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Abstract— Sonoporation increases transiently the cell membrane 
permeability, enabling the therapeutic compounds internalization 
into the cells. Several investigations reported heterogeneities in 
the permeabilization and transfection efficacy depending on the 
ultrasound (US) settings and cell type. Here, we compare the 
sonoporation effects on two human cell lines, glioblastoma and 
breast cancer using scanning electron microscopy (SEM). 
Adherent U-87 MG and MDA-MB-231 cells were insonated at 1 
W/cm2, during 60 s at 10% or 20% duty cycle, in the presence of 
BR14® microbubbles, added at a microbubble-cell ratio of 5. 
SYTOX® Green, a non-permeant fluorescent dye was used at 
1µM, to quantify the membrane permeabilization using flow 
cytometry. The ultrastructural changes of the cell membrane 
morphology were monitored by SEM. Flow cytometry results 
show that the percentage of permeabilized U-87 MG cells reaches 
60%, while this value doesn’t exceed 40% for MDA-MB-231 
cells. These results indicate that the percentage of permeabilized 
cells depends on the cell type. SEM observations were carried out 
to elucidate the differences in permeabilization rate between the 
two cell lines. The SEM analysis reveals that control cells show 
regular plasma membrane morphology. Their insonation in the 
presence of BR14® induce the formation of dark holes on their 
membrane surfaces (named here pore-like structures). However, 
the quantitative analysis of the SEM micrographs highlights 
noticeable differences in morphological changes post-
sonoporation between the two cell lines. Thus, the mean number 
of pore-like structures is more abundant on U-87 MG cell 
membrane than on MDA-MB-231 cell membrane (645 vs. 290). 
In addition, the mean size of pore-like structures depends on the 
cell line. Indeed, the mean size on MDA-MB-231 cells was 40 ± 
1.2 nm (30-60 nm) while this value reached 80 ± 0.9 nm (10 to 160 
nm) for U-87 MG cells. In conclusion, the study confirms that the 
pore-like structures observed post sonoporation are directly 
associated to the cell permeabilization rate. Moreover, the 
observed differences in the permeabilization levels between both 
cell lines could be attributed to the differences in the number and 
size of pore-like structures that were seen on the cell membrane. 
This difference may be due to the fibroblastic nature of the U-87 
MG cells in comparison to MDA-MB-231 cells. 

Keywords— Sonoporation, U-87 MG, MDA-MB-231, Scanning 
electron microscopy , BR14® microbubbles. 

I.  INTRODUCTION  
Sonoporation is a physical method based on the 

combination of ultrasound and microbubbles and induces an 
increase in the plasma membrane permeability. The increase 
in membrane permeability, leads to an uptake of therapeutic 

molecules. Several studies have attempted to define the exact 
bio-effect(s) and mechanism(s) of sonoporation. One of the 
hypothesized mechanisms is the formation of membrane pores 
[1–6] and a further stimulation of endocytosis pathways [7–
10]. Otherwise, these studies are rather conflicting since none 
of them used the same experimental setup, or the same 
microbubbles. 

The objective of this study is to highlight the ultrastructural 
sonoporation effects, on two different human cell lines (breast 
cancer and gliobstoma), using the same experimental setup 
(probe, microbubbles, etc). The morphological changes were 
explored by scanning electron microscopy. 

II. MATERIAL AND METHODS 

A. Cell Culture 
Human glioblastoma cells (U-87 MG) and human breast 

cancer cells (MDA-MB-231) were seeded on 18 mm diameter 
glass cover slips, placed in 24 well-plates and containing 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco-
Invitrogen, Carlsbad, CA) supplemented with 10% v/v fetal 
calf serum (FCS, Gibco-Invitrogen, Carlsbad, CA) and 
incubated at 37°C under an humidified atmosphere in 5% CO2 
incubator. Cells were cultured until 80% confluence before 
ultrasound exposure. 

B. Ultrasound Exposure 

Ultrasound waves were transmitted at 1MHz frequency 
(SoniGene™ systems, VisualSonics) for and 60 s at 1 W/cm², 
using a duty cycle of 10%, 20% for MDA-MB-231 and U-87 
MG, respectively. Ultrasound contrast agent, BR14® (Bracco 
Research, Switzerland) was added into the well at a 
microbubble/cell ratio of 5. These acoustic parameters were 
obtained as a result of prior optimization experiments. 

C. Cell Permeabilization 
SYTOX® Green, a small and non-permeant molecule was 

used, at a final concentration of 1 µM, to monitor the 
membrane permeabilization, by flow cytometry. Immediately 
after sonoporation, the cell medium was removed and the cells 
were washed with Phosphate Buffered Saline (PBS, Gibco-
Invitrogen, Carlsbad, CA) and collected through 
centrifugation (4 min, 800 g). The cells were resuspended in 
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500 µL of PBS. The cell mortality was assessed by flow 
cytometry after propidium iodide staining (0.5 µg/mL). 
Fluorescence histograms were recorded with a flow cytometer 
(Beckman-Coulter, Fullerton, CA) and analyzed using the 
Kaluza software supplied by the manufacturer. A minimum of 
10 000 events were analyzed to generate each histogram. The 
gate was arbitrarily set for the detection of red and green 
fluorescence. The ultrasound conditions described earlier were 
reproduced to measure the rate of SYTOX® Green uptake in 
the cells. 

D. Scanning Electron Microscopy (SEM) 
The ultrastructural modifications of the cells, after 

sonoporation, were monitored by SEM. The sonoporated cells 
were attached by immersion in 2% paraformaldehyde and 1% 
glutaraldehyde based fixative at room temperature. Cells were 
fixed at different post-sonoporation time points, either 
immediately (0 min) or 15 min post-sonoporation.  
Ten cells per condition were included in the analysis (n=10). 

III. RESULTS AND DISCUSSION 

A. Cell membrane permeabilization 
The SYTOX® Green incorporation is an indicator of 

membrane permeability. Flow cytometry results show different 
membrane permeabilization rates, for both cell lines, at the 
selected ultrasound conditions and in combination with BR14® 
microbubbles. While U-87 MG membrane permeabilization 
rate reached 60%, the SYTOX® Green incorporation in MDA-
MB-231 cells did not exceed 48.1 ± 0.2 % (Figure 1). Cell 
mortality did not exceed 2% for both cell lines (data not 
shown). This difference could be due to the migratory capacity 
of the MDA-MB-231 cells, which makes more difficult the 
activity of the commonly used transfection agents [11].  

 
Figure 1: Percentage of the SYTOX® Green incorporation expressed in 
percentage of fluorescent cells, in U-87 MG and MDA-MB-231 cells. Data are 
shown as mean ± SD.  

B. Scanning eletron microscopy observations 
Based on the SEM photomicrographs control cells (No 

US), for both cell lines, show regular plasma membrane 
morphology, while insonified cells, at the same US 

parameters, exhibit dark spots (Figure 2). These spots are 
termer here pore-like structures. 

 
Figure 2: SEM photomicrographs showing the morphology of the U-87 MG 
and MDA-MB-231plasma membrane, at 50 000 time magnification for three 
conditions (control cell, ultrasound alone, and ultrasound+BR14® 
microbubbles). Scale bar 100 nm. 

These microscopic observations show also that BR14® 
microbubbles enhance the appearance of pore-like structures 
at the plasma membrane for both cell lines (U-87 MG and 
MDA-MB-231). However, there are some notable differences 
in morphological changes post-sonoporation between the two 
cell lines. MDA-MB-231 cells have less pore-like structures 
compared to U-87 MG cells. The quantitative study confirms 
these observations (Figure 3).  Indeed, the pore-like structures 
present at the membrane level are more abundant for U-87 
MG (645 pore-like structures), against 290 pore-like structures 
for MDA-MB-231. These results may explain the observed 
difference in the rate of membrane permeabilization between 
MDA-MB-231 and U-87 MG. 

 
Figure 3: The mean number of pore-like structures per cell, for two 
conditions (US alone, and US + BR14® microbubbles). 10 analyzed cells per 
condition. Data are shown as mean ± SD.   
 

The size and the number of the pore-like structures were 
measured for both cell lines. This quantitative study (Figure 4) 
shows that the mean size of the pore-like structures on MDA-
MB-231 cells is 40 ± 1.2 nm (30-60 nm) while this value 
reaches 80 ± 0.9 nm (10 to 160 nm) for U-87 MG cells. One 
can appreciate also that the pore-like structures with a mean 
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size between 30 and 60 nm are more abundant on the U-87 
MG cell membrane. This result suggests that the mean size of 
the pore-like structures depends on the cell line. 

 
Figure 4: Mean number of pore-like structures versus the diameter, for the 
two cell lines (MDA-MB-231 and U-87 MG).  

This difference in the sonoporation rate between the two 
studied cell lines could be attributed to their cellular structures 
[1], suggesting that U-87 MG cells are more sensitive than 
MDA-MB-231 to the sonoporation. Indeed, since these two 
cell lines are considered as epithelial cells, U-87 MG unlike 
MDA-MB-231 tend to be fibroblastic.  

Furthermore, the cells were attached and observed 15 min 
post-sonoporation. The SEM images show that both cell types 
exhibit less pore-like structures on the membranes, indicating 
that the cells remain active, and resorb these membrane 
disruptions. In addition, the counting confirms a decrease in 
the pore-like structures number, for both MDA-MB-231 and 
U-87 MG cells (Figure 5). However, this decrease is more 
pronounced for MDA-MB-231, since approximately 80% of 
pore-like structures disappeared 15 min only after 
sonoporation. For the U-87 MG cells, the number of pore-like 
structures decayed by about 40% only 15 min post-
sonoporation.  

 

 

Figure 5: Upper panel shows SEM images of MDA-MB-231 and U-87 MG 
15 min post-sonoporation. Lower panel depicts the counting of pore-like 
structures on the plasma membrane of cells, 15 min post-sonoporation.  

IV. CONCLUSIONS 
This study confirms that the pore-like structures observed 

post-sonoporation are directly associated to the cell 
permeabilization level, for both cell lines. The electron 
microscopy observations confirm the heterogeneity between 
cell lines, in response to sonoporation. In addition, the 
morphological differences between this two cell lines (MDA-
MB-231 and U-87 MG) and especially the fibroblastic nature 
of the U-87 MG cells may explain the difference in 
sonoporation rates between both cell lines. 
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