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ABSTRACT (200 Words)  

Microbubble-assisted ultrasound has emerged as a promising method for the delivery of low 

molecular weight chemotherapeutic molecules, nucleic acids, therapeutic peptides and antibodies 

in-vitro and in-vivo. Its clinical applications are under investigations for local delivery drug in 

oncology and neurology. However, the biophysical mechanisms supporting the acoustically-

mediated membrane permeabilization are not fully established. This review describes the present 

state of the investigations concerning the acoustically-mediated stimuli (i.e., mechanical, chemical 

and thermal stimuli) as well as the molecular and cellular actors (i.e., membrane pores, 

endocytosis) involved in the reversible membrane permeabilization process. The different 
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hypotheses, which were proposed to give a biophysical description of the membrane 

permeabilization, are critically discussed. 

1. INTRODUCTION 

In modern pharmacology, the main research goal is to design drug delivery methods to efficiently 

increase drug extravasation without harming healthy cells and tissues1. The general aim of such 

systems is based on the reversible disruption of biological barriers such as blood vessel walls (i.e., 

drug extravasation) and cell membranes (i.e., intracellular uptake of drugs), thus enhancing the 

local delivery of therapeutic molecules across these barriers and improving their therapeutic 

efficacy at the desired site while minimizing side effects to healthy tissues2. The therapeutic 

efficacy of delivered drug is dependent on the quantity of affected cells and on the intracellular 

concentration of drugs while in-vivo, it is conditional on the treated tissue volume and on the 

intratissue bioavailability (i.e., concentration and biodistribution) of drugs1, 2. 

The combination of high frequency ultrasound (0.5 – 10 MHz) and contrast agents (i.e., 

consisting of gas microbubbles) was introduced as a promising method for drug delivery3. In the 

literature, this combination was referred to as microbubble-assisted ultrasound, sonoporation or 

sonopermeabilization4, 5. Since the mid 90’s, the feasibility and great potential of this modality has 

been reported in an increasing number of publications on in-vitro and in-vivo delivery of a wide 

range of therapeutic molecules, including low molecular weight chemotherapeutic drugs (i.e., < 4 

kDa)6-8, nucleic acids (i.e., plasmid DNA, siRNA, mRNA)9-11, therapeutic proteins12, 13,  

antibodies14, 15 and cells16, 17. Under the guidance of various imaging modalities (e.g., ultrasound 

or magnetic resonance imaging)18-21, the acoustic effects may be spatially and temporally 

controlled, leading thus to a non-invasive targeting a tissue volume of superficial tissues (e.g., 

skin)22 and deeply embedded organs (e.g., liver, pancreas, brain)6, 7. Microbubble-assisted 
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ultrasound is currently attracting great biomedical interest for the treatment of a wide range of 

diseases including cancers6, 23, 24, neurological disorders13, 25, 26, cardiovascular diseases27 and hind-

limb ischemia28. 

The overall delivery efficacy of therapeutic molecules is strongly dependent on the interaction 

between ultrasound waves, microbubbles and cells29. The microbubbles, which are formulated as 

biocompatible shelled micrometer sized gas bodies in aqueous suspension, are commonly mixed 

with cells for in-vitro studies or administered by intravascular/intratissue injection for in-vivo 

evaluations30. The microbubble response to ultrasound waves stimulation depends on many factors 

including ultrasound (e.g., frequency, acoustic pressures, pulse duration) and microbubble (e.g., 

size, physical properties of the core and shell) properties29. In-vivo, environmental conditions such 

as hydrostatic pressure and dissolved gas saturation are also among the influencing factors31. The 

gas core of a microbubble has a compressibility that is several orders of magnitude greater than an 

equivalent volume of blood. The association of this high compressibility with the low density of 

the core provides a substantial impedance mismatch between the microbubbles and the 

surrounding medium, and makes microbubbles responsive to ultrasound32. At low acoustic 

amplitudes, the microbubbles oscillate (i.e., expansion and contraction) in a symmetrical and linear 

way, in response to the alternating of the compression and rarefaction phases of ultrasound wave29, 

32. At higher acoustic pressures, the microbubbles adopt a non linear acoustic behavior, reflected 

in a lengthening of a larger expansion amplitude of the microbubbles in comparison to their 

compression32. This acoustic phenomenon is termed stable or non inertial cavitation. At much 

higher acoustic pressures, microbubbles oscillate more vigorously, resulting in their violent 

collapse and destruction29, 32. This acoustic process is designated as the inertial cavitation. Both 

acoustic cavitations lead to biophysical effects such as mechanical, chemical and thermal stimuli, 
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which transiently increase the permeability of biological barriers (i.e., endothelial barriers, cell 

plasma membranes), thus enhancing the extravasation and the intracellular uptake of drugs4, 5, 33.  

In this review, we give an overview of the state-of-the-art knowledge on acoustically-mediated 

biophysical stimuli (i.e., mechanical, chemical and thermal stimuli) and subsequently on molecular 

and cellular structures responsible for the membrane permeabilization. The limitations and future 

developments of microbubble-assisted ultrasound will be further discussed. 

2. BIOPHYSICAL PROCESSES 

2.1. MECHANICAL STIMULI 

2.1.1. Pulling/pushing process 

Under stable cavitation, the microbubble oscillations are at the origins of two mechanical stimuli: 

(i) pulling/pushing process (also familiarly termed cell massage) and (ii) microstreaming. Van 

Wamel et al., investigated the interaction between oscillating microbubbles and cell plasma 

membrane using ultrafast, real-time optical microscopy34. They reported that stably oscillating 

microbubbles (1 MHz, PNP 0.4 MPa), closely located to the plasma membrane of cells, were able 

to gently push and pull the plasma membrane, generating a critical transmembrane shear force 

(Figure 1). This mechanical stress led to a rapid membrane deformation and the formation of pores 

once the membrane breakdown threshold is exceeded. Every cell deformed by stably oscillating 

microbubbles showed an intracellular uptake of propidium iodide (i.e., non-permeant and 

fluorescent dye used for the assessment of membrane permeabilization), suggesting that only 

deformed cell displayed an induced membrane permeability. However, no correlation between the 

amount of dye uptake and the magnitude of the microbubble oscillation was observed. Kooiman 

et al., demonstrated that the use of targeted microbubbles required much lower acoustic pressures 

(1 MHz, PNP 80-200 kPa) for the permeabilization of the plasma membrane, in comparison with 
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bare microbubbles35, 36. These results can be explained by the close bond of targeted microbubbles 

with plasma membrane. The authors reported a positive correlation between the efficacy of 

membrane permeabilization and the oscillation amplitudes of the targeted microbubbles35. 

 

Figure 1. Pulling/pushing process. A. First frame of a Brandaris recording in which contours (membranes) of the 

cells are drawn (dashed lines). Two cells can be distinguished as well as the intercellular space and the microbubbles. 

B. Brandaris recording: 6 selected frames out of a total of 128 frames. The pushing and pulling behavior of the 

vibrating microbubbles nearby the cells is shown (1 MHz, 50 Hz PRF, 10 cycles, 0.4 MPa PNP, 5s). Cell I was not 
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deformed, cell II was deformed (arrows in frame 0009). C. Plotted are the relations between the ultrasound pressure 

wave, microbubble radius (expansion/compression), and cell II displacement. Frame numbers correspond to the frame 

numbers in B. (Adapted with permission from Van Wamel et al.,34 - Copyright © 2006 Elsevier B.V.) 

2.1.2. Microstreaming 

At higher acoustic pressures, the microbubbles adopt a nonlinear acoustic behavior of 

microbubbles, expressed by a large expansion phase of the microbubbles32. Such microbubble 

behavior gives rise to non linear components at multiples of the transmitted frequency, the so-

called harmonic components. This acoustic regime is the basis of modern ultrasound contrast 

imaging methods33. These stable oscillations lead to local steady fluid flow surrounding the 

microbubble, a process named microstreaming37, 38. When the oscillating microbubbles are in close 

vicinity of biological barriers, such microstreaming results in shear stresses on these membranes. 

Collis et al., investigated the microstreaming patterns generated around a microbubble using 

microscopic particle-image velocimetry, albeit microbubbles are larger than contrast agent 

microbubbles (Figure 2) 39. They demonstrated that each microstreaming pattern was related to a 

specific oscillation mode of the microbubble, and change in microstreaming patterns was achieved 

by modifying the ultrasound frequency. Each microstreaming pattern also resulted in different 

shear stress and stretch/compression distributions surrounding the microbubble. Microstreaming 

patterns displayed significant changes around the microbubble, indicating acoustically-mediated 

membrane permeabilization may be either enhanced or inhibited in different areas across the 

plasma membrane. The level of shear stress clearly depends on a large set of ultrasound and 

microbubble parameters37, 39. The shear stress related to microstreaming is relatively high (i.e., 100 

to 1000 Pa) compared to the shear stress associated with blood flow (i.e., 0.1 to 4 Pa)37. 
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Figure 2. Microstreaming. Quadrupole microstreaming pattern created by linear translation of a 232 μm radius 

bubble attached to a horizontal surface and forced at 2.422 kHz at 30 V p-p; (a). streak image, (b). PIV velocity vector 

field and divergence (positive divergence zones at top and bottom of black circle representing bubble, negative zones 

at left and right). Circular vortex microstreaming pattern created by circular translation of a 224 μm radius bubble on 

surface forced at 1.188 kHz at 30 V p-p, (c). streak image, (d). PIV velocity vector field and divergence (color version 

online; weak positive and negative divergence alternate around bubble circumference). Dipole microstreaming pattern 

created by radial oscillation of a 267 μm radius bubble on surface forced at 8.658 kHz at 30 V p-p, (e). streak image, 

(f). PIV velocity vector field and divergence (negative divergence zone at top, positive below). (Adapted with 

permission from Collis et al.39 – Crown Copyright © 2009 Published by Elsevier B.V.). 

Similar figures have been reported theoretically by Wu et al., showing that the exposure of free 

microbubbles to low acoustic pressures (2 MHz, 0.1 MPa PNP) resulted in shear stress of 92 Pa 

while at high acoustic pressures (2 MHz, 0.4 MPa PNP), the shear stress increased strongly to 

1100 Pa40. Doinikov and Bouakaz described the shear stress distribution created on the cell plasma 

membrane by adjacent oscillating contrast microbubbles41. The shear stress was negligible at the 
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point, which was the projection of the microbubble center on the cell plasma membrane, then it 

increased, being directed away from the microbubble, reached a maximum, decreased down to 

zero and changed sign and getting directed to the microbubble afterwards. As a result, the 

maximum of the shear stress on the cell plasma membrane occurred along a circle whose radius is 

about 0.287d, where d is the distance between the microbubble and the cell. This maximum value 

is likely to determine the threshold value of shear stress which leads to the onset of membrane 

permeabilization. Recently, Chen et al., reported that a microbubble activated at low acoustic 

pressure (1 MHz, 0.2 MPa PNP) in a microvessel could generate a shear stress of up to 26.95 kPa 

on the vessel wall, which should be high enough to damage the vascular endothelial cells42.  

The microstreaming-mediated shear stress could lead to membrane deformation and/or 

membrane disruption by tearing the cell plasma membrane open37, 38, 43. Such changes in the 

structure of the cell plasma membrane have been mainly reported on lipid vesicles44 and cells45, 46. 

Indeed, Moosavi Nejad et al., investigated the dynamics of lymphoma cell and microbubble 

interaction using high-speed real-time imaging and theoretical analyses46. They described that 

stably oscillating microbubbles (0.834 MHz, 0.12 MPa) induced microstreaming and imposed 35.3 

Pa shear stress on the cell plasma membrane. This stress caused a reversible plasma membrane 

permeabilization, subsequently leading to the intracellular delivery of plasmid DNA. In addition, 

microstreaming locally pulled the cell plasma membrane, resulting in transient local membrane 

microprotrusion46. Other experimental investigations47, 48 and numerical simulations49, 50 of such 

microstreaming effects are available for in-vitro scenarios, however, there is still a lack of  

experimental assessments of microstreaming generated in-vivo, and clearly investigations need to 

be carried out. 

2.1.3 Shock waves 
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At much higher acoustic pressures, microbubbles grow quickly during the rarefaction phase, and 

then undergo a violent collapse during the compression phase leading to their fragmentation (i.e., 

inertial cavitation) (Figure 3)51.  

 

Figure 3. Ultrasound-induced microbubble fragmentation. Ultrasound parameters: 0.5 MHz, 10 cycles, 0.67 MPa 

PNP. Interframe times for frames: 0.33 s. Each image frame corresponds to a 23  23 m2 area.  (Adapted with 

permission from Postema et al.51 – Copyright © 2004 World Federation for Ultrasound in Medicine and Biology. 

Published by Elsevier Inc.). 

This acoustic process can release highly concentrated energy, also known as shock waves, where 

the associated local high acoustic pressure and shear stress may impact the permeabilization of 

plasma membrane52. Kodama et al., reported that cell plasma membrane was permeabilized 

following the interaction with the shock wave when cells were located at more than 5 m away 

from the center of microbubble53. The pressure of the shock wave inversely decreased with 

increasing propagation distance (i.e., distance between microbubble and cell). Steinbach et al., 

demonstrated that the cell plasma membrane was most sensitive to the characteristics of shock 

waves propagating through the membrane and intracellular components54. Because each cell type 

may show differences in membrane composition (i.e., lipid, protein and carbohydrates) and in 

intracellular densities that could influence the membrane fluidity55, the magnitude of the shock 

wave-induced surface velocity may be different for each cell type, resulting in different membrane 

permeabilization efficacy. Koshiyama et al., performed molecular dynamics simulations of the 

interaction of shock waves with lipid bilayers56. They reported that shock waves decreased the 
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thickness of bilayer and increased the lateral fluidity of lipids56. The most important structural 

changes in the lipid bilayers were the lateral displacement of lipid headgroups and tilts of lipid 

molecules, which were observed only in the external monolayer of the lipid bilayer directly 

exposed to shock waves57. These changes in physicochemical properties of the cell plasma 

membrane increased thus the penetration of water molecules into the hydrophobic region of the 

lipid bilayers56-58. When the initial number of water molecules in the hydrophobic region exceeded 

a critical value, the bilayer-water system spontaneously developed into a water-filled pore 

structure, also named hydrophilic pore58. The increase in the initial number of water molecules 

enhanced the probability of pore formation into the lipid bilayer. 

Most experimental investigations reported that the exposure of cells to higher acoustic pressures 

led to microbubble collapsing and subsequently to membrane permeabilization to exogenous 

molecules through the formation of membrane pores52, 59-61. Qiu et al., reported that collapsing 

microbubbles (1 MHz, PNP 2.2 MPa) caused a transient permeabilization of cell plasma 

membrane, subsequently the intracellular delivery of PEI:pDNA complexes across membrane 

pores52. In addition to pore formation, a smoother and flatter cell surface62 as well as a decrease in 

cell size59 were observed using SEM. Although most of in-vitro studies reported SEM and AFM 

data to prove the formation of membrane pores, it cannot be ruled out that membrane invaginations 

which are actually endocytic vesicles, are formed in response to microbubble-mediated ultrasound. 

Using SEM and TEM, Zeghimi et al., reported that the exposure of cells to collapsing 

microbubbles increased the membrane permeability to exogenous compounds through the 

stimulation of caveolae-dependent endocytosis for two thirds of the recorded event, with the 

remaining one third related to caveola-independent endocytosis (i.e., clathrin-dependent 



 11 

endocytosis, micropinocytosis, macropinocytosis) or to non-specific pathways such as membrane 

pores63. 

2.1.4. Microjetting 

The asymmetrical collapse of the microbubble occurs at higher acoustic pressures and might be 

responsible for the generation of acoustic jets. The microbubble collapse occurs nearby a physical 

barrier such as a cell plasma membrane. This collapse propels the fluid in which the microbubble 

is immersed through the microbubble wall and in this case, the velocity of the upper microbubble 

wall exceeds the velocity of the lower microbubble wall64, 65. Subsequently, the fluid volume above 

the microbubble is accelerated and focused during the asymmetrical collapse, resulting in the 

formation of a high-speed liquid microjet that projects toward the barrier51. This microjet hits the 

lower microbubble wall, leading to a funnel-shaped protrusion that finally impacts the barrier. This 

acoustic phenomenon is called microjetting64, 65. The impact of a microjet on a cell plasma 

membrane causes a high-pressure area. Cook et al., termed this pressure as the water-hammer 

pressure66. The microjet-induced damage can be estimated by comparing the water-hammer 

pressure with the maximum stress (max << 200 kPa) that the impact area can withstand before 

rupture51. If the water-hammer pressure of a microjet exceeds this stress, the microjet will be able 

to permeabilize or perforate plasma membrane64. Using high-speed real-time imaging, Postema et 

al., reported that the exposure of an encapsulated microbubble (R = 8.43 m) to high acoustic 

pressure (0.5 MHz, 0.85 MPa) induced the formation of an acoustic microjet (Figure 4)51, which 

had traveled over a length of 26.2 m in 0.33 s, providing an average microjet velocity of 79.4 

m.s-1. The microjet volume is approximately of 60 femtoliters. In these experimental conditions, 

such a jet may penetrate cell plasma membrane because the water-hammer pressure is around 60 

MPa and therefore higher than max << 200 kPa51. 
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Figure 4. Ultrasound-induced microjet development. The ultrasound parameters: 0.5 MHz, 10 cycles, MI 1.2, 

exposure time of 10 ns. (Adapted with permission from Postema et al.51 – Copyright © 2004 World Federation for 

Ultrasound in Medicine and Biology. Published by Elsevier Inc.). 

Previous experimental studies described that the exposure of cells to higher acoustic pressures 

in presence of microbubbles resulted in the microbubble collapse and subsequently to the 

formation of high speed microjet, which permeabilized cell plasma membrane to fluorescent dyes 

and drugs through the formation of membrane pores67, 68. Such changes in the permeability of cell 

plasma membrane have been mainly reported on adherent cells65, 67, 68. Prentice et al., reported that 

under high acoustic pressures (1 MHz, 0.5 MPa PNP), microbubbles underwent inertial cavitation 

and collapse with the outermost microbubble hemisphere generating a microjet directed at the cell 

monolayer67. The authors investigated the post-insonation membrane consequences of microjets 

using AFM. Microjetting events induced the formation of single deep micro-sized pits at the 

plasma membrane level67. While no evidence of intracellular uptake of dye and cell viability have 

been reported, the formation of microjet-induced pits was compatible with a water-hammer 

pressure (4 MPa) which exceeded max (3 kPa)67. In agreement with previous studies51, 64, 65, 67, 

Kudo et al., reported that the exposure of microbubbles to high acoustic pressures (1 MHz, 1.1 

MPa PNP) resulted in high-speed liquid microjets during the nonlinear contraction of 

microbubbles using high-speed camera68. Real-time optical observations and successive SEM 

observation revealed that such microjets transiently increased the membrane permeability of 

endothelial cells to propidium iodide through the formation of micron-sized membrane 

perforations at the microbubble location68.  
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2.2. CHEMICAL STIMULI 

Reactive oxygen species (ROS) play major a role in the normal physiological functions. However, 

the dysregulation of the homeostasis of ROS, especially excessive production of ROS, are 

associated with the pathophysiology of several diseases69, 70. The formation of ROS could play 

also a key role in the acoustically-mediated permeabilization of biological barriers through the 

oxidation of phospholipids and lipoproteins71, 72. <Juffermans et al., investigated whether H2O2 is 

involved in the reversible permeabilization of rat cardiomyoblasts after ultrasound exposure at low 

acoustic MI (1.8 MHz, MI 0.1 or 0.5, during 10 s), in the presence of stable oscillating 

microbubbles, by measuring the production of H2O2 and intracellular calcium influx (i.e., 

monitoring of membrane permeabilization)73. They reported that the shear stress from 

acoustically-mediated microbubble oscillations led to a significant increase in intracellular H2O2 

level about 1 hour after exposure to ultrasound at both MIs 0.1 and 0.5. Furthermore, they reported 

concomitant increase in intracellular calcium levels at both MIs in the presence of microbubbles, 

which was not detected in the absence of extracellular calcium. Moreover, this calcium influx was 

fully inhibited at MI 0.1 and partially reduced at MI 0.5 in the presence of catalase (i.e., H2O2 

scavenger), suggesting a close relationship between membrane permeabilization (i.e., calcium 

influx) and H2O2 formation. Recently, new investigations confirmed the positive correlation 

between the production of ROS and the enhanced permeabilization of plasma membrane5, 74. 

Phospholipids, main membrane components, are very susceptible to the attack by acoustically-

generated ROS75. The presence of oxidized phospholipids is able to change membrane properties, 

especially with regards to membrane permeability. The oxidation of phospholipids leads to an 

important conformation change in the phospholipids76. This conformational change results in an 

increase in the average area per lipid and a decrease of the bilayer thickness, especially evident at 
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high concentrations of oxidized phospholipids. Water defects are then created in the membrane, 

thus increasing its permeability to small molecules including water and ions76. This permeability 

increases with the concentration of oxidized phospholipids. Moreover, Lionetti et al., reported that 

the exposure of endothelial cells to ultrasound at high mechanical index (1.6 MHz, MI 1.2) without 

microbubbles led to a selective enhancement of caveolar-dependent endocytosis, partially 

mediated by ROS generation77. However, it cannot be excluded that the presence of microbubbles 

can increase the production of ROS and by that enhances the caveolar-dependent endocytosis. 

Using molecular dynamics simulations, Escoffre et al., reported that ROS can form inside the 

microbubbles after exposure to ultrasound78. These radicals could easily then diffuse through the 

microbubble shell toward the surrounding aqueous phase and participate to the peroxidation and 

permeabilization of nearby plasma membrane. The same study confirmed experimentally that the 

exposure of microbubbles to ultrasound (1 MHz, 400 kPa PNP) induced the production of ROS, 

which can be inhibited by the presence of ROS scavengers/inhibitors in the surrounding medium. 

Using flow cytometry, they demonstrated that the presence of ROS scavengers/inhibitors, during 

the sonoporation, significantly decreased the transfection level without loss of cell viability. All 

together, these results suggest that the exposure of microbubbles to ultrasound might be the origin 

of chemical effects, which play a role in the in-vitro permeabilization of cell membrane when 

generated in its proximity. 

2.3. THERMAL STIMULI 

Even if the role of the thermal stimulus in the sonopermeabilization of biological barriers is still 

subject to debate, it cannot be ruled out that such stimulus is a contributing factor4. Indeed, Wu et 

al., reported that the exposure of microbubbles to ultrasound (2 MHz, 0.4 W/cm2) induced a local 

rise in temperature of about 2°C in 10 seconds79. In this regard, it is important to mention that any 
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acoustically-mediated temperature increase could change the physicochemical properties of the 

cell plasma membrane and could render them more sensitive to membrane deformation and/or the 

membrane breakdown. Indeed, phospholipid membranes were observed to be leaky to polar 

molecules due to mismatches between liquid crystal and solid-state domains at the thermal phase 

transition80, 81. Conductance fluctuations were reported and were indicative of pathways for ionic 

species82, 83. The fluctuating properties of these currents were indicative of the lack of regular ionic 

channels but much more of membrane defects in the phospholipid membranes. This is very similar 

to what was described in the electrophysiological experiments. Further experimental investigations 

as well as molecular dynamic simulations should be considered in order to clearly establish the 

role of the thermal stimulus in the membrane permeabilization. 

3. TRANSMEMBRANE PATHWAYS FOLLOWING SONOPERMEABILIZATION 

3.1. MEMBRANE PORES 

3.1.1. Formation of membrane pores 

All experimental data indicated that sonopermeabilization induced the formation of plasma 

membrane pores and this process took place within several tens of microseconds, almost 

synchronously with stable or inertial cavitation34, 68, 84-86. Stably cavitating microbubbles in the 

direct contact or in the close vicinity of cell plasma membrane induces the formation of membrane 

hydrophilic pores as a result of both mechanical and chemical stimuli34, 40, 87. Nevertheless, the 

non-specific membrane pores generated by mechanical stimuli induce a calcium influx which 

cannot be prevented by free radical scavengers (e.g., catalase)73, 74, 88 or ion channel blockers (e.g., 

iberiotoxin, verapamil)88.  Based on the intracellular uptake of non-permeant fluorescent 

molecules35, 74, 89 and by assessing changes in membrane electrophysiology88, 90, previous 

investigations indicated that the intracellular delivery of exogenous compounds through membrane 
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pores is likely governed by passive diffusion or by ultrasound-mediated propulsion (i.e., 

microstreaming, acoustic radiation force). Indeed, Fan et al., reported that only cells adjacent to 

stably oscillating microbubbles (1 MHz, 0.27 MPa PNP) exhibited an enhanced intracellular 

uptake of propidium iodide91. Since the cell plasma membrane with hydrophilic pores act as 

molecular sieve for the intracellular uptake of exogenous molecules, the size of these pores has 

been estimated by delivering fluorescently-labeled markers (e.g., dextran, beads) of different sizes 

into the cells and by assessing their incorporation using fluorescence imaging89, 92, 93. Current 

investigations reported that the size of membrane pores ranges from several tens of nanometers to 

a few hundreds of nanometer45, 59, 94. Such pores were generated at low acoustic pressures (1 MHz, 

0.1-0.5 MPa PNP) and their size and/or their number increased with increasing acoustic pressure 

and exposure time45, 95, 96. However, Karshafian et al., showed that pore size as large as 56 nm 

(which correspond to 2 MDa fluorescently-labelled dextran) were created independently of the 

acoustic pressure (0.5 MHz, 125-570 kPa PNP)93. In contrast, Meijering et al., described that 

macromolecules with a size above 155 kDa did not freely diffuse through membrane pores at low 

acoustic pressure (1 MHz, 0.22 MPa PNP) but were mainly endocytosed89. The lifetime of the 

membrane pores is in the order of milliseconds to few seconds, immediately after switching off 

the ultrasound emitter59, 90, 94. Van Wamel et al., described that the rapid decay in the 

permeabilization of cell plasma membrane indicated that membrane pores exists as long as the 

oscillating microbubbles were present34.  

Based on optical techniques (SEM, AFM, flow cytometry)5, 52 and electrophysiological 

assessments90, 97-99 of cell plasma membrane, previous investigations reported that collapsing 

microbubbles led also to membrane pores at higher acoustic pressures (0.5-2 MHz, >0.5 MPa 

PNP). Few studies demonstrated that the efficiency of acoustically-mediated membrane 
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permeabilization and the cell viability were positively correlated with the inertial cavitation dose, 

ICD (i.e., corresponding to the spectral broadband signal enhancement during microbubble 

destruction)52, 100. Qiu et al., reported that the ICD generated during microbubbles exposure is 

affected by ultrasound parameters including PNP, PRF and insonation time52. They showed that 

the efficacy of in-vitro PEI:pDNA delivery was linearly enhanced with the increasing ICD through 

the formation of membrane pores. However, this process was observed only when an ICD 

threshold was overcome. Then, the pDNA transfection efficacy reached a plateau while the ICD 

kept increasing52. The cell viability significantly declined when the IC activity was further 

increased, thus preventing the pDNA expression. The assessment of ICD should predict the 

efficacy and the reversibility of acoustically-mediated membrane permeabilization52, 100. Based on 

optical imaging (fluorescence microscopy, SEM and AFM), current studies showed that inertial 

cavitation-induced membrane pores were larger then pores reported during stable cavitation61, 67, 

with pore sizes in the few hundreds of nanometer to few micrometer range (Figure 5)52, 61, 67.  
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Figure 5. Time-series confocal fluorescence images revealing localized membrane perforation and recovery 

induced by ultrasound-triggered collapse of a single microbubble. (a, b) Whole-cell images of a fibroblast (a) 

before exposure and (b) 5 min after exposure (1 MHz, 10 cycles, 0.85 MPa PNP, exposure time of 10 s). The scan 

plane was centered at the apical surface of the cell. The membrane is indicated by orange fluorescence; the 

microbubble is depicted by the overlaid gray-scale contrast. (c) Series of membrane fluorescence images centered 

about the microbubble adhered to the cellular membrane (Adapted with permission from Hu et al.85 – Copyright © 

2013 World Federation for Ultrasound in Medicine and Biology. Published by Elsevier Inc.). 

 

In addition, the pore size was positively correlated with acoustic parameters, specifically the 

acoustic pressure52, 60, 84.  This correlation confirmed other investigations which reported an 

increase in intracellular uptake of exogenous molecules with increasing acoustic pressure92, 93. 

Although SEM and AFM images depicted larger membrane pores on post-insonation cell samples, 

it cannot be ruled out that small membrane pores were formed. Indeed, such pores might have 

quickly resealed during the period required for the preparation of cell samples. Similarly to the 

pore size, the lifetime of membrane pores which have been described as a result of inertial 

cavitation was longer than for pores reported for stable cavitation. Actually, the lifetime of large 

membrane pores is in the range of seconds to few minutes, immediately after ultrasound is turned 

off84, 95.  

In conclusion, all investigations described that the formation of membrane pores can be 

temporally and spatially well controlled by adjusting the acoustic parameters (i.e., PNP, PRF, 

insonation time)52, 68, 84, 89, 98 and microbubble related parameters (i.e., doses, types, 

microbubble/cell distance)98, 101 in order to increase the delivery of exogenous molecules while 

minimizing irreversible cell damages52, 100.  

3.1.2. Resealing of membrane pores 

Upon exposure to microbubble-assisted ultrasound, the cells progressively recover their initial 

physiological state. This biological process consists of two sequential steps: the resealing of 

membrane pores and the cell recovery5. The resealing of membrane pores is a rapid and short-term 
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process (i.e., several minutes) whereas the cell recovery is a long-term step (i.e., several hours). 

The different kinetics of the pore resealing depends on the ultrasound conditions (i.e., ultrasound 

parameters, microbubble dose, etc.), the cell physiology (i.e., adherent cells, cell suspension) and 

the sensitivity of assay used to assess the pore resealing (e.g., patch-clamp techniques, intracellular 

uptake of fluorescent dyes)73, 90, 98, 102. 

The membrane resealing of small pores (tens of nanometers) relies on a passive process, 

automatically mediated by the spontaneous reorganization of phospholipids into their 

thermodynamically most stable state103, 104. This biophysical process should be facilitated by the 

acoustically-induced disassembly of actin cytoskeleton105, 106. Indeed, the presence and the 

contraction of the subcortical actin cytoskeleton is known to prevent the spontaneous membrane 

resealing because both processes exert forces in opposite directions103. 

Mammalian cells can also sense and interpret such acoustically-mediated calcium influx as an 

immediate danger signal103. These cells then activate other calcium-dependent mechanisms to 

reseal the small and large membrane pores. Thus, an ATP- and calcium-dependent process, termed 

as exocytosis, has been described for the membrane resealing of large pores (from few hundreds 

of nanometers to few micrometers) 60, 97. The current knowledge of this process in the post-

sonoporation membrane resealing suggested that the acoustically-mediated calcium influx85, 91, 107 

triggered the trafficking and the fusion of lysosomal vesicles60, 97 with the plasma membrane (i.e., 

exocytosis)108, 109. Then, they formed a patch across the permeabilized membrane region110. 

Nevertheless, Qin et al., highlighted that the current studies did not provide any spatiotemporal 

relationship between the acoustically-induced calcium influx and the exocytosis of intracellular 

vesicles5. In addition, if the origin of these vesicles has been mainly demonstrated as lysosomal60, 

97, it cannot be excluded that these intracellular vesicles can arise from other membrane-bound and 
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calcium-sensitive exocytotic compartments (e.g., early and late endosomes, Golgi apparatus, 

endoplasmic reticulum)108. 

Lentacker et al., suggested that endocytosis should be directly triggered and physically 

participating to the resealing of small membrane pores, which are induced by stably oscillating 

microbubbles4. As previously described60, 97, the exocytosis process for resealing of large 

membrane pores relies on the exocytosis of lysosomal vesicles. Such exocytosis should release the 

lysosomal acid sphingomyelinase (ASMases), which converts the sphingomyeline to ceramide111. 

This enzymatic reaction promotes the inward budding and the formation of membrane vesicles, 

i.e., initiation step of endocytosis111. Moreover, Lariccia et al., described that calcium influx could 

trigger the formation of cholesterol-enriched membrane domains that spontaneously vesiculated 

to the cytoplasmic side of plasma membrane and caused the formation of endocytic vesicles 

without involvement of classical endocytic proteins112, 113. This process termed massive calcium-

activated endocytosis (MEND). However, the roles of sphingomyelinase and calcium-dependent 

MEND in the in-vitro acoustically-mediated delivery of exogenous molecules through the 

activation of endocytosis is not established today. 

3.2. ENDOCYTOSIS 

Clathrin- and caveolae-dependent endocytosis processes are the main endocytotic pathways, 

occurring in the mammalian cells114, 115. Several reports described that microbubble-assisted 

ultrasound promoted the endocytosis-dependent pathways for in-vitro delivery of exogenous 

molecules (Figure 6)63, 89, 96, 116, 117. However, the molecular and cellular mechanisms responsible 

for acoustically-mediated endocytosis have not been clearly established. Current investigations 

suggested that the endocytosis can be caused by the physical interaction between microbubble, 

ultrasound and cells (i.e., mechanical stimuli) as well as biochemical signals triggered by 
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mechanical/chemical stimuli or by the formation of membrane pores4, 5. In other words, 

acoustically-mediated endocytosis should be direct or indirect consequences of microbubble-

assisted ultrasound. 

 

Figure 6. Microbubble-assisted ultrasound stimulates caveolae-dependent endocytosis. Glioblastoma cells were 

exposed to microbubble-assisted ultrasound (1 MHz, 20% DC, 1 W/cm2, exposure time of 60 s) and immediately fixed 

after insonation for subsequent SEM (top view of caveolae-coated pits) and TEM (intracellular view of caveolae-

coated pits) imaging (Adapted with permission from Zeghimi et al.63 – Copyright © 2015 IOP Publishing Ltd.). 

3.2.1. Endocytosis as a direct consequence of mechanical and/or chemical stimuli 

As previously described, mechanical stimuli (i.e., pulling/pushing process, microstreaming, shock 

waves, microjets) exerted shear stress on the cell plasma membrane, resulting in membrane 

deformation37. Such deformation is thought to play a major role in the initiation of endocytosis 

pathways118. Meijering et al., reported that stably cavitating microbubbles (1 MHz, 0.22 MPa PNP) 

induced a homogenous distribution of 4.4- and 70- kDa FITC-labelled dextrans through the cytosol 

of endothelial cells whereas 155- and 500-kDa dextrans were located in distinct intracellular 
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vesicles89. Independently inhibiting clathrin- and caveolae-mediated endocytosis as well as 

macropinocytosis significantly reduced the intracellular delivery of larger dextrans. These results 

supported a direct relationship between the macromolecule size and its transmembrane routes119. 

However, recent reports described that microbubble-assisted ultrasound resulted in membrane 

permeabilization to low molecular weight molecules (< 4 kDa) through the stimulation of 

endocytosis pathways63, 116. Indeed, Derieppe et al., demonstrated that clathrin- and caveolae-

dependent endocytosis were recruited for the intracellular uptake of SYTOX Green (600 Da 

hydrophilic model drug) for several hours when rat glioma cells were exposed to low acoustic 

pressures (1.4 MHz, 0.2 MPa PNP) in presence of microbubbles116. Cells pretreated with 

chlorpromazine (i.e., inhibitor of clathrin-dependent endocytosis) or genistein (i.e., inhibitor of 

caveolae-dependent endocytosis) depicted significant decrease in the intracellular delivery of this 

dye. The lifetime of the endocytosis-dependent pathways is in the order of several tens of minutes 

to few hours63, 89, 96, 120. All together these studies suggested that physical or biological factors other 

than molecular size might determine the preferred transmembrane pathways for the delivery of 

exogenous molecules using microbubble-assisted ultrasound. 

3.2.2. Endocytosis as an indirect consequence of mechanical and/or chemical stimuli 

Cells sense electrical, mechanical and biochemical signals generated from their surrounding 

environment, which influence their fate121. Unlike electrical and biochemical stimuli, mechanical 

stimuli can propagate without the diffusion of informative molecules (i.e., ions, proteins). Indeed, 

the mechanical cues are propagated through mechanically stiff structures, flowing, such as 

cytoskeletal components (i.e., actin filaments, microtubules), causing spatio-temporal changes in 

cytoskeletal-associated proteins (e.g., filamin; cofilin, myosin, etc.) and enzymes related to signal 

transductions (e.g., monomeric GTPase, phosphoprotein phosphatases, kinases etc.)121. Previous 
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investigations suggested that ultrasound-driven microbubbles induced a reversible rearrangement 

of cytoskeleton74, 86, 105 but only one reported an association between the membrane deformation 

and the remodeling of cytoskeleton106. Thus, Wang et al., demonstrated that the increase in the 

acoustic pressures (1 MHz, 0.2-0.4 MPa PNP) or the decrease in the bubble-cell distance caused a 

significant membrane deformation, which led to enhanced intracellular uptake of propidium iodide 

and cytoskeleton disassembly106. Although the authors described a positive correlation between 

the membrane permeabilization and the rearrangement of cytoskeleton, they did not investigate 

whether such membrane deformation and remodeling of cytoskeleton could promote endocytosis-

dependent routes.  

Membrane mechanosensors such as integrins or mechanosensitive ion channels can sense the 

mechanical constraints on the cell plasma membrane and convert the mechanical signals into 

biochemical signals, which result in the stimulation of endocytosis-dependent pathways121, 122. The 

current state of our knowledge indicate that low-intensity pulsed ultrasound (without 

microbubbles) activated integrin-mediated mechanotransduction pathways (i.e., 

integrin/FAK/MAPK signaling pathways) in synovial cells (3 MHz, 30 mW/cm2)123 and 

chondrocytes (5 MHz, 14 kPa SAP)124. However, both studies did not explore whether the 

activation of such signaling pathways might induce the stimulation of endocytosis-dependent 

pathways. Nowadays, there is no evidence that microbubble-assisted ultrasound elicits 

endocytosis-dependent ways by triggering integrin-mediated mechanotransduction pathways. 

Further investigations are required to identify the cellular and molecular actors (e.g., microtubules, 

actin cytoskeletons, integrins, enzymes, calcium signaling, etc.) involved in the propagation of 

mechanical stimuli inside the cell and in the subsequent activation of endocytosis-dependent 

ways4, 5. 
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3.2.3. Endocytosis as an indirect consequence of membrane perforation 

As previously described74, 91, 107, microbubble-assisted ultrasound induced membrane permeability 

to calcium, increasing thus intracellular calcium level. This calcium influx was responsible for 

stimulating the endocytosis pathways4, 5. Thus, recent electrophysiological studies showed that 

microbubble-assisted ultrasound (1 MHz, 0.1 and 0.5 MPa PNP) induced a calcium influx through 

the formation of membrane pores, which led to an activation of BKCa channels and a subsequent, 

local membrane hyperpolarization88, 125. This membrane hyperpolarization may facilitate the 

uptake of macromolecules through endocytosis- and macropinocytosis-mediated pathways88. Lee 

et al., reported that microbubble-assisted ultrasound (1 MHz, 2 W/cm2) enhanced the endocytosis-

mediated delivery of PEI:pDNA complexes by increasing PKC- related fluid phase endocytosis, 

which was induced by increasing the intracellular calcium level through the membrane 

permeabilization to calcium117. As reported in section 3.1.2., cells might also trigger the lysosomal 

ASMase-endocytosis111 or the MEND112, 113 for the resealing of membrane pores. However, there 

is no evidence that both endocytosis processes participate to intracellular delivery of exogenous 

molecules in the same time as the membrane resealing4, 5. 

3.2.4. Irreversible membrane permeabilization 

As formerly indicated, the efficiency of membrane permeabilization is strongly dependent on 

acoustic parameters and the dose of microbubbles. However, the exposure of cells to harsh 

ultrasound conditions, including high acoustic pressures (> 1 MPa)100, long pulse duration (> 1 

min)52 or high dose of microbubbles93, 100, may induce an irreversible membrane permeabilization 

through the formation of large and irreparable membrane wounds (> 10 m)68, 110. Karshafian et 

al., reported that at given acoustic parameters (0.5 MHz, 570 kPa PNP, 120s), increasing Definity® 

microbubble concentration from 0.067% (v/v) to 13.2% was positively correlated with a 
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significant and linear decrease in cell viability93. In the same way, Qiu et al., described that the 

cell viability linearly declined when the acoustic pressure (from 0.5 to 3.5 MPa) or the total 

insonation time (from 10 to 70 s) increased. In agreement with the available literature, the micro-

sized membrane wounds are mainly caused by mechanical stress68, 100. The number and/or the 

diameter of such membrane wounds were so high that the permeabilized cells did not have the 

physiological resources to repair them63, 110. All together these data suggested that the optimization 

of acoustic parameters and dose of microbubbles are required for an efficient and safe delivery of 

exogenous molecules. 

4. PROTOCOLS 

4.1. Microbubbles 

4.1.1. Microbubble formulation 

In most investigations, clinically-approved microbubbles (e.g. Definity, SonoVue, Sonozoid) 

for contrast-enhanced ultrasound imaging have been evaluated for drug delivery30. These 

microbubbles are currently used as an echocontrast agent for ultrasound imaging in order to boost 

the image contrast126. The use of these microbubbles may facilitate the clinical translation of 

microbubble-assisted ultrasound for drug delivery24. These microbubbles are filled with high 

molecular weight hydrophobic gas (e.g., perfluorocarbon, sulfur hexafluoride) encapsulated by a 

biocompatible shell (e.g., lipids, proteins, polymers)30, 127-129. Based on the shell composition130, 

the microbubbles are categorized in two different types: protein- and polymer-shelled 

microbubbles are thicker and more rigid, while lipid-shelled ones have thinner and more flexible 

shell. Previous studies reported that soft-shelled microbubbles are more efficient for drug delivery 

then hard-shelled microbubbles when using same microbubble concentrations and ultrasound 

settings93, 131. Escoffre et al., reported that the exposure of glioblastoma and breast cancer cells to 
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ultrasound in the presence of lipid-shelled microbubbles (Vevo Micromarker, BR14, 

SonoVue) induced more efficient delivery of doxorubicin than polylactide-shelled 

microbubbles131. Current investigations showed that these results may be explained by the acoustic 

pressure-dependent microbubble behavior29, 32. The soft-shelled microbubbles oscillate at low 

acoustic pressures while at higher acoustic pressures, they oscillate more vigorously, leading to 

their violent collapse and destruction132. In contrast, hard-shelled microbubbles are poorly 

sensitive to low acoustic pressures. At higher acoustic pressures, sonic cracking takes place and 

induces a small shell defect in hard-shelled microbubbles, thereby releasing of a violent gas 

stream132, 133. This acoustic phenomenon might be involved in the membrane permeabilization 

through the formation of membrane pores. 

As previously reported, microbubble behavior at a given frequency is mainly dependent on its 

size29, 32. Indeed, the resonance frequency of microbubbles decreases as their size increases. Thus, 

microbubble’s acoustic response is stronger around its resonant frequency. Previous studies 

correlated the stepwise increase in membrane permeabilization to the successive microbubble 

destructions, which reached the resonant radius of microbubbles84, 90. These studies suggested that 

the design of monodisperse microbubbles responsive to a selected ultrasound settings should be a 

better option than the current polydisperse microbubbles30. Biochemical methods including 

microfluidic-based134-136 or ink-jet printing137 techniques have recently been developed to achieve 

this goal. In addition, the design of multi-frequency ultrasound sequences (as reported for 

ultrasound imaging138) dedicated for drug delivery would be also a great alternative. 

4.1.2. Microbubble/ultrasound/cell interaction 

The efficacy of membrane permeabilization could be achieved only when the microbubbles are 

spatially close to the cell plasma membrane, suggesting the importance of the microbubble-cell 
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distance (d)139. Indeed, various studies reported a reversible permeabilization of plasma membrane 

of cells in suspension140, in adherence101 and as well as of Xenopus oocytes95, when the ratio of d 

to the microbubble diameter (D) was less than 0.75. Qin et al., confirmed that microbubble-assisted 

ultrasound caused localized membrane permeabilization when d is less than D and showed that the 

extent of permeabilization positively correlated with d101. The efficacy of membrane 

permeabilization was reported to decay as the inverse-cube power of the nearest microbubble-cell 

spacing139. In view of the importance of d/D ratio in the microbubble-assisted ultrasound process, 

several acoustical and chemical methods were proposed to bring microbubbles in proximity to the 

targeted biological barriers to reach the critical distance for their permeabilization. Low acoustic 

pressure (< 0.1 MPa) and long pulse duration (> 1 s) were used to generate directional primary 

acoustic radiation forces, which push microbubbles towards the surface of biological barriers, 

thereby improving microbubble-barrier contact141. High acoustic pressure pulses (> 0.5 MPa) with 

short duration ( s) were then transmitted to induce cavitation-mediated permeabilization of 

biological barriers. Other chemical alternative strategies involved the conjugation of targeting 

ligands or antibodies onto the microbubble’s shell, which then bind to specific overexpressed 

markers at the surface of targeted cells (e.g., VEGF-R2, PSMA, LHR)24. Frinking et al., described 

the combination of both methods to bring microbubbles near the targeted cells142. Indeed, primary 

radiation forces (38 kPa PNP, 95% DC) induced a sevenfold increase in the binding of VEGF-R2 

targeted microbubbles on the endothelial wall in a prostate adenocarcinoma rat model in 

comparison to non-targeted microbubbles. These strategies have been reported to significantly 

improve the efficacy of drug delivery. 

4.1.3. Coadministration of microbubbles and drugs versus drug-loaded microbubbles 
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The easiest approach to investigate the biophysical mechanisms involved in acoustically-mediated 

ultrasound drug delivery is to mix microbubbles and model drugs before their exposure to 

ultrasound in presence of cells96, 107, 116. This approach offers two main advantages24: (1) both 

components can be handled separately until in-vitro incubation89; (2) instead of mixing both 

components, two separate administration of these components can also be performed to investigate 

the post-insonation membrane events (e.g., resealing of membrane pores)34. The main limitations 

of the coadministration approach for in-vivo purposes are the different biodistribution and 

pharmacokinetics of microbubbles and drugs24. 

To overcome these limitations, the microbubble’s architecture has been chemically adapted for 

the loading of drugs30. By this way, the microbubbles act not only as cavitation nuclei but also as 

drug carriers. Lipophilic molecules (e.g., drugs or model drugs) can be loaded into the lipid 

monolayer of microbubble’s shell or dissolved in a hydrophobic cavity (e.g., oil pocket) located 

between the microbubble’s shell and the gas core30, 33. Geers et al., designed self-assembled 

liposome-loaded microbubbles, where drug-loaded nanoparticles (e.g., liposomes) are bound on 

the microbubble’s surface143. Nucleic acids (e.g., plasmid DNA, mRNA, siRNA, etc.) can also be 

loaded on microbubbles during the microbubble’s assembly or by incubation of nucleic acids with 

cationic microbubbles96, 127, 144. These microbubbles provide additional protection for nucleic acids 

against serum DNases. As bare microbubbles, drug-loaded microbubbles are able to deliver 

chemotherapeutic drugs145, 146 or nucleic acids11, 147, 148 into the cells through the formation of 

membrane pores149. To the best of our knowledge, no study has been reported that directly compare 

the acoustic stimuli as well as the molecular and cellular mechanisms of membrane 

permeabilization induced by the exposure of drug-loaded microbubbles in comparison to bare 

microbubbles30. 
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4.2. Ultrasound devices and settings 

Several studies investigated the influence of acoustic parameters (i.e., frequency, acoustic 

pressure, pulse length, total insonation time, etc.) on the microbubble behavior, on the acoustic 

stimuli (i.e., mechanical, chemical, thermal effects) and on the molecular and cellular mechanisms 

involved in membrane permeabilization45, 62, 100. Among these studies, clinical ultrasound scanners 

and probes have been used to achieve this goal150. If the use of such equipment should facilitate 

the clinical translation of microbubble-assisted ultrasound for drug delivery, the ultrasound 

settings are limited for safety reasons and might be not efficient for drug delivery126. Hence, 

laboratory-made and commercial ultrasound devices have been designed to be able to control all 

acoustic parameters, which can then be used to investigate biophysical mechanisms of membrane 

permeabilization23, 48, 117. In addition, ultrasound transducers used in the literature can be focused106 

or unfocused109, 120. It is not straightforward to directly compare the experimental data of most 

investigations because of a lack of standardized calibration systems concerning the applied 

acoustic parameters and the heterogeneity in used equipments107, 151. 

As previously described, the choice of frequency to be used depends on the microbubble’s size 

and distribution. The transmission center frequency used for in-vitro investigations ranges from 

0.25 to 1.5 MHz60, 68, 95. The acoustic dose is usually expressed in different units, including acoustic 

pressure (kPa), acoustic intensity (W/cm2) and MI depending on whether clinical scanner, 

commercial or home-made ultrasound device is employed. Among in-vitro experiments, it is not 

clearly defined whether acoustic pressure is peak-to-peak pressure, peak negative or positive 

pressure. In the same way, the acoustic intensity is not obviously stated (i.e., ISATA or ISPTA). Peak 

negative pressures ranging from 0.010 MPa to 5 MPa have been applied in in-vitro studies52, 60, 87, 

133. Increasing the acoustic pressure enhances transiently the membrane permeability to exogenous 
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molecules into the cells, but different molecular and cellular mechanisms (i.e., membrane pore 

versus endocytosis) are involved in the membrane permeabilization as a function of acoustic 

pressure60, 95, 96. However, the use of high acoustic pressures (1 MHz, > 0.5 MPa) induces a 

significant loss of cell viability52, 60. In addition, the ultrasound pulse length is another acoustic 

parameter, which influences the microbubble behavior and thus the efficacy of membrane 

permeabilization34, 62, 87, 93.  

In most in-vitro studies, long ultrasound pulses (milliseconds to seconds) are applied in 

combination with low acoustic pressures for drug delivery62, 152. In opposite, very short ultrasound 

pulses (few microseconds) might be more effective in combination with high acoustic pressure93. 

Indeed, Fan et al., reported that one single short ultrasound burst but with high acoustic amplitude 

(1.25 MHz, 0.4 MPa PNP, 10 s) resulted in higher transfection level (30% versus 10%) and higher 

cell viability (50% versus 90%) than one long burst with the same acoustic pressure (1.25 MHz, 

0.4 MPa PNP, 10 ms)153. This latter led to large and irreversible membrane disruptions, which 

were responsible for cell death. Total insonation time plays also a major role in drug delivery4, 24. 

During this sonication period, ultrasound pulses are repeatedly emitted at a pulsing interval to 

activate the microbubbles. Total insonation time from few tens of microseconds to few minutes 

have been reported in in-vitro investigations24, 151. However, increasing the total insonation time 

induces membrane permeabilization at given acoustic pressure, but the use of high insonation time 

(1 MHz, > 0.5 MPa, > 5 min) induces a significant decrease in cell viability3, 24. The number of 

emitted pulses is also a key parameter for membrane permeabilization. Short burst transmitted at 

sequentially seem to be more efficient than a single but very long ultrasound burst. 

5. CONCLUSION 
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Local drug delivery using microbubble-assisted ultrasound has a great potential to become a 

clinically-approved method for improving the efficacy of therapeutic molecules. New advances in 

high-speed real-time optical imaging have made substantial progress in revealing some of the 

biophysical causes and, molecular and cellular consequences of this acoustically-mediated drug 

delivery method over the past ten years. Nevertheless, the lack of detailed knowledge on the origins 

of stimuli (e.g., mechanical, chemical, thermal stimuli; even their combination) responsible for the 

membrane permeabilization as well as on the physiological responses (e.g., nature and structure of 

membrane pores; endocytosis; exocytosis; mechanisms of membrane recovery) might compromise 

the clinical translation of this ultrasound technology. A consolidation of the current basic 

knowledge could allow the design of therapeutic microbubbles, dedicated ultrasound sequences 

and treatment protocols for a controlled, efficient and safe use of this method in the clinics. To 

achieve this goal, further investigations are required as for example: (1) spatiotemporal 

relationship between biophysical stimuli and the membrane permeabilization and recovery (2) 

detailed role of calcium signaling as well as cytoskeleton and its related proteins on both biological 

processes; (3) involvement of exocytosis and endocytosis in membrane recovery; (4) long-term 

fate of reversibly permeabilized cells responses. 
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