
600 Da hydrophilicmodel drug. C6 rat glioma cells, together with SonoVue®MBs, were exposed to
1.4MHzUSwaves at 0.2MPa peak-negative pressure. Collection of the signal intensity in each
individual nucleus wasmonitored during and after US exposure by afibered confocalfluorescence
microscope designed for real-time imaging. Exposed toUSwaves, C6 cells pretreatedwith
chlorpromazine, an inhibitor of clathrin-mediated endocytosis, showed up to a 2.5-fold significant
increase of the uptake time constant, and a 1.1-fold increase with genistein, an inhibitor of caveolae-
mediated endocytosis. Both inhibitors slowed down theUS-mediated uptake of SYTOXGreen.With
C6 cells and our experimental settings, these quantitative data indicate that endocytosis plays a role in
sonopermeabilization-mediated delivery of smallmolecules with amore predominant contribution
of clathrin-mediated endocytosis.

Introduction

In oncology, microbubble (MB)-assisted ultrasound
(US) was introduced as a promising method to
improve therapeutic efficacy of drugs by increasing
their local delivery. In the presence of MBs, tissue
exposure to US waves transiently increases the perme-
ability of biological barriers, such as cell membranes
and blood vessels, to increase the intracellular uptake
of drugs or enhance drug extravasation, respectively
[1–3]. Specifically, MB-assisted US is used to circum-
vent poor transendothelial transport, and transmem-
brane transport of hydrophilic anticancer drugs, such
as DNA intercalating agents, i.e. gemcitabine [4] or

irinotecan [5]. The potential of this approach for
cancer therapy is clearly shown in an increasing
number of publications on preclinical [6–9] and
clinical [4] drug delivery usingMB-assistedUS.

Many studies have found that US-mediated
plasma membrane permeabilization results from the
formation of transient pore-like structures in the
plasma membrane, thus facilitating the delivery of
molecules of different molecular weights into the
intracellular compartment [10–12]. Hence, this phe-
nomenon was named sonoporation [13]. The cause of
these transient structures in the plasma membrane is
commonly assumed to be acoustic cavitation [10]. The
use of US contrast agents (i.e. gaseous MBs) may
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enhance this effect by initiating the nucleation of the
cavitation [14] in this vicinity, and reduces the
required energy deposition in the tissues during US
exposure. Cavitation can be categorized either as (1)
inertial cavitation, which involves rapid growth and
collapse ofMBs [14], or as (2) stable cavitation with an
oscillatory motion of bubbles with fluid microstream-
ings exerting shear forces on the plasma membrane
[14]. Both induce transient and local cell membrane
permeabilization. At the single-cell level, MBs were
reported to permeabilize a neighboring cell when the
distance between the MB shell and the plasma mem-
brane equaled at most three times the MB diameter
[15]. Therefore, sonopermeabilization protocols con-
sist of mixing MBs with cells in vitro, or in vivo inject-
ing them intravascularly or intratumorally to ensure
the close vicinity of MBs with endothelial and tumor
cells. Recently, in a clinical case study using combined
US and SonoVue® MBs to enhance gemcitabine deliv-
ery in a patient suffering from pancreatic cancer [4],
0.5 mL of clinically approvedMBs followed by 5 mL of
saline were injected intravenously every 3.5 min
throughout the 1 h treatment.

However, there is increasing evidence that cavita-
tion-mediatedmechanical stimuli, as well as static ten-
sile forces [16], induce the recruitment of endocytosis
in US andMB-mediated drug [17, 18] and gene deliv-
ery [19, 20]. Using endocytosis inhibitors, such as
chlorpromazine [18] and genistein [21], previous stu-
dies [22] showed that clathrin- and caveolae-mediated
pathways were recruited for the US-mediated intracel-
lular delivery of macromolecules, such as dextran
from 4.4 to 500 kDa. Other studies suggested a selec-
tive contribution of one of the two endocytosis path-
ways: clathrin-mediated endocytosis has been
proposed to facilitate the internalization of plasmid
DNA [22] whereas caveolae-mediated endocytosis has
been suggested to promote the delivery of fluores-
cently tagged proteins into endothelial cells [23].
However, to our knowledge, few studies providing
real-time quantitative information of model drug
uptake upon US exposure have been conducted so far
at the single-cell level [24] and in a cell popula-
tion [25].

Previously, we showed that the real-timemonitor-
ing of the uptake of SYTOX Green model drug upon
US exposure was feasible using a dedicated setup
incorporating a fibered confocal fluorescence micro-
scope (FCFM) [26]. From the image sequence display-
ing the fluorescence signal enhancement of a cell
population of more than a hundred of cells, the phar-
macokinetic parameters of each cell were accurately
assessed by implementing a complete post-processing
pipeline, which was automated from the data pre-
processing to the statistical analysis of the population
kinetic data [26].We used SYTOXGreen intercalating
dye, which is cell impermeable and exhibits fluores-
cence intensity upon binding to nucleic acids, making
it a probe of plasmamembrane permeabilization [27].

Here, we test the hypothesis that endocytosis is recrui-
ted for US-mediated intracellular delivery of 600 Da
SYTOXGreen model drug. Specifically, we investigate
the effect of endocytosis inhibitors on the pharmaco-
kinetic parameters derived from the real-time mon-
itoring of SYTOXGreen uptake.

Materials andmethods

Cell culture
C6 rat glioma cells (ATCC® number: CCL-107TM)
were grown as a monolayer in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich®, St. Louis,
MO) with low glucose concentration (1 g L−1) and
stable glutamine supplemented with 10% fetal bovine
serum (Sigma-Aldrich®) and 1% penicillin–strepto-
mycin (Sigma-Aldrich®). The cells were routinely
subcultured every 4 days and incubated at 37 °C in
humidified atmosphere with a 5% CO2 incubator.
This cancer cell line is frequently used to develop and
optimize sonopermeabilization for drug and gene
delivery [28–30].

Endocytosis inhibitors
Cells were incubated in the presence of two endocy-
tosis inhibitors: (1) chlorpromazine (Sigma-
Aldrich®), an inhibitor of clathrin-mediated endocy-
tosis, from 10 to 60 μM. Chlorpromazine translocates
clathrin together with its adapter protein from the
plasma membrane to intracellular vesicles, thus hin-
dering the formation of clathrin-coated pits at the cell
surface [31]; (2) Genistein (Sigma-Aldrich®), an
inhibitor of caveolae-mediated endocytosis from
200 μM, typical minimum concentration for efficient
and non-toxic effect of genistein for C6 cells [32], to
300 μM. Genistein hinders caveolae-coated vesicle
internalization by blocking dynamin-2 ring assembly,
which is critical for late stages of membrane invagina-
tion [33].

Selection of the inhibitor concentration—cell
viability assessment
XTT assays, which are based on metabolic turnover of
tetrazolium dye by living cells, were performed to
determine a concentration range of chlorpromazine
and genistein to study their effect while limiting their
cytotoxicity. Neither US waves nor MBs have been
used in these assays. 5 × 103 cells/well were seeded in a
96-well plate for 20 h and subsequently incubated at
37 °C and 5% CO2 with complete DMEM medium
containing either 50–300 μMgenistein, or 10–100 μM
chlorpromazine for 30 min. After incubation, 50 μL
XTT solution (XTT Cell Proliferation Assay Kit—
ATCC®, Netherlands) was added to each well, which
was prepared by adding 100 μL solution of 1-methoxy
phenazine methosulfate to 5 mL of XTT. Cells were
then further incubated at 37 °C, 5% CO2 for 1 h. The
absorbance of colored formazans was measured at
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492 nm using an EZ Read 400 Microplate reader
(Biochrom, Cambridge, United Kingdom), and cor-
rected for the reference absorbance at 620 nm. Mea-
sured absorbance values were normalized by the
absorbance without inhibitor. All tests were per-
formed at least in quadruplicate. Subsequently, the
influence of the incubation time in the presence of the
inhibitor was evaluated by assessing the cytotoxicity at
0.5, 1.5 and 3 h of incubation with the selected
inhibitor concentrations. These incubation times were
chosen based on the expected duration of the FCFM
experiment. Results were presented as mean ± stan-
dard error of themean (SEM).

Sensitivity and specificity of the inhibitors
Sensitivity and specificity of chlorpromazine and
genistein endocytosis inhibitors were evaluated by
staining clathrin and caveolae vesicles with 50 μg mL−1

Human transferrin (HTr)—Alexa Fluor 488 nm con-
jugate (Sigma-Aldrich®) and 10 μg mL−1 Cholera
Toxin (Chol Tox)—Alexa Fluor 488 nm conjugate
(Sigma-Aldrich®), respectively. Here, neither US
waves norMBs have been used in this evaluation. First,
C6 cells were seeded in μ-slide 4 well glass bottom
chamber (ibidi GmbH, Germany) for three days and
reached 90% confluency at the day of the experiment
(7 × 104 cells/well). The cells were once washed with
Phosphate Buffer Saline (PBS) and their medium was
changed to cell culture medium without serum. After
inhibitor addition, the cells were further incubated for
30 min at 37 °C and 5% CO2. Subsequently, HTr or
Chol Tox was added and the cells were incubated with
the inhibitor and the marker for 1 h. For cell viability
assessment, propidium iodide (PI) at 0.1 μg mL−1 was
added to the cells, followed by incubation for 10 min.
The medium was then removed, and the cells were
thrice washed with PBS with Ca2+ and Mg2+. Finally,
cells were fixed for 20 min using 4% paraformalde-
hyde in PBS, and stored in PBS with Ca2+ and Mg2+.
Fluorescence images of the endocytosis vesicles were
collected with a laser scanning confocal fluorescence
microscope (LSM 700, AxioObserver, Carl Zeiss
Microscopy GmbH, Jena, Germany) and a Plan-
Apochromat 63x oil-immersion objective, 1.4 numer-
ical aperture, 488 and 555 nm excitation wavelengths,
a 0.1 μm numerical spatial resolution, and a
1024 × 1024-pixelmatrix.

Assessment of the uptake kinetics in the presence of
the endocytosis inhibitors—real-time imaging
Real-timemonitoring of the US-mediatedmodel drug
uptake was based on the use of SYTOX Green
intercalating fluorescent dye (Life TechnologiesTM,
Saint-Aubin, France) (Excitation 504 nm/Emission
523 nm) [25]. This small molecular-weight (600 Da)
fluorescent dye is cell-impermeable, and exhibits a
100-to 1000-fold increase in fluorescence upon

binding to nucleic acids [34], thus making it a probe
forUS-mediated cell plasmamembrane uptake [35].

As previously described, OptiCellTM culture
chambers (Thermo Fischer Scientific, Rochester, NY,
USA) were seeded with 4 × 106 cells 48 h prior to the
experiment. C6 cells grow as an adherent monolayer
in this culture chamber, favoring the contact between
theMBs and the plasmamembranes of the cells. Using
SYTOXGreen as a model drug and this culture cham-
ber, paracellular transports are outside the scope of
this study. On the day of the experiment, cells dis-
played 80–90% confluence and were provided with
fresh complete DMEM medium. Then, cells were
exposed to the inhibitor for 30 min at 37 °C, 5% CO2,
but also during the subsequent imaging session lasting
between 1 h and 2.5 h. In the presence of the endocy-
tosis inhibitors, the impact of this incubation time on
the uptake kinetics was evaluated, and showed no sig-
nificant difference (Kruskall–Wallis (KW) test,
p> 0.05) (data not shown). Subsequently, SYTOX
Green at a final concentration of 2 μMand a commer-
cially available US contrast agent (SonoVue®, Bracco,
Milan, Italy) at a ratio of 20MBs per cell were added to
the cell culture chamber. The OptiCellTM wall con-
taining the cellmonolayer was placed upwards to favor
contacts between the cell monolayer and theMBs sub-
jected to the buoyancy. The US setup consisted of a
20 mm diameter unfocused mono-element US trans-
ducer (Precision Acoustics, model TPZT, serial num-
ber PA 449, Dorchester, UK) positioned 8 cm below
the OptiCellTM cell-culture chamber (figure 1(a)).
Cells were exposed to US waves for 30 s, with the fol-
lowing settings: 1.4 MHz central frequency, 10% duty
cycle with 1 kHz pulse repetition frequency to trigger
MB cavitation, 0.2 MPa peak negative acoustic pres-
sure yielding a lowmechanical index of 0.2 suitable for
drug delivery. As reported previously [36], the two
OptiCellTMmembranes attenuated less than 2% of the
energy of the US beam. Using a 100 μs pulse, the water
surface was 10 cm above the OptiCellTM, which pre-
vented the buildup of standing waves. Generating only
stable cavitation, these acoustic parameters have been
optimized to induce an efficient and transient mem-
brane permeabilization while limiting cell detachment
and cell mortality (unpublished data). The choice of
the central frequency was guided by the highest acous-
tic yield of the transducer, i.e. 1.4 MHz, which implies
a slight compromise with respect to the center of the
absorption peak of the SonoVue® MBs at the sub-har-
monic frequency, i.e. 1.7 MHz [37]. Fibered Confocal
Fluorescence Microscopy (CellVizio®, Mauna Kea
Technologies, Paris, France) was conducted with an
excitation wavelength of 488 nm. Imaging sequences
were collected during 6 min at 8.5 frames per second,
with the 30 s sonication starting after 10 s of imaging
(figure 1(b)). The fluorescence images were acquired
at a working distance of 100 μm, a lateral resolution of
3.9 μm and a field of view of 593 × 593 μm. For each
inhibitor concentration, the experiment was
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performed at least in triplicate. Each imaging session
started with a control experiment, in which cells were
not subjected to any endocytosis inhibitor.

Data analysis
Uptake kinetics of SYTOX Green were obtained from
the real-time fluorescence data as described in [26].
The cell nuclei were detected using the Radial-
Symmetry-Transform algorithm [38], and tracked
frame-by-frame using an Iterative-Closest-Point algo-
rithm [26]. The fluorescence signal intensity profiles
were then analyzed for each nucleus individually
(figure 1(b)). A two-compartment model was pro-
posed to represent the extracellular space and the
intracellular compartment, separated by a plasma
membrane. This model neglected the diffusion of

SYTOXGreen in the cytoplasm and the crossing of the
nuclear membrane, as previous studies indicated that
these two steps were extremely rapid for molecules
with a molecular weight lower than 5 kDa [39, 40].
The corresponding signal intensity (I) is as follows:

I t A k t T( ) [1 exp( ( ))],= − − −

where A is the asymptotic signal enhancement, T the
time of signal onset, and k the uptake rate. The model
was considered accurate when Pearson’s correlation
coefficient (r2) was greater than 0.95; the values of the
uptake rate of SYTOX Green were reported as median
with interquartile ranges.

The statistical analysis was performed using
GraphPad Prism software (La Jolla, CA, USA). To
evaluate the viability of C6 cells preincubated during
30 min, each cell population exposed to a

Figure 1. In vitro setup (a), timeline of the experiment (b—upper panel) and image post-processing (c—lower panel) formonitoring
of ultrasound (US)- andmicrobubble-mediated cell uptake using fibered confocal fluorescencemicroscopy (FCFM).
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concentration of endocytosis inhibitor was compared
to the one without endocytosis inhibitor, i.e. the refer-
ence population, using the unpaired non-parametric
Mann–Whitney test (MW), as the values of viability in
the cell populations were not distributed normally.
The effect of the incubation time on cell viability was
tested using the unpaired non-parametric KW test.
The distributions of time constants obtained from two
inhibitor concentrations were compared using the
MW test. For all the tests, the results were considered
significantwhen pwas lower than 0.05.

Results derived from control experiments were
collected until the end of the study and two separate
control data sets were created. In the first set, we accu-
mulated all control data for genistein, i.e., all control
data from the same days when the different concentra-
tions of genistein (200, 250 and 300 μM) were tested.
The second consisted of all control data for chlorpro-
mazine. For each inhibitor concentration, FCFM
experiments were performed at least three times.

Results

Selection of the inhibitor concentration—cell
viability assessment
At high concentrations, both endocytosis inhibitors
have an effect on the viability of C6 cells, which were
for these experiments not exposed to US and MBs.
According to the XTT absorbance data, a loss of cell
viability was noticed from 20 μM of chlorpromazine,
followed by a continuous decrease, until reaching a
significant loss below 50% at 50 μM (MW, p< 0.05)

(figure 2(a)). Conversely, cell viability was not affected
by genistein in a dose-dependent manner: a plateau of
70% viability was observed until a significant decrease
of viability at 300 μM of genistein (MW, p< 0.05)
(figure 2(b)).

The influence of the incubation time on cell viabi-
lity was evaluated at 0.5, 1.5 and 3 h of incubations
with concentrations of chlorpromazine (figure 2(c))
and genistein (figure 2(d)) for which cell viability was
over 50%. The cytotoxic effect of 20 μM chlorproma-
zine is relatively stable and was approximately 60%
from 0.5 to 3 h of incubation time. For higher chlor-
promazine concentrations, the cell viability decreased
by 10–20% when the incubation time extended to 1.5
and 3 h. No significant difference was found in each of
the three concentrations (KW, p> 0.05). Concerning
genistein, an effect of the incubation time on cell viabi-
lity was observed for concentrations above 200 μM,
with a non-significant decrease of cell viability of up to
a 20–30% with an incubation time of 3 h (KW,
p> 0.05). These data suggest that the cytotoxicity var-
iations are acceptable in the presence of chlorproma-
zine or genistein during the time needed to perform
the FCFMsession.

Inhibition specificity and cell sensitivity
The sensitivity of C6 cells to the inhibitors, in the
absence of US and MBs, was determined by staining
clathrin and caveolae vesicles, and observing cell
morphology by laser scanning confocal microscopy.
Without inhibitor, cells showed an elongated cyto-
plasm (figure 3(a)), which is typical of glial cells,

Figure 2.Effect of the endocytosis inhibitors on cell viability (*p<0.05). C6 cells were incubated for 30 min at different concentrations
of chlorpromazine (a) and genistein (b). Subsequently, the influence of the incubation time in the presence of chlorpromazine (c) and
genistein (d)was evaluated from0.5 to 3 h. Results:mean ± SEM; n⩾ 4.

5

Phys. Biol. 12 (2015) 046010 MDerieppe et al



indicating integrity of the cytoskeleton. The absence of
PI signal in the nucleus indicated that cell plasma
membranes are intact (figure 3(b)). Stained with HTr
with Alexa Fluor 488 conjugate, punctiform clathrin
vesicles were distributed in the cytoplasm. As CTZ
concentration increased, C6 glioma cells first lost their
elongated shape, which would suggest that

cytoskeleton activity is hampered at this concentration
(figures 3(d) and (g)). However, the distribution of
stained clathrin vesicles remained apparently homo-
geneous in the cytoplasm. At 40 μM (figure 3(j)), the
absence of elongated cytoskeleton was also observable,
and clathrin vesicles are predominantly located at the
plasma membranes, according to the high

Figure 3. Sensitivity experiment—effect of chlorpromazine (CTZ) from0 to 50 μMon clathrin vesicles (green channel: human
transferrin—Alexa Fluor 488 nm conjugate) ((a),(d),(g),(j),(m)). The integrity of cell plasmamembrane is evaluated using
Propidium Iodide (PI—red channel) ((b),(e),(h),(k),(n)). Bar: 25 μm.
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fluorescence signal densely expressed at this site, also
observed in Vercauteren et al [33]. This suggests that
chlorpromazine indeed impedes clathrin-mediated
transport. At 50 μM of chlorpromazine (figure 3(m)),
only a diffuse background fluorescence was noticed in
cell cytoplasm with few vesicles. At this concentration,
PI fluorescence signal is present at the nucleus,
indicating that chlorpromazine affected the integrity
of the plasmamembranes (figure 3(n)).

Moreover, the specificity of chlorpromazine speci-
ficity was verified by exposing cells whose caveolae
vesicles were stained with Cholera Toxin—Alexa
Fluor 488 conjugate to the clathrin-vesicle inhibitor
(figures S1(d), (g), (j), and (m)). From 20 to 40 μM of
chlorpromazine, caveolae vesicles stained with Cho-
lera toxin were distributed homogeneously in the
cytoplasm, suggesting that chlorpromazine did not
impede trafficking of caveolae vesicles (figures S1(d),
(g), and (j)). Again, cells exposed to chlorpromazine at
50 μMshowed a diffuse background signal with PI sig-
nal present in the nuclei, suggesting that the integrity
of plasmamembranewas affected (figure S1(n)).

In the presence of genistein from 200 to 300 μM,
staining of caveolae vesicles with Cholera Toxin—
Alexa Fluor 488 conjugate showed an acute inhibition
of caveolae-mediated pathway in the cytoplasm
(figures 4(d), (g), and (j)), according to the low num-
ber of caveolae vesicles in the cytoplasm compared to
the control without inhibitor. No PI fluorescence sig-
nal is present in cell nuclei, suggesting good cell integ-
rity (figures 4(b), (e), (h), and (k)).

Conversely, staining of clathrin vesicles showed
images in the presence of genistein from 200 to
300 μM comparable to the images without inhibitor
(figures S2(d), (g), and (j)), with punctiform struc-
tures homogeneously distributed in the cytoplasm.
Here, the elongated shape of the plasma membranes
confirms the integrity of the cytoskeleton, also sug-
gested by the absence of PI fluorescence signal in the
nuclei. Thus, genistein did not inhibit clathrin-medi-
ated pathway in the range of concentrations investi-
gated here. In the scope of our study, genistein and
chlorpromazine can therefore be considered specific
and effective inhibitors of endocytosis inC6 cells.

Assessment of the uptake kinetics in the presence of
the endocytosis inhibitors—real-time imaging
In a sonopermeabilization experiment, C6 cells
exposed to genistein showed a statistically significant
butmodest (MW, p< 0.05) increase of the uptake time
constant 1/k of SYTOX Green, from 52 s (20 s,
n= 451) without inhibitor to 58 s (22 s, n= 352) at
300 μM of genistein, respectively (figures 5 and S3(a)
and (c)). Also, time-constant differences between 200
and 250 μM, and between 200 μM and 300 μM of
genistein were statistically significant (MW, p< 0.05).
These data suggest that caveolae-mediated pathway
has a low recruitment level during

sonopermeabilization-stimulated uptake for this cell
line and ourUS settings.

Cells in the presence of chlorpromazine showed a
dose-dependent slowing down of SYTOX Green
uptake from 52 s (22 s, n= 946) without treatment to
2 min 11 s (1 min 33 s, n= 262) at 40 μM of chlorpro-
mazine, respectively (figures 6 and S3(b) and (c)). All
distributions from 0 to 50 μM were significantly dif-
ferent fromothers (MW, p< 0.05).

This dose-dependent response, where chlorpro-
mazine led to slower intracellular transport of SYTOX
Green, indicated hindrance of the clathrin-mediated
pathway. As a corollary, these results imply the con-
tribution of the clathrin-mediated pathway in the US-
mediated uptake of SYTOX Green model drug. In
addition, the increase of the time constants was larger
for the inhibition of the clathrin-mediated pathway
than for the inhibition of the caveolae-mediated path-
way. Therefore, we infer that MB-assisted US pri-
marily recruited the clathrin-mediated pathway.

An abrupt decrease of the time constant 1/k was
observed with chlorpromazine concentrations at 50
and 60 μM (figure 6). The rapid sonopermeabiliza-
tion-mediated uptake suggests a loss of cell membrane
integrity, as also observed with the confocal images:
1 min 23 s (2 min 28 s, n= 448) at 50 μM, and 1 min
20 s (2 min 21 s, n= 242), at 60 μM. These time con-
stants were not significantly different for these con-
centrations (MW, p= 0.54).

Discussion

A better understanding of sonopermeabilization
bioeffects on tumor cell plasma membranes is
required to potentially optimize delivery of poorly
permeable anticancer agents. Here, we demonstrated
the recruitment of endocytosis in sonopermeabiliza-
tion-mediated delivery of small molecules (<4 kDa),
in vitro, using real-time fluorescence imaging. In C6
rat glioma cells, we derived pharmacokinetic para-
meters derived from the fluorescence signal enhance-
ment of a cell population [26]. This automated
approach allowed us to quantify the effect of two
endocytosis inhibitors, i.e. chlorpromazine and genis-
tein, on the US-mediated uptake kinetics of SYTOX
Greenmodel drug.

The real-time monitoring of the model drug
uptake showed a relation between the uptake time
constants and the inhibitor concentration in a dose-
dependent manner. With a significant 2.5-fold
increase of the uptake time constant, chlorpromazine
was found to have a higher effect on the slowing down
of SYTOX Green uptake kinetics than genistein,
whose time constant displayed a 1.1-fold increase.
This suggests a predominant role of the clathrin-medi-
ated pathway in sonopermeabilization-mediated drug
delivery. These data raise the question of the key fac-
tors determining the preferred route of cellular entry
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Figure 4. Sensitivity experiment—effect of genistein (Gen) from 0 to 300 μMon caveolae vesicles (green channel: Cholera Toxin—
Alexa Fluor 488 nm conjugate) ((a),(d),(g),(j)). Cell plasmamembrane integrity is evaluated using Propidium Iodide (PI—red
channel) ((b),(e),(h),(k)). Bar: 25 μm.

Figure 5.Effect of genistein, caveolae inhibitor, on the uptake time constants 1/k of SYTOXGreenmodel drug (*p< 0.05). Exposed to
1.4 MHzultrasoundwaves (mechanical index: 0.2) and SonoVue®microbubbles, C6 cells display a statistically significant butmodest
increase of the uptake time constants 1/k in the presence of genistein.
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when cells are sonopermeabilized. Meijering et al [18]
showed that inhibition of clathrin-mediated endocy-
tosis has a substantial effect on the cellular uptake of
dextran macromolecules at different molecular
weights (4.4–500 kDa), whereas the inhibition of
caveolae-mediated endocytosis only affects inter-
nalization of larger molecules (155 and 500 kDa).
Using a 600 Da model drug that is also found to be
preferably taken up via the clathrin-mediated path-
way, these findings would support the link between
themolecular weight of the compound and its route of
cellular entry. Conversely, using scanning electron
microscopy, Zeghimi et al [21] showed primarily the
recruitment of the caveolae-mediated pathway when
U-87MG human glioblastoma cells were exposed to
US waves in presence of BR14® MBs. These results
indicate that there might be other factors than the
molecular weight influencing the route of cellular
entry during sonopermeabilization, like the cell line,
the US parameters and the type of MBs. Here, we
quantified the recruitment of endocytosis with C6 cells
only and limited our experiments to US exposures
using 1.4 MHz and 0.2 MPa peak negative acoustic
pressure, frequently used settings in sonopermeabili-
zation studies. However, in US- and MB-mediated
sonopermeabilization, acoustic pressure and fre-
quency may have an impact on the nature of the inter-
nalization mechanism. These parameters may help
optimize US- and MB-enhanced drug delivery, and
should be considered in further investigations.

As shown by Vercauteren et al [33], the cytotoxi-
city of endocytosis inhibitors is cell line dependent,
thus requiring a study of the viability of C6 cells pre-
incubated with the endocytosis inhibitors. A cell viabi-
lity higher than 50% could be found for
chlorpromazine concentrations from 10 to 40 μM,
and concentrations from 200 to 250 μM of genistein.
Using laser scanning confocal microscopy, potential
cytotoxicity of 50 μM chlorpromazine was observed
by the presence of PI fluorescence signal in the nuclei,

thus indicating the loss of plasmamembrane integrity.
Quantitative evaluation showed that the C6 cells pre-
incubated with 50 μM chlorpromazine displayed an
abruptly accelerated uptake. Previous studies have
shown that cells undergoing apoptosis might be
permeable to smallmolecules, such as fluorescent dyes
[41], providing a possible explanation of this rapid
uptake due to the loss of plasmamembrane integrity.

Our results provide a possible explanation for
recent observations that cells may exhibit increased
permeability for hours after sonopermeabilization
[42]. In this scenario, pores are quickly resealed to
maintain plasma membrane integrity, after which
transport is continued by endocytosis recruitment.

The exact intracellular fate of the endocytic vesi-
cles derived fromUS- andMB-induced cavitation is of
interest. In this case, SYTOX Green is not free by dif-
fusing in the cytoplasm, but is encapsulated in endocy-
tic vesicles instead. However, it ultimately reaches the
nucleus, and yields a fluorescence signal. Using high-
resolution microscopy, further study investigating cell
trafficking of these endocytic vesicles would help deci-
pher thesemechanisms.

Conclusion

We have established in vitro the effect of two endocy-
tosis inhibitors, i.e. chlorpromazine and genistein, on
the pharmacokinetic parameters of a model drug
uptake assessed in cell populations. Our approach
showed that cells pretreated with endocytosis inhibi-
tors and subsequently exposed to US in a presence of
MB display slower uptakes, with a significant 2.5-fold
increase of the uptake time constants with chlorpro-
mazine concentration from 0 to 40 μM, and a shallow
but significant 1.1-fold increase of the uptake time
constants with genistein from 0 to 300 μM. These
quantitative results support the recruitment of pre-
dominantly clathrin-mediated endocytosis in
sonopermeabilization.

Figure 6.Effect of chlorpromazine, clathrin inhibitor, on the uptake time constants, 1/k of SYTOXGreen (*p< 0.05). C6 cells in the
presence of chlorpromazine showed a dose-dependent slowing down of SYTOXGreen uptake. All distributions from 0 to 50 μMwere
significantly different fromothers. At 50 μMand 60 μMof chlorpromazine, an abrupt decrease of the time constant 1/kwas observed.
This suggests a loss of cellmembrane integrity, as was observedwith the confocal images.
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