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Sonoporation uses ultrasound (US) and ultrasound contrast agents (UCAs) to enhance 

cell permeabilization, thereby allowing delivery therapeutic compounds noninvasively 

into specific target cells.  The objective of this dissertation was to elucidate the 

biophysical mechanism of sonoporation, specifically the role of the UCA.  Monolayer 

cells were exposed in a solution of UCA, permeability agent, and saline.  Exposure-effect 

studies varied the peak rarefactional pressure from 4 kPa to 4.14 MPa.  Two UCAs 

(OptisonTM and Definity®), three US frequencies (1, 3, and 5 MHz), three cells lines 

(Chinese hamster ovary cells, mouse fibroblasts, and mouse bone marrow stromal 

precursor), and three transfection agents (FITC-Dextran, Calcein, and FluoSpheres 

carboxylate-modified microspheres) were examined.  Exposure duration, pulse repetition 

frequency, number of pulses, and UCA concentration were also varied. 

The experimental observations demonstrated that inertial cavitation was not the 

physical mechanism for sonoporation.  Microstreaming due to linear or nonlinear 

oscillations of the UCA was principally responsible.  This microstreaming, when 

produced near a cell, resulted in shear stress on the cell membranes, causing the 

permeability change that allowed for the uptake of macromolecules into the cells.  

Experimental results also showed that the closer the exposure frequency to the resonance 

frequency the greater the sonoporation activity; the longer the ED the greater the 

sonoporation activity; and increasing UCA concentration increased sonoporation activity.  



Various permeability agents and cell lines displayed the same major characteristics of 

sonoporation response, confirming that a single physical mechanism was involved.  

However, structural characteristics of a particular cell line influenced the susceptibility of 

a cell line to sonoporation. 

Finally, a computational model was created that described shear stress on a cell 

membrane due to microstreaming.  The theoretical results accurately described the 

maximum sonoporation activity, drop off in sonoporation activity, and relative 

differences between maximum activity and activity after drop off.  Therefore, the model 

supported the conclusions made in this dissertation. 

This dissertation successfully elucidated the physical mechanism of sonoporation.  

Oscillation of UCAs near a cell produced microstreaming that resulted in shear stress on 

the cell membranes.  This shear stress resulted in sonoporation, a permeability change 

that allowed for the uptake of macromolecules into the cells. 
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ABSTRACT 

Sonoporation involves the use of ultrasound (US) to enhance cell 

permeabilization.  With this method it is possible, by using US and ultrasound contrast 

agents (UCAs), to deliver therapeutic compounds noninvasively into specific target cells.  

Sonoporation activity was proven to be mediated by UCA activity.  Therefore, the 

objective of this dissertation was to elucidate the relationship between the UCA and 

sonoporation. 

A series of approaches were used to study the biophysical mechanism of 

sonoporation.  Monolayer cells were exposed in a solution of UCA, permeability agent, 

and phosphate buffered saline.  Exposure-effect studies varied the peak rarefactional 

pressure (Pr) over a range from 4 kPa to 4.14 MPa, and five independent replicates were 

performed at each pressure.  Two UCAs, OptisonTM and Definity®, and three US 

frequencies, 1 MHz, 3 MHz, and 5 MHz, were examined.  A series of factorial-based 

studies varied 2 or 3 variables.  The first factorial study looked at the interaction between 

exposure duration (ED), pulse repetition frequency (PRF), and number of pulses.  The 

second factorial study varied UCA concentration and Pr.  Three cells lines, Chinese 

Hamster Ovary cells (CHO), Mouse Fibroblasts (3T3-L1), and Mouse Bone Marrow 

Stromal Precursor (D1), were used to determine impact of different cell lines on 

sonoporation.  Three transfection agents, FITC-Dextran, Calcein, and FluoSpheres 

carboxylate-modified microspheres, were studied to ensure therapeutic effectiveness of 

sonoporation. 

The experimental observations provided from the 3.15-MHz CHO study using 

OptisonTM and the three CHO studies using Definity® (0.9, 3.15, and 5.6 MHz) support a 

single conclusion; inertial cavitation (IC) was not the physical mechanism for 

sonoporation.  Microstreaming due to linear or nonlinear oscillations of the UCA was 

principally responsible for sonoporation.  This microstreaming, when produced near a 

cell, resulted in shear stress on the cell membranes, which caused the permeability 

change that allowed for the uptake of macromolecules into the cells. 

The maximum sonoporation activity was impacted by several factors.  The closer 

the exposure frequency was to the resonance frequency the greater the sonoporation 
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activity.  Additionally, longer EDs resulted in greater percentages of sonoporated cells.  

Increasing UCA concentration increased sonoporation activity, however not without limit 

as the ultrasonic attenuation of the UCAs came into play at higher concentrations. 

In addition to the conclusions regarding the physical mechanism of sonoporation, 

this dissertation provided some insights into the biological characteristics of 

sonoporation.  For studies involving two permeability agents, FITC-dextran and calcein, 

and two cell lines, CHO and D1 cells, the same major characteristics of the sonoporation 

response occurred, confirming that the same physical mechanism was involved for the 

sonoporation results observed in this dissertation.  However, structural characteristics of a 

particular cell line influenced the susceptibility of a cell line to sonoporation. 

Finally, a theoretical study was conducted to determine if a computational model 

that described shear stress on a cell membrane due to microstreaming successfully 

described the sonoporation results regarding the major responses with respect to Pr.  The 

theoretical results were compared to the sonoporation results for each exposure condition 

and were found to accurately describe the maximum sonoporation activity, drop off in 

sonoporation activity, and relative differences between maximum activity and the activity 

after drop off.  Therefore, the model supported the conclusions made in this dissertation. 

This dissertation successfully elucidated the physical mechanism of sonoporation.  

Oscillation of UCAs near a cell produced microstreaming that resulted in shear stress on 

the cell membranes.  This shear stress resulted in sonoporation, a permeability change 

that allowed for the uptake of macromolecules into the cells. 
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CHAPTER 1  INTRODUCTION 

A significant problem in cancer therapy is the compromised quality of life 

experienced by the patient due to the side effects of the therapeutic compounds.  Delivery 

of molecular medicine to solid tumors is often inefficient, and as a result, the patient’s 

healthy cells and tissues are subject to the toxic effects of the drugs.  Thus, it would be a 

highly medically significant advance to develop approaches that deliver drugs to the 

appropriate cells within the patient in a way that is temporally and spatially specific, 

efficient, and safe.  One such method, termed sonoporation, involves the use of 

ultrasound (US) to enhance cell permeabilization.  With this method it is possible, by 

using US and contrast microbubbles, to deliver therapeutic compounds noninvasively 

into specific target cells. 

The applicability of sonoporation in such therapies is hindered by a lack of 

knowledge regarding the mechanism.  Countless studies have demonstrated that 

sonoporation is a real, reproducible event and have developed mechanistic theories 

attempting to explain the phenomenon.  It has been shown that the presence of 

microbubble US contrast agents (UCA) is necessary to induce a significant sonoporation 

event (Bao et al. 1997; Greenleaf et al. 1998; Kim et al. 1996).  Thus, collapse cavitation 

has become the assumed mechanism.  However, most data provided in the literature are 

circumstantial evidence and do not present definitive data indicating that collapse 

cavitation of the UCA is the cause of the sonoporation.  UCAs can also produce 

microstreaming, shear stresses, and liquid jets well below the collapse threshold for 

inertial cavitation (IC).  Because these physical phenomena could also cause biological 

effects, a rigorous study to determine the mechanism of sonoporation must be conducted.  

Therefore, the objective of this project is to elucidate the relationship between the UCA 

and sonoporation. 

1.1 Clinical Methods for Drug Delivery and Gene Therapy 

The fundamental clinical goal of targeted drug delivery and gene therapy is to 

develop approaches that deliver therapeutic material to the appropriate cells in the patient 

in a specific, efficient, and safe manner.  The necessary step of all forms of genetic 
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manipulation and drug delivery is transfection, the uptake and expression of foreign DNA 

or drug by the cell.  Current transfection techniques can be divided into two major 

groups: viral and non-viral.  Table 1.1 outlines the transfection techniques and rates. 

Viral vectors have shown to be efficient in transfection because they use their 

natural properties to infect cells.  However, viruses have other drawbacks such as lack of 

site specificity, potential for new mutations, and severe immunological reactions (Kay et 

al., 2001).  The two groups of viral vectors are retroviruses and adenoviruses.  

Retroviruses were the first vector used in a gene therapy clinical trial (Culver et al. 1991).  

Retroviral RNA is converted to DNA in the target cell.  The advantages of such a virus 

are that it can enter nearly every cell in the target population and is non-toxic to cells.  

Additionally, the integration of the transfected gene into the genome is stable, which 

allows for permanent expression of the gene.  The major disadvantages of retroviruses 

include the potential to induce new mutations and the restriction to transfection of only 

actively dividing cells. 

Adenoviruses, on the other hand, directly insert DNA into the cell and are 

replicated.  Adenoviruses are efficient in transfecting various cell typed irrespective of 

the stage of their cycle.  In endothelial cells, a transduction efficiency in vivo up to 75% 

has been reported (Gruchala et al. 2004).  Also, there is no potential for insertion 

mutagenesis as with retroviruses.  However, adenoviruses result in transient gene 

expression and have the potential for toxicity and development of severe immunological 

reactions.  This immune response may limit the time and level of expression of 

 

Spatial 

Targeting 

Temporal 

Targeting Typical Transfection Rates 

Adenovirus No No 50% (Bosch et al. 1993) 

Retrovirus No No 1-15% (Dumey et al. 2005; Oyvind et al. 

1999) 

Electroporation Yes, but limited Yes 13-36% (Lin et al. 2003) 

Particle Bombardment Yes, but limited Yes 3.96% (Tanner et al. 1997) 

Lipofection No No 9-20% (Kofler et al. 1998; Tanner et al. 

1997) 

Table 1.1  Transfection Methods and their Properties 
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therapeutic genes and does not allow a second administration of the adenoviral-delivered 

gene. 

The other transfection option, as opposed to viral transfection, is nonviral 

transfection.  Non-viral vectors are plasmids or short-strand nucleic acids, which are 

naked, packaged in liposomes, conjugated to protein, or formed into artificial 

chromosomes.  These non-viral vectors require chemical or physical methods to assist 

with the delivery.  Presently, non-viral techniques to induce transfection include 

electroporation, particle bombardment, and lipofection. 

Electroporation (or electropermeabilization) involves the transfer of DNA through 

cell membranes in high-voltage electric fields (reviewed by Mehier-Humbert & Guy 

2005; reviewed by Mir 2000; Teissie et al. 2005).  The external electric field causes a 

change in transmembrane potential difference that superimposes upon the resting 

transmembrane potential difference.  Above a threshold value of the net transmembrane 

potential, the changes occurring in membrane structure causes the membrane to become 

permeable to otherwise impermeant molecules.  Very little is known regarding the 

molecular processes resulting in this permeability.  Kinetic studies have led to a 5 step 

description including: trigger, expansion, stabilization, resealing, and memory.  The 

efficiency of gene transfer is influenced by several factors, such as pulse duration, 

electric field strength, DNA concentration, and cell size.  Short pulses (100 µs) of high 

electric field strength (>700 V/cm) were found to be optimal for the delivery of small 

anti-cancer drugs, whereas longer pulses (20-60 ms) at a lower field strength (100-200 

V/cm) were better for gene transfer (Rabussay et al. 2003).  It is theorized that longer 

pulse durations lead to the creation of larger pores that stay open longer.  Electroporation 

allows for some spatial targeting, but it requires the electrode placement, which can be 

invasive. 

A second non-viral technique, particle bombardment (a.k.a. biolistics), uses high-

speed projectiles coated in DNA to mechanically introduce the coated DNA into the cells.  

Particle bombardment allows for accurate placement of gene delivery and cells 

penetrated by the coated DNA have a high likelihood of becoming transfected.  However, 

it can cause physical damage to cells and tissues (Washbourne & McAllister 2002) and is 

limited to surface applications, such as the skin or cells/tissues in culture. 
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Lipofection is the most commonly used nonviral method of transfection.  Cationic 

lipid microbubbles, also known as liposomes, encapsulate the negatively charged DNA or 

RNA and facilitate transfer of the gene through the cell membrane (reviewed by Koo et 

al. 2005; Ma et al. 2007).  Liposomes are typically non-immunogenic, easy to produce 

and not oncogenic.  They have been extensively studied and can vary substantially with 

desired size, lipid composition, surface charge, and method of preparation.  Lipofection 

has quite variable transfection rates depending on the morphology of the liposome 

complex and the cell types.  However, liposomes do not allow control of spatial or 

temporal specificity of delivery. 

A transfer method that could spatially and temporally target the DNA or drugs to 

any location in the body would be a highly medically significant improvement over 

current transfection methods.  Sonoporation provides such advantages.  Sonoporation 

utilizes US to non-invasively permeabilize cell membranes, allowing for the uptake of 

DNA and other molecules.  Additionally, US can be focused on almost any location in 

the body (Unger et al. 2002) allowing for spatial and temporal specificity.  The capability 

to enhance gene transfer without adverse side effects, along with the possibility of 

restricting this effect to a desired area and time, makes sonoporation an optimal route for 

delivery. 

1.2 Fundamentals of Sonoporation 

Sonoporation alters the permeability of cell membranes in a transient fashion 

(McNeil 1989), leaving the compounds trapped inside the cells once US exposure is 

complete.  Small compounds (Brayman et al. 1999; Guzman et al. 2001; Keyhani et al. 

2001), macromolecules (Guzman et al. 2002; Miller et al. 1999), DNA (Bao et al. 1997; 

Greenleaf et al. 1998; Wyber et al. 1997), and other therapeutic compounds (Harrison et 

al. 1996; Keyhani et al. 2001; van Wamel et al. 2004; Wu et al. 2006) have been 

delivered into cells using US.  US can also deliver protein (Mukherjee et al. 2000; 

Weimann & Wu 2002; Wu et al. 2002) and DNA (Amabile et al. 2001; Lawrie et al. 

2000; Miller et al. 2003a; Miller & Song 2003) into tissues.  Low- and high-frequency 

US treatment of cells in the presence of plasmid DNA has been shown to cause 

mammalian cell transfection in vitro (Bao et al. 1997; Endoh et al. 2002; Frenkel et al. 



 

 5

2002; Kim et al. 1996; Miller et al. 1999; Miller & Song 2003; Taniyama et al. 2002; 

Tata et al. 1997) and in vivo (Endoh et al. 2002; Miller et al. 1999; Miller & Song 2003; 

Taniyama et al. 2002).  Thus, sonoporation has been shown to have great possibilities in 

targeted drug delivery and gene therapy. 

Little is known about the mechanism of sonoporation both physically and 

biologically.  Tachibana et al. (1999) and Meheir-Humbert et al. (2005) have shown, via 

scanning electron microscopy, that large pores form in a cell membrane following US 

exposure.  Schlicher et al (2006) provided evidence that these membrane disruptions are 

similar to those formed by other physical stresses, such as high-velocity fluid flow or 

mechanichal scraping, and are resealed by an active process of vesicle fusion with the 

cell membrane.  It has been suggested that the pores are the means by which DNA and 

drugs can enter the cell, however the biological structure of the pores is unknown.  

Cellular and molecular damage of human RBCs does occur due to US (Kawai & Iino 

2003); however, the role this damage plays in pore formation is unknown.  It has been 

shown that the membrane permeability change in sonoporation is transient (Bao et al. 

1997; Brayman et al. 1999; McNeil 1989; Taniyama et al. 2002), and the recovery rate 

does not vary significantly with US parameters or the maximum amplitude of the 

transmembrane current (Deng et al. 2004).  However, when calcium was removed from 

the external solution the cells were unable to reseal the membrane, suggesting that 

postsonication membrane repair depends on calcium (Deng et al. 2004; Schlicher et al. 

2006).  Additionally, hyperpolarization of the cell membrane occurs in the presence of 

US and UCA, due most likely to activation of channels sensitive to mechanical stresses 

and nonspecific ion channels (Tran et al. 2007).  However, this hyperpolarization does 

not explain the presence of the pores in the membrane, nor can it explain the large 

macromolecules able to pass into the cell. 

It has been shown that the mechanism of permeability is not the same as that for 

electroporation.  Erythrocyte ghosts showed no uptake of calcein using US at settings 

known to induce sonoporation, however they could be loaded with calcein using 

electroporation (Schlicher et al. 2006).  From the evidence available, it is most likely that 

the membrane damage due to sonoporation is similar, if not the same, as other physical 
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forces and the healing process involves ATP, calcium, intracellular vesicles and wound-

repair machinery. 

The presence of a UCA is necessary to induce a significant sonoporation event 

(Bao et al. 1997; Greenleaf et al. 1998; Kim et al. 1996).  This UCA requirement has led 

to the identification of IC, which is the rapid collapse of a bubble, as a probable 

sonoporation mechanism, theorized by several studies.  For example, work by Koch et al. 

(Koch et al. 2000) demonstrated that acoustic pressure levels of 0.3 MPa, at 2 MHz 

caused significant sonoporation.  This acoustic pressure was in the range of that for IC, 

cited as 0.4 MPa for 2 MHz.  Transfection due to sonoporation has been shown to 

increase for exposures above the cavitation collapse threshold, using the hydrogen 

peroxide sonochemical-production test for IC activity (Bao et al. 1997; Greenleaf et al. 

1998).  Sonoporation also displayed a strong dependence on peak rarefactional (negative) 

pressure amplitude (Pr), just as IC did (Hwang et al. 2005; Lai et al. 2006).  However, 

most data provided in the literature are only circumstantial, not direct, evidence that 

collapse cavitation is the sonoporation mechanism.  UCAs have a complex dynamic 

behavior in an ultrasonic field.  The major behaviors are linear oscillation, nonlinear 

oscillation, and IC.  Determining whether oscillation or IC of UCAs is involved in 

producing sonoporation is essential for determining the physical phenomenon responsible 

for this biological effect 

1.3 Specific Aims 

The objective of this dissertation is to elucidate the relationship between the UCA 

and sonoporation.  Four specific aims have been addressed to achieve this goal. 

The first specific aim was to determine the inertial cavitation threshold of 

OptisonTM and Definity®.  Studies in our lab have quantified the collapse thresholds for 

the UCAs, OptisonTM and Definity® in degassed water (Ammi et al. 2006b; Haak & 

O'Brien 2007).  Below this threshold, UCAs oscillate (linearly and nonlinearly, 

depending on the acoustic pressure amplitude); and above, they undergo IC.  The 

exposure media used in this study consists of Phosphate Buffered Saline (PBS), and 

either FITC-Dextran or FluoSpheres carboxylate-modified microspheres and as such it is 

expected there will be a change in the UCA collapse threshold as compared to degassed 
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water.  Thus, the UCA collapse threshold in the exposure media were examined for 

varying state variables (US frequency and UCA). 

The second aim was to determine the percentage of sonoporated cells under 

varying conditions, including an examination of second order effects, different cells lines, 

and varying transfection agents.  A series of approaches were used to elucidate the 

biophysical mechanism; each exposure-effect study varied the peak rarefactional pressure 

(Pr) for 2 UCAs, OptisonTM and Definity®.  Three US frequencies were examined, 1 

MHz, 3 MHz, and 5 MHz.  A series of factorial-based studies varied 2 or 3 variables.  

The first factorial study looked at the interaction between exposure duration (ED), pulse 

repetition frequency (PRF), and number of pulses.  The second factorial study varied 

UCA concentration and Pr.  Three cells lines, Chinese Hamster Ovary cells (CHO), 

Mouse Fibroblasts (3T3-L1), and Mouse Bone Marrow Stromal Precursor cells (D1), 

were used to determine impact of different cell lines on sonoporation.  Three transfection 

agents, FITC-Dextran, Calcein, and FluoSpheres carboxylate-modified microspheres, 

were studied to ensure therapeutic effectiveness of sonoporation. 

The third specific aim was to directly compare the results of sonoporation to the 

collapse threshold of the contrast agent.  If the sonoporation event was linked to IC of the 

UCAs, then a direct comparison of UCA collapse thresholds and sonoporation thresholds 

should reflect that.  Both the UCA collapse thresholds and the sonoporation activities 

were quantified for Definity® at each examined frequency.  These data were used to 

compare UCA collapse and sonoporation activity. 

Finally the fourth aim was to develop a theoretical model to describe the shear 

stress on a cell membrane due to microstreaming.  At low-level acoustic pressure 

amplitudes, linear and nonlinear oscillation of the UCA occurs.  These oscillations lead to 

local steady flows that are termed microstreaming.  When the UCA is close to a cell, this 

microstreaming results in shearing motions on the cell membrane.  A model describing 

this shear stress on a cell membrane due to an oscillating UCA near the cell has been 

developed.  This model utilized the Marmottant model (Marmottant et al. 2005) for a 

contrast agent located in a sound field and the acoustic streaming velocity gradient near 

the surface of a bubble, as described by Nyborg (Nyborg 1964).  The theoretical results 



 

 8

from the model were compared to the sonoporation results for every exposure condition 

to verify the ability of the microstreaming model to predict sonoporation. 

1.4 Clinical Significance 

Elucidating the mechanisms of transient change in cell membrane permeability is 

crucial for the future use of sonoporation as a drug delivery or gene therapy method.  

Two forms of sonoporation occur, lethal and sublethal.  In the lethal case, the cell is 

unable to repair the membrane permeability change and it subsequently lyses.  In the 

sublethal form, molecules in the surrounding medium are able to pass in or out of the cell, 

followed by membrane sealing and cell survival.  This allows foreign macromolecules to 

be trapped inside the cell.  Determining the balance between lethal and sublethal forms of 

sonoporation can only occur after knowledge of the mechanism exists.  The results of this 

study would guide the setting of exposure conditions to obtain maximal sonoporation 

with minimal cell death. 

In addition, with advanced understanding of the sonoporation mechanism, 

designing an exposure protocol to obtain a predefined transfection rate would be possible.  

Such a system is ideal for agents with adverse side effects, but requiring a minimum 

transfection for success. Thus, the future clinical usage of sonoporation is limited chiefly 

by a lack of understanding regarding the biophysical mechanism that causes the transient 

cell membrane permeability. 
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CHAPTER 2  ULTRASOUND CONTRAST AGENTS 

2.1 Introduction to Ultrasound Contrast Agents 

Most ultrasound contrast agents are gas-filled, encapsulated microbubbles that are 

injected into the venous system to act as red blood cell tracers.  By increasing acoustic 

reflectivity, UCAs enhance echo amplitudes to improve sensitivity in deep tissues or 

otherwise invisible small vessels.  In the presence of an US field, UCAs are nonlinear 

resonators that, under certain conditions, can change size, cavitate, fragment, or be 

moved.  Well beyond their original intended applications, UCAs have potential in gene 

therapy and drug delivery, among others. 

2.1.1 History 

UCAs for imaging were proposed in 1968 (Gramiak & Shah 1968), when it was 

observed that air bubbles from an agitated solution increased the reflectivity of the 

bloodstream.  Early attempts to improve the contrast of ultrasound images utilized air 

bubbles.  However, the large size and short life limited the effective application of the 

contrast air bubbles.  A search for a deliberately designed UCA started in the 1980s, 

focusing on stabilization of the bubbles.  It was demonstrated that bubbles coated in a 

material such as gelatin and human serum albumin extended the life of the bubbles 

(Carroll et al. 1980; Feinstein et al. 1984).  The albumin coated bubbles were capable of 

passing through the pulmonary circulation and reaching the left ventricle (Feinstein et al. 

1984). 

These developments led to pharmaceutical companies’ involvement in UCA 

production and Echovist®, from Schering AG in Germany, was the first agent approved 

by health care authorities in 1982.  Echovist® contained micron-sized air bubbles coated 

with galactose following reconstitution in an aqueous solution.  Echovist® enabled 

enhancement of the right ventricle only, but Levovist®, which came along soon after 

(1985), was capable of also enhancing the left ventricle.  Levovist® had the same 

formulation as Echovist® with the addition of palmitic acid to the galactose coating.  

These two agents were approved in Europe, Japan, and Canada.  In 1994, the first UCA, 

Albunex® (Molecular Biosystems, Inc. San Diego, CA), was approved in the United 
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States.  Albunex® utilized sonicated human serum albumin to encapsulate an air bubble.  

These UCAs all utilize air as the gas, which reduced the longevity and allowed for only 

limited commercial success. 

In the 1990s, development of UCAs began to focus on the gas component of the 

agents.  Varieties of perfluorcarbon gas were shown to increase the longevity of the 

microbubbles.  Albunex® was redesigned with a perfluorocarbon gas core and named 

OptisonTM.  Additional UCAs have been developed with a perfluorocarbon core but with 

different shell materials; examples include Definity® and Imagent®.  Sonovue® uses 

sulfur hexafluoride as its gas core.  The continued engineering of UCAs has led to 

microbubbles which are smaller, more stable, and used in applications from image 

enhancement to perfusion. 

2.1.2 Characteristics of Ultrasound Contrast Agents 

UCA structure is typically a sphere about 1-10 μm in diameter, containing a gas 

core and encapsulated by a thin elastic shell approximately 10-200 nm thick (Figure 2.1).  

The gas is typically air or an inert gas and the shell tends to be a protein, lipid, or polymer 

layer.  The shell prevents the bubbles from dissolving in the blood or coalescing into 

larger bubbles.  One major difference between air bubbles and UCAs is the effect of the 

shell, which constrains and raises the resonant frequency.  The makeup of the shell also 

determines the rigidity of the UCA, which in turn affects the collapse threshold.  For 

example human serum albumin produces a stiff shell, whereas phospholipids result in a 

more flexible shell. 

The two UCAs that will be used in this study are OptisonTM and Definity®.  

OptisonTM contains octaflouropropane and is stabilized by a human serum albumin shell.  

Figure 2.1  The general structure of a UCA. 
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The mean diameter ranges between 3.0 and 4.5 µm, with 95% of the OptisonTM 

microbubbles smaller than 10 µm.  The concentration of OptisonTM in the commercially 

packaged vial is 5 to 8x108 mL-1 gas bodies.  Definity® contains the same gas as 

OptisonTM, octafluoropropane.  However, Definity® is stabilized by a phospholipid shell.  

The concentration of Definity® in the vial is 120x108 mL-1 gas bodies.  The mean 

diameter ranges from 1.1 to 3.3 µm, with 98% of the microbubbles smaller than 10 µm.  

When used in humans, octaflouropropane diffusion out of OptisonTM and Definity is 

limited by the low partition coefficient of the gas in the blood.  The albumin shell of 

OptisonTM is handled by normal metabolic routes for human albumin, and the 

phosholipid shell of Definity® is handled by normal metabolic routes for phospholipid.  

The octaflouropropane in both OptisonTM and Definity® is eliminated via the lung within 

10 minutes. 

2.1.3 Response to Ultrasound 

Microbubbles undergo complex behaviors in the presence of an US wave.  As 

acoustic waves are incident on the UCA, it grows and shrinks due to the time-varying 

pressure of the wave.  The behavior of the UCA is dependent on the structure of the 

microbubble, US frequency (Ammi et al. 2006b; Chen et al. 2003; Chomas et al. 2001; 

Giesecke & Hynynen 2003) and peak rarefactional pressure.  The three categories of 

behavior that UCAs can undergo in a pressure field are linear oscillation (stable linear 

cavitation), nonlinear oscillation (stable nonlinear cavitation), and bubble collapse 

(inertial cavitation). 

At low-level acoustic pressure amplitudes, the UCA will undergo linear 

oscillation at the frequency of the US.  As the compressional phase of the acoustic wave 

passes over the bubble, it contracts and as the rarefactional half cycle interacts with the 

bubble, it expands (Figure 2.2).  Mechanically, the response of the bubble is controlled by 

the compressibility of the entrapped gas and the inertia of the fluid pushing on the surface 

of the bubble.  The simple linear model of a non-encapsulated bubble in a fluid is that of 

a damped oscillator.  This model neglects surface tension and assumes adiabatic 

conditions.  A simple oscillator consisting of a mass, m, attached to one end of a spring is 

described by, 
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 0m kε ε+ = , (2.1) 

where ε is the displacement of the mass and k is the spring constant.  The natural 

oscillating frequency of the system is 

 2
o

k
m

ω = . (2.2) 

This system can be extended to describe a microbubble, with the gas core acting 

as the spring and the surrounding fluid as the mass.  The spring constant can be 

represented by  

 0 012k R Pπκ= , (2.3) 

where κ is the polytropic gas constant, R0 is the equilibrium bubble radius, and P0 is the 

static pressure of the surrounding medium at the bubble surface.  The mass is replaced 

with 

 3
04m Rπ ρ= , (2.4) 

where ρ is the density of the surrounding medium.  The balance between the competing 

factors of the entrapped gas and the surrounding fluid results in a resonance frequency, 

 0
0

0

1 3 P
R

κω
ρ

= . (2.5) 

The model for a free bubble can be refined by adding losses from acoustic 

radiation damping, viscous damping, and thermal damping (Coakley & Nyborg 1978).  

Radiation damping, δr, describes the energy lost due to radiation from the bubble as 

acoustic waves and is described for a bubble at resonance by 

Figure 2.2  The linear oscillation of a UCA due to a low amplitude acoustic wave. 
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where c is the speed of sound in the surrounding medium.  For an air bubble in water, at 

frequencies of 1 MHz and higher, the damping from radiation is small compared to other 

contributions.  For air bubbles in water below 1 MHz, δr is approximately 0.014.  Viscous 

damping describes the energy lost due to the viscosity of the surrounding medium and is 

represented by the work done against the viscous forces at the bubble wall, 

 2
0 0

4
v R

μδ
ω ρ

= , (2.7) 

where µ is the dynamic coefficient of shear viscosity of the surrounding medium.  

Thermal damping (δt) takes into account the energy lost through thermal conduction 

between the gas and surrounding medium.  The mathematical description of thermal 

damping is quite lengthy and won’t be included here.  For an air bubble in water at 1 

MHz, thermal damping is δth≈0.07.  Incorporating these losses into the description of an 

oscillating bubble results in 

 0totm kε δ ε ε+ + = , (2.8) 

where δtot=δr+δv+δt. 

Further refinement of the description of an oscillating non-encapsulated bubble is 

accomplished by adding surface tension.  This development was performed by Rayleigh-

Plesset (Leighton 1994).  The Rayleigh-Plesset equation describes a spherical gas bubble 

of radius R0, floating in an incompressible fluid with hydrostatic pressure, p0, and acted 

on by a time-varying input pressure field, P(t).  The internal pressure of the bubble, pi, is 

made from the gas pressure and the liquid vapor pressure, pv, 
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where σ is the surface tension of the liquid and R=R(t) is the dynamic radius of the 

bubble.  The external pressure acting on the bubble is described as, 

 0 ( )ep p P t= + . (2.10) 

The overall Rayleigh-Plesset equation is 
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This equation is applicable to a single, spherically symmetrical free gas bubble in an 

infinite incompressible medium.  It also assumes the bubble radius is small compared to 

the acoustic wavelength, the density of the liquid is large compared to the gas, and the 

vapor pressure remains constant. 

The shortcoming of the Rayleigh-Plesset model in the description of UCAs is the 

lack of terms describing the UCA shell.  The presence of the UCA shell results in a stiffer 

microbubble compared to a free gas bubble of equal size.  This results in an increase of 

the resonance frequency of a UCA versus a free bubble.  The shell also dampens the 

oscillation amplitude.  A more detailed discussion of the modeling of an oscillating 

contrast agent will be covered in the subsequent section. 

In higher pressure sound fields, a bubble can expand with the sound field, but it 

cannot contract without limit because the volume of entrapped gas can only be 

compressed so far.  During these conditions, the UCA slowly expands to several times its 

initial radius during rarefaction, which is followed by a rapid contraction, but not 

collapse, during compression.  Thus, the bubble response becomes nonlinear as a 

function of time (depicted in Figure 2.3).  Nonlinearity leads to asymmetry and several 

harmonic frequencies.  The nonlinear response of an ideal bubble can be computed by the 

Figure 2.3  The nonlinear oscillation of a UCA due to a high amplitude acoustic wave. 
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Rayleigh, Plesset, Noltingk, Neppiras, and Portisky (RPNNP)-bubble model often 

referred to as a modified Rayleigh-Plesset equation (Lauterborn 1976).  This equation is 
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where µ is the shear viscosity of the medium.  Harmonic signals occur at multiples of the 

insonating frequency, with the second harmonic (twice the insonating frequency) having 

the highest amplitude.  These harmonics can be exploited in UCA enhanced imaging and 

for monitoring the nonlinear response of a bubble in experimental conditions. 

As the peak rarefactional pressure (Pr) is increased further, the bubble response 

may change and exhibit collapse.  Under these conditions the radius increases at a 

moderate rate during rarefaction; then it suddenly contracts, so rapidly that dR/dt 

approaches the velocity of sound.  The collapse portion of the oscillation is very rapid 

and can result in total collapse-disintegration.  For a shelled UCA, this violent collapse 

causes the shell to fragment, releasing the encapsulated gas that then possibly rebounds; 

rebounds can occur when a microbubble ruptures and generates daughter/free bubbles 

that can also oscillate and collapse.  The shell fragments and dissolves, as does the 

microbubble.  When the collapse phenomena occurs, Flynn (1964) refers to the activity 

as transient cavitation.  More recently this has been referred to as inertial cavitation (IC), 

because the UCA motion is dominated by the inertia of the inward rushing liquid. 

It has been shown for a range of conditions that IC occurs when Rmax, the 

maximum value the bubble radius reaches during an expansion, exceeds the equilibrium 

radius, R0, by a factor of two.  Thus, Rmax/R0>2 is used as a common predictor of the 

threshold for IC (Church 2005; Flynn 1975; Flynn & Church 1988).  The pressure 

threshold has been shown to increase with frequency (Ammi et al. 2006b; Chen et al. 

2003; Chomas et al. 2001; Giesecke & Hynynen 2003), increase with ambient pressure, 

decrease with temperature, increase with viscosity, and decrease with gas content 

(Coakley & Nyborg 1978).  Some studies have shown that pulse duration (PD) does not 

have an impact on the collapse threshold of the UCA (Ammi et al. 2006b; Wang et al. 

2006), whereas others have shown a weak effect (Church 2005; Haak & O'Brien 2007).  

Under some conditions, IC occurs during the first cycle of the driving field.  However, in 

other conditions the IC does not occur in the first cycle, but does so in the second, third, 
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or later.  For example, when f is 1 MHz, Rmax exceeds 2 R0 in the third cycle, but not 

earlier, for R0 in the range 2.8 to 3.9 µm and for p0 of 0.1 MPa (Flynn & Church 1988). 

IC is a relatively violent event which produces broadband acoustic noise, 

sonoluminescence (caused by excited electrons falling back into ground level), 

sonochemical effects (free radical generation), and mechanical effects (including erosion 

of material such as metal).  For nonlinear oscillation, harmonic and subharmonic signals 

were observed in the frequency response of the bubble.  For IC broadband acoustic noise 

is observed.  These broadband emissions are exploited in monitoring nonlinear oscillation 

versus IC. 

Either oscillation or inertial cavitation is a potential agent of change in biological 

systems.  Linear and nonlinear oscillations of the UCA lead to local steady flows that are 

termed microstreaming.  When the UCA is close to a cell, this microstreaming can lead to 

shearing motions on the cell membrane.  Nonlinear oscillation also produces the potential 

for liquid jets (also known as microjetting).  Liquid jets are formed as a result of the 

asymmetric behavior of the UCA in the presence of a pressure gradient near a surface, 

such as a cell.  These jets can then impinge on the cell membrane at high speeds.  Liquid 

jets provide increased transport of heat and gas by streaming and have the capacity to 

puncture the cell membrane, producing openings that could allow for the transport of 

extracellular material into the cell (Prentice et al. 2005).  The violent collapse of the 

bubble during IC produces many mechanical effects and chemical agents that could cause 

bioeffects.  Some of the consequences of collapse are mechanical shock waves, a bubble 

temperature that may reach thousands of degrees Kelvin (4,300-5,000 K) (Didenko et al. 

1999; Suslick 2001), microjetting, and free radical production (FRP).  FRP is caused by 

the dissociation of water vapor during contraction of the UCA and can mediate chemical 

changes. 

Clearly, the role of cavitation in sonoporation is complex and a more focused 

study involving UCA behavior is needed.  Determining whether linear oscillation, 

nonlinear oscillation, or IC plays a role in sonoporation is essential for determining the 

physical phenomenon producing this biological response.  Each of these UCA behaviors 

has the potential to produce numerous bioeffects, all of which have the potential to 

induce sonoporation.  Thus, establishing which UCA behavior is required for 
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sonoporation allows research beyond this project to focus on individual bioeffects 

resultant from that particular bubble behavior.  Figure 2.4 presents the numerous 

responses of UCA to US and the possible bioeffects, thus emphasizing the critical 

junction of IC versus oscillation of UCA in determining the mechanism for sonoporation.  

Studying the role of IC in sonoporation is an effective starting point because of the 

defined threshold at which this effect occurs, providing a point of comparison for 

sonoporation and IC. 

2.1.4 Modeling of an Ultrasound Contrast Agent 

Most UCAs are encapsulated in a shell.  The shell has two major effects on the 

oscillation and scatter of sound from the bubble.  First, the shell has the effect of 

increasing the overall mechanical stiffness of the UCA compared to a free gas bubble of 

equal size.  This causes the resonance frequency of the UCA to be higher than for the free 

bubble, and it limits the oscillation amplitude.  Secondly, the shell makes the UCA more 

viscous, which increases sound damping.  This causes more of the absorbed sound energy 

to be converted to heat instead of being reradiated.  Various models have been proposed 

to incorporate the influence of the shell on the oscillation behavior of the UCA (Church 

1995; de Jong 1993; de Jong & Hoff 1993; de Jong et al. 1992; Hoff et al. 2000; 

Marmottant et al. 2005; Morgan et al. 2000). 

Figure 2.4  The response of a UCA to US and the resulting behaviors and bioeffects. 
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Two primary modifications can be added to account for the extra damping of the 

shell and restoring force of the shell (de Jong & Hoff 1993; de Jong et al. 1992).  The 

shell viscous damping term, δs, represents the energy lost as the viscous shell absorbs 

energy while oscillating and is described by 
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where µs represents shell viscosity and dse is the shell thickness in equilibrium.  The 

damping from the viscosity of the fluid supplemented by the other sources of damping to 

gives the total damping parameter, 

 tot v r t sδ δ δ δ δ= + + + . (2.14) 

Another term for a shell-restoring force includes a shell elastic parameter, Sp.  The 

modified equation of motion after incorporated these modifications is 
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where pg0 is the initial pressure inside the bubble and ω0 is the center frequency of the 

excitation pressure waveform.  In this semiempircial approach, both Sp and δs for 

Albunex® are determined by measurement (de Jong & Hoff 1993). 

A more accurate description of the effects of the shell have been presented by 

Church (1995).  In this model air bubbles were enclosed in a solid, incompressible 

viscoelastic shell that changes thickness in proportion to the stretching of the dynamic 

radius.  Two shell parameters, the shear modulus (Gs) and the shear viscosity (µs), can be 

determined from measurements.  It is assumed that the shell reduces surface tensions at 

the shell-liquid interfaces, so surface tension is neglected.  This model assumes linear 

material properties but includes nonlinear geometry effects.  The Church model was 

simplified by Hoff et al (2000), assuming the encapsulating shell is thin compared to the 

UCA diameter, 
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where ρL is the density of the surrounding medium, R is the outer radius of the shell, 

pac(t) is the applied acoustic pressure field and µL is the shear viscosity of the surrounding 

medium. 

The Church model assumes small deformations of the bubble surface.  However, 

UCAs typically produce oscillations with large variations in the surface area.  Thus, the 

model used in this thesis will be that developed by Marmottant et al. (2005).  This model 

describes the behavior of a UCA, specifically with a phospholipid monolayer shell, 

located in a sound field.  The Marmottant model for bubble dynamics is  
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where σ(R) is the effective surface tension and κs is the shell surface viscosity.  The 

surface tension, σ(R) is expressed in terms of the bubble radius: 
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where χ is the elastic modulus of the elastic regime of the bubble, Rbuckling is the radius 

where below which the surface of the microbubble buckles, Rbreak-up is the radius above 

which the surface shell breaks up, described as Rbuckling(1+σwater/χ)1/2, σwater is the surface 

tension of water, and Rruptured is the radius after rupture, described as 

Rbuckling(1+σwater/χ)1/2. 

The Marmottant model incorporates the change in surface tension as the bubble 

oscillates.  The compression of the UCA decreases the surface area and the effective 

surface tension decreases sharply.  Further compression causes the monolayer to buckle 

out of plane, while the surface tension nearly vanishes.  Buckling can be reversible.  In 

contrast, a slow expansion separates molecules from each other; thus, surface tension 

rises.  As expansion continues a rupture in the phospholipd occurs, leaving rafts of solid 

phospholipid molecules separated by clean interfaces.  Then as the compression cycle of 
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the acoustic wave passes over the UCA again, the UCA decreases in size and the bubble 

cycle repeats. 

As a result of these models, the following UCA parameters were deemed to have 

an influence on the oscillation of the UCA: equilibrium radius, shell dilational viscosity, 

elastic compression modulus, and polytropic gas exponent for the core.  Additionally, the 

density, viscosity and surface tension of the surrounding medium are important.  These 

parameters change for the different UCAs, and thus the amplitude of oscillations and 

threshold for bubble collapse changes for each UCA as well. 

Up to this point the discussion of UCAs has involved dynamics of a single 

bubble.  However, in practice clouds of UCAs are typically used that consist of hundreds 

or thousands of UCAs in varying sizes.  These interactions between the bubbles are rapid 

and very complex.  The complex cavitation behaviors can be understood for single 

bubbles, but in multiple bubble situations additional features appear.  Little theory has 

been developed for multiple bubble systems.  Currently, two bubble systems have been 

looked at experimentally (Prentice & Campbell 2007) and high-speed camera 

observations suggest that dynamics of dense clusters of bubbles can affect bubbles in the 

cluster and nearby.  It is reasonable to assume that the threshold for onset of the various 

bubble responses will differ for multiple bubbles compared to a single bubble 

(Pishchalnikov et al. 2003).  A model developed by Hamilton et al. (2005) for bubbles 

applied to lithotripsy takes into account an arbitrary number of bubbles interacting in a 

cloud.  The numerical results suggest that pressure waves radiated by bubbles in the 

cloud can accelerate, retard, or even reverse the growth and collapse of other bubbles. 

2.2 Microstreaming Resulting from Contrast Agent Oscillations 

2.2.1 Theory 

A progressive sound wave creates a radiation force when the momentum 

transported by the acoustic wave changes with position in the medium.  It can occur at an 

interface between two media of different acoustic properties and also within a viscous 

homogenous liquid.  In a homogenous medium, the absorption of sound results in a 

spatial gradient of the acoustic energy and due to the conservation of momentum, a 

steady force results in the medium.  Acoustic streaming in the fluid medium results from 
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this radiation force.  The speed of the flow depends on the ratio of the lateral dimensions 

for the beam and vessel, and is proportional to the total power in the beam, assuming 

linear propagation (Eckart 1948).  The streaming speed at a given point can be computed 

from 
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where α is the absorption coefficient, U0 is the acoustic particle velocity amplitude, a is 

the beam radius, and µ is the shear viscosity coefficient of the medium (Nyborg 1953; 

Nyborg 1975; Piercy & Lamb 1954).  Acoustic streaming is likely to occur in any fluid-

filled space through which an ultrasound beam passes, if the dimensions of the space are 

not too small.  This means that a stirring action would be expected during an ultrasound 

examination.  This form of streaming occurs whether UCAs are present or not. 

Another form of streaming occurs near small obstacles in a sound field, a 

vibrating membrane, or a small sound source.  This streaming is termed microstreaming 

due to its microscopic scale.  The microstreaming associated with linear and nonlinear 

oscillating gas bubbles and UCAs are of particular interest in this thesis. 

The theory of an oscillating bubble assumes the bubble to be a simple source, 

generating a spherical wave (Elder 1959; Nyborg 1958).  Time-independent eddying 

motion is set up near an oscillating bubble, when it rests on a solid boundary.  This 

motion gives rise to microstreaming.  The streaming pattern consists of orderly patterns, 

often with symmetry about a vertical axis through the center of the bubble.  The patterns 

depend, for a given frequency, on the viscosity of the liquid and the amplitude of the 

bubble vibration (Elder 1959).  Associated with the microstreaming is a time-independent 

boundary layer set up near the surface, through interaction of oscillatory fluid motion.  

The boundary layer is characterized by the thickness Δ which is defined as  
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where f is the frequency, η is the shear viscosity of the medium, and ρ is the density of 

the medium (Coakley & Nyborg 1978). 

The streaming velocity UL is assumed to be zero at the rigid boundary, z=0, due to 

a nonslip condition.  The tangential velocity increases rapidly as you move away from the 
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boundary.  When z reaches a value somewhat in excess of Δ, a limiting velocity, UL is 

achieved.  According to the simple source theory, the limiting velocity, accurate up to the 

second order, at a distance r from the center of a hemispherical bubble of radius a, resting 

on a boundary is given by 
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where ξ0 is the displacement amplitude at the bubble surface.  At r=a, the limiting 

velocity becomes 
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At the surface of a semi-solid object, such as a biological cell, UL, is not zero, but differs 

from its value in the fluid (NCRP 2002).  The velocity gradient G associated with the 

microstreaming has its greatest value in the boundary layer and can be approximated as 

UL/Δ (Rooney 1970).  So at r=a, 
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The associated shearing stress is defined as ηG, thus we obtain, 
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The discussion above considered microstreaming set up near a vibrating gas 

bubble which rests on a solid boundary.  Lewin and Bjørnø (1982) used this model to 

calculate the shear stress associated with a pulsating bubble near a living cell by 

considering the cell as a solid boundary.  Detailed theory has been developed by a couple 

of groups for streaming velocities near a pulsating and translating bubble freely 

suspended in liquid, away from any boundary (Davidson & Riley 1971; Wu & Gonghuan 

1997).  It was shown that the pulsation mode contributes more to the streaming velocities 

than does the translational vibrations.  It was also shown experimentally and theoretically 

that microstreaming is most pronounced for a bubble undergoing volume resonance 

(Elder 1959; Wu & Gonghuan 1997).  When R0>>Δ, the streaming speeds near such a 

free bubble are much smaller than those near a bubble resting on a solid boundary.  

However, when R0 is comparable to Δ the streaming speeds for the two situations are of 
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the same order of magnitude (Davidson & Riley 1971).  The mean equilibrium radius for 

OptisonTM ranges between 3.0 and 4.5 µm and Definity® ranges from 1.1 to 3.3 µm.  If 

we assume the surrounding medium is water, Δ is 0.32 µm.  The equilibrium radius for 

both UCAs is approximately 10 times the boundary layer thickness, which is not 

sufficiently close to approximate a free UCA with a UCA attached to a boundary.  For 

the situation of a free bubble, the work to date has been confined to the theoretical realm; 

however new experimental setups that allow for the isolation and confinement of 

individual bubbles without altering its behavior provide the potential to experimentally 

study this case (Garbin et al. 2007). 

The preceding development was for unshelled bubbles; however this thesis 

involves the use of encapsulated UCAs.  It has been observed that vigorous 

microstreaming occurs near encapsulated microbubbles of UCA near a solid boundary 

(Gormley & Wu 1998), therefore a theory to describe microstreaming from oscillating 

UCAs is important.  Since the developed theory does not require input on the 

characteristics of the oscillating object, it can apply just as freely to a shelled UCA as 

long as the initial radius and surface displacement of the UCA is known. 

The microstreaming associated with bubble motion may be a biologically 

effective mechanism for ultrasonic bioeffects.  Suspended objects, such as cells or 

macromolecules, are carried in streaming orbit and may be brought momentarily into the 

boundary layer near a bubble once during each traverse of an orbit.  Here they are 

subjected to shear action and they may be distorted or fragmented by high shearing stress.  

Additionally, when a vibrating bubble is in a suspension of particles, the particles will 

tend to move towards the bubble, provided that the density of the particle exceeds the 

density of the suspending liquid (Miller 1988; Nyborg 1982).  Thus, a radiation force 

exists on each particle and is directed towards the center of the bubble and causes cells 

and other particles to migrate towards the vibrating bubble into a region of relatively high 

stress.  The subsequent section will look at these bioeffects in greater detail. 

Another aspect of microstreaming arises in plant tissue because of the presence of 

intracellular gas.  When the gas is set into vibration by an ambient ultrasonic field, it sets 

adjacent cell walls into vibration.  Because of this, microstreaming tends to occur within 

the cells bounded by these walls (Miller 1985; Miller & Thomas 1993b).  This case has 
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been extensively studied and while an interesting topic does not directly pertain to this 

thesis, therefore it will not be covered here. 

2.2.2 Known Biological Effects of Microstreaming 

Theoretical and experimental studies have shown that microstreaming near a cell 

boundary can adversely affect a cell membrane.  It is thought that when the UCA is close 

to a cell, this microstreaming can lead to shearing motions which impacts cell 

membranes.  The study of bioeffects due to microstreaming has largely included flow 

formation by longitudinally vibrating needles, transversely oscillating wires, or 

oscillating gas bubbles. 

A longitudinally vibrating needle at 85 kHz was dipped into a small exposure 

vessel containing a suspension of erythrocytes (Hughes & Nyborg 1962).  Rapid acoustic 

streaming was observed at the tip of the needle.  The cells were broken by shearing due to 

the eddying motions and the amount of released hemoglobin increased rapidly with 

increasing amplitude above 2 µm.  The protozoan Tetrahymena pyriformis, exposed 

under the same conditions, displayed varying degrees of injury depending mainly on the 

amplitude, as did the bacteria Escherichia coli.  It was observed that cells were violently 

distorted as they entered the region of highest streaming speeds near the needle tip and 

that the contents of cells tended to move in a circular manner relative to the cell motion.  

Another study noted similar observations for the algae, Nitella, onion skin, and other 

tissues (El'Piner et al. 1965).  Williams (1981) applied an 85 kHz horn tip in vivo to a 

mesenteric blood vessel in the mouse.  Intravascular microstreaming was observed and 

resulted in thrombus formation within the intact blood vessel. 

A transversely oscillating wire setup was developed by Williams et al. (1970) to 

study the microstreaming shear stress on cells.  When the wire was applied to a 

suspension of erythrocytes a well defined critical stress for hemolysis was observed (560 

Pa at 20 kHz).  It was found that leucocytes could lyse from a 20 kHz oscillating wire at a 

relatively low amplitude of 8 µm which corresponded to a shear stress of 500 dynes/cm2 

(Crowell et al. 1977).  When the oscillating wire was applied to human platelet-rich blood 

plasma, serotonin was released from platelets even at relatively low amplitudes 

corresponding to shear stresses of 800 dynes/cm2 (Williams 1974). 
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Evidence of intracellular microstreaming was found in electron microscope 

studies of cells exposed to a transversely oscillating wire in the form of disruption of 

normal intracellular organization.  An oscillating wire driven at 20 kHz for 5 minutes was 

used to produce microstreaming near mouse ascites carcinoma cells and amoebas 

(Williams 1971).  The cell membranes of the amoebas were mechanically disrupted 

above a shear stress on the order of 800-1000 dyn/cm2.  Below this threshold the shear 

stress caused intracellular streaming, which was evident by dissociated fragments of 

endoplasmic reticulum located in one region of the cells forming a “whorl” of concentric 

filaments.  No such whorl formations existed in unexposed samples.  It was suggested 

that intracellular streaming was induced before disruption of the cell membrane.  

Following membrane disruption, the cell contents were dispersed.  Ameobas move by 

protoplasm and as such have a low intracellular viscosity, else movement would be 

impeded.  Acites carcinoma cells, on the other hand, have a high intracellular consistency 

and a well-developed system of intracellular membranes.  The ascite cells required shear 

stresses four times that of the amoeba to disrupt the cell membrane.  Additionally, 

following disruption, the intracellular contents still remained attached to each other. 

Thus, intracellular streaming did not occur in the ascites cells.  These observations led to 

the conclusions that the mechanical strengths of the individual plasma membranes and 

the complex forces responsible for intracellular architecture determined the fate of cells 

exposed to sonically induced microstreaming.  Additionally, microstreaming from a 

transversely vibrating Mason horn demonstrated reparable sonoporation in Jurkat 

lymphocytes.  A threshold shear stress occurred at 12±4 Pa for a 21.4 kHz and 7 minute 

exposure (Wu et al. 2002). 

The study by Williams also mentions a sublethal damage to ascites cells below 

the threshold for membrane disruption that was consistent with a change in membrane 

permeability (Williams 1971).  This is the first mention of sonoporation in the literature, 

although that term was not coined yet.  Williams showed in a later paper that ascites cells 

sheared below the threshold for membrane rupture were similar in appearance to control 

cells except their mitochondria were several times larger and the cells themselves were 

somewhat larger (Williams 1973a).  This suggests that intact sonicated cells take up 
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water/saline either during or soon after sonication, causing the whole cell to increase in 

size.  Thus, sonication resulted in a permeability change of the cell membrane. 

Hughes and Nyborg introduced the first experimental setup for creating 

sustainable bubbles and observing bioeffects due to their low amplitude oscillations 

(Hughes & Nyborg 1962).  Their setup consisted of a brass probe drilled with 

approximately 50 holes slightly smaller than a resonant bubble and during low amplitude 

oscillations of the probe, bubbles grew and became trapped in those holes.  This new 

probe was capable of disrupting Escherichia coli at much lower amplitudes than a 

comparable probe without holes.  It was noted that at these levels no collapse was 

observed among the bubbles and free radicals formation did not occur (the threshold for 

collapse to occur and free radical formation was an amplitude of 1.3 µm).  Rooney (1970) 

used a single hemispherical bubble, in a 20 kHz field and a stabilizing solution of 0.31 P 

viscosity dextran.  The hemolysis resulting from treatment of erythrocyte suspensions 

occurred at a threshold of 4500 dynes/cm2 (450 Pa).  Williams and Miller (1980) studied 

the release of ATP from cells subjected to the localized ultrasonic exposure at 

micropores.  Measurable release occurred for relatively low incident exposure levels for 

platelets, erythrocytes, and white cells.  Also, under single-bubble controlled conditions 

(10 kPa at 180 kHz), Marmottant and Hilgerfeldt (2003) demonstrated experimentally 

that linear microbubble oscillations were sufficient to rupture unilamellar lipid 

membranes due to large velocity gradients. 

Hughes and Nyborg (1962) showed that large polymers, such as DNA, were 

broken down by liquid shear produced by oscillating bubbles below the collapse 

threshold.  Free radical production was absent, thus it was thought breakdown occurred 

via breaks across the phosphate-sugar background.  Free radical attacks would break the 

hydrogen bonding between bases.  Pritchard et al. (1966) studied hemolysis and DNA 

degradation in a setup similar to Hughes and Nyborg.  They found, that at 20 kHz, 

degradation of DNA in solution occurred at lower treatment levels than were required for 

hemolysis, and was attributed to tensile forces on the long molecules developed in 

shearing flow near the active bubbles.  Table 2.1 (modified from Miller 1987) presents 

the values of critical shear stress required to lyse blood cells found in several studies 

using a variety of exposure methods. 
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Several parameters have been shown to influence the degree of bioeffects 

produced by microstreaming.  The threshold intensity for hemolysis decreased with 

increasing temperatures (above 40 oC) at all frequencies studied and for both an 

oscillating wire and bubble (Rooney 1972a).  Between 23 and 40 oC the threshold 

remained fairly consistent.  Rooney also showed that there is an upper limit to the 

viscosity of the medium in that solutions of high viscosity prevent adequate transport of 

cells into the region of the bubble (or wire if that is the experimental setup being used).  

Time of exposure and the level of shear stress have an inverse relationship; as the time of 

exposure is decreased the greater the threshold for bioeffects (in this experiment 

sonoporation) (Wu et al. 2002).  It is also interesting to note that the rate of sample 

treatment can be increased by increasing the number of sources of acoustic streaming.  

Rooney compared two cases: one or two bubbles introduced into the sample (Rooney 

1972a).  It was noted that the threshold amplitude (17 micron bubble oscillation 

amplitude) was the same for the two bubbles as the singe bubble.  Secondly, the slope 

(hemoglobin release verses bubble oscillation amplitude) was 1.7 times higher for 2 

bubbles as for one. 

Experimental studies concerning microstreaming from UCAs are limited to a 

single study.  Bovine endothelial cells in a monolayer were exposed to 1-MHz US at a Pr 

of 0.4 MPa for 5 seconds in the presence of the UCA, BR14, and experienced 

deformation caused by the vibrating UCAs (van Wamel et al. 2006).  These cells became 

locally permeable to small cell-impermeable extracellular molecules only for the short 

Table 2.1  Values of critical shear stress required to lyse blood cells (mostly erythrocytes) with 

varying duration of shear.  Adapted from Miller (1987) 

Reference 
Critical shear 

stress d/cm2 

Duration of shear 

sec 
Method 

Williams (1973b) 420, 590, 860 600, 300, 60 viscometer 

Leverett et al. (1972) 1,500 100 viscometer 

Brown et al. (1975) 100 300 viscometer (platelets) 

Rooney (1970; 1972a) 4,500 1.3 x 10-3 oscillating bubble 

Bacher & Williams (1970) 5,000 2.0 x 10-2 capillary flow 

Williams et al. (1970) 5.600 5.0 x 10-4 oscillating wire 

Coakley et al. (1977) 30,000 4.5 x 10-4 capillary flow 

Bernstein et al. (1967) 60,000 3.0 x 10-5 jet 
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period of bubble vibration.  It was shown that during insonation, the cell membrane was 

deformed in a smooth curve-shaped manner due to the pushing and pulling behavior of 

the oscillating microbubbles.  Every UCA showed oscillations but not every cell was 

close enough to the UCA to experience deformation.  It was suggested that once a critical 

shear force was reached due to microstreaming, pores formed in the membrane by the 

tearing of the lipid bilayer.  The experimental observations suggest that these pores could 

only exist as long as the vibrating microbubbles and ultrasound field are present, because 

permeabilization decayed after the ultrasound field was switched off.  Unique to this 

study was that they were able to visually observe the UCAs and the cells during exposure 

and verified that liquid jets did not occur prior to permeabilization. 

The experimental work presented above revealed that shearing flow can deform 

cells and large molecules, sometimes irreversibly.  Rooney (1972a) verified that it is 

indeed the microstreaming due to an oscillating bubble or wire that is producing these 

bioeffects, not the bulk acoustic streaming caused by the ultrasound wave.  Therefore, 

microstreaming due to the oscillation of UCAs in a sound field could cause the cell 

membrane permeability changes observed in sonoporation. 

2.3 Liquid Jets 

2.3.1 Theory 

Liquid jets are formed as a result of the asymmetric behavior of the UCA in the 

presence of a pressure gradient near a surface, such as a cell.  These jets have the 

potential to impinge on the cell membrane at high speeds.  Liquid jets provide increased 

transport of heat and gas by streaming and have the capacity to puncture the cell 

membrane, producing openings that could allow for the transport of extracellular material 

into the cell (Ohl & Ikink 2003; Prosperetti 1997).  Liquid jets can form in either the 

nonlinear oscillation regime of UCAs or during IC.   

When a bubble near a boundary undergoes contraction due to an US wave, this 

contraction will be asymmetrical.  Pressure contours show that the maximum pressure 

occurs on the axis above the bubble on the side opposite the rigid boundary (Blake & 

Gibson 1987).  A high-speed liquid jet may form that projects through the bubble toward 

the boundary, pulling a slight volume of the bubble content along (Postema et al. 2004).  
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The velocity of the upper bubble wall exceeds the velocity of the lower wall to conserve 

the impulse of the bubble/fluid system.  Consequently, the fluid volume above the bubble 

is accelerated and focused during collapse, leading to the formation of a liquid jet 

directed toward the boundary.   

It has been shown that jet formation is a bit chaotic and shows some irregularities 

near the threshold (Prosperetti 1997).  Brujan et al (2001) showed that for unshelled 

bubbles produced by a laser, the jetting behavior is quite varied, when it occurred at all.  

The liquid jet formation could be towards or away from the boundary, or formation of an 

annular jet resulted in bubbles splitting and subsequent formation of two very fast axial 

liquid jets flowing in opposite directions.  Due to these irregularities, it is unlikely that 

liquid jets could be wholly responsible for published sonoporation trends. 

Microjet formation and characteristics depend on the initial kinematic state of the 

bubble and the environment around the bubble (Blake & Gibson 1987; Chahine & Bovis 

1980).  Nondimensional stand-off is defined as the distance of the initial location of the 

bubble from the boundary scaled by the initial bubble radius and is denoted by γ.  Free 

floating bubbles did not exhibit the asymmetric behavior of liquid jets (Chahine & Bovis 

1980; van der Meer 2007).  For γ>1, an axial liquid jet directed away from the boundary 

was formed (Brujan et al. 2001).  For intermediate γ-values, an annular jet forms that 

leads to two very fast axial jets directed opposite to each other (Brujan et al. 2001).  

Though, in this case the liquid jet is strongly decelerated by the water layer between 

bubble and boundary and the impact velocity of the jet at the boundary is much lower 

than the maximum velocity of the jet.  When the bubble is located near a rigid boundary, 

the migration of the bubble during collapse and the jet flow are both directed toward the 

boundary and, as a result, increase the damage range in this direction (Brujan 2004).  

Only for small values of γ does the bubble touch the rigid boundary at the moment of first 

collapse and the jet-induced damage of the nearby boundary become likely.  It is 

important to note, however, that depending on the elasticity of the boundary the jet 

directions differ from those described above (Brujan et al. 2001). 

Few experimental studies have been conducted with bubbles on or near on 

flexible boundaries.  One might expect a response between those of the two extremes of a 

rigid boundary and a free surface.  Physically, the flexible boundary can extract energy 
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from the fluid motion that may be dissipated within the boundary or an elastic restoring 

force that can inject momentum back into the liquid (Blake & Gibson 1987).  The 

characteristic time scale of the flexible boundary is central to the response of the 

cavitation bubble.  For a 16 mm bubble near a stretched vulcanized-rubber sheet with air 

backing, the expansion was similar to expansion adjacent to a rigid surface (Blake & 

Gibson 1987).  During the collapse phase, the bubble collapses more rapidly compared to 

a rigid boundary and develops an hourglass shape.  When a bubble oscillates near a 

polyacrylamide (PAA) boundary with large elastic modulus (E=2.03 MPa) the liquid jet 

formed during the bubble collapse is always directed towards the boundary but 

penetration into the PAA sample does not occur (Brujan et al. 2001). Penetration of the 

elastic boundary by the liquid jet is observed for PAA samples with an intermediate E, 

between 0.12 and 0.4 MPa (Brujan et al. 2001).  For a boundary with small elastic radius 

(E<0.02 MPa), the liquid jet is always directed away from the boundary.  It is interesting 

to note that in the range of 0.12 MPa ≤ E ≤0.4 MPa and small γ-values, the PAA material 

is ejected into the surrounding liquid due to the elastic rebound of the sample surface.  

The sample surface was deformed during bubble expansion and forms a PAA jet upon 

rebound. 

These studies have led to the conclusions that for stiffer boundaries, the bubble 

behavior is mainly characterized by the formation of an axial liquid jet and bubble 

migration directed towards the boundary, as if the bubble were adjacent to a rigid wall.  

For softer samples, the bubble behavior becomes similar to that in a liquid with infinite 

extent (Brujan et al. 2001). 

To this point the studies cited were looking at single bubbles.  It is expected 

bubbles in a cloud will have different conditions for the onset of liquid jets.  Perturbations 

in the bubble cloud (jets, hydrodynamic flows, pressure waves) may distort spherical 

symmetry of bubbles (Pishchalnikov et al. 2006).  As a result, bubbles collapse 

asymmetrically, such that the formation of jets is visible at the very beginning of the 

collapse.  Neighboring bubbles in a cloud were often seen to emit microjets toward their 

mutual boundary or center of gravity (towards each other).  It was also observed that 

cavitation clouds exhibit concerted collapse, that is, collapse initiates at the periphery and 

proceeds towards the center of the cloud.  It was suggested that collapse of the outer 
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cavities creates an additional constant pressure on the bubble cloud, thus intensifying the 

collapse of the other cavities, making the collapse of bubble in the center extremely 

intense.  Threshold conditions for liquid jets occurring in clouds of bubbles are unknown. 

Plesset & Chapman (1970) developed a numerical model to obtain an 

approximate description for a nonspherical bubble collapse near a solid boundary.  It was 

assumed that initially the bubble was spherical, at rest at the initiation of collapse, and 

nearly empty, containing only a small amount of vapor.  The jet developed so early in the 

bubble collapse history that compressibility effects in the liquid and the vapor are not 

important and could be neglected.  Calculations were stopped when the liquid jet reached 

the opposite wall of the bubble since the assumption of incompressibility was no longer 

valid.  They also neglected viscosity in the liquid and any other extraneous asymmetric 

effects, such as gravity. 

The solution to this problem is quite extensive and as such the reader is referred to 

Plesset & Chapman (1970) for a detailed description.  Briefly, because the flow is 

irrotational, the velocity vector v can be written in terms of a velocity potential φ.  The 

change in potential of a free surface point was approximated by  

 21
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where φ is a velocity potential, Δp=p∞-pv with p∞ as the ambient pressure and pv is the 

vapor pressure inside the bubble.  As a result of the aforementioned assumptions, the 

solutions are characterized by the single parameter b/R0 where b is the initial distance 

from the plane wall to the center of the bubble and R0 is the initial radius of the bubble.  

Velocities are independent of the size of the bubble and are scaled like (Δp/ρ)1/2. 

Two cases were simulated, a bubble initially in contact with the wall, and a 

bubble initially half its radius from the wall at the closest point (Plesset & Chapman 

1971).  The results of these simulations are found in Figure 2.5.  For a bubble in contact 

with the wall, the solid wall influenced the bubble early in the collapse chiefly by 

reducing the upward motion of the lower portion of the bubble.  As a result the bubble 

becomes elongated in the direction normal to the wall.  For a bubble near a wall 

(distanced half the bubble radius from the wall), the bottom of the bubble still moves 

upwards towards the bubble center, but since this upward motion is reduced, the centroid 
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of the bubble moves towards the wall displaying the Bjerknes effect.  As the bubble 

acquires kinetic energy, this energy is concentrated in the upper portion of the bubble, 

which eventually flattens and forms a jet.  Once the jet is formed, the speed of its tip 

remains very constant.  The shapes of the two cases appear quite different because the 

bottom of the bubble must remain in contact with the solid wall in the first case, but is 

allowed mobility in the second case.  In the second case the jet speed is somewhat larger 

than the speed in the bubble on the wall; however the final jet must pass through the 

liquid for a distance more than five times its diameter before it reaches the solid wall.  

Therefore, it seems that the jet in the first case, which strikes the wall directly, seems the 

more capable of damage even though the jet speed is lower.  The applicability of this 

numerical model has been verified by experimental studies (Lauterborn & Bolle 1975). 

Hamilton et al (2005) extended the Plesset & Chapman model to describe the 

interaction of an arbitrary number of bubbles interacting in a cluster near a rigid surface.  

This model is applied to lithotripsy and therefore not a good model for exposures in the 

diagnostic ranges.  Since this model is not directly applicable to the exposure conditions 

of sonoporation it won’t be discussed here. 

Figure 2.5  The results of simulations tracking the surfaces of bubbles exposed to ultrasound, 

performed by Plesset and Chapman (1971).  The left image represents a bubble initially in contact 

with the wall and the right image represents a bubble initially half its radius from the wall. 
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The studies and numerical model described above apply to unshelled gas bubbles.  

UCAs contain a shell that has been shown to impact the behavior of the UCAs compared 

to free bubbles.  Using the UCA Quantison, Postema et al (2004) visualized microjet 

development.  The UCA was exposed to an eight-cycle 1.7-MHz pulse at a peak 

rarefactional pressure of 2 MPa.  The jet traveled a length of 26.2 µm in 0.33 µs, giving 

an average jet velocity of 79.4 m/s.  They only observed 2 such occurrences of a jet 

during their study, so no information regarding the exposure parameters to induce jets 

was determined, only that they were possible with shelled UCAs. 

2.3.2 Bioeffects due to Liquid Jets from Oscillating Gas Bodies 

Liquid jets provide two logical pathways for potential impact on a biological 

material, direct jet penetration into the membrane and formation of a jet consisting of 

elastic material directed into the surrounding medium.  Liquid jet penetration into the 

material requires that the pressure generated by the impact of the liquid jet is sufficiently 

high to overcome the yield strength of the boundary material.  A jet of speed, v, directly 

striking a solid boundary produces an initial pressure given by the water hammer 

equation (Plesset & Chapman 1971), 
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where ρ1, c1, and ρ2,c2 are the respective densities and sound velocities in the jet and the 

impacted material.  Usually ρ2c2 is large compared to ρ1c1 producing the approximation 

 1 1WHp c vρ≈ . (2.26) 

The impact pressure can be up to three times higher when the jet tip is round or conical 

(Lesser & Field 1983).  The threshold value of the water hammer pressure required to 

produce a macroscopically visible penetration of a PAA sample lies somewhere between 

7.5 MPa and 60 MPa (Brujan et al. 2001). 

The duration of the water hammer pressure is given by the time required for the 

relaxation wave to travel from the periphery to the centre of the jet (Brujan et al. 2001).  

It amounts to only 10 ns for a jet diameter of 30 µm.  Afterwards the PAA is affected by 

the dynamic pressure, 
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which lasts for several microseconds.  A deep penetration of a PAA sample can probably 

only occur when both the water hammer pressure and the longer lasting dynamic pressure 

of the jet flow exceed the PAA material strength.  This assumption was supported by the 

observation that the sample was not damaged when impacted by a jet with a velocity of 

10 m/s which produced a dynamic pressure of only 0.05 MPa, even though the water 

hammer pressure at this jet velocity exceeded the yield strength by a factor of 14. 

Free gas bubbles, with radii between 7 and 55 µm, exposed to shock waves to 

induce jetting phenomenon revealed that with increasing bubble radius, the length of the 

jet tip increases and a lower estimate of the averaged jet velocity (Ohl & Ikink 2003).  

UCAs are typically smaller than 7 µm, thus it can be predicted that while high jet 

velocities will be produced, the length of the jet tip will be very small.  So in order to 

impact the cell membrane the UCA will have to be extremely close or touching the 

membrane.  In the case where both the Bjerknes force and the buoyancy force are acting 

in the same direction, the jet develops much earlier in the collapse phase, leading to a 

premature collapse of the bubble where only slow jet speeds are predicted (Blake & 

Gibson 1987).  The premature collapse of a bubble will lead to a weak jet, which supports 

the view that only an extremely small percentage of cavitation bubbles are potentially 

damaging. 

Brujan et al. (2001) observed that PAA material can be ejected into the 

surrounding liquid due to the elastic rebound of the sample surface that was deformed 

during bubble expansion and forms a PAA jet upon rebound.  For γ≈0.4, a strong 

interaction between bubble and elastic boundary takes place and leads to erosion or 

ablation of the PAA sample over a large range of the elastic modulus (0.124<E<1.04).  

However, the PAA jet formation is not reliable at this threshold for γ.  PAA samples of 

high stiffness were hardly deformed by the tensile stress exerted during bubble collapse.  

It seems reasonable that a cell membrane could be deformed in the same manner, 

producing membrane instability. 

Published reports that have rigorously examined the bioeffects of liquid jets are 

scarce and none replicate the situation in this study.  Liquid jets may be sufficiently 
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forceful to erode metals, and so it is not surprising that cells encountering such violent 

bubbles are lysed (although it has not been established that jets may form as a result of a 

cell-bubble encounter).  Kodama and Takayama (1998) investigated the interaction of 

shock waves with bubbles attached to a variety of surfaces.  They observed that liquid 

jets due to oscillating bubbles are capable of penetrating into rat livers and the penetration 

depth of the liquid jet rapidly decreased with decreasing equilibrium radius of the bubble.  

The smallest bubble examined had a radius of 100 µm, while OptisonTM has an even 

smaller mean radius of 2 to 4.5 µm. 

Cervix cancer cells (HeLa) grown in a monolayer were exposed to shock waves 

(Ohl et al. 2006).  The shock waves produced bubbles with radii of approximately 0.6 

mm in the media, which subsequently underwent collapse.  They found that disk-shaped 

areas of cells in the region of the bubbles were detached from their substrate following 

bubble collapse.  This detachment caused the death of the cells.  Cells in a ring adjacent 

to the detached cells, while still attached, were nonviable.  Cells in an outer ring 

underwent sonoporation, but were still viable.  It was concluded that liquid jets from the 

collapsing bubbles caused the detachment and cell death of the cells in contact to the jet.  

Cells further away that were sonoporated were impacted by the flow produced by the jet 

and the resulting shear produced the membrane permeability.  When the UCA Levovist 

was added many more bubbles were nucleated.  Instead of circular sites of detachment, 

they found scattered sites of drug delivery with a few cells involved and no detached 

cells.  The UCA is much smaller than the free bubbles in the solution; therefore it is not 

unexpected that the same large-scale damage to cells does not occur in the case of UCA.  

However, it is not known from this study if the UCA sonoporation results are due to a 

similar liquid jet-induced microstreaming mechanism as the free bubbles. 

Prentice et al. (2005) provided evidence that microjets from shelled microbubbles 

can produce pits on the surface of a cell membrane.  Yet, they do not show that 

macromolecules are able to pass into the cell through those pits.  Additionally, it was 

concluded that the extent of those microjet-induced pits would suggest that lysis of the 

cell was inevitable.  The exposed sonoporated cells in this thesis do not undergo 

increased lysis. 
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Literature has shown that microjets do have the potential to impact cells on a 

tissue level and an individual cell level, and as such could contribute to sonoporation.  

However, very little is known about the thresholds for producing liquid jets and the 

physical description of liquid jet formation for UCAs is nonexistent.  Due to the known 

irregularities of liquid jet formation, it is unlikely to be the dominant mechanism for 

producing sonoporation. 

2.4 Inertial Cavitation 

2.4.1 Theory 

Inertial or transient cavitation refers to the rapid growth and violent collapse of a 

bubble.  The collapse portion of the oscillation is very rapid (and can result in total 

collapse disintegration).  The collapse can be violent, leading momentarily to a pressure 

of hundreds of MPa within the gas, orders of magnitude greater than the acoustic 

pressures that stimulated the bubble, and internal temperatures in thousands of Kelvin.  

The violence of the collapse results from the rush of water toward the bubble center; this 

inward rush is maintained by the inertia of the surrounding liquid, in spite of increasing 

gas pressure.  Bubble collapse of this kind is referred to as inertial cavitation. 

With the assumptions that the liquid is incompressible and inviscid, conservation 

of momentum gives Rayleigh’s equation (1917), which can be written in the form: 
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where R is the radius of the bubble, U=dR/dt, ρ0 is the equilibrium density of the liquid, 

P(R) and P∞(t) are the total pressure at the surface of the bubble and at infinity, 

respectively.  In this form, it can be seen that two quantities, different in nature, drives the 

bubble.  Flynn (1964) referred to these as the pressure acceleration function (PF) and the 

inertial acceleration function (IF); they are given by, 
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Except when U=0, as at the time of maximum expansion, the IF is an inward 

acceleration.  The PF is an inward acceleration at maximal expansion.  But as the bubble 

collapses PF becomes a very large outward acceleration that eventually arrests the 

collapse. 

When the right hand side of equation 2.29 is dominated by PF, the oscillation of 

the bubble is relatively small.  If the IF function dominates, inertial cavitation occurs.  It 

has been shown, for a range of conditions, that IC occurs if the largest value (Rmax) of the 

bubble radius during its oscillation is comparable to or greater than two its equilibrium 

value (R0) (Flynn 1975).  As an approximate predictor of the threshold for inertial 

cavitation, the criterion Rmax/R0>2 has been proven to be useful for a wide range of 

conditions. 

Apfel and Holland (1991) calculated the conditions for the inertial cavitation 

threshold.  They estimated the minimum pressure threshold, popt, as  

 0.245opt cp f≈ , (2.31) 

where the center frequency is in MHz.  This threshold equation led to the definition of a 

mechanical index (MI) (AIUM/NEMA 1998) to estimate the likelihood of inertial 

cavitation with an intervening tissue path,  

 .3rPMI
f

= , (2.32) 

where Pr.3 is the maximum axial value of rarefactional pressure measured in water, pr(z), 

and derated along the beam axis, z, by an in situ exponential factor,  

 ( ) 0.0345
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In the United States, the recommended maximum for MI is 1.9. 

Published values of cavitation thresholds display a large degree of variation.  It is 

generally agreed that the threshold is frequency dependent.  The threshold tends to 

increase with frequency, increase with ambient pressure, decrease with temperature, 

increase with viscosity, and decrease with water content.  In this thesis, we will use the 

criteria of Rmax/Ro>2 as the criteria for collapse.  The peak rarefactional pressure to meet 

that condition is then cited as the pressure threshold for collapse. 
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The violent collapse of the bubble during IC produces many mechanical and 

chemical agents that have the potential to cause bioeffects.  Mechanical shock waves can 

be produced.  At collapse, the temperature of the bubble may reach thousands of degrees 

Kelvin (4300-5000 K) (Didenko et al. 1999; Suslick 2001), an increase capable of 

inducing thermal injury.  Free radical production (FRP) of H+ and OH-, caused by 

dissociation of water vapor during the contracted part of the cycle, can mediate chemical 

changes.  Additionally, liquid jets can be produced during IC.  IC also produces: 

broadband noise (acoustic) and sonoluminescence (light emission).  Detection of this 

sonoluminescent light has been used as evidence that IC has occurred.  It is assumed that 

after a collapse event the bubble disintegrates, possibly by fragmenting into 

microbubbles. 

2.4.2 Known Bioeffects Mediated by Inertial Cavitation 

There are three general mechanisms for bioeffects of IC in vitro: (1) enhanced 

heat production, (2) mechanical action, and (3) production of free radicals and/or other 

sonochemicals.  According to NCRP (2002), much of the literature in the bioeffects area 

are of little use in understanding basic mechanisms of action.  So this section will cover 

some bioeffects observed and when possible note on the mechanism. 

At the moment of violent inertial collapse, temperatures within the bubble may 

reach several thousands of degrees.  In most studies of the effects of ultrasound on cell 

suspensions, however, the highly localized heat production near bubbles is rapidly 

dissipated through convection (Brayman & Miller 1993; Miller et al. 2003b; NCRP 

2002).  In gels, however, the presence of bubbles can contribute significantly to the 

temperature elevation in the exposed sample.  When biological samples have been shown 

to be heated during exposure, the usual source of the excess heating has been from 

absorption of sound by the container.  Brayman and Miller (1993) noted that for an 

insonated polystyrene exposure vessel containing physiological saline and set within a 

large water bath, the vessel walls absorbed a small amount of energy which was 

converted to heat, leading to increased partial degassing of the medium.  However, the 

thermal effect is, even under these conditions, very small and may be totally absent in 

other containers providing minimal acoustic absorption. 
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Most cells in the human body are not in a suspension configuration, thus this 

thermal effect may play a more significant role in tissues.  Hynynen (1991) found that 

inertially cavitating bubbles increases the energy absorption in dog thigh muscle tissue in 

vivo at the focal zone of a 1 MHz focused ultrasound beam as measured with an 

embedded thermocouple.  This was indicated by a significant increase in the temperature 

(as much as a 40 oC rise).  Below the IC threshold a smooth temperature rise during the 1 

second pulse occurred, but above the threshold a unique, significant increase in the 

temperature was observed.  This thermal phenomenon was associated with a strong 

emission of broadband noise.  In addition strong echoes appeared in ultrasound images 

during the pulses that created the noise emission and thermal effect.  They concluded the 

increase in the temperature of the tissue was due to IC of bubbles. 

FRP is caused by the dissociation of water vapor during contraction of the UCA 

and can mediate chemical changes.  Given the production of sufficient concentrations of 

sonochemicals, such as hydrogen peroxide (Miller & Thomas 1994), cell death and lysis 

from this mechanism might be expected.  However, the literature suggests that 

sonochemicals have a limited ability to produce damage to cells. 

Miller and Thomas (1993a) noted that, at 1.6 MHz, hydrogen peroxide 

production, a measure of FRP, and hemolysis had approximately the same ultrasound 

intensity threshold.  However, the conditions producing 100% lysis after 1 min exposure 

yielded only about 10 µM of H2O2 after 30 min of exposure.  For comparison, cell killing 

by H2O2 exposure, which appears to result from lethal DNA damage rather than direct 

membrane damage, requires concentrations of the order of 1 mM (Prise et al. 1989).  In 

another study, Clarke and Hill (1970) considered the possibility that short lived radicals 

might have influenced their mouse lymphoma cells when exposed to cavitation in a 1 

MHz field.  They concluded that while prolonged sonication of the medium can 

eventually reduce its ability to support cells this effect was insignificant in the short 

irradiation time required to kill 99% of the cells.  Kondo et al (1988) noted that cell lysis 

was the same for different dissolved gases, which produced a wide range of free radical 

formation and concentration, and concluded that lysis was primarily a mechanical 

phenomenon.  The common experience of the above authors was that cellular damage 
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due to exposure to IC conditions in was due to the associated mechanical forces, not 

damage from chemical agents.   

FRP has also been shown not to be required for transfection (Lawrie et al. 2003).  

FRP occurred in a solution with OptisonTM and exposed to 956 kHz US at a pressure of 2 

MPa.  Greater than a two-fold increase in FRP was observed compared with exposure 

without OptisonTM.  This increase in FRP, however, did not correlate with the increase in 

transgene expression of porcine vascular smooth muscles cells that occurred in the 

presence of OptisonTM, a 10- to 20-fold increase compared with no OptisonTM.  

Additionally, FRP was practically eliminated for a lower exposure at 1 MPa, for which 

the transfection efficiency was retained.  Therefore, FRP does not cause a permeability 

change in a cell membrane. 

The chemical modification of many molecules of biological interest has been 

reported.  These reports have been comprehensively reviewed by Él’piner (1964).  These 

molecules included benzene, aldehydes, biopolymers, enzymes, fibrous proteins 

(collagen, keratin), and DNA.  Thacker (1974) found that mitochondrial DNA from yeast 

cells showed in increase in mutation frequency after exposed to cavitation.  The mutation 

increase was present under experimental conditions which led to a temperature increase 

or build up of sonochemical products.  Fu et al. (1979) noted that free radical scavenger 

cysteamine increased cell survival following exposure to 1.1 MHz ultrasound, although 

cell lysis was unaffected.  It was found that protective effects resulted from cysteamine, 

which permeates the cells, but not from cysteamine, which does not enter cells (Armour 

& Corry 1982; Inoue et al. 1989).  The interpretation of these results was that since 

penetrating scavengers also protect against the effects of hydrogen peroxide,  Hydrogen 

peroxide must have been generated in the medium due to the FRP, diffuse to and 

penetrate the cells, and produce intracellular free radicals (Mello Fikho & Menghini 

1984; Miller et al. 1991a). 

To summarize, the presently available information suggests that the free-radical 

component of inertial cavitation can affect survival of nonlysed cells, but cell lysis 

appears to be due primarily to mechanical membrane damage.  Therefore, FRP does not 

appear to adversely impact the cell membrane, and as such does not play a role in 

sonoporation. 



 

 41

The most problematic IC mechanism to study is the bioeffects produced due to 

mechanical stresses applied to cells.  Coakley et al. (1971) discuss the difficulties 

associated with deciding if cell death in a culture exposed to cavitation has resulted from 

cavitation, or some other interaction. 

Cell suspensions examined after exposure to cavitation display a range of degrees 

of damage from complete disruption to undamaged cells.  Red blood cell lysis was 

among the earliest reported effects of ultrasound (Harvey 1930).  Later studies presented 

lysis of cultured cells as the primary effect of cavitation in vitro (Ciaravino et al. 1981a; 

Ciaravino et al. 1981b; Clarke & Hill 1970).  It is important to recall that hemolysis also 

occurs from exposures resulting in noninertial cavitation at modest levels of the acoustic 

pressure.  Despite this complication, hemolysis in dilute suspensions has been used as an 

IC indicator in studies (Miller & Williams 1989). 

Numerous studies have shown that the introduction of UCAs lowered the 

thresholds for cell lysis (Brayman et al. 1997; Deng et al. 1996; Miller et al. 1997; Miller 

& Thomas 1996).  Brayman et al. (1995) undertook a series of experiments in which 

blood was infused with Albunex® and exposed for 1 min to 1 MHz ultrasound.  

Statistically significant cell lysis was observed at all hematocrit values.  Neppiras and 

Hughes (1964) found that cells were being broken at an exponential rate by a mechanical 

stress associated with IC. 

An increase in viscosity of the suspension medium appeared to reduce ultrasound-

induced cell lysis (Carstensen et al. 1993).  The amount of ultrasound-induced cell lysis 

was markedly reduced by an increase in viscosity of the medium from 1 to 5x10-3 Pa-s.  It 

was said this observation supported an IC mechanism as causing ultrasound induced cell 

lysis since such an increase in viscosity would have only a marginal effect on shear 

forces associated with bubble translation but a marked effect on IC in that it would 

markedly increase its threshold.  The structure of the outer envelope of the cell also has a 

great influence on its susceptibility to sound.  The breakage rate constant for a 

polysaccharide walled budding yeast or bacterium like Escherichia coli is about one-

hundredth of the constant for the disruption of a plasma membrane like a red blood cell 

(Coakley & Nyborg 1978). 
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Conflicting results have been presented regarding intracellular damage due to IC.  

Reported effects on surviving cells include alterations of structure and function, and 

genetic effects, although many studies found no changes in the cells at all.  An 

examination of treated yeast under the electron microscope showed that in the absence of 

lysis the cells appeared to be undamaged intracellularly (Thacker 1974).  No mutagentic 

effects due to cavitation were observed on Bacillus subtilis after exposure at 20 kHz 

(Coakley & Nyborg 1978) or lymphocytes exposed in the megahertz range (Braeman et 

al. 1974).  Clarke and Hill concluded that there was no effect on the progress of mouse 

lymphoma cells through the cell cycle after exposure to cavitation (Clarke & Hill 1969).  

However, Schnitzler and Kim et al. (discussed in Coakley & Nyborg 1978) have reported 

a high incidence of single chromatid breaks when cavitation occurred in an in vitro 

suspension of proliferating ascites carcinoma cells at 810 kHz.  Dvorak and Hrazdira 

(discussed in Coakley & Nyborg 1978) describe in detail the changes in the ultrastructure 

of rat bone marrow cells after exposure of the cells in vitro to cavitation.  Membrane 

lesions, mitochondrial swelling, and nuclear changes were observed.  Cell morphology 

alterations have been reported (Liebskind et al. 1979a).  DNA strand breakage (Miller et 

al. 1989; Miller et al. 1995; Miller et al. 1991a; Miller et al. 1991b), chromosome 

breakage (Machintosh & Davey 1970), sister chromatid abberations (Barnett et al. 1983; 

Liebskind et al. 1979b), cell transformation (Liebskind et al. 1979a), and mutation 

(Kaufman 1985) have been reported to occur as results of ultrasound exposure of cell 

suspensions, but some of the reports have proven more repeatable than others. 

Church and Miller (1983) suggested that rapidly moving bubbles acted like 

bullets colliding with cells in suspension, causing lysis.  The exact nature of a collision is 

unknown.  Larger cells apparently have a higher sensitivity for sonolysis, relative to 

smaller cells (Brayman et al. 1996; Miller & Brayman 1997).  This observation is 

consistent with a collision model of bubble-cell interactions, because big cells are easier 

targets to hit than are small cells.  Thacker (1974) found a similar trend when examining 

cell survival in haploid and diploid yeast cells Saccharomyces cerevisia.  This study 

found that the larger cells most likely to break were in the process of dividing.  He 

suggested that since the cell population is non-synchronous; populations possess cells of 

differing susceptibility to cavitation. 
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Sonoporation could result from the violent event of IC.  It has been shown that the 

localized increase in temperature during IC does not impact cell suspensions, but could 

cause thermal damage to tissues.  Many studies have shown the bioeffects of FRP occur 

via an intracellular mechanism.  As sonoporation involves the cell membrane, FRP is an 

unlikely mechanism for the permeability change.  Mechanical stresses due to IC are the 

most likely culprits for sonoporation, however they are the most difficult to isolate and 

study. 

2.5 Concluding Remarks 

Ultrasound contrasts agents, originally designed to improve the contrast in an 

ultrasound image, have an increasing potential for use in applications such as drug 

delivery, gene therapy, blood clot dissolution, angiogenesis, and blood brain barrier 

permeation, to name a few.  UCAs undergo complex behaviors in the presence of US.  

These behaviors include linear oscillations, nonlinear oscillations, and inertial cavitation.  

Each of these bubble behaviors has the potential to provide mechanisms for bioeffects.  

Microstreaming, liquid jets, increased temperatures, free radical production, and 

mechanical stresses are among the potential mediators of sonoporation, and each has 

been shown to produce bioeffects.  The future use of sonoporation in clinical applications 

depends on knowing which of those mediators produces the permeability change and 

designing exposures that maximize that effect. 
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CHAPTER 3  METHODOLOGY 

3.1 Experimental Design 

The objective of this project was to determine the relationship between 

sonoporation and the behavior of UCAs.  A series of approaches were used to elucidate 

the biophysical phenomenon.  By varying frequency, Pr, permeability marker, cell line, 

ED, PRF, UCA and UCA concentration, the sonoporation result was determined for a 

variety of UCA conditions.  These results were used in a direct comparison to UCA 

collapse thresholds.  The following methods were used to accomplish this medically 

significant task.  

3.2 Cell Culture 

Three cell lines were used in this thesis: Chinese hamster ovary (CHO) cells 

(American Type Culture Collection (ATCC), Manassas, VA), mouse embryonic 

fibroblasts (3T3-L1) (courtesy of the Department of Bioengineering), and mouse bone 

marrow stromal D1 ORL UVA cells (D1) (courtesy of the Department of 

Bioengineering) (Figure 3.1).  All the cells were propagated as a monolayer in 75 cm3 

tissue culture flasks at 37˚C and a humidified atmosphere of 5% CO2.  All work, except 

the US exposure, was performed in a biological safety cabinet. 

CHO cells were cultured in F-12K Medium (ATCC, Manassas, VA) with 10% v/v 

fetal bovine serum (ATCC, Manassas, VA), 1% Penicillin/Streptomycin (Sigma-Aldrich, 

Figure 3.1  Microscopic images of the three cell lines used in this study: (A) CHO cells, (B) 3T3-L1 

cells, (C) D1 cells 
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St. Louis, MO), and 0.1% Fungizone (Invitrogen, Carlsbad, CA).  3T3-L1 cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, MO) with 

10% v/v bovine calf serum (ATCC, Manassas, VA), 1% Penicillin/Streptomycin, and 

0.1% Fungizone.  D1 cells were cultured in Dulbecco’s Modified Eagle’s Medium with 

10% v/v fetal bovine serum , 1% Penicillin/Streptomycin, and 0.1% Fungizone. 

3.3 Contrast Agents 

For this study, two UCAs were be used for each experimental condition.  Only 

OptisonTM and Definity® are available for purchase in the U.S., as phone contact with 

IMCOR on May 24, 2005 informed us that they are not taking new Imagent® customers.  

Thus, Definity® and OptisonTM were the UCAs used in this study.  OptisonTM (Amersham 

Health Inc., Princeton, NJ) contains perflouropropane and is stabilized by a human serum 

albumin shell, with a mean diameter between 2 and 4.5 µm.  The concentration of 

OptisonTM in the commercially packaged vial is 5-8x108 mL-1 gas bodies.  Definity® 

(Bristol-Myers Squibb, N Billerica, MA) contains the same gas as OptisonTM, 

octafluoropropane, and is stabilized by a phospholipid shell.  The concentration of 

Definity® in the vial is 120x108 mL-1 gas bodies.  The mean diameter ranges from 1.1 to 

3.3 µm, with 98% of the microbubbles smaller than 10 µm. 

3.4 Permeability Marker 

Since sonoporation is a change in the cell membrane permeability, the 

permeability must be monitored.  To accomplish this, molecules which are typically 

membrane impermeant are added to the solution surrounding the cells.  Uptake of these 

molecules by the cell signifies a permeability change.  The three permeability markers 

used in this study are Fluorescein isothiocyanate-dextran (FITC-dextran), Calcein, and 

FluoSpheres® microspheres.  Each of these molecules has fluorescent properties that 

allows for simple monitoring. 

FITC-dextran (FD500S, Sigma-Aldrich Co., St. Louis, MO) is normally unable to 

cross the cell membrane.  Dextran is a hydrophilic polysaccharide with good water 

solubility, low toxicity, and is biologically inert.  Dextran can be found in different sizes 

ranging from 3000 to 2,000,000 daltons.  This range of sizes allows for the potential for 

size-exclusion studies of the membrane permeability.  The average molecular weight 
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(MW) of the FITC dextran used in this study was 500,000 Da.  The approximate Stokes 

radius is greater than 100 Angstroms (0.01 µm).  The FITC-dextran powder was mixed in 

a solution of 25 mg FITC-dextran/mL PBS.  FITC has an excitation maximum of 490 nm 

and an emission maximum of 520 nm. 

Calcein (14728, Sigma-Aldrich Co., St. Louis, MO) is a green-fluorescent FITC 

conjugate molecule.  It is water soluble and made into a solution of 50 mg calcein/mL 

PBS.  Calcein is membrane impermeant at normal temperatures, but does become 

permeable at elevated temperatures.  The temperatures in this study never go above 37 
oC, so calcein remains impermeant for all the conditions of this study.  The molecular 

weight of calcein is 623 daltons and it has a radius of 0.6 nm.  Calcein has an excitation 

maximum of 470 nm and an emission maximum of 509 nm when mixed in a solution 

with PBS. 

The third permeability maker is yellow-green fluorescent FluoSpheres® 

microspheres (F8787, Invitrogen, Carlsbad, CA).  FluoSpheres® are carboxylate-modified 

polystyrene beads, with pendent carboxylic acids to reduce nonspecific binding.  The 

microspheres used in this study have a radius of 0.01 µm.  These spheres are close to the 

size of the 500 kDa FITC-dextran, also used in this study.  The maximum excitation of 

the Fluospheres® is 505 nm and the emission maximum is 515 nm.  The beads have an 

intensity that allows sufficient visualization of single particles. 

3.4.1 Determination of Quantity of Permeability Marker 

For each permeability marker it was necessary to have sufficient quantity to be 

able to detect a permeability change, but not so much marker as to saturate the system 

with background fluorescence.  This quantity was determined individually for each 

marker.  These volumes were determined exclusively for the exposure vessel, where each 

well had a total volume of 0.37 mL. 

FITC-Dextran was tested at 6 volumes: 0.0005, 0.001, 0.005, 0.01, 0.05, and 0.1 

mL.  Three replicates were performed at each volume and the error presented is the 

standard error of measurement (SEM).  The samples were exposed at 0.8185 MPa for 30 

seconds to 5-cycle, 3.2-MHz pulses in the presence of OptisonTM.  The percentage of 

sonoporated cells were calculated according to the procedure described below.  The 
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results of this test are presented in Table 3.1.  The highest sonoporation activity resulted 

from 0.05 mL FITC-dextran.  The largest FITC-dextran volume, 0.1 mL, resulted in 

insignificant sonoporation activity.  This was because at this volume, the system was 

saturated with fluorescence and the control sample was indistinguishable from exposed 

samples.  Therefore, 0.05 mL FITC-dextran was the volume chosen and used for all 

studies. 

The FluoSpheres® were examined at 4 different volumes: 0.01, 0.02, 0.04, and 

0.05 mL.  These results are also presented in Table 3.1.  The cells were exposed at 176 

kPa for 30 seconds at 5 cycles, 10 Hz PRF and 3.15 MHz, with Definity® in the medium.  

The smallest and largest volumes examined have the lowest percent sonoporation results, 

around 9%.  The two middle volumes, 0.02 and 0.04 mL, resulted in 37.87% and 26.21% 

sonoporation, respectively.  0.02 mL was chosen to be used during subsequent 

sonoporation studies as it resulted in the highest quantity of sonoporation. 

The volume test results for calcein were conducted on four volumes: 0.01, 0.02, 

0.04, and 0.05 mL.  The exposure parameters for the calcein volume test are identical to 

those for the FluoSpheres®: Pr of 176 kPa, 3.15-MHz center frequency, 30-s exposure 

duration (ED), in the presence of Definity®.  The lowest volume of calcein resulted in the 

highest percent sonoporation, 27.55%.  The higher volumes all showed lower 

sonoporation activity.  Due to these results, 0.01 mL was chosen to be the volume used 

during sonoporation experiments. 

From these preliminary studies, the volume of each permeability marker to be 

added to the exposure medium was determined.  For studies using FITC-dextran, 0.05 

FITC-Dextran 

Volume (mL) 0.0005 0.001 0.005 0.01 0.05 0.1 

% Sonoporation ±SEM 8.96±0.76 9.04±2.71 11.59±3.37 11.70±4.64 11.72±6.06 0±0 

FluoSpheres® 

Volume (mL) 0.01 0.02 0.04 0.05 

% Sonoporation ±SEM 9.07±6.18 37.87±3.16 26.22±2.55 9.23±4.81 

Calcein 

Volume (mL) 0.01 0.02 0.04 0.05 

% Sonoporation ±SEM 27.55±4.77 14.77±6.05 2.69±1.25 8.40±1.78 

Table 3.1  The percentage of sonoporated CHO cells ± SEM for different volumes of the permeability 

agents: FITC-Dextran, FluoSpheres®, and Calcein. 
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mL was added to each well.  The volume of FluoSpheres® added to each well was 0.02 

mL.  Finally, for studies utilizing calein, 0.01 mL was added to each well. 

3.5 Ultrasound Exposure Vessel and Cell Preparation 

3.5.1 Vessel Characteristics 

The sample vessel is a 96-well cell culture microplate (BD Falcon, San Jose, CA) 

constructed from medical-grade polystyrene.  Each well is flat bottomed, holds 0.37 mL, 

and has a diameter of 6.4 mm, 4.25 times the -6 dB focal beamwidth of the three 

transducers.  The open face of the microplate was covered by plastic cling wrap, forming 

a barrier between the external water bath and internal cell solution, as well as an acoustic 

window for the US to pass into the well unperturbed. 

3.5.2 Preparation of Cells in Vessel 

The cell preparation differed for the three cell lines used, CHO, 3T3-L1, and D1.  

For CHO and 3T3-L1 experiments, cells were harvested with 2-mL Trypsin-EDTA 

(Sigma-Aldrich, St. Louis, MO), and 0.3x106 cells/mL in 0.37 mL of growth medium 

were added to each well of one clean, sterilized exposure vessel.  The vessel with CHO 

cells was incubated overnight to allow the seeded cells to settle to the bottom of each 

well, thus forming the monolayer of greater than 90% confluence.  The 3T3-L1 cells 

were incubated for 48 hours to ensure attachment; however as the results will show, at 

this incubation time the cells were easily dislodged from the plate during the experiment.  

For D1 studies, cells were harvested with 2-mL Trypsin-EDTA and 0.006-0.009x106 

cells/mL in 0.37 mL of growth medium were added to each well of one exposure vessel.  

The vessel was incubated for 48 hours, after which the media was changed on the cells.  

The vessel was then incubated for another 48 hours.  The D1 cells needed to propagate on 

the plate for four days in order to ensure a complete attachment. 

Thirty-six wells were loaded with cells and the loading configuration is 

schematically displayed in Figure 3.2.  Cells were loaded in every other well to prevent 

interaction between adjacent wells (e.g., leaking of medium from one well to the next and 

possible mechanical interactions).  The top and bottom rows of the plate were left empty 

to provide a location for clamping the plate into the holder in the degassed water tank.  
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On the day of the experiment, the growth medium was removed and the monolayer rinsed 

twice with Phosphate Buffered Saline (PBS) to remove any dead cells and debris. 

The exposure medium was then added to each well and contained one of the three 

permeability markers and one of the two contrast agents.  A volume of 0.05 mL FITC-

dextran solution, 0.01 mL calcein, or 0.02 mL FluoSpheres® was added to each well.  

Approximately 700,000 contrast microbubbles were added to each well, 8.80 µL 

OptisonTM or 0.57 µL Definity®.  Each contrast agent was dispensed according to the 

instructions on the package.  The remainder of the well volume was filled with PBS.  The 

plate was then sealed with plastic cling wrap and rubber bands.  Any wells containing air 

bubbles visible to the eye were excluded from the experiment. 

3.5.3 Setup of Vessel in the Tank 

The vessel was placed in a room temperature, degassed water bath with the plastic 

cling wrap located near the transducer (Figure 3.3).  A preliminary study was performed 

to compare the sonoporation activity in 37 oC (body temperature) degassed water to room 

temperature water, 21 oC.  No statistical difference existed between the two temperatures; 

therefore, the room temperature water was used due to the ease of setup. 

The cell monolayer was located on the back window of the chamber, allowing the 

UCAs to rise to the monolayer due to buoyancy and be pushed toward the monolayer by 

the radiation force.  The vessel was located so the focus of the transducer was positioned 

at the bottom of the well, where the cells were located.  Also, a water level was used to 

align the vessel with the horizontal plane.  Before each exposure, the vessel was centered 

with respect to the US beam, so exposure occurred at the center of the exposed well; this 

Figure 3.2  The loading pattern of the 96-well microwell plate.  Note that the top and bottom rows are 

left empty and every other well is loaded. 
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centering process took approximately 5 minutes.  The first well was exposed 

approximately 30 seconds following completion of alignment. 

Minimization of the total time the FITC-dextran solution sat on the cell 

monolayer was attempted, as FITC-dextran can affix to the cell exterior if remaining on 

the monolayer for extended periods of time.  This phenomenon is not a bond, therefore 

adequate washing can remove these “stuck” FITC-dextran molecules from the cell 

surface.  However, additional vigorous washing has the potential to lyse cells, thus this it 

was attempted to avoid the sticking altogether by minimizing the time the cells were 

exposed to the exposure medium.  The time from when the exposure medium was added 

to the chamber to the time when it was removed after exposure was not allowed to exceed 

30 minutes. 

Each well was independently exposed or sham exposed (US turned off) at the 

predetermined conditions.  The order of well exposure was varied to avoid any influences 

regarding the order of exposure. 

3.6 Ultrasound Exposure 

3.6.1 Choice of Transducer 

US was produced by one of three, single-element, 19-mm-diameter, focused 

transducers (Valpey Fisher, Hopkinton, MA): 0.92-MHz f/1, 3.15-MHz f/3, and 5.6-MHz 

f/5 transducers.  The f-number was chosen such that the -6 dB beamwidth at the focus 

was 1.5 mm for all exposure frequencies, eliminating beam width as a variable.  The 

depth of focus for the 0.92 MHz transducer was 18 mm, for the 3.15-MHz transducer was 

Figure 3.3  The experimental setup.
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29 mm, and for the 5.6-MHz transducer was 96 mm.  Both beamwidth and depth of focus 

were measured quantities (Raum & O'Brien 1997). 

3.6.2 Calibrations 

The calibrated transmit pressure amplitude at the focus was varied using the 

pulser-receiver’s (Ritec RAM5000, Warwick, RI) output control settings.  To obtain 

smaller changes in the pressure amplitude, a step-variable attenuation was used.  The 

transmit pressure waveforms were calibrated at the field’s focus for each exposure 

condition.  Calibrations were routinely performed according to well-established 

calibration techniques (Preston et al. 1983; Zachary et al. 2001), using an NPL-calibrated 

PVDF bilaminar shielded membrane hydrophone (diameter of the active element: 0.5 

mm, Marconi 699/1/00001/100; GEC Marconi Ltd., Great Baddow UK).  The 

hydrophone was located in the field’s focus at the same position that the exposure vessel 

was located during experiments. 

The attenuation of the plastic cling wrap and reflection coefficient of the bottom 

of the vessel were found by measuring the US amplitude of the polystyrene and/or plastic 

cling wrap in comparison to a Plexiglas block with known reflection.  The attenuation of 

the plastic cling wrap was negligible and the pressure reflection coefficient of the 

polystyrene was 0.33.  This reflection was taken into account.  The peak rarefactional 

pressure reported here included the measured pressure via calibration, without the 

microwell plate present, plus the pressure of the reflected wave due to the reflection that 

occurs from the polystyrene when the microwell is present. 

3.6.3 Exposure of Cells 

For exposure, the transducer was mounted in a degassed water bath and aimed 

upward at the exposure chamber located at the focus.  An absorber was placed above the 

microplate to prevent reflection from the water-air interface at the top of tank from 

interfering with the exposure conditions (Figure 3.3).  Sinusoidal tone bursts were 

generated by a pulser-receiver (Ritec RAM5000, Warwick, RI) for a PD of 5 cycles.  For 

all exposures, except the factorial studies, PRF was 10 Hz and ED was 30 s.  The Pr was 

varied over a range from 0.004 MPa to 3.95 MPa, and five to seven independent 

replicates were performed at each Pr value.  The Pr ranges used for each transducer are 



 

 52

presented in Table 3.2.  These Pr ranges were chosen to encompass the threshold ranges 

for OptisonTM collapse (Ammi 2006; Ammi et al. 2006b) and Definity® collapse (Haak & 

O'Brien 2007). 

3.6.4 Design of Individual Studies 

Six experimental studies were performed to determine the relationship between 

sonoporation activity and UCA behavior. 

The impact of different contrast agents on sonoporation activity was studied.  

CHO cells were exposed in the presence of either OptisonTM or Definity®.  This study 

was conducted at 3.15 MHz and over a range of 10 Pr levels that included the threshold 

for bubble collapse (Table 3.2).  FITC-Dextran was the permeability marker used in this 

study. 

The sonoporation activity response to Pr was investigated for three transmitted 

frequencies, 0.92 MHz, 3.15 MHz, and 5.6 MHz.  The goal of this study was to 

determine if the UCA behavior dependence on frequency was also present for 

sonoporation.  A minimum of 10 Pr levels was chosen over the same range as the above 

study.  CHO cells, Definity®, and FITC-Dextran were used for all exposures. 

An examination of the role of PRF and ED in sonoporation activity was 

undertaken in a 4 x 4 factorial design (4 EDs of 10, 30, 60, 90 s, 4 PRFs of 10, 30, 60, 

and 90 Hz) in the presence of Definity®.  The PRFxED interaction is the number of 

pulses.  This study determined the effect of each variable on sonoporation and any 

interaction between the two variables.  A frequency of 3.15 MHz and Pr of 172 kPa were 

used to expose the CHO cells in FITC-dextran. 

An examination of the role of UCA concentration ([UCA]) and Pr in sonoporation 

activity was undertaken in a 4 x 4 factorial study (4 [UCA]s of 3 x 104, 3 x 106 , 3 x 107, 

3 x 108 Definity® bubbles and 4 Prs of 0.063, 0.17, 0.75, and 2.30 MPa).  This study 

examined the role of the number of bubbles per volume as a function of sonoporation.  

Center Frequency (MHz) Pr (MPa) Range Examined 

0.92 0.004 – 3.2 

3.15 0.02 – 4.14 

5.6 0.08 – 3.95 
Table 3.2  The calibrated Pr range used in sonoporation studies for the three transducers. 
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This study was performed on CHO cells in the presence of FITC-dextran at a frequency 

of 3.15 MHz. 

The next study examined the impact of cell line on the degree of sonoporation.  

Three cell lines, CHO, 3T3-L1, and D1, were studied.  These experiments occurred at 

3.15 MHz, in the presence of Definity® and FITC-dextran.  The Pr was varied over the 

same range as the first study described. 

 The final study examined the therapeutic effectiveness of the sonoporation 

technique by utilizing different permeability markers.  The three markers, as mentioned 

above, were FITC-dextran, calcein, and FluoSpheres®.  These studies were performed on 

CHO cells in the presence of Definity® at a frequency of 3.15 MHz over the typical Pr 

range. 

3.7 Post-exposure Analysis 

Two forms of post-exposure analysis were used.  Comparison of the results of the 

two analyses provided a precision estimate in data collection.  The first method was 

direct observation via fluorescence microscopy; and the primary method for analysis was 

flow cytometry. 

3.7.1 Cell Preparation 

Following exposure, the vessel was removed from the water bath.  Depending on 

the form of analysis, the cells were prepared in one of two ways.  Fluorescence 

microscopy was utilized only for samples with FITC-dextran as the permeability marker.  

After exposure, the exposure medium in each of the wells was removed and discarded.  

The monolayer was washed twice with 0.2-mL PBS to remove any residual FITC-

dextran.  The exposure chamber was then directly viewed using the microscope. 

Flow cytometery was used for samples exposed with any one of the three 

permeability markers: FITC-dextran, calcein, or FluoSpheres®.  For these samples, the 

exposure medium in each of the wells was transferred to correspondingly labeled 

microcentrifuge tubes and placed on ice.  0.1-mL Trypsin-EDTA was added to the 

monolayer in each well and after 5 minutes, the trypsinized cells were added to the same 

microcentrifuge tube as the exposure medium.  Thus, the microcentrifuge tube contained 

all the cells in the monolayer and any cells that may have been dislodged from the 
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monolayer during the procedure for a single well of the microwell plate.  It is important 

to note that the fluorescence microscopy procedure did not retain the dislodged cells in 

analysis.  Each cell suspension was immediately washed twice with 1-mL cold PBS to 

avoid pinocytosis and to remove the permeability marker from the solution. 

3.7.2 Fluorescence Microscopy 

After rinsing with PBS and covering with a cover glass, the exposure chamber 

was set up on a microscope stage (Carl Zeiss, Inc. Axiovert 100, Thornwood, NY).  

Under fluorescence optics, the number of clearly fluorescent cells was counted within the 

exposed area.  Viewing of the cells verified that FITC-Dextran was distributed uniformly 

throughout the cytoplasm.  Cells taking up the fluorescent material by pinocytosis or 

phagocytosis were distinguished by localization of the material to small intracellular 

vacuoles and were excluded from the count.  FITC-dextran does not bind to the cell 

membrane (McNeil 1989), so fluorescence of a cell indicates internalized material (i.e., 

sonoporation).  Additionally, 200 μL of Trypan Blue (Sigma-Aldrich Co., St. Louis, MO) 

was added to the monolayer to determine the percent viability of the cells.  Figure 3.4 

shows optical and fluorescence microscope images of monolayers exposed and not 

exposed to US with OptisonTM.  Because this method was subjective, a random set of 

images was scored blind. 

Figure 3.4  CHO cells in the presence of FITC-Dextran and OptisonTM.  (A). Phase contrast image 

with no US (7.9% nonviable cells).  (B) Fluorescence image with no US (0.82% Fluorescent cells.  (C) 

Phase contast image with US applied at 2.8 MHz, 15 cycles, 0.97 MPa for 60s (7.09% nonviable cells).  

(D) Fluorescence image of C (5.16% fluorescent cells). 
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3.7.3 Flow Cytometry 

The primary method for analysis was flow cytometry (Beckman Coulter, Inc. 

Epics XL-MCL, Fullerton, CA).  To assess cell viability, 1-µL propidium iodide (PI) 

(Sigma-Aldrich Co., St. Louis, MO) was added to each sample.  Fluorescent probes were 

excited at 488 nm by an argon laser and emitted light was detected at 520 nm for FITC, 

509 nm for calcein, 515 nm for FluoSpheres® and 608 nm for PI.  A minimum of 18,000 

cells was examined in each sample.  Figure 3.5(A) shows an example of the side-scatter 

versus forward-scatter histogram obtained by the flow cytometer, with the whole cell and 

cell debris populations labeled.  Results from flow cytometry are expressed in 

percentages of positively labeled cells, using the software program Summit v3.1 For 

MoFlo® Acquisition and Sort Control (Cytomation Inc., Fort Collins, CO).  The percent 

of positive cells is relative to whole cells only, as debris from cells was ignored.  Cell 

debris consists of parts of cell membrane, mitochondria, other organelles, dust particles, 

etc.  It is not known the number of cells contributing to this debris, thus for this 

discussion of sonoporation, the debris does not provide any additional information. 

The data obtained provided the percent of fluorescent cells in the viable cell 

population and dead cells in the entire population.  Figure 3.5(B) shows an example of 

the FITC histogram.  The control histogram is from the sham exposed sample (US turned 

off) and the exposed histogram is from the sample exposed to US.  To determine the 

sonoporated cells, the control histogram is subtracted from the exposed histogram.  Both 

the control and the exposed histograms are normalized to 18,000 counts.  The number of 

cells in the subtraction histogram is divided by the number of cells in the exposed 

histogram to obtain the percentage of sonoporated cells.  Figure 3.5(C) shows an example 

of the PI histogram.  The cells in region R1 are those that had PI uptake and designated as 

nonviable. 

3.7.4  Trypan Blue Quenching 

As mentioned above in Section 3.5.3, FITC-dextran can stick to the cells if it 

remains on the monolayer for extended periods of time.  To test this phenomenon, CHO 

cells were prepared in an exposure vessel and covered with a FITC-dextran exposure 

medium, but not exposed to US.  A control sample was filled with PBS only, which 
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provided the autofluorescence of the CHO cells.  The exposure medium was left on the 

monolayers for varying times: 1, 5, 10, and 30 minutes (Figure 3.6).  The longer the 

FITC-dextran remained on the cell layer, the higher the fluorescence of the sample.  

Region B, gated in Figure 3.6, was located at the same point for all samples.  For the 

control sample 0.12% of the cells were located in region B; for the 1-, 5-, 10- and 30-

Figure 3.5  (A) Example of the side-scatter (SS) vs. forward scatter (FS) histogram obtained by the 

flow cytometer.  The cells within the ellipsoid region are the whole cells, viable and nonviable, that 

are used in the sonoporation analysis.  All points not located within the ellipse are designated as cell 

debris.  (B) Example of the FITC histogram.  The control histogram is from the sham-exposed 

sample (US turned off) and the exposed histogram is from the sample exposed to US.  The 

subtraction histogram is the result when subtracting the control histogram from the exposed 

histogram.  The number of cells in the subtraction histogram divided by the number of cells in the 

exposed histogram divided by the number of cells in the exposed histogram is the percentage of 

sonoporated cells.  (C) Example of the PI histogram.  The region R1 represents the cells stained with 

PI and designated as nonviable.
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minute samples 0.18%, 0.32%, 1.33%, and 3.35% of the cells were located in this region, 

respectively.  During the remaining sonoporation studies, the time the FITC-dextran was 

on the cells was minimized and kept constant to prevent this effect from having much of 

an impact on the results.  As this fluorescence is part of the background, it is constant for 

all samples as long as the exposure medium remains on the cells for the same amount of 

time.  One concern, however, with this phenomenon is to what degree this external 

binding of FITC-dextran masks the internalized FITC-dextran. 

To address this concern, a technique, called trypan blue quenching, was tested to 

minimize the fluorescence due to this affixed FITC-dextran.  Trypan blue is a cell 

impermeant dye that is commonly used to test for nonviability.  Trypan blue can also 

quench the fluorescence of fluorescein molecules that are bound to the surface of cells, 

but not internalized (Haugland 2005).  Therefore, any fluorescence observed after 

administration of trypan blue is due to internalized FITC-dextran.  This technique would 

also work for studies involving calcein and FluoSpheres®. 

Fluorescence quenching is a necessary step in studies monitoring phagocytosis 

and common in endycytosis studies (Alsam et al. 2005; Antal-Szalmas et al. 2000; Chaka 

et al. 1995; Hoppe et al. 2001; Huang et al. 2004; Jevprasesphant et al. 2004; Ma & Lim 

2003; Nuutila & Lilius 2005; Rodriguez et al. 2003; Weersink et al. 1990).  Phagocytosis 

is a slow process, with the fluorescent particles sitting on the cells for an extended period 

of time, approximately 20 hours if allowed to occur naturally (Alsam et al. 2005) or as 

short as 2 hours if facilitated by a starter reaction (Huang et al. 2004; Nuutila & Lilius 

2005).  One study monitoring endocytocis incubated the fluorescent particles with the 

cells for 5 days (Jevprasesphant et al. 2004).  Phagocytosis also requires an initial binding 

of the particle to the membrane by complement receptors.  The sonoporation studies 

Figure 3.6  The FITC-dextran histograms of CHO cells incubated with a FITC-dextran exposure 

medium for 1, 5, 10, and 30 minutes.  The percentage of cells found in region B is annotated on each 

histogram to allow for comparison between samples. 
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occur on a much shorter time scale; so it is unclear whether quenching would provide any 

benefit for this study. 

To test this phenomenon, monolayers of CHO cells were covered in FITC-dextran 

exposure medium for 10 minutes.  For 3 samples, the monolayer was directly washed 

twice with PBS.  Then 0.08 mL of trypan blue (Invitrogen, Carlsbad, CA) was added to 

the monolayer.  The trypan blue remained on the monolayer for 5, 10, and 20 minutes; 

then, the cells were trypsinized from the exposure vessel and washed with PBS according 

to the sonoporation procedure.  For 1 sample, after the FITC-dextran was on the 

monolayer for 10 minutes, the cells were immediately trypsinized from the well and 

washed with PBS according to the sonoporation procedure.  The trypan blue was then 

added to the cell suspension just before flow cytometery analysis.  For the control 

sample, the trypan blue was never added to the cells.  The results of this study are 

presented in Figure 3.7.  For the control sample, region E contained 5.0% of the cells.  

When trypan blue was added to the monolayer for 5 minutes the percentage of cells in 

region E dropped to 2.7%.  When trypan blue was on the monolayer for 10 minutes, only 

3.6% of the cells were in region E and when trypan blue was on the monolayer for 20 

minutes 1.6% of the cells were located in region E.  Finally, for the sample where trypan 

blue was added to the suspension 2.4% of the cells were found in region E.   

Thus, trypan blue did quench the fluorescence suggesting that some FITC-dextran 

was attaching to the cell membrane.  It was also discovered that the longer the trypan 

blue sits on the cells the more the quenching that occurs.  One trade-off is that trypan blue 

can be toxic to cells if left on the monolayer too long.  These toxicity effects can occur as 

Figure 3.7  The FITC-dextran histograms of CHO cells incubated with a FITC-dextran exposure 

medium for 10 minutes, followed by trypan blue for 5, 10, and 20 minutes or trypan blue added into 

the cell suspension.  The percentage of cells found in region B is annotated on each histogram to 

allow for comparison between samples. 
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early as 15 minutes (van Dooren et al. 2004).  Another complication of using trypan blue 

quenching involves the emission fluorescence.  Trypan blue quenches green fluorescence 

by altering the emission to a red wavelength.  Unfortunately, the PI emission is 608 nm, a 

red wavelength.  Therefore, if trypan blue would be used, it would be impossible to 

separate red fluorescence from PI-stained nonviable cells from the FITC-trypan blue-

quenched cells. 

 To test whether trypan blue quenching would improve the monitoring of 

sonoporation, a study was conducted using four samples exposed at identical settings, 

with two samples being trypan-blue quenched and the other two not.  Two samples 

exposed to 5-cycle, 3.15-MHz pulse for 60 s at a Pr of 1.2 MPa with OptisonTM and no 

trypan blue revealed 3.61% and 4.26% sonoporated cells when compared to an 

unexposed control without trypan blue.  The third and fourth samples, exposed at the 

same settings but with trypan blue added to the solution before flow cytometry analysis, 

resulted in 2.27% and 3.85% sonoporated cells when composed to an unexposed control 

with trypan blue.  From these results it was determined that trypan blue quenching did not 

improve the detectability of sonoporation; therefore it was not performed during the 

sonoporation study. 

3.8 Acoustic Pressure Thresholds for Collapse of OptisonTM and Definity®  

A passive cavitation detector (PCD) (Madanshetty et al. 1991) was previously 

used to determine collapse thresholds of OptisonTM (Ammi 2006; Ammi et al. 2006b) and 

Definity® (Haak and O’Brien, 2007) in degassed water.  However, as described in 

Section 2.1.4, the viscosity of the surrounding medium impacts the oscillation behavior 

of a UCA.  The exposure mediums used in these studies were not water, and thus are 

expected to have different viscosities.  The FITC-dextran medium was the most viscous.  

For a concentration of 0.30% Dextran with a 500 kDa MW, the shear viscosity is around 

0.002-0.003 Pa-s (Nyborg 1975); whereas water has a shear viscosity of 0.001 Pa-s.  

Since the FluoSpheres® are made of polystyrene they will not change the viscosity, thus 

these samples have a shear viscosity the same as PBS, which is 0.0011 Pa-s.  Since the 

shear viscosity of PBS is equivalent to that of water, the thresholds which were found in 

degassed water apply to the FluoSpheres® study.  Additionally, since calcein is such a 
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small molecule, it is expected that the impact on viscosity will be minimal; as such the 

thresholds in the calcein medium will also be expected to be the same as water. 

To determine the impact of the external FITC-dextran media on the UCA 

thresholds, a series of experiments was conducted for Definity® using the 0.92-MHz, 

3.15-MHz, and 5.6-MHz transducers.  The Pr was varied over the range used for 

sonoporation experiments and the other exposure parameters were identical to the 

sonoporation studies.  The PCD was used to find the thresholds for bubble collapse, the 

detailed procedure for using the PCD to determine collapse thresholds is outlined in 

Ammi et al. (2006b).  The sonoporation experimental setup described above was used.  

The transmit transducer was aimed upward at the vessel.  A 13-MHz focused transducer 

(12.7-mm diameter and 15.4-mm focal length) was mounted confocal and at a 115° angle 

to the transmit beam axis and used to passively collect emissions from the bubbles 

injected into the exposure vessel (Figure 3.8).  The -6-dB field limits were determined for 

each transducer by measuring the scattered signal from a 50-µm-diameter wire reflector 

translated throughout the focal region in a pulse-echo configuration (Raum and O’Brien, 

1997).  The focal zones of the two transducers were aligned and the approximate 

confocal volume was 0.12 mm3.  The concentration of UCAs in the exposure vessel was 

such that approximately one UCA was located in the focal region at one time. 

It was found that the polystyrene construction of the sonoporation exposure vessel 

attenuated the emissions from the bubbles; as a result, the UCA signals could not be 

identified from the background even with amplification.  Therefore, another exposure 

vessel was used for the threshold studies.  This vessel was made of a plexiglass ring with 

Figure 3.8  The cavitation threshold experimental setup. 
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plastic cling wrap attached to both faces of the ring with O-rings.  This new vessel 

allowed the transmit and receive acoustic signals to pass through the sample with no 

interference from the exposure vessel.  The exposure vessel was filled with the exposure 

medium minus the cells. 

The outputs from both transducers were amplified (44 dB), digitized (12-bit, 200 

MHz, Strategic Test digitizing board UF 3025, Cambridge, MA) and saved to a 

computer.  The data were processed off-line using Matlab®. 

The signals detected from the PCD revealed postexcitation acoustic emissions 

with broadband spectral content.  The observed acoustic emissions were consistent with 

the acoustic signature that would be anticipated from IC followed by “rebounds” when a 

microbubble ruptures and thus generates daughter/free bubbles that grow and collapse.  

For each Pr value studied, a minimum of 30 realizations were recorded.  A realization 

consisted of a spectral response that was indicative of the presence of a UCA.  For each 

of those realizations it was determined if the UCA was oscillating or collapsing.  Figure 

3.9 presents examples of the three typical cases observed: (A) noise only, (B) an 

oscillating UCA, and (C) a collapsing UCA.  The minimum Pr that an IC event was 

observed was defined as the collapse (IC) threshold.  These collapse thresholds were used 

in the analysis of sonoporation correlation to IC for the studies using FITC-dextran as the 

permeability marker. 

3.9 Data Analysis 

All experiments were independently repeated 5-7 times at each exposure 

condition.  The data were calculated as the percentage of fluorescent cells in the live 

population and the percentage of dead cells in the entire population.  The error was 

calculated using SEM for the 5-7 independent replicate samples.  Results at each 

exposure condition were reported as mean ± SEM.  It is important to note that only 5.5% 

of the cells in each well were exposed within the -6 dB beamwidth at the transducer focus 

(1.5 mm for all three transducers); however the entire well was sampled for sonoporation.  

The statistical calculations for the two factorial studies were performed using the R 

statistical software package.  This package examined significance of the individual 

variables studied, in addition to the interaction between the variables. 
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Figure 3.9  Examples of( waveforms observed during cavitation studies.  (A) A waveform showing 

noise only.  (B) A waveform showing a single oscillating UCA.  (C) A waveform showing a collapsing 

UCA, notice the broadband rebound signal. 

(A) (B) 

(C) 
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CHAPTER 4  ACOUSTIC PRESSURE THRESHOLDS FOR 

COLLAPSE OF OPTISONTM AND DEFINITY® 

4.1 Introduction 

The first specific aim of this thesis was to determine the IC threshold of 

OptisonTM and Definity®.  Below this threshold, UCAs oscillate linearly and nonlinearly, 

and above they undergo IC.  These collapse thresholds will be used to directly compare 

the results of sonoporation to the collapse threshold of the contrast agent.  This 

comparison will elucidate the relationship between the UCA and sonoporation. 

In these studies two UCAs, OptisonTM and Definity®, are utilized.  Therefore, the 

collapse thresholds for both contrast agents must be obtained.  Additionally, the pressure 

threshold has been shown to increase with frequency (Ammi et al. 2006b; Chen et al. 

2003; Chomas et al. 2001; Giesecke & Hynynen 2003), increase with ambient pressure, 

decrease with temperature, increase with viscosity, and decrease with gas content 

(Coakley & Nyborg 1978).  Due to these dependencies, collapse thresholds must be 

obtained for each contrast agent at each setting used in the sonoporation studies.  Finally, 

the exposure media used in these studies contains one of three permeability agents.  

These permeability agents are expected to change the viscosity of the exposure medium.  

The viscosity of the medium influences the oscillation amplitude and as such it is 

expected that the viscosity will influence the IC threshold.  Consequently, the collapse 

threshold must be determined for the exposure media used in these studies. 

The collapse thresholds were determined with a technique using post-excitation 

broadband signals to identify microbubble destruction.  These signals are linked to IC of 

bubbles released after UCA shell rupture.  The minimum value of peak rarefactional 

pressure leads to the minimum collapse threshold.  A PCD system was used to determine 

the collapse threshold of UCAs.  The incident US pulse excited the UCA, while the 13-

MHz receive transducer, mounted confocal to the transmitter, simultaneously received 

acoustic emissions from the UCA.  On average only one UCA was in the focal volume of 

the PCD at a given time.  For each setting 750 waveforms were acquired from the receive 

transducer.  Spectrograms were generated from the waveforms by implementation of a 
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Matlab® function.  The spectrograms were sorted into four classes: noise, oscillation of a 

single bubble, collapse of a single bubble, and multiple bubbles.  To identify a bubble, a 2 

µs window that corresponded to the PCD response of the scattered microbubble echo was 

examined.  In the spectrogram during this window, if the fundamental mode and 

harmonic modes were visible this indicated the presence of an oscillating bubble.  The 

harmonic modes may have been generated both by nonlinear bubble dynamics and 

nonlinear propagation of the exciting pulse and scattered echo.  To identify a bubble as 

collapse, an additional broadband signal (rebound) occurs approximately 1 µs after the 

frequency bands corresponding to the fundamental and harmonic modes.  The IC 

threshold was then estimated as the lowest Pr level from the “collapse of a single bubble” 

data set. 

4.2 Results 

The sonoporation study with OptisonTM used exposure parameters of 3.15 MHz, 5 

cycles, and a FITC-dextran solution.  Over the time course of this thesis, OptisonTM was 

pulled off the market and was unavailable for purchase.  The sonoporation study depleted 

the OptisonTM the lab had on hand; therefore a collapse threshold study was unable to be 

performed on OptisonTM.  The collapse data to be used will be the data obtained from 

Ammi (2006) and Ammi et al (2006a; 2006b).  The 2.8-MHz 5-cycle collapse data of 

OptisonTM are presented in Figure 4.1.  The percentage of observed bubbles that 

Figure 4.1  At 2.8 MHz and 5 cycle PD, the square symbols represent the percent number of 

collapsed microbubbles detected at each incident Pr.  The S-shaped curve represents the logistic 

regression fit to the experimental data. 
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underwent collapse at each Pr is displayed.  Two 2.8-MHz, 5-cycle thresholds were 

determined for OptisonTM: first IC event and 5% occurrence rate using logistic regression 

analysis.  The first IC event was at 0.77 MPa and the 5% occurrence rate was at 0.83 

MPa. 

Studies using Definity® were performed with three permeability markers, FITC-

dextran, calcein, and FluoSpheres®.  Calcein and Fluospheres® will minimally alter the 

shear viscosity of the medium from that of PBS.  Since the shear viscosity of PBS is 

equivalent to water, the collapse threshold of Definity® in water will be used for 

comparison to the sonoporation results.  Haak and O’Brien (2007) found the 2.8-MHz, 5 

cycle pressure threshold for Definity® in degassed water.  The collapse threshold was 

defined as the first Pr where a collapse was observed via rebound and was found to be 

0.84±0.19 MPa.  The collapse threshold at 2.8 MHz, found by Haak and O’Brien (2007), 

is shown in Figure 4.2. 

Media containing 0.30% FITC-dextran is more viscous than PBS and water 

(0.002 Pa-s for 0.30% FITC-dextran and 0.001 Pa-s for water).  Accordingly, a study was 

conducted using 3.15-MHz and 5-cycle pulses to determine the collapse threshold for 

Definity® in the FITC-dextran exposure medium.  The four major categories of samples 

obtained were noise, multiple bubbles, a single oscillating bubble, and a single inertially 

cavitating bubble.  Three independent replicates were performed at each Pr to obtain the 

collapse data over a Pr range of 14 kPa to 7.11 MPa.  Each replicate had a minimum of 30 

samples with a single bubble present.  The collapse threshold was found to be 0.95±0.22 

Figure 4.2  The Definity® collapse thresholds for 5-cycle PD at 0.9, 3, and 5.6 MHz in degassed water 

and a FITC-dextran solution.
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MPa.  The collapse threshold of Definity® in water is contained within the error margin 

for the collapse threshold of Definity® in FITC-dextran (Figure 4.2). 

Sonoporation studies in the FITC-dextran medium were also conducted for 5-

cycle pulses at 0.9 and 5.6 MHz, therefore collapse thresholds must be obtained for those 

settings.  As the 3-MHz threshold was essentially the same for the water and FITC-

dextran media, it was expected that this would hold true for 0.9 and 5.6 MHz.  As such a 

single experiment was conducted at each frequency in a FITC-dextran medium.  If the 

threshold found from this one trial differed from that found in water, additional 

independent replications would be performed in order to determine a collapse threshold at 

those frequencies in FITC-dextran with an appropriate statistical analysis.  However, for 

both frequencies additional replications was not warranted.  For the 0.9-MHz study, 1.07 

MPa was the lowest Pr examined that exhibited Definity® collapse.  0.8 MPa was the Pr 

examined below 1.07 MPa, and Definity® did not undergo collapse at this lower pressure.  

Therefore, the collapse threshold for Definity® at 0.9 MHz and 5 cycles in a FITC-

dextran medium is between 0.8 MPa and 1.07 MPa.  The collapse threshold found in 

water for the same exposure settings was 1.27±0.32 MPa (Haak & O'Brien 2007).  By the 

same measure, the collapse threshold for Definity® at 5.6 MHz and 5 cycles in FITC-

dextran lies between 2.51 and 2.63 MPa.  The collapse threshold in water was found to be 

2.57±0.26 MPa (Haak & O'Brien 2007).  Thus, for both frequencies the collapse 

threshold found in a FITC-dextran medium was within the error range for the collapse 

thresholds found in water (Figure 4.2). 

4.3 Discussion 

It was expected that the collapse threshold of Definity® would change if the 

viscosity of the surrounding medium were changed.  In this study the two media 

examined were water (shear viscosity 0.001 Pa-s) and a 0.30% FITC-dextran solution 

with a viscosity of (shear viscosity 0.002 Pa-s).  Three frequencies were examined, all 

with 5-cycle pulses: 0.9-MHz, 3.15-MHz, and 5.6-MHz.  It was found that for all three 

cases the collapse threshold for FITC-dextran lies within the error of the collapse 

threshold in water.  From this we can conclude that the collapse threshold in 0.30% 

FITC-dextran is not significantly different from that in water.  While it was anticipated 
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the collapse threshold would be different in the FITC-dextran solution, it is not unusual 

that such a small change in viscosity would not cause a perceivable difference.  It is still 

unknown, what change in viscosity would be required before an impact on the collapse 

threshold would be observed.  From these data it can be concluded that a change in 0.001 

Pa-s is not a significant enough increase in viscosity to alter the collapse threshold of 

Definity®. 

It is also important to make note at this time that the above collapse thresholds 

were conducted on single microbubbles.  The sonoporation studies utilized clouds of 

UCAs, consisting of hundreds of thousands of bubbles.  Chapter 2 discussed the 

challenges of correlating the action of a single microbubble to those of microbubbles in a 

cloud.  UCAs in a cloud have the potential to accelerate, retard, or even reverse the 

growth and collapse of other bubbles within the cloud.  Therefore, the simple single 

bubble collapse thresholds cited here are not an exact representation of what is occurring 

in the sonoporation studies, however at this time no better method exists.  Thus, for the 

remainder of this thesis the single bubble collapse thresholds cited in this chapter will be 

used to compare sonoporation activity to the behavior of the UCAs. 
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CHAPTER 5  SONOPORATION ACTIVITY DETERMINATION 

FOR SEVERAL PHYSICAL PARAMETERS 

5.1 Sonoporation Activity Resulting from Different Ultrasound Contrast Agents 

5.1.1 Results from OptisonTM 

CHO cells exposed to 3.15-MHz 5-cycle US in the presence of the UCA, 

OptisonTM, were observed, by means of FITC-dextran internalization, to have undergone 

sonoporation.  A threshold-type study examining sonoporation activity as a function of Pr 

was performed.  Over the Pr range, 120 kPa to 3.5 MPa, the fraction of sonoporated cells 

among the total viable population varied from 0.63% to 10.2%, with the sonoporation 

activity increasing as Pr increased up to a maximum occurring at 2.4 MPa (Figure 5.1).  

The error was calculated using standard error of the mean for the 5 independent replicate 

samples at each Pr.  It is important to note that only 5.5% of the cells in each well were 

exposed within the -6 dB beamwidth at the 3.15-MHz transducer focus (1.5 mm); 

however the entire well was sampled for sonoporation. 

The 2.8-MHz 5-cycle collapse data of OptisonTM are also plotted on Figure 5.1 

(data obtained from Fig V.6 in Ammi 2006; see also; Ammi et al. 2006a) to show the 

relationship between sonoporation and IC.  The percentage of observed bubbles that 

underwent collapse at each Pr is displayed.  Two 2.8-MHz 5-cycle thresholds were 

Figure 5.1  Sonoporation of CHO cells exposed at 3.15 MHz, 5 cycles, 10 Hz, and 30 s compared with 

the occurrence of ruptured OptisonTM.  The collapse threshold for OptisonTM occurs at 0.83 MPa.
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determined for OptisonTM: first IC event and 5% occurrence rate using logistic regression 

analysis.  The first IC event was at 0.77 MPa and the 5% occurrence rate was at 0.83 

MPa (Ammi 2006).  First IC event thresholds at 0.9, 2.8 and 4.6 MHz for 3, 5 and 7 

cycles are graphically represented in Ammi et al. (2006) and show that the first IC event 

thresholds increase as frequency increases; this frequency trend suggests that at 3.15 

MHz, the collapse thresholds would be slightly greater than those at 2.8 MHz.  Around 

this threshold pressure (0.77-0.83 MPa), sonoporation had already reached over 50% 

relative to the maximum sonoporation activity, indicating that significant sonoporation is 

taking place at Pr levels where IC of OptisonTM was not occurring. 

At Pr>2.4 MPa a significant drop in sonoporation activity was observed.  This 

decrease corresponds to the pressure where greater than 95% of the OptisonTM was 

collapsing (Figure 5.1).  The percentage of nonviable cells at each Pr is plotted in Figure 

5.2.  The percentage of nonviable cells for samples exposed with Definity® are also 

plotted in this figure, but will be discussed in the subsequent section.  For the range of Pr 

examined, 120 kPa to 3.5 MPa, the nonviable cells varied between 0.74% and 3.9%, with 

no distinct pattern emerging with respect to Pr.  This emphasizes that sonoporation is not 

immediately lethal to the cells and that cell death is not related to the activity of the UCA, 

nor is cell death a contributor for the drop in sonoporation seen above 2.4 MPa.  

Additionally, the percentage of total items counted by the flow cytometer that were 

classified as cell debris is presented in Figure 5.3.  At the higher pressure settings, where 

Figure 5.3  Percentage of items counted by flow 

cytometer that were designated as cell debris 

from samples exposed at 3.15 MHz, 5 cycles, 10 

Hz and for 30 s in the present of OptisonTM.

Figure 5.2  The percentage of nonviable cells 

immediately following exposure to 3.15-MHz, 5-

cycle US for 30 s at a 10 Hz PRF in the presence 

of OptisonTM or Definity®. 
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a drop in sonoporation activity occurred, there is no increased percentage of cell debris.  

Thus, the drop in sonoporation at these higher pressures is also not due to increased 

destruction of cells resulting in increased cell debris. 

5.1.2 Results from Definity® 

CHO cells exposed to 3.15-MHz US in the presence of the UCA, Definity®, also 

underwent sonoporation.  FITC-dextran was the permeability marker for this study.  A 

threshold-type study examining sonoporation activity as a function of Pr was performed.  

Over the Pr range, 13 kPa to 4.1 MPa, the fraction of sonoporated cells among the total 

viable population varied from 4.7% to 24.5%, with the sonoporation activity increasing 

as Pr increased up to a maximum occurring at 260 kPa (Figure 5.4).  The error was 

calculated using standard error of mean for the 5 or 6 independent replicate samples at 

each Pr. 

The 3.15-MHz 5-cycle collapse threshold of Definity® in the exposure medium, 

PBS and FITC-dextran, is also labeled on Figure 5.4.  The 3.15-MHz threshold for 

Definity® was defined as the Pr at which the first IC event occurred.  The first IC event 

was at 840±190 kPa.  At this threshold pressure, sonoporation had already reached its 

maximum sonoporation activity and was in the drop-off phase of the sonoporation 

response, indicating that significant sonoporation is taking place at Pr levels where IC of 

Definity® was not occurring. 

Figure 5.4  Sonoporation of CHO cell exposed at 3.15 MHz, 5 cycles, 10 Hz PRF and for 30 s in the 

presence of Definity®. 
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At Pr>260 kPa a significant drop in sonoporation activity was observed.  From 

260 kPa to 1.7 MPa, sonoporation dropped from 24.5% to 4.8%.  This decrease starts 

below the collapse threshold for Definity® and continues above the collapse threshold.  

The percentage of nonviable cells at each Pr is plotted in Figure 5.2.  For the range of Pr 

examined, 13 kPa to 4.1 MPa, the nonviable cells varied between 3.4% and 8.0%, with 

no distinct pattern emerging with respect to Pr.  This result is comparable to the 

nonviability result for samples exposed with OptisonTM and further emphasizes that 

sonoporation is not immediately lethal to the cells and that cell death is not related to the 

activity of the UCA, nor is cell death a contributor for the drop in sonoporation seen 

above 260 kPa. 

5.1.3 Results with No Ultrasound Contrast Agent 

The CHO cells were exposed to 3.15-MHz US without UCA added to the 

exposure solution.  Figure 5.5 presents the percentage of sonoporated cells without UCA 

compared to the percentage of sonoporated cells with OptisonTM and Definity® for 3 Pr 

levels (0.2, 1.7, and 2.7 MPa).  The percentage of sonoporated cells without UCA is not 

significantly different from the control sample (US off).  However, the percentage of 

sonoporated cells with OptisonTM differs from the samples without OptisonTM at a Pr of 

1.74 MPa.  The sonoporation activity with Definity® differs from samples without UCA 

for all three pressure levels. 

Figure 5.5  Percentage of sonoporated cells for 3.15 MHz, 5 cycles, 10 Hz and for 30 s exposures 

without UCA, with OptisonTM, or with Definity®. 
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5.2 Sonoporation Activity Resulting from Different Center Frequencies 

5.2.1 Results 

CHO cells were exposed to US in the presence of the UCA, Definity® with FITC-

dextran as the permeability agent.  All samples were exposed to 5-cycle pulses for 30 

seconds at a PRF of 10 Hz.  Three center frequencies were examined: 0.92 MHz, 3.15 

MHz, and 5.6 MHz.  The -6 dB beamwidth at the focus was 1.5 mm for all exposure 

frequencies, eliminating beam width as a variable.  For each frequency a threshold-type 

study examining sonoporation activity as a function of Pr was performed.  The Pr ranged 

from 5 kPa to 4.1 MPa.  The error was calculated using standard error of means for the 5 

or 6 independent replicate samples at each Pr.  The results for the 3 frequencies are 

presented in Figure 5.6.  Brief examination of the results reveals a consistent shape to the 

sonoporation activity for the 3 frequencies.  For all frequencies the fraction of 

sonoporated cells among the total viable population increased as Pr was increased to a 

maximum value.  At Pr levels above this maximal sonoporation activity, a drop in 

sonoporation was observed. 

Figure 5.6  Percentage of sonoporated cells for exposures with 0.9, 3.15, or 5.6-MHz center 

frequencies at 5 cycles, 10 Hz and for 30 s exposures with Definity®. 
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For 0.92-MHz US, the fraction of sonoporated cells was 2.12% for the lowest Pr 

of 4kPa.  The maximum sonoporation activity was 39.8% and was observed at a Pr of 1.4 

MPa.  Above this Pr, the sonoporation activity dropped to 2.7%.  The 0.9-MHz 5-cycle 

collapse threshold of Definity® in degassed water was found to be 1.27±0.32 MPa by 

Haak and O’Brien (2007), using the Pr at which the first IC event occurred as the 

definition of threshold.  At this threshold pressure, sonoporation was at its maximum 

activity.  These results indicate that significant sonoporation was taking place at Pr levels 

where IC of Definity® was not occurring.  At Pr>1.4 MPa a significant drop in 

sonoporation activity was observed.  This decrease corresponds to pressures where the 

Definity® was collapsing.  The percentage of nonviable cells at each Pr is plotted in 

Figure 5.7.  For the range of Pr examined, the nonviable cells varied between 4.4% and 

6.6%, with no distinct pattern emerging with respect to Pr.  These results are consistent 

with the trend presented in the studies above.  Sonoporation is not immediately lethal to 

the cells and cell death is not related to the activity of the UCA, nor is cell death a 

contributor for the drop in sonoporation seen above 1.4 MPa. 
The results for the CHO cells exposed to 3.15-MHz have been discussed above in 

Section 5.1.2.  Briefly, over the Pr range, 13 kPa to 4.1 MPa, the fraction of sonoporated 

cells among the total viable population varied from 4.7% to 24.5%, with the sonoporation 

activity increasing as Pr increased up to a maximum occurring at 260 kPa (Figure 5.6).  

The 2.8-MHz 5-cycle collapse threshold of Definity® in degassed water was 840±190 

Figure 5.7  The percentage of nonviable cells immediately following exposure to 0.92, 3.15, or 5.6-

MHz, 5-cycle US for 30 s at a 10 Hz PRF in the presence of Definity®. 
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kPa (Haak & O'Brien 2007).  At this threshold pressure, sonoporation had already 

reached the maximum sonoporation.  Therefore, sonoporation was taking place at Pr 

levels where IC of Definity® was not occurring.  At Pr>260 kPa a significant drop in 

sonoporation activity was observed.  From 260 kPa to 1.7 MPa, sonoporation dropped 

from 24.5% to 4.8%.  The percentage of nonviable cells at over the range of Pr examined 

varied between 3.4% and 8.0%, with no distinct pattern emerging with respect to Pr 

(Figure 5.7).  Thus, sonoporation is not immediately lethal to the cells and cell death is 

not related to the activity of the UCA. 

CHO cells were also exposed to 5.6-MHz US.  The fraction of sonoporated cells 

among the viable population ranged from 0.1 % to 63.4% (Figure 5.6).  The maximum 

sonoporation activity, 63.4%, was observed at a Pr of 2.3 MPa.  This was the highest 

sonoporation activity observed for the 3 frequencies examined.  Also, over the range of 

8.4 kPa to 2.3 MPa, the sonoporation activity for the 5-MHz transducer was higher than 

that for either of the other two frequencies.  Above 2.3 MPa, the sonoporation activity 

dropped to 14.0% at 2.9 MPa and then to 1.1% at 4.0 MPa.  The 4.6-MHz 5-cycle 

collapse threshold of Definity® in degassed water was found to be 2.57±0.26 MPa by 

Haak and O’Brien (2007), using the Pr at which the first IC event occurred as the 

definition of threshold.  At this threshold pressure, sonoporation was at its maximum 

activity.  Once more, the results indicate that significant sonoporation is taking place at Pr 

levels where IC of Definity® was not occurring.  At Pr>2.3 MPa a significant drop in 

sonoporation activity was observed.  This decrease corresponds to pressures where the 

Definity® was collapsing.  The percentage of nonviable cells at each Pr is plotted in 

Figure 5.7.  For the range of Pr examined, the nonviable cells varied between 2.7% and 

5.1%, with no distinct pattern emerging with respect to Pr.  These results are consistent 

with those observed at the other frequencies. 

5.3 Discussion 

5.3.1 Sonoporation is a UCA-mediated Event 

To verify that sonoporation was a UCA-mediated event, samples were exposed to 

US without UCA present.  Streaming within the exposure well due to US could 

potentially impact the cell membrane.  Additionally, cells that have been dislodged from 
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the bottom of the well from the US could have a membrane permeability change due to 

this dislodging process (McNeil 1989).  If either of these mechanisms were responsible 

for the uptake of FITC-Dextran, then samples exposed to US without UCA would show 

uptake.  However, as seen in Figure 5.5, without OptisonTM or Definity® present, 

significant sonoporation activity was not observed for any of the three Pr examined.  

Consequently, the sonoporation activity observed in these studies was mediated by UCA 

activity. 

5.3.2 Relationship between IC and Sonoporation 

The role of IC as the sonoporation mechanism has previously not been elucidated 

with direct evidence.  Hallow et al. (2006) did show that acoustic cavitation correlates 

well with sonoporation activity through a simultaneous monitoring of inertial cavitation 

dose and cell exposure.  However, an integration of the average broadband noise was 

used as the inertial cavitation dose; further this method is unable to quantify the amount 

of IC and UCA oscillation.  This quantification becomes important when looking at 

exposure conditions around the threshold for collapse.  The experimental observations 

reported herein provide evidence that sonoporation is not directly due to IC of UCAs, 

using characteristic rebounds that occur when a microbubble ruptures as the criteria for 

the IC event. 

This conclusion is most apparent in comparing the collapse thresholds of 

OptisonTM and Definity® to the sonoporation response over a range of Pr, as in Figures 

5.1, 5.4, and 5.6.  The threshold for OptisonTM collapse is around a Pr of 0.77-0.83 MPa, 

so below this pressure range, few, if any, microbubbles undergo collapse.  However, 

below this collapse threshold significant sonoporation is occurring.  Furthermore, at the 

threshold for OptisonTM collapse, sonoporation activity is half of the maximum observed 

activity.  These results demonstrate that sonoporation is occurring while OptisonTM is 

intact, thus IC is not the mechanism responsible for sonoporation.  When comparing the 

collapse threshold of Definity® to the sonoporation response to Pr, a similar trend is 

observed.  For a 0.92-MHz exposure the collapse threshold of Definity® is 1.27±0.32 

MPa; at 3.15-MHz, the collapse threshold is at a Pr of 0.84±.190 MPa; and at 5.6-MHz, 

the collapse threshold is at 2.57±0.26 MPa.  For all three cases, sonoporation was 
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occurring below this threshold, while Definity® microbubbles were still intact.  At the 

lowest frequency and highest frequencies, 0.92 and 5.6 MHz, the sonoporation activity 

reached its maximum value around the threshold.  Therefore, essentially all of the 

sonoporation activity for these two cases occurred while Definity® microbubbles were 

intact.  For the 3.15-MHz study, the sonoporation activity had reached its maximum 

activity below the collapse threshold.  These four independent studies established the 

same conclusion, sonoporation is occurring while the UCA microbubbles are still intact.  

Thus, IC is not required for sonoporation to occur. 

Above the collapse thresholds, a drop in sonoporation activity occurs.  From the 

OptisonTM collapse data (Figure 5.1), it is observed that at the Pr values where this drop 

occurs (2.7 and 3.5 MPa) greater than 95% of the bubbles are collapsing quite rapidly.  It 

can also be assumed that above the thresholds for Definity® nearly all of the bubbles 

undergo collapse.  If IC was the sonoporation mechanism, it would be assumed that when 

all of the bubbles were collapsing sonoporation would be maximized.  That, however, is 

not the case.  Sonoporation is maximized below the Pr where all UCAs are collapsing.  It 

is also very important to note that the Pr where the maximum sonoporation occurs and 

subsequent drop in sonoporation occurs tracks very closely to the collapse threshold for 

the UCA.  This is most easily observed with the three Definity® studies in Figure 5.6.  It 

is observed that Definity® exposed at 3.15-MHz has the lowest collapse threshold of the 

three frequencies observed and as a result this frequency shows the maximum 

sonoporation activity occurring at the lowest Pr.  The 5.6-MHz collapse threshold 

occurred at the highest Pr and the maximum sonoporation activity occurs at the highest Pr 

of the three studies.  For all three cases, Pr above that for maximum sonoporation activity 

revealed a drop in sonoporation.  A similar drop in sonoporation activity was seen in 

Hallow et al (2006) using 1.7 vol% OptisonTM, 1.1 MHz, and 3-s exposure duration.  The 

percentage of sonoporated cells increased as the pressure was increased from 0.5 MPa to 

1.7 MPa.  From 1.7 MPa to 2.0 MPa the percentage sonoporated cells decreased from 

20% to around 7%.  Furthermore, it has been shown that as the percentage of OptisonTM 

bubbles destroyed increases, the molecular uptake of macromolecules by cells in 

suspension was found to decrease (Kamaev et al. 2004).  Therefore, it can be concluded 

that when UCAs are undergoing IC, sonoporation is minimized. 



 

 77

The drop in sonoporation activity seen in this study does not have a corresponding 

increase in the percentage of nonviable cells, nor an increase in lysed cells and debris.  

The results presented here suggest that increased cell death is not a cause of this 

decreased sonoporation.  However, several studies have shown that at higher acoustic 

pressures cell viability does decrease (Bao et al. 1997; Hallow et al. 2006).  The major 

difference between those studies and this one is the configuration of the cells.  This study 

was performed as a monolayer, whereas the cited studies were suspension cells. 

The results provided from the study performed using OptisonTM and the three 

studies using Definity® support a single conclusion.  IC is not the mechanism for 

sonoporation.  At Pr levels below the collapse threshold for all four conditions, significant 

sonoporation was observed.  Sonoporation occurred at levels where the UCAs were still 

intact.  Above the thresholds, where most, if not all, of the UCAs were undergoing 

collapse, sonoporation was minimized.  Thus, at the greatest levels of IC activity, the 

lowest levels of sonoporation were observed.  From these results, it can be concluded that 

IC is not the physical mechanism responsible for sonoporation. 

5.3.3 Possible Mechanistic Causes of Sonoporation 

The exposure-dependent sonoporation activity at the lower Pr levels (between 120 

kPa and 2.4 MPa for the OptisonTM study, 13 kPa and 1.4 MPa for the 0.92-MHz 

Definity® study, 13 kPa and 260 kPa for the 3.15-MHz Definity® study, and 13 kPa and 

2.3 MPa for the 5.6-MHz Definity® study), Pr ranges that transition the UCAs’ response 

from linear to nonlinear oscillation to IC, suggests a mechanism that is also exposure-

dependent throughout this range of rarefactional pressures.  It is likely that 

microstreaming is exposure-dependent over these Pr ranges, and supported  by the 

observation of Marmottant and Hilgenfeldt (2003).  The shear stress due to 

microstreaming from microbubble oscillation is 
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where δ is the boundary layer thickness, A is the initial bubble radius, η is the shear 

viscosity of the medium, f is the frequency, and εo is the radial oscillation amplitude 

(Rooney 1970).  The εo is dependent on Pr (Emmer et al. 2007; Marmottant et al. 2005), 
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with larger microbubble oscillation amplitudes occurring as Pr  is increased.  Marmottant 

et al. (2005) presented experimental results of a 0.8 µm radius BR14 UCA oscillating in a 

single 5-cycle pulse of 2 MHz US.  At Pr=200 kPa, εo was approximately 0.15 µm, at 

Pr=250 kPa, εo was approximately 0.2 µm, and at Pr=300 kPa, εo was approximately 0.35 

µm.  Emmer et al. (2007) presented similar results using a 3.5 µs pulse at 1.7 MHz.  For 

BR14 UCA of 3 µm, at Pr=100 kPa, εo was approximately 0.08 µm, at Pr=200 kPa, εo 

ranged from 0.23 to 0.6. µm, and at Pr=250 kPa, εo ranged from 0.38 to 0.78 µm.  Hence, 

as Pr increases, εo increases; resulting in an increased S.  Therefore, the shear stress due to 

microstreaming is dependent on the applied Pr, with increased microstreaming occurring 

with increased Pr. 

Using this definition of shear stress it is possible to demonstrate that 

microstreaming around UCAs has the potential to induce sonoporation.  Several studies 

have presented observations of streamlines that develop around a vibrating bubble 

(Marmottant & Hilgenfeldt 2003; Rooney 1970).  Through visual observation, the 

smallest streamline traced was approximately 1 and 2 times the circumference of the 

bubble, respectively.  Let us assume that one circuit of the streamline is sufficient for a 

fully developed streaming flow to evolve around a bubble that is initially at rest and then 

excited by US.  If we use the more recent value, then the distance the fluid must travel is 

2πA.  The limiting tangential fluid velocity at the surface of the bubble is given by  
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(Coakley & Nyborg 1978).  Thus, the time to complete one circuit of the smallest 

streamline is 

 2

L

A
U
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If we assume the radial oscillation amplitude is where the UCA undergoes inertial 

cavitation (2 times the initial radius), ξo is A.  Thus, τ becomes 

 1
f

τ = . (5.4) 

For the frequencies used in this study, 3.15 MHz, 0.92-MHz, and 5.6-MHz, the time for 

microstreaming to develop around a bubble is 1.09 µs, 0.32 µs, and 0.18 µs, respectively.  
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The time duration for a single pulse at those frequencies was 5.4 µs, 1.59 µs, and 0.89 µs, 

respectively.  Thus, microstreaming would develop within a single pulse of US at all 

three frequencies. 

The shear stress, S, can be calculated for this study.  The boundary layer 

thickness, δ, is defined as  
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where ρ is the density of the medium (Coakley & Nyborg 1978).  The exposure medium 

used in this study has a concentration of 0.30% Dextran with a 500 kDa molecular 

weight, which results in a shear viscosity around 0.002-0.003 Pa-s (Nyborg 1975).  If we 

assume a shear viscosity of 0.002 Pa-s, and a center frequency of 3.15 MHz, δ is 0.45 

µm.  If the initial radius of the UCA is 2 µm (assuming OptisonTM as the UCA), S is 

calculated to be 1.76x105 dyn-cm-2 using Equation 1.  If Definity® is used for this 

calculation instead, the initial radius is 0.82 µm.  The resulting S for the three frequencies 

that were examined in the Definity® studies are as follows: 1.19x104 dyn-cm2 for 0.92 

MHz, 7.56x104 dyn-cm-2 for 3.15 MHz, and 1.79x105 dyn-cm2 for 5.6 MHz. 

Rooney found that at the threshold stress for hemoglobin release of red blood 

cells the duration of the applied stress was 25 µs (Rooney 1972b).  In these studies, the 

time of the applied stress of a single pulse was 5.4 µs at 0.92 MHz, 1.59 µs at 3.15-MHz, 

and 0.89 µs at 5.6 MHz, however as the relaxation time of biological materials is long 

under these conditions, it can be assumed that successive pulses would have a cumulative 

effect on streaming.  Thus, at 0.92-MHz, 5 pulses would be required to achieve a 25 µs 

applied stress, which is approximately 0.5 seconds of exposure.  At 3.15-MHz, 16 pulses 

would be required, which is approximately 1.6 seconds of exposure.  At 5.6-MHz 28 

pulses would be required to achieve a 25 µs applied stress, which is approximately 2.8 

seconds of exposure.  The ED for all these studies was 30 seconds, so it is reasonable that 

a biologically active microstreaming flow pattern is developed during the exposure.  

Ammi et al. (2006b) presented evidence that OptisonTM microbubbles collapse within a 

single pulse, thus when a UCA undergoes collapse, there is not sufficient time for 

microstreaming to impact the cells and thus no sonoporation occurs. 
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Above the collapse thresholds for the UCAs, a drop in sonoporation activity 

occurs.  At these Pr values, greater than 95% of the bubbles are collapsing quite rapidly.  

Due to their rapid collapse within a single pulse, the UCAs are not present to oscillate 

and contribute to microstreaming.  Thus, at higher Pr microstreaming will be minimized.  

If microstreaming is the major sonoporation mechanism, minimization of microstreaming 

will result in minimized sonoporation.  This is, in fact, what is observed with these 

results. 

Published reports that have rigorously examined the behavior of liquid jets are 

scarce and none replicate the situation in this study.  However, results suggest that liquid 

jets are a less likely explanation for the sonoporation results presented in this paper.  

Kodama and Takayama (1998) investigated the interaction of shock waves with bubbles 

attached to rat livers.  They observed that liquid jets due to oscillating bubbles are 

capable of penetrating into rat livers and the penetration depth of the liquid jet rapidly 

decreased with decreasing equilibrium radius of the bubble.  The smallest bubble 

examined had a radius of 100 µm, while OptisonTM has a mean radius of 2 to 4.5 µm and 

Definity® 1.1 to 3.3 µm.  Therefore, it is expected that the penetration depth of the small 

UCAs would not be large enough to impact a tissue. 

Additionally, jet formation is a bit chaotic and shows some irregularities near the 

threshold (Prosperetti 1997).  Brujan et al (2001) showed that for unshelled bubbles 

produced by a laser, the jetting behavior is quite varied, when it occurred at all.  The 

liquid jet formation could be towards or away from the boundary, or formation of an 

annular jet resulted in bubbles splitting and subsequent formation of two very fast axial 

liquid jets flowing in opposite directions.  Due to these irregularities, we do not anticipate 

jet formation could be responsible for the trends in sonoporation results observed here.  

Prentice et al. (2005) provided evidence that microjets from shelled microbubbles can 

produce pits on the surface of a cell membrane.  However, they do not show that 

macromolecules are able to pass into the cell through those pits.  Additionally, they 

concluded that the extent of those microjet-induced pits would suggest that lysis of the 

cell was inevitable and the exposed cells in this study do not undergo increased lysis.  

Literature has shown that microjets do have the potential to contribute to sonoporation, 

but in this study are unlikely to be the dominant mechanism. 
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The evidence provided suggests that the sonoporation effect was caused by linear 

or nonlinear oscillation of the UCA.  These responses occur at lower pressure amplitudes 

and could thus explain the presence of sonoporation at the lower pressure levels.  

Therefore, we conclude that IC is not the responsible mechanism for sonoporation and 

conclude that microstreaming due to microbubble oscillations is principally responsible. 

5.3.4 The Impact of UCA Resonance on Sonoporation 

When a UCA is excited at its resonant frequency, it will oscillate at its maximum 

amplitude.  When excited at other frequencies, the oscillation will not be as great.  The 

resonance frequency of a UCA is given as 
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where R0 is the equilibrium bubble radius, κ is the polytropic gas constant, P0 is the static 

pressure of the surrounding medium, ρ is the density of the surrounding medium, Sp is the 

stiffness of the shell, and m is the effective mass of the system, defined as 4πR3ρ (de Jong 

et al. 1992).  The resonance frequency for OptisonTM and Definity® can be calculated.  ρ 

for fresh water is 998 kg/m3, P0 is 101 kPa, and κ is 1.07 for perflouropropane.  Sp for 

albumin, the shell of OptisonTM, is 8 N/m (de Jong et al. 1994).  Sp for the shell of 

Definity® is 1.7 N/m (Goertz et al. 2007).  The commercially available UCAs consist of a 

size distribution of bubbles, therefore there will be several resonance frequencies 

corresponding to the various sizes.  To calculate the resonance frequency of OptisonTM 

and Definity®, the mean radius of the UCA will be used.  The mean radius of OptisonTM 

to be used is that listed on the package insert, 3 µm.  The Definity® mean radius was 

found in our lab to be 0.82 µm.  The resonance frequency for OptisonTM was then found 

to be 1.2 MHz.  The resonance frequency for Definity® was calculated at 4.3 MHz. 

The variation in the extent of sonoporation activity for OptisonTM and Definity® 

can be explained by the difference in resonance frequency between the two UCAs.  Both 

studies used a center frequency of 3.15 MHz, with all other exposure parameters 

identical.  This center frequency is much closer to the resonance frequency of Definity®, 

4.3 MHz, than OptisonTM, 1.2 MHz.  Thus, it is expected that Definity® will be 

oscillating closer to its maximum amplitude than OptisonTM.  The results reflect this.  The 
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maximum sonoporation activity over the Pr examined for the OptisonTM study was 

10.2%; whereas the maximum sonoporation activity for the Definity® study was greater 

at 24.5%.  The number of UCA bubbles in each sample was identical to ensure that this 

disparity in sonoporation activity was not due to one UCA having more potential sites of 

biological impact than the other.  Therefore, the closer the center frequency of the applied 

US to the resonance frequency of the UCA, the greater the sonoporation observed. 

These same observations can be applied to the studies examining Definity® at 

various center frequencies.  If resonance frequency of the UCA does in fact impact the 

quantity of sonoporation activity, the frequency study of Definity® should reveal that 

influence.  The three frequencies studied were 0.92 MHz, 3.15 MHz, and 5.6 MHz.  The 

resonance frequency of Definity® is 4.3 MHz.  This frequency lies between the two 

higher frequencies.  5.6-MHz samples did in fact show the highest percentage of 

sonoporated cells than the other two frequencies, with a maximum of 63.4%.  The 

samples exposed to 0.92-MHz US exhibited less sonoporation with the maximum 

sonoporation at 39.8%.  Both of these results support the theory that when near resonance 

of the UCA, higher sonoporation occurs. 

However, the 3.15-MHz study does not support this conclusion, with a maximum 

sonoporation of 24.5%.  This maximum activity should be near that for the 5.6-MHz 

samples and greater than the 0.92-MHz samples.  The most likely explanation for this 

discrepancy is human procedural differences between the three studies.  The 3.15-MHz 

study was the first study performed using Definity® and as such the procedure did not 

progress as smooth as later studies.  The 0.92-MHz and 5.6-MHz studies were the final 

two studies conducted for this thesis, so many studies had been previously performed and 

all the snags had been worked out of the procedure.  Therefore, these later studies were 

executed in a more seamless and efficient manner than the 3.15-MHz study.  Biological 

systems are very sensitive to slight changes in procedure, thus the quantity of 

sonoporation observed in the 3.15-MHz studies was likely impacted.  Nonetheless, since 

all samples of a particular study were treated identical, it is safe to assume that the 

decreased sonoporation activity occurred uniformly for all Pr of the 3.15-MHz study.  

This uniform impact over all the Pr still allows the major features of the results to be 

accurate (e.g. the location of the maximum sonoporation and the existence of the drop-off 
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in sonoporation activity), however does not provide a reliable comparison for the quantity 

of sonoporation activity among the Definity® studies. 

The difference between the Pr at which the maximum sonoporation activity occurs 

is likely explained by the collapse threshold variation between the two UCAs and the 

different center frequencies.  The maximum sonoporation activity, however, seems most 

likely impacted by the resonance frequency of the UCA.  This theory was supported by 

results using two different UCAs, OptisonTM and Definity®, and by using different center 

frequencies and a single UCA, Definity®.  It is reasonable, then, to conclude that a 

monodisperse UCA sample would produce maximum sonoporation effects.  The UCA 

populations exposed here were polydisperse, and as such only a portion of the 

microbubbles were actually being exposed at their resonance frequency.  By ensuring the 

entire bubble population was acting in concert, the bioeffects on the cells would be 

increased. 
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CHAPTER 6  SONOPORATION ACTIVITY DETERMINATION 

FOR SEVERAL BIOLOGICAL PARAMETERS 

6.1 Sonoporation Activity for Different Permeability Agents 

The following set of studies was performed to evaluate the biological 

effectiveness of sonoporation.  For sonoporation to be a clinically viable option for drug 

delivery and gene therapy, a variety of macromolecules must be capable of crossing the 

cell membrane during US exposure.  To verify that cells can take up an assortment of 

molecules, three permeability agents were examined: FITC-Dextran, Calcein, and 

FluoSpheres® microspheres.  All three studies were conducted with CHO cells exposed to 

3.15-MHz, 5-cycle US in the presence of Definity®.  The PRF was 10 Hz and exposure 

duration was 30 seconds.  Threshold-type studies examining sonoporation activity as a 

function of Pr were performed.  Each study exposed the cells to pressure levels ranging 

from 10 kPa to 6.3 MPa. 

6.1.1 Results with FITC-Dextran 

This study, where CHO cells in FITC-Dextran were exposed to 3.15-MHz US in 

the presence Definity®, was previously presented in Sections 5.1.3.  Over the Pr range 

studied, the fraction of sonoporated cells among the total viable population varied from 

4.7% to 24.5%, with the sonoporation activity increasing as Pr increased up to a 

maximum occurring at 260 kPa (Figure 6.1).  The 3.15-MHz 5-cycle collapse threshold 

of Definity® in the exposure medium, 840±190 kPa, is also labeled on Figure 6.1.  At this 

threshold pressure, sonoporation had already reached its maximum sonoporation activity 

and was in the drop-off phase of the sonoporation response, indicating that significant 

sonoporation is taking place at Pr levels where IC of Definity® was not occurring. 

At Pr>260 kPa a significant drop in sonoporation activity was observed.  From 

260 kPa to 1.7 MPa, sonoporation dropped from 24.5% to 4.8%.  This decrease starts 

below the collapse threshold for Definity® and continues above the collapse threshold.  

The percentage of nonviable cells at each Pr is plotted in Figure 6.2.  The nonviable cells 

varied between 3.4% and 8.0%, with no distinct pattern emerging with respect to Pr. 
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6.1.2 Results with Calcein 

CHO cells were exposed to US in the presence of Calcein.  Calcein is a green-

fluorescent FITC conjugate molecule with a molecular weight of 623 daltons.  The 

sonoporation activity over the range of Pr examined once again presented the same 

pattern of behavior.  Sonoporation activity increased to a maximum, followed by a 

significant, sudden drop in sonoporation activity, with the Pr of the major features 

occurring at very similar pressure levels as the FITC-dextran results.  The fraction of 

sonoporated cells among the total viable population varied from 5.7% to 21.5%, with the 

sonoporation activity increasing as Pr increased up to a maximum occurring at 270 kPa 

(Figure 6.3).  The error was calculated using standard error of mean for the 5 or 6 

independent replicate samples at each Pr.  The 3.15-MHz 5-cycle collapse threshold of 

Definity® in degassed water, 840±190 kPa, is also labeled on Figure 6.3.  At this 

threshold pressure, sonoporation activity had already reached its maximum value.  At Pr 

below this threshold Definity® was not undergoing IC, however sonoporation was still 

occurring. 

As the Pr increases from 270 kPa to 380 kPa, sonoporation activity dropped 

significantly from 21.5% to 4.8%.  This decrease occurs below the collapse threshold for 

Definity® and continues for Pr above the collapse threshold.  The percentage of nonviable 

Figure 6.1  Sonoporation of CHO cell exposed at 

3.15 MHz, 5 cycles, 10 Hz PRF and for 30 s with 

Definity® in a FITC-dextran solution. 

Figure 6.2  The percentage of nonviable CHO 

cells immediately following exposure to 3.15-

MHz US for 30 s with Definity® in either a FITC-

dextran or calcein solution. 
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cells at each Pr is presented in Figure 6.2.  The percentage of nonviable cells varied 

between 4.6% and 6.9%, with no distinct pattern emerging with respect to Pr. 

6.1.3 Results with FluoSpheres® Microspheres 

FluoSpheres® microspheres were used as the permeability agent for CHO cells 

exposed to US.  FluoSpheres® are 0.01 µm polystyrene beads with a yellow-green 

fluorescence.  These spheres were chosen because they are close to the size of the FITC-

dextran molecule used in other sonoporation studies.  As revealed through 

experimentation, though, FluoSpheres® do not make suitable permeability agents. 

 FluoSpheres® were added to the exposure medium before CHO cells were 

exposed to US, per the procedure outlined in Chapter 3.  Following exposure and 

washing of the CHO cells, the cells were then counted using the flow cytometer.  During 

the flow cytometery analysis, it was not possible to obtain the 18,000 whole cells needed.  

Two reasons could be responsible for this event.  First, for that particular experiment day, 

the number of seeded cells in the microwell plate may have been counted incorrectly.  If 

this were the case, then a second experiment should not have a lack of whole cells.  Two 

separate days of experiments were examined (72 samples) and the same condition 

resulted each time, fewer than 18,000 cells were present in the samples.  The second 

option was that somewhere in the experimental procedure cells were lysing and therefore 

not present as whole cells.  It was determined that this was the case. 

Figure 6.3  Sonoporation activity of CHO cells exposed at 3.15 MHz, 5 cycles, 10 Hz PRF and 

for 30 s with Definity® in a calcein solution. 
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To determine when in the procedure this lysis was occurring, two likely points of 

damage were identified.  The first potential lysis point was during the US exposure.  As 

was described in a previous section, large scale streaming within the exposure well does 

occur.  This streaming helps to keep the exposure medium mixed up and uniformly 

distributed.  However, the hard structure of the FluoSpheres® (polystyrene) might cause 

them to act more like projectiles due to this streaming.  If the FluoSpheres® are projected 

into the cells at high enough speeds, they can lyse the cells.  The second potential point of 

lysis is during the centrifugation of the cells.  When the cells are washed with PBS after 

exposure, this process requires centrifugation of the microcentrifuge tubes.  The tube is 

centrifuged, the supernatant removed and discarded, and 1 mL of PBS is added.  The 

solution is then mixed and this process is repeated for the second wash.  The 

centrifugation occurs at high speeds and could also cause the FluoSpheres® to become 

projectiles capable of damaging the cells. 

It was determined that the centrifuge process was the cause of the lysed cells.  The 

control samples were sham exposed to US, meaning the US was never turned on.  For 

those samples no acoustic streaming occurred within the well, however, the cell count 

was still low.  Thus, the centrifuge was causing the lysis of cells.  To correct this 

problem, a procedure was followed where no PBS washes occurred, hence no 

centrifugation.  If the centrifuge step could be removed, then the cell lysis could be 

removed.  Unfortunately, the background fluorescence of the FluoSpheres® in solution 

was too great.  It was not possible to identify sonoporated cells from the surrounding 

medium.  Therefore, the results of the FluoSpheres® were not used for any discussion or 

conclusion making.  They are included here to inform readers of the attempt to utilize 

FluoSpheres® and the problems that were confronted. 

6.1.4 Discussion 

Sonoporation is a promising drug delivery and gene therapy method.  For 

sonoporation to be an effective technique in either therapy, a variety of genes and drugs 

must be capable of crossing the cell membrane.  Additionally, it is important that the 

quantity of transfection can be predicted for the particular drug.  The goal of these 
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studies, where the permeability agent was varied, was to verify that sonoporation can be 

utilized with a variety of molecules located in the extracellular medium. 

Using two permeability agents, FITC-dextran and calcein, sonoporation was 

shown to undergo a nonspecific permeability change.  Both calcein and FITC-dextran 

crossed the cell membrane from the extracellular medium to the intracellular medium.  

The pattern of uptake was very similar for the two agents.  At the lowest Pr examined for 

both cases sonoporation activity was observed, 4.7 % at 13 kPa for FTIC-dextran and 

6.8% at 23 kPa for calcein.  The maximum sonoporation activity for both permeability 

agents occurred at very similar Pr and resulted in similar sonoporation activities.  The 

maximum sonoporation activity for FITC-dextran was 24.5% at 260 kPa.  Calcein 

showed the greatest uptake, 21.5%, at 210 kPa.  In both cases, a sudden drop in 

sonoporation was observed for Pr greater than the maximum activity. 

For these two results to be so alike, a similar mechanism is likely to be at work.  

In both cases significant sonoporation was occurring below the collapse threshold for 

Definity®.  These results support the conclusion made in the previous chapter that IC of 

the UCA is not necessary for sonoporation to occur.  Additionally, the drop in 

sonoporation confirms that when IC occurs the sonoporation mechanism is minimized.  

Therefore, sonoporation is caused by linear or nonlinear oscillation of the UCA.  The 

permeability agent study can be incorporated into the conclusion by stating that the 

choice of permeability agent does not alter the sonoporation activity with regards to Pr. 

Calcein and FITC-dextran are dramatically different in size, 623 daltons and 

500,000 daltons, respectively.  It was anticipated that the smaller calcein would 

sonoporate a higher percentage of cells than the larger FITC-dextran.  Unexpectedly, this 

was not the case.  FITC-dextran and calcein revealed very similar sonoporation activity.  

One can conclude from these results, that the permeability change of CHO cells due to 

sonoporation allows for the uptake of molecules at least as large as 500,000 daltons.  

Without a specifically designed size exclusion study, it is unknown if larger molecules 

would be capable of crossing the membrane.  It is also important to note that the 

methodology of sonoporation determination did not quantify the amount of permeability 

agent inside the cell, only whether it was present or not.  It is probable that more calcein 

is present in each cell than FITC-dextran.  Depending on the desired therapy, the quantity 
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of permeability agent inside the cell might be an important consideration.  However, due 

to the experimental design of this study, the quantity of permeability agents inside each 

cell was not determined. 

The results of this study are part of a body of literature presenting a variety of 

molecules passing into a cell as a result of sonoporation.  Small compounds (Brayman et 

al. 1999; Guzman et al. 2001; Keyhani et al. 2001), macromolecules (Guzman et al. 

2002; Miller et al. 1999), DNA (Bao et al. 1997; Greenleaf et al. 1998; Wyber et al. 

1997), and other therapeutic compounds (Harrison et al. 1996; Keyhani et al. 2001; van 

Wamel et al. 2004; Wu et al. 2006) have been delivered into cells using US.  US can also 

deliver protein (Mukherjee et al. 2000; Weimann & Wu 2002; Wu et al. 2002) and DNA 

(Amabile et al. 2001; Lawrie et al. 2000; Miller et al. 2003a; Miller & Song 2003) into 

tissues.  Additionally, FITC-dextran and calcein are capable of entering a cell via 

sonoporation.  This study, in conjunction with the cited studies, has shown that 

sonoporation is applicable for a variety of permeability agents.  Thus, sonoporation has 

great potential in a variety of targeted drug delivery and gene therapy applications. 

6.2 Sonoporation Activity for Different Cell Lines 

The studies in this section were performed using an identical procedure, with one 

exception.  Three different cell lines were examined: Chinese hamster ovary (CHO) cells, 

mouse bone marrow stromal D1 ORL UVA cells (D1), and mouse embryonic fibroblasts 

(3T3-L1).  For all three cell lines, a threshold-type study examining sonoporation activity 

as a function of Pr was performed.  The cells were exposed to 3.15-MHz 5-cycle US in 

the presence of Definity®.  The PRF was 10 Hz, exposure duration 30 seconds, and the 

permeability agent was FITC-Dextran.  Each study exposed the cells to pressure levels 

ranging from 13 kPa to 7.2 MPa.  The goal of the cell-line study was to examine the 

impact of cell line on the degree of sonoporation and gain some insight into the biological 

properties that promote sonoporation behavior. 

6.2.1 Results of Chinese Hamster Ovary Cells (CHO) 

This study, where CHO cells exposed to 3.15-MHz US in the presence Definity®, 

was previously presented in Section 5.1.3.  Over the Pr range studied, the fraction of 

sonoporated cells among the total viable population varied from 4.7% to 24.5%, with the 
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sonoporation activity increasing as Pr increased up to a maximum occurring at 260 kPa 

(Figure 6.1).  The error was calculated using standard error of mean for the 5 or 6 

independent replicate samples at each Pr.  The 3.15-MHz 5-cycle collapse threshold of 

Definity® in the exposure medium, 840±190 kPa, is also labeled on Figure 6.1.  At this 

threshold pressure, sonoporation had already reached its maximum sonoporation activity 

and was in the drop-off phase of the sonoporation response, indicating that significant 

sonoporation is taking place at Pr levels where IC of Definity® was not occurring. 

At Pr>260 kPa a significant drop in sonoporation activity was observed.  From 

260 kPa to 1.7 MPa, sonoporation dropped from 24.5% to 4.8%.  This decrease starts 

below the collapse threshold for Definity® and continues above the collapse threshold.  

The percentage of nonviable cells at each Pr is plotted in Figure 6.4.  The nonviable cells 

varied between 3.4% and 8.0%, with no distinct pattern emerging with respect to Pr. 

6.2.2 Results of Mouse Bone Marrow Stromal Cells (D1) 

D1 cells were exposed to US and underwent sonoporation activity over the Pr 

range examined.  The D1 cells revealed the same pattern of sonoporation activity as the 

CHO cells, with sonoporation increasing to a maximum, followed by a significant, 

sudden drop in sonoporation activity.  However, the locations of the major features occur 

at different pressure levels than the previously observed results.  The fraction of 

sonoporated cells among the total viable population varied from 1.1% to 14.6%, with the 

Figure 6.4  The percentage of nonviable CHO, 

D1, and 3T3-L1 cells immediately following 

exposure to 3.15-MHz US for 30 s with Definity® 

in a FITC-dextran solution.

Figure 6.5  Sonoporation activity of D1 cells 

exposed at 3.15 MHz, 5 cycles, 10 Hz PRF and for 

30 s with Definity® in a FITC-dextran solution. 
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sonoporation activity increasing as Pr increased up to a maximum occurring at 2.7 MPa 

(Figure 6.5).  The error was calculated using standard error of mean for the 5 or 6 

independent replicate samples at each Pr.  The 3.15-MHz 5-cycle collapse threshold of 

Definity® in the exposure medium, 840±190 kPa, is also labeled on Figure 6.5.  At this 

threshold pressure, sonoporation had not increased significantly from the control results.  

For these cells, sonoporation is not taking place at Pr levels where IC of Definity® was 

not occurring. 

As the Pr increases from 2.7 MPa to 3.6 MPa, sonoporation activity drops from 

14.6% to 12.6%.  Above 3.6 MPa, a significant drop in sonoporation activity was 

observed, from 12.6% to 2.4%.  This decrease occurs well above the collapse threshold 

for Definity® and appears to have no correlation to the IC of the UCA.  The percentage of 

nonviable cells at each Pr is plotted in Figure 6.4.  The nonviable cells varied between 

1.3% and 4.5%, with no distinct pattern emerging with respect to Pr. 

6.2.3 Results of Mouse Embryonic Fibroblasts (3T3-L1) 

3T3-L1 cells were exposed to US at the settings outlined above.  Following 

exposure, visual observation of the exposure wells revealed that the 3T3-L1 cells were 

not uniformly attached to the bottom of the well.  Large patches of cells were dislodged 

from the bottom of the well during the procedure.  Careful examination showed that the 

cells became rounded up and lost their monolayer configuration while PBS sat on the 

monolayer.  Even without exposure to US, this rounding up and loss of attachment of the 

Figure 6.6  Sonoporation activity of 3T3-L1 cells exposed at 3.15 MHz, 5 cycles, 10 Hz PRF 

and for 30 s with Definity® in a FITC-dextran solution. 
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cells occurred.  As a result, the cells were not exposed in a monolayer configuration, but 

instead as a semi-suspension configuration. 

The pattern of sonoporation activity over the Pr range was the same as with the 

CHO cells, with sonoporation increasing to a maximum and then resulting in a 

significant, sudden drop in sonoporation activity.  The fraction of sonoporated cells 

among the total viable population varied from 0.08% to 16.2%, with the sonoporation 

activity increasing as Pr increased up to a plateau at 940 kPa (Figure 6.6).  This plateau 

extended from 940 kPa to 1.4 MPa, and the sonoporation varied between 14.9% and 

16.2% over this plateau.  The error was calculated using standard error of mean for the 5 

or 6 independent replicate samples at each Pr.  The 3.15-MHz 5-cycle collapse threshold 

of Definity® in the exposure medium, 840±190 kPa, is also labeled on Figure 6.6.  At this 

threshold pressure, sonoporation had already increased to approximately 13%, close to 

the maximum sonoporation activity.  For 3T3-L1 cells, sonoporation is taking place at Pr 

levels where IC of Definity® was not occurring. 

Above 3.6 MPa, a significant drop in sonoporation activity was observed, from 

12.6% to 2.4%.  This decrease occurs above the collapse threshold for Definity®, where it 

would be expected that all of the Definity® bubbles are collapsing within a single pulse.  

The percentage of nonviable cells at each Pr is plotted in Figure 6.4.  The nonviable cells 

varied between 5.8% and 12.4%, with no distinct pattern emerging with respect to Pr. 

6.3 Discussion of Cell Lines and Sonoporation 

6.3.1  3T3-L1 Results are Not Comparable to the CHO and D1 Cell Lines 

As mentioned above the 3T3-L1 cells did not maintain their monolayer 

configuration for the exposure, as such the cells were exposed as a semi-suspension 

instead.  The other two cell lines, CHO and D1, were exposed in monolayer.  

Consequently, the results from the 3T3-L1 cells cannot be compared to the other two cell 

lines.  Too many differences exist between cells in suspension and cells in a monolayer.  

Additionally, the 3T3-L1 cells are not really one or the other, but a mixture of the two. 

First, biological differences exist between cells in monolayers and those in 

suspensions.  Monolayer cells are spread out and flattened.  Suspended cells are spherical 

shaped.  The flattened nature of adherent cells is due to fibronectin molecules, located 
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external to the cell membrane, binding to extracellular matrix component coated on the 

treated plastic microwell plate.  The cell is configured such that the greatest surface area 

of the cell is attached to the plate, thus resulting in a flattened shape.  These fibronectin 

molecules are attached via integral proteins to actin fibers inside the cells.  Actin is one of 

the three major components of the cytoskeleton.  The cytoskeletal configuration, 

therefore, will be different between the adherent and suspended cell. 

Second, the physical stresses on a cell membrane due to the US exposure differ 

for cells in suspension versus cells in a monolayer.  As cells in a monolayer do not move 

during exposure, the duration and intensity of US exposure is known.  A suspended cell, 

however, floats through the solution.  During exposure, the cell has the potential to move 

in and out of the focus of the US beam making it difficult to know the exposure on a cell.  

As such, identical exposure settings will result in different exposures for cells in a 

monolayer than for suspended cells. 

Due to the reasons outlined above, the results from the 3T3-L1 cells are not 

directly comparable to the results from the other two cell lines.  The part adherent, part 

suspension nature of the 3T3-L1 cells make them too different from the monolayer 

configuration of the other cell lines.  So for the discussion of the impact of cell line on 

sonoporation activity, only CHO and D1 cell results will be used. 

6.3.2 Sonoporation Activity for CHO and D1 cells 

Sonoporation activity was observed for CHO and D1 cells.  Both cell lines grow 

in a monolayer configuration and the exposure parameters were identical.  In both cases 

the sonoporation activity changed as Pr was altered.  At low Pr, sonoporation activity was 

low.  As Pr was increased, sonoporation activity increased to a maximal value.  At Pr 

above this maximum, a drop in sonoporation activity occurred.  The Pr values at which 

these features occur are slightly different between the two cell lines and the quantity of 

sonoporation activity also differed.  However, the two cell lines both support the 

conclusions made in Chapter 5.  For both cases sonoporation occurred below the IC 

threshold, therefore IC was not a necessary event in inducing sonoporation.  Second, a 

drop-off in sonoporation was observed at higher Pr where essentially all of the Definity® 

bubbles were destroyed in a single pulse.  Since the bubbles were not present for 
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sufficient time to induce microstreaming, no sonoporation was observed.  Becuase the 

response of the cells to the UCA were similar for the two cell lines, it is likely the 

differences in the sonoporation activity were due to either biological variation between 

the cell lines or minor procedural differences between two studies. 

The quantity of sonoporation activity was, in general, greater for the CHO cells 

than the D1 cells.  At very low Pr, 13 kPa, CHO cells were exhibiting sonoporation 

activity above the background (4.7% sonoporated cells).  As the Pr was increased, 

sonoporation activity rapidly increased up to the maximum, 24.5%, at 264 kPa.  D1 cells, 

on the other hand, appeared to be more resistant to sonoporation, requiring a higher 

pressure to induce sonoporation activity.  As Pr was increased, D1 sonoporation activity 

remained at background levels until 500 kPa was reached.  At this Pr, 1.5% of the cells 

became sonoporated, but with an error of ±1%, sonoporation activity is not much above 

background.  At 570 kPa, 2.7±2.2% D1 cells became sonoporated.  It is not until a Pr of 

710 kPa that significant sonoporation was observed, 10.8±3.1%.  Thus, it seems that 

CHO cells are more easily sonoporated than D1 cells.  To further support this claim, the 

sonoporation activity at higher Pr can be observed.  After the characteristic drop-off in 

sonoporation activity, the CHO cells maintained a sonoporation activity between 4.7 and 

8.2%.  This sonoporation activity was still greater than background, but it was much 

lower than the maximum sonoporation activity of 24.5%.  The D1 cells, on the other 

hand, displayed sonoporation activity that varied between 0.4 and 3.3%, after the drop-

off.  Therefore, it can be concluded that D1 cells are more resistive to sonoporation than 

CHO cells, and as such D1 cells requires a higher pressure, i.e. more shear stress, to 

induce a permeability change. 

The results presented here suggest that structural differences between cell lines 

may cause differences in susceptibility to sonoporation.  CHO cells are epithelial cells 

with a rich history of research having been performed on them, therefore much is known 

about their structure.  Atomic force microscopy was used to indent and stretch CHO cells 

and obtain rheological properties (Canetta et al. 2005).  It was found that CHO cells had 

shear modulus of 250±50 Pa and a relaxation time of 6±1 s.  The relaxation time was 

considered an average over the different components of the underlying cytoskeleton.  The 

elastic modulus (E) was found to be 0.9-1.2 kPa, but this result needs to be considered 
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with caution.  The response was dependent on the position of the probe used for 

indentation.  The E cited was for part of the cells consisting mainly of membrane and 

proteins located on top of the nucleus. 

D1 cells, on the other hand, are a relatively new cell line under the control of a US 

patent (Balian 2000).  D1 cells are a pluripotential bone marrow cell line, which can 

differentiate into osteocytes, chondrocytes, and adipocytes in the presence of appropriate 

stimuli.  D1 cells are homing cells; when injected systematically into the patient, they 

home to the bone marrow, unless specifically placed in another location.  These cells may 

be systematically administered to treat osteoporosis, osteolysis, improve bone adherence, 

augment bone growth and bone repair, augment cartilage repair, and augment fat 

production.  D1 cells have been susceptible to transfection with a variety of genes 

without impairing the ability of the D1 cell to differentiate into an osteocyte.  For that 

reason they make a logical choice for sonoporation transfection studies.  However, for a 

biological mechanism study they are not an ideal cell line.  Because they are a relatively 

new cell line, very little is known about the structural details of the D1 cells.  

Additionally, since the D1 cells are pluripotent, extreme care must be taken to ensure the 

D1 cells do not differentiate while in culture, and thus alter their properties. 

The results provided in this section have confirmed that sonoporation is not 

limited to a single cell line, but can be applied to a variety of cells.  The cell lines 

examined here exhibited differences in the response to US and UCAs.  Both cell lines 

presented the same major characteristics of the sonoporation response.  This verified that 

the physical mechanism was the same for both cell lines.  However, the quantity of 

sonoporation differed between the two cell lines, suggesting that the structural 

characteristics of a cell line will determine the sonoporation activity.  Further studies are 

warranted that focus solely on the biological response of the cells to sonoporation to 

determine the biological mechanism. 
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CHAPTER 7  FACTORIAL-BASED EXPERIMENTS 

7.1 Pulse Repetition Frequency and Exposure Duration Factorial-Based Study 

An examination of the role of PRF and ED in sonoporation activity was 

undertaken in a 4 x 4 factorial design study (4 EDs of 10, 30, 60, and 90 s, 4 PRFs of 10, 

30, 60, and 90 Hz) in the presence of Definity®.  The PRFxED interaction is the number 

of pulses (NP).  This study determined the effect of each variable on sonoporation and 

any interaction between the two variables.  A frequency of 3.15 MHz and Pr of 172 kPa 

were used to expose the CHO cells in FITC-dextran.  This Pr was chosen because the 

3.15-MHz threshold study revealed that sonoporation activity was at its maximum at 172 

kPa.  172 kPa is below the collapse threshold for Definity®, thus for all samples the 

Definity® bubbles were undergoing linear or nonlinear oscillation. 

7.1.1 Statistics 

All statistical calculations were performed using the R statistical software 

package.  The 4 by 4 factorial design table was modeled by using the R function ‘lm’ 

while considering all the factors as discrete levels.  For design of PRF and ED, let Yijk 

denote the percentage of sonoporation activity with ith level of PRF and jth level of ED for 

kth repeat.  So Yijk is always less than or equal to 1 and greater or equal to 0. 

 EDPRF
ij

ED
j

PRF
iijkY ×+++= γββα)arcsin(  (7.1) 

for i={1,2,3,4}, j={1,2,3,4} and k={1,2,3,4,5}, where α  is the intercept, PRF
iβ  is the 

main effect for PRF, ED
jβ  is the main effect for ED, and EDPRF

ij
×γ  is the interaction 

parameter.  The reference cell in the design for the saturated model (Equation 7.1) is i=1 

and j=1, such that 

 01111 ==== ×× EDPRF
i

EDPRF
j

EDPRF γγββ  (7.2) 

A second candidate model is considered for NP, which is equal to PRF times ED, 

 NP
iijkY βα +=)arcsin( . (7.3) 
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To reduce the complexity of the saturated model (Equation 7.1), several trend 

models were also considered.  In one model, response depended linearly on numerical 

values of ED, PRF (in kHz) and their product, 

 jijiijk EDPRFEDPRFY ×+++= 12210)arcsin( γβββ , (7.4) 

where βo  is the intercept,   β1 is the PRF coefficient,   β2 is the PD coefficient, and   γ12 is 

the interaction coefficient.  Also for the variable, NP, the following candidate model was 

considered, 

 iijk NPY 10)arcsin( ββ += . (7.5) 

Models were also applied that examined quadratic or cubic main effect for PRF and ED. 

T tests of the coefficients in the full-trend model (Equations 4 and 5) were used to 

determine statistical significance of PD, PRF and the interaction term.  Analysis of 

Variance (ANOVA) test was used to determine the best model among nested models.  

Additionally, Akaike and Bayesian Information Criteria (AIC and BIC) were used for 

model selection for unnested models. 

7.1.2 Results 

The PRF and ED data for sonoporation are shown in Table 7.1.  The standard 

error of the mean was calculated for the 5 or 6 independent replicate samples at each PRF 

and ED combination.  A total of 16 PRF-ED combinations were used to model the effects 

of PRF, ED, and NP on the sonoporation activity.  A superficial examination of the data 

reveals a few general trends.  As the ED increased the sonoporation activity increased.  

PRF did not present any real trends, with sonoporation activity both increasing and 

decreasing with increased PRF.  In general, as the number of pulses increased the 

Exposure Duration (seconds) 

5 10 30 60 
5 5.48±3.40 5.66±3.03 14.76±1.27 15.34±5.84 
10 3.87±1.50 4.43±1.86 6.87±1.33 12.48±2.36 
30 9.27±4.63 11.77±3.33 12.76±2.79 12.42±2.39 Pu
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60 5.89±2.60 7.20±1.82 19.20±8.10 19.27±2.47 

Table 7.1 Percentage of sonoporated cells ± SEM for 3.15-MHz, 5-cycle US exposure at a Pr of 172 

kPa in the presence of Definity® for varying ED (s) and PRF (Hz). 
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sonoporation activity increased.  Additionally, the nonviability results for each of these 

settings are shown in Table 7.2.  The samples exposed at a PRF of 30 Hz and 5 second 

ED, do not have nonviability results due to a human error that occurred during that 

particular experiment (PI was not added to those samples). 

The detailed 4 by 4 factorial analysis for PRF and ED on sonoporation activity 

(Equation 7.1) did not show a significant effect of PRF (p=0.11), nor a significant 

interaction effect between PRF and ED (p=0.74).  However, ED did demonstrate a 

significant effect (p=0.0007).  Using Equation 7.2, NP also resulted in a significant effect 

(p=0.009). 

For the trend model, models including both linear and quadratic effects were 

evaluated.  Table 7.3 shows the ANOVA result for model selection.  In order to compare 

models which are not nested to each other (models based on Equations 7.1, 7.3, and 7.4), 

AIC and BIC are used.  Table 7.4 shows the results for AIC/BIC values of each model.  

Two models are the best choices for this experiment design, using the lowest AIC and 

BIC values and least number of terms as the criteria for a good model.  These models are 

 ED
iijkY βα +=)arcsin(  (7.6) 

Exposure Duration (seconds) 

5 10 30 60 
5 6.50±0.56 4.87±0.66 5.44±0.69 5.05±0.56 
10 4.32±0.94 4.71±0.43 3.81±0.49 2.25±0.83 
30 N/A 2.59±0.31 5.11±0.59 5.42±1.69 Pu
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60 3.44±0.47 3.10±0.51 3.655±0.53 4.51±0.82 

 

Table 7.2 Percentage of nonviable cells ± SEM for 3.15-MHz, 5-cycle US exposure at a Pr of 172 kPa 

in the presence of Definity® for varying ED (s) and PRF (Hz).  The sham exposed sample resulted in 

3.32±0.52% nonviable cells. 

Model 

Residual 
degree of 
freedom 

Residual 
sum of 
square 

Degree 
of 

freedom

Sum of 
square 

 

F value P-value 

)arcsin( SA ~ED 84 1.6156     
)arcsin( SA ~ED*PRF 82 1.5408 2 0.0748 2.0532 0.1350

)arcsin( SA ~ED+ED2+PRF+ 
PRF2+ED:PRF 

80 1.4577 2 0.0831 2.2812 0.1088

Table 7.3 The ANOVA results for three candidate models. 
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and 

 iijk EDY 10)arcsin( ββ += . (7.7)  

These results suggest that ED can be considered either as a factor or a numeric variable. 

The residual plots for Equations 6 and 7 are presented in Figure 7.1.  From these 

plots it can be determined that both models fit the experimental design quite well. 

7.1.3 Discussion 

The primary results of the 4 PRF by 4 ED factorial analysis on sonoporation 

activity is the statistically significant positive dependence of sonoporation activity on ED 

and the NP.  The NP is found by multiplying PRF by ED.  The statistical analysis 

revealed that the main effect of PRF was not significant; however the main effect for ED 

Model AIC BIC 
PRF ED PRF×ED

ijk i j ijarcsin( Y )=α+β +β +γ  81.14 39.41 
ED

jk jarcsin( Y )=α+β  91.79 79.52 
NP

jk jarcsin( Y )=α+β  85.36 60.82 

ijk 0 1 i 2 j 12 i jarcsin( Y )=β +β PRF +β ED +γ PRF×ED  91.84 79.57 

jk 0 2 jarcsin( Y )=β +β ED  91.76 84.40 

jk 0 2 jarcsin( Y )=β +β NP  88.07 80.70 
2 2

ijk 0 11 i 12 i 21 j 2 j 12 i jarcsin( Y )=β +β PRF +β PRF +β ED +β ED +γ PRF×ED  92.61 75.43 

Table 7.4 The AIC and BIC results for seven candidate models. 

Figure 7.1 Residual Plots for the two candidate models, Equations 7.6 (left) and 7.7 (right). 
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was extremely significant.  This suggests the NP is significant because of the strong 

effect of ED.  Therefore, the total duration of the ultrasound exposure is an important 

predictor of sonoporation activity. 

The lack of main effects for PRF does not necessarily suggest that this variable 

has no effect; rather the strongest effects are ED and NP.  It is possible that with a low 

enough PRF, the sonoporation activity will drop because an adequate streaming flow was 

unable to be maintained due to the length of time between pulses.  At a particular 

threshold PRF, the pulses occur with enough frequency to maintain a constant flow of 

fluid with regards to the relaxation time of the biological material.  As has been discussed 

previously, the shear stress on a cell membrane due to microstreaming is the likely 

mechanism for the permeability change seen in sonoporation.  As long as a 

microstreaming flow is maintained it will not matter the rate of applied pulses.   

It was shown in Section 5.3.3 that microstreaming can develop within a single 

pulse.  Additionally, studies have found that the relaxation time for CHO cells 

undergoing shear stress via atomic force microscopy indentation was 6 seconds (Canetta 

et al. 2005).  So one can predict that as long as the PRF is at least 0.17 Hz, an adequate 

microstreaming flow will be maintained to produce sonoporation.  Further, the models 

that describe microstreaming due to an oscillating bubble (Equations 5.1–5) show that 

increasing the PRF does not impact the resulting fluid velocity.  Therefore, the results 

seen in this study make sense.  As the lowest PRF examined here was above 0.17 Hz, 

PRF was above its threshold and thus did not have a significant impact on sonoporation 

activity. 

The results from this factorial study revealed that the longer the US exposure, 

hence the longer the cells are exposed to microstreaming, the greater the percentage of 

cells undergoing sonoporation.  It is unknown from these results if there is a saturation 

limit for ED.  More ED levels would have to be examined.  However, a general 

observation suggests that percentage of sonoporated cells does not increase when ED is 

increased from 30 to 60 seconds, except at a PRF of 10 Hz.  Therefore, extending ED 

beyond 30 seconds will not significantly increase sonoporation activity.  These results are 

comparable to Miller and Quddus (2000), who found that the percentage of sonoporated 

CHO cells increased from 3% to 5.9% when increasing ED from 15 s to 1 min.  Above 1 
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minute, the sonoporation activity remained between 4.8 and 5.5% for samples at 4 and 16 

minutes.  Liang et al. (2004) found that maximal sonoporation of skeletal muscle cells 

occurred for an ED of 20 seconds.  Viewing the nonviability results for this study, it can 

be concluded that extending the ED does not increase the nonviability of the cells.  Thus 

manipulating ED is an effective method for altering the sonoporation activity of the cells. 

7.2 UCA Concentration and Pr Factorial-Based Study 

A second 4 x 4 factorial design study examined the role of UCA concentration 

([UCA]) and Pr in sonoporation activity (4 [UCA]s of 3x104, 3x106 , 3x107, 3x108 

Definity® bubbles and 4 Prs of 0.063, 0.17, 0.75, and 1.46 MPa).  The primary interests of 

this study were to examine the effects of Pr and Definity® concentration (DC) on 

sonoporation activity.  CHO cells in the presence of FITC-dextran were exposed at a 

frequency of 3.15 MHz.  The four Pr were chosen to span the major sonoporation 

responses to US as observed in the 3.15-MHz pressure study (Chapter 5).  At the lowest 

Pr, 0.063 MPa, the sonoporation activity was increasing; at 0.17 MPa sonoporation 

activity was at its maximum; 0.75 MPa was near the collapse threshold for Definity® in 

degassed water; and at 2.3 MPa sonoporation activity had experienced the characteristic 

drop-off. 

7.2.1 Statistics 

All statistical calculations were performed using the R statistical software 

package.  The 4 by 4 factorial design table was modeled by using the R function ‘lm’ 

while considering all the factors as discrete levels.  The procedure for designing a model 

for Pr and DC was analogous to what was performed in Section 7.1.  Let Yijk denote the 

percentage of sonoporation with ith level of Pr and jth level of DC for kth repeat.  The 

model has the form, 

 arcsin( ) r rP P DCDC
ijk i j ijY α β β γ ×= + + +  (7.8) 

For i={1,2,3,4}, j={1,2,3,4}, and k={1,2,3,4,5}, where α  is the intercept, rP
iβ  is the main 

effect for Pr, DC
jβ  is the main effect for DC,  and rP DC

ijγ ×  is the interaction parameter.  

The condition, i=1 and j=1, is used as the reference cell in the design for the saturated 

model (Equation 7.8) such that 
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 1 1 1 1 0r r rP P DC P DCDC
j iβ β γ γ× ×= = = =  (7.9) 

Additional trend models were employed where the response depended linearly on 

numerical values of Pr, DC, and their product, 

 0 1 2 12arcsin( )ijk ri j ri jY P DC P DCβ β β γ= + + + × , (7.10) 

where βo  is the intercept,   β1 is the Pr coefficient,   β2 is the DC coefficient, and   γ12 is the 

interaction coefficient.  Quadratic and higher order main effects are also considered as 

candidate models.  Analysis of Variance (ANOVA) was used to select the best model 

among nested models and AIC and BIC criteria were used for model selection among 

unnested models. 

7.2.2 Results 

The sonoporation activity results from the Pr and DC factorial study are shown in 

Figure 7.2.  The standard error of the mean was calculated for the 5 or 6 independent 

replicate samples at each Pr and DC combination.  A total of 16 Pr-DC combinations were 

examined.  The nonviability results for each setting are presented in Figure 7.3. 

When conducting the experiment it was observed that for the higher DCs, the US 

pulse was not penetrating through the exposure well to the monolayer of cells at full 

strength.  The DCs of 3x107 and 3x108 Definity® microbubbles displayed this attenuation 

behavior, while the lower DCs, 3x104 and 3x106 bubbles, did not.  For DC of 3x107 

bubbles at 0.75 MPa, no US was detected exiting the sample during the entire 30s 

Figure 7.2 Percentage of sonoporated cells for 3.15-MHz, 5-cycle, 10-Hz PRF US exposure in the 

presence of varying concentrations of Definity® and Pr. 



 

 103

exposure duration.  When the exposure well was visually inspected after exposure, an 

indentation was observed in the exposure medium on the surface closest to the 

transducer.  The indentation was a clear spot in the center of the cloudy media at the 

surface, where the UCAs had undergone IC (Figure 7.4).  At 1.46 MPa, the first 5s of 

exposure no US was detected exiting the sample.  After 5s, a full strength UCA pulse was 

suddenly measurable and was present for the remainder of the exposure.  Visual 

inspection of the exposure well revealed a cylindrical “hole” running through the middle 

of the sample (Figure 7.4).  This hole represented the path of collapsing UCAs.  Thus, 

during the final 25s of the exposure the UCAs next to the cells were experiencing 1.46 

MPa and during the first 5s, the UCAs were being exposed to Pr lower than 1.46 MPa. 

This attenuation phenomena present for 3x108 Definity® microbubbles were very 

similar to that for 3x107 Definity® microbubbles.  At 0.75 MPa, no US signal was 

Figure 7.3 Percentage of nonviable cells for 3.15-MHz, 5-cycle, 10-Hz PRF US exposure in the 

presence of varying concentrations of Definity® and Pr. 

Figure 7.4 Graphical representation of the appearance of an exposure well following US exposure.  

On the right, the well was filled with 3x107 Definity® bubbles and exposed at 0.75-MPa, 3.15-MHz US 

for 30 s.  On the left, the well was filled with 3x107 Definity® bubbles and exposed at 1.46-MPa, 3.15-

MHz, US for 30 s.



 

 104

measurable during the entire 30s exposure duration.  At 1.46 MPa, no signal was 

measurable at the start of the exposure duration.  During the 30s exposure, a signal did 

become detectable, but the Pr was much less than 1.46 MPa.  It took 23 minutes of 

exposure for the full 1.46 MPa signal to become detected.  Thus, during the 30 second 

exposure the UCAs near the cell were experiencing a much lower Pr than 1.46 MPa. 

This 4 by 4 factorial experiment design was analyzed using a similar method to 

that in Section 7.1.2.  The factorial analysis for Pr and DC on the percentage of 

sonoporation activity (Equation 7.8) shows significant main effects for both Pr and DC 

(p=4.89x10-5 and p=2.02x10-13, respectively), and a significant interaction effect between 

Pr and DC (p=0.004). 

When Pr and DC are considered as continuous variables, Pr does not show a 

significant main effect (p=0.1971), while variable DC and the interaction between Pr and 

DC are significant (p=0.0382 and 0.0494, respectively).  These results differ from the 

above factorial analysis.  For DC, additional models were tested including linear, 

quadratic and even cubic effects.  Table 7.5 shows the ANOVA result for model 

selection.  From Table 7.5, it can be determined that the third model, 

 )arcsin( SA ~ DC + DC2 + DC3 + Pr:DC + Pr:DC2), (7.11) 

is the best model according to P-value.  This model suggests a significant nonlinear DC 

effect and significant interaction effect between Pr and DC. 

In order to compare unnested models, AIC and BIC criteria are used, as in the 

previous factorial analysis.  Table 7.6 shows the results.  The third model is the best 

Table 7.5 The ANOVA results for four candidate models. 

Model 

Residual 
degree of 
freedom 

Residual 
sum of 
square 

Degree 
of 

freedom 

Sum of 
square F value P-value 

)arcsin( SA ~ 
DC+DC2+Pr:DC 

84 2.59     

)arcsin( SA ~ 
DC+DC2+DC3+Pr:DC 

83 2.36 1 0.199 7.632 0.007 

)arcsin( SA ~DC+DC2+ 
DC3+Pr:DC+Pr:DC2 

82 2.11 1 0.247 9.515 0.002 

)arcsin( SA ~DC+DC2+ 
DC3+Pr:DC+Pr:DC2+Pr:DC3 

81 2.11 1 0.007 0.269 0.606 
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choice for this experimental design, using the lowest AIC and BIC values and least 

number of terms as the criteria for a good model.  This candidate model is, 

 
2 3

0 11 12 13

2
11 12

arcsin( )

j

ijk j j j

ri j ri

Y DC DC DC

P DC P DC

β β β β

γ γ

= + + +

+ × + ×
. (7.12) 

The residual plots for Equations 7.8 and 7.12 are presented in Figure 7.5.  These 

residual plots suggest that both models fit the experimental design well. 

7.2.3 Discussion 

7.2.3.1 Comparison of Factorial Study Results to Pressure Study Results 

The 4 DC by 4 Pr factorial analysis compared sonoporation activity for 16 

conditions.  The results presented here reinforced the significance of Pr on sonoporation 

activity, finding a statistically significance dependence of sonoporation on Pr.  The setup 

and exposure conditions for 3x106 Definity® bubbles data in Figure 7.2, is identical to the 

Model AIC BIC 
arcsin( ) r rP P EDDC

ijk i j ijY α β β γ ×= + + +  -69.69 -27.57 

0 1 2 12arcsin( )ijk ri j ri jY P DC P DCβ β β γ= + + + ×  -28.67 -16.28 

2
0 11 12

3 2
13 11 12

arcsin( )

j

ijk j j

j ri j ri

Y DC DC

DC P DC P DC

β β β

β γ γ

= + + +

+ × + ×
 

-64.40 -47.06 

Table 7.6 The AIC and BIC results for three candidate models. 

Figure 7.5 Residual Plots for the two candidate models, Equations 7.8 (left) and 7.12 (right). 
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Definity® concentration used in the 3 MHz pressure study presented in Chapter 5.  Table 

7.7 compares the results between the two studies.  For all Pr examine, the factorial study 

coincided with those from the pressure study, presenting with the same features common 

to the Pr-dependent sonoporation results, an increase in sonoporation activity up to a 

maximum followed by a drop in sonoporation activity. 

7.2.3.2  The Effect of Definity® Concentration on Sonoporation Activity 

The statistical analysis revealed a significant nonlinear DC effect on sonoporation 

activity.  The dependence of sonoporation activity on DC can be observed at each Pr 

examined.  At the lowest Pr, 0.063 MPa, 3x104 bubbles depicted the lowest sonoporation 

activity, 3x106 bubbles had the next highest activity and 3x107 and 3x108 bubbles were 

the highest.  At Pr of 0.17 MPa, the 3 largest bubble concentrations had sonoporation 

activities that were not significantly different from each other.  The smallest bubble 

concentration, 3x104, resulted in a much lower sonoporation activity.  These results for 

the two lowest Pr levels are expected.  A sample with a lower number of UCAs means 

there are fewer bubbles to interact with the cells.  The mean Definity® radius is 0.82 µm, 

whereas the typical CHO cell has a 5 µm radius.  Thus, it is unlikely that one Definity® 

microbubble can impact more than one cell.  Each exposed sample had approximately 

1.11x105 CHO cells present.  At the lowest DC examined, 3x104, there were fewer 

microbubbles than cells.  Therefore, it is expected that fewer cells will become 

sonoporated because 73% of the cells will not have an oscillating UCA associated with it; 

and that is what was observed.  For the three higher concentrations, statistically each cell 

would have at least one UCA associated with it.  Therefore, if we assume one UCA is 

adequate for producing sonoporation, those three DC would present similar sonoporation 

activities since the sonoporation measurements in this study were an all-or-none 

measurement.  This is especially observed at 0.17 MPa.  It is possible that the amount of 

Table 7.7 Comparison between the results for the 3.15-Mz, 5-cycle, 10 Hz PRF, 30 s US exposure with 

3x106 Definity® bubbles in FITC-dextran found in the factorial study and pressure study. 

 0.063 MPa 0.17 MPa 0.75 MPa 1.46 MPa 
Factorial study 2.48±1.87% 18.76±5.53% 8.56±3.05% 6.66±2.26% 
Pressure study 5.51±3.27% 17.82±2.11% 8.93±4.24% 5.05±2.30% 
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FITC-dextran uptake per cell might change with regards to these higher DC values, but in 

this study we did not quantify FITC-dextran uptake, just whether it occurred or not. 

As the Pr is increased, the sonoporation activity with respect to DC diverges.  For 

the two highest Pr examined, the sonoporation activity was in order with the DC, the 

highest sonoporation activity for the highest DC, 3x108, the lowest sonoporation activity 

for the lowest DC, 3x104, and so on.  Thus, in higher Pr ranges where IC is occurring, the 

DC has a large impact on the amount of sonoporation activity.  However, it is important 

to note that at the highest UCA concentration, 3x108, very large percentages of 

nonviability were observed, 19.4-21.7% over the Pr range examined.  This is compared to 

nonviabilities of 3.4-7.3% for the other three DCs over the Pr range examined.  So at 

higher DC, there is a trade-off between nonviability and sonoporation activity. 

7.2.3.3 The Combined Effect of Definity® Concentration and Pr on Sonoporation 

Activity. 

A statistically significant interaction exists between DC and Pr.  As previously, 

mentioned sonoporation results using 3x106 bubbles per well presented the typical 

sonoporation pattern.  Additionally, the sonoporation results using 3x104 Definity® 

bubbles presented the same shape at the same Pr values.  However, at this lower DC, the 

maximum sonoporation activity was much lower than that observed for 3x106 bubbles 

(4.09% as compared to 18.76%).  The two highest DCs did not present the classic 

sonoporation shape with respect to Pr.  With 3x107 bubbles, sonoporation activity 

increased as Pr is increased for the Pr ranged studied.  With 3x108 bubbles, sonoporation 

activity increased as Pr increased up to a plateau, with the sonoporation activity at 0.75 

MPa approximately the same as 2.3 MPa.  These higher DCs never show the 

characteristic drop in sonoporation activity in the ranges of IC. 

However, a mechanism comes into play at the higher DCs that does not have a 

significant impact on low DC, attenuation of the US pulse due to the presence of the 

UCA.  UCAs were originally designed to improve the contrast of an US image by 

increasing reflectivity.  This reflectivity causes the US pulse to be attenuated.  At higher 

DCs, the Pr of US pulse reaching the cells is lower than the Pr would be if no UCAs were 

present.  As was observed in this study, at the highest DCs, the ultrasound pulse was 
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attenuated before reaching the cells.  Consequently, depending on the DC and Pr, minimal 

UCA activity was present.  This is a very important observation.  At a Pr of 0.75 MPa, 

Definity® microbubbles are undergoing IC.  Once a UCA collapses it is not present to 

oscillate, therefore no sonoporation can occur.  This is why sonoporation is minimal at 

higher Prs.  However, at the higher DCs, the Pr at the surface of the cells is lower than the 

applied 0.75 MPa.  Therefore, the UCAs in the vicinity of the cells experience Pr lower 

than the IC threshold and will be oscillating, not collapsing, even though the applied 

pressure is above the IC threshold. 

The trend observed for 3x107 and 3x108 Definity® microbubbles is that with 

increasing Pr increasing sonoporation activity is observed.  This is expected when 

considering the influence of attenuation.  At every applied Pr, the Pr observed at the 

surface of the cells will be lower than the applied Pr.  Therefore, for these two higher 

DCs, the Pr range experienced by the cells is not 0.063-1.46 MPa, but much lower than 

that.  As a result, these two studies were being conducted with oscillating UCAs in the 

vicinity of the cells, which is comparable to the left side of the sonoporation curve from 

the 3-MHz pressure study, where sonoporation activity increases up to a maximum. 

This concept of attenuating the US pulse by increasing DC could be exploited in a 

therapeutic regime.  Near the cells, the UCAs in a high DC will oscillate over for a much 

larger applied Pr range than UCAs at a lower DC.  Therefore, the higher the DC the larger 

the therapeutic Pr range.  Lower DCs (3x106 bubbles) have a very narrow therapeutic 

range, forcing the Pr to be between 0.16 and 0.51 MPa (for 3-MHz exposures); whereas, 

the therapeutic window for 3x108 bubbles is around 0.17-1.46 MPa.  In addition, the 

results clearly show that by increasing the DC, the sonoporation activity increases.  With 

the high DCs, this higher sonoporation activity can be exploited in addition to the 

attenuation effect.  One caveat presents itself with the idea that higher DCs are more 

therapeutically useful and that is nonviability.  As the DC is increased, the nonviability of 

the cells also increases.  So, at higher DCs more cells are being sonoporated, but more 

cells are being rendered nonviable.  Therefore, these three parameters, Pr, UCA 

concentration, and percent of nonviable cells are intertwined in developing sonoporation 

as a useful therapeutic tool. 
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CHAPTER 8  THEORETICAL MODEL FOR SHEAR STRESS DUE 

TO MICROSTREAMING 

8.1  Introduction 

The evidence provided in this thesis suggests that sonoporation was caused by 

linear or nonlinear oscillation of the UCA.  Two potential physical mechanisms exist for 

sonoporation as a result of an oscillating UCA: microstreaming and liquid jets.  Studies 

found in the literature suggest that liquid jets are the least likely mechanism due to the 

sporadic nature of liquid jet formation.  Therefore, we concluded that microstreaming is 

the major sonoporation mechanism.  Microstreaming that occurs near a cell produces 

shear stresses on the cell membrane that have the potential to cause a biological effect, 

such as a permeability change.  The goal of this chapter is to conduct a theoretical study 

in order to verify the conclusions made from the experimental results. 

For every sonoporation study conducted, a similar sonoporation response versus 

Pr occurred.  These studies varied UCA, center frequency, cell line, and permeability 

agent.  Under all of these conditions, sonoporation activity started low for low Pr.  As Pr 

increased, sonoporation activity increased up to a maximum.  For some settings, this 

maximum of sonoporation activity extended into a plateau as Pr was increased.  In all 

cases, increasing Pr further resulted in a sudden, significant drop in sonoporation.  Higher 

Pr levels, above the IC threshold, resulted in minimal sonoporation activity.  The 

objective of this theoretical study is to determine if a model that describes shear stress on 

a cell due to microstreaming mimics the sonoporation results regarding the major 

responses with respect to Pr. 

This shear stress-microstreaming theoretical model was developed combining 

several models already in existence.  At low-level acoustic pressure amplitudes, linear 

and nonlinear oscillation of the UCA occurs.  These oscillations lead to local steady 

flows that are termed microstreaming.  When the UCA is close to a cell, microstreaming 

results in shearing motions on the cell membrane.  We described the oscillating UCA by 

utilization of the Marmottant model (2005) for a UCA located in a sound field.  The 

resulting acoustic streaming velocity gradient near the surface of a bubble was described 
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by Nyborg (1964).  Finally, details regarding particulars of the sonoporation study were 

incorporated into this model.  The theoretical results from this model were compared to 

the sonoporation results for a variety of exposure conditions to verify the ability of the 

shear stress-microstreaming model to predict sonoporation. 

8.2 Modeling an Oscillating Ultrasound Contrast Agent 

 The first step in the creation of the shear stress-microstreaming model is to 

describe the oscillating behavior of a UCA in an ultrasonic field.  Chapter 2 discusses the 

development of the various mathematical models to describe a shelled contrast agent.  

Several potential models exist, however we chose the Marmottant model for bubble 

dynamics (Marmottant et al. 2005).  The Marmottant model incorporates the change in 

surface tension as the bubble oscillates, in addition to the inclusion of the extra damping 

due to the presence of the shell and restoring force of the shell.  The Marmottant model 

for bubble dynamics is  
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where R0 is the equilibrium radius of the bubble, ρL is the density of the medium, P0 is 

the ambient pressure, σ(R) is the effective surface tension, κ is the polytropic gas 

exponent, κs is the shell surface viscosity, c is the speed of sound in the medium, µ is the 

viscosity of the medium, and Pac(t) is the acoustic pressure.  The surface tension, σ(R) is 

expressed in terms of the bubble radius: 
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 (8.2) 

where χ is the elastic modulus of the elastic regime of the bubble, Rbuckling is the radius 

below which the surface of the microbubble buckles, Rbreak-up is the radius above which 

the surface shell breaks up, described as Rbuckling(1+σwater/χ)1/2, σwater is the surface tension 

of water, and Rruptured is the radius after rupture, described as Rbuckling(1+σwater/χ)1/2. 
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Solving this equation was accomplished using the ordinary differential equation 

solver in Matlab® to find the radius of the UCA versus time.  It was assumed that the 

surrounding medium was a 0.30%-500 kDa-FITC-dextran solution at 20 oC.  The driving 

pulse was described by a 3.15-MHz, 5-cycle cosine pulse, and a Pr of 1 MPa to mimic the 

pulse used in the sonoporation experiments.  A hanning window was applied to the 

simulated pulse to make it more respresentative of an actual transducer pulse (Figure 

8.1).  The parameters used in this simulation are listed in Table 8.1. 

The first UCA examined was a Definity® microbubble with an equilibrium radius 

of 1.1 µm.  To observe the change in oscillation behavior as Pr changes, a range of Pr 

were applied (0.25, 0.75, 1.00, and 1.25 MPa).  Figure 8.2 presents the solution to the 

Marmottant model, the radii (R) of the UCA versus time.  As is observed from the 

results, the negative pressure of the driving waveform causes the UCA to grow and the 

positive pressure of the driving waveform causes the UCA to shrink.  At the lowest 

pressure (0.25 MPa) this oscillatory behavior of the UCA is linear, with the same 

duration for the growth and shrinkage of the UCA.  For the higher applied pressures, the 

oscillatory behavior of the UCA is nonlinear, with a slower expansion than contraction.  

For the highest applied pressures (1 and 1.25 MPa), you can observe the contraction of 

the bubble resulting in a point of discontinuity.  Additionally, the maximum radius of the 

bubble was greater than 2 times the initial radius.  Both of those features indicate that at 

those two pressures, IC of the UCA was occuring within the single applied pulse .

Figure 8.1  The simulated driving pulse with center frequency of 3.15 MHz, 5-cycle pulse duration, 

and Pr of 1 MPa. 
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Figure 8.2  The radius of a Definity® bubble (top) as it changes due to the applied 5-cycle, 3.15-MHz 

US pulse (bottom) according to the Marmottant model.  Each line represents a different Pr, which 

was varied from 0.25 to 1.25 MPa.  R0 was 1.1 µm. 

Table 8.1  The parameters and values used to solve the Marmottant model. 

Parameter Value Description 
ρL 998 kg/m3 Fresh water at 20 °C 
P0 101 kPa atmospheric pressure 
κ 1.07 For perflouropropane 

κs 
32x10-9 N for Optison 
0.5x10-9 N for Definity 

Optison (Morgan et al. 2000) 
Definity (Goertz et al. 2007) 

c 1480 m/s For fresh water at 20 °C 

µ 0.002 Pa·s For 0.30% Dextran with 500 
kDa (Nyborg 1975) 

Pac(t) Prcos(2πft)·0.5·(1-cos(2πft/cycles)  
Rbuckling R0 (Marmottant et al. 2005) 

χ 4 N/m for Optison 
0.85 N/m for Definity 

Optison (de Jong et al. 1994) 
Definity (Goertz et al. 2007) 

Rbreakup Rbuckling(1+σbreak-up/χ)1/2 (Marmottant et al. 2005) 
σbreak-up 1 N/m (Marmottant et al. 2005) 
Rruptured Rbuckling(1+σwater/χ)1/2 (Marmottant et al. 2005) 
σwater 0.073 N/m  
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The maximum radius (Rmax) was found for driving pressures in the range from 0 

to 4 MPa.  The condition for bubble collapse is a ratio of Rmax/R0 greater than 2.  When 

this condition is met, the Marmottant model is no longer valid.  The model describes the 

oscillatory behavior of a UCA, not the IC behavior of a bubble.  Figure 8.3 plots the 

Rmax/R0 for a range of Pr and the same exposure conditions as for Figure 8.2.  From these 

results we can determine the theoretical collapse threshold for a 1.1 µm Definity® 

microbubble exposed to a 5-cycle, 3.15-MHz pulse in a 0.30% FITC-dextran solution.  

This threshold, the minimum Pr where Rmax/R0 is equal to 2, is 0.816 MPa.  The 

experimental collapse threshold for Definity® in FITC-dextran exposed to a 5-cycle, 

3.15-MHz pulse was 0.95±0.22 MPa.  The theoretical collapse threshold is within the 

error margin of the experimental collapse threshold.  The similarity between the 

theoretical and experimental results supplies confidence in the applicability of the 

Marmottant model in describing UCA behavior. 

8.3 Describing the Shear Stress due to Microstreaming 

An oscillating bubble sets up an eddying motion in the surrounding medium that 

gives rise to microstreaming.  The next step of this theoretical study is to determine the 

acoustic streaming properties of a UCA near a cell.  The details on development of 

microstreaming theory were discussed in Chapter 2.  Microstreaming theory finds the 

shear stress associated with a pulsating bubble near a cell, with knowledge about the 

initial bubble radius, shear viscosity and density of the medium, frequency of the applied 

Figure 8.3  The ratio of Rmax to R0 for a Definity® bubble in a 3.15-MHz pulse over a Pr range from 0 

to 4 MPa.  When the ratio reaches 2, collapse has occurred. 
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US pulse, and the radial oscillation amplitude of the UCA.  Shear stress (S) is the final 

parameter that will be returned from the shear stress-microstreaming model of 

sonoporation being developed in this thesis. 

Rooney (1970) describes the shear stress associated with microstreaming as 
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where f is the frequency, η is the shear viscosity of the medium, a is the initial bubble 

radius, ε0 is the radial oscillation amplitude, and Δ is the boundary layer thickness.  The 

boundary layer thickness is defined as 
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where ρ is the density of the medium (Coakley & Nyborg 1978). 

An oscillating bubble changes its radius with time, as was verified by the 

Marmottant model.  As a result there are two options for finding the S.  The first option is 

to find the time varying S as the radius changes with time.  This will result in an 

oscillating S.  The second option is to calculate S at one particular time point, specifically 

when the radius was at Rmax,.  At Rmax, the shear stress will be at its maximum.  It is 

likely that the maximum shear stress is the more important than the oscillating response 

of the shear stress with respect to impact on the cell membrane.  Additionally, the 

ultimate goal of this theoretical study is to observe how the shear stress changes with Pr.  

The time-varying S is a complicated result that would add to the complexity of the model 

without providing significant additional information.  As such Rmax will be used to find 

the ε0, which will then be used to find S. 

The time for a fluid flow to develop due to an oscillating UCA must be 

considered.  Equation 5.4 describes the time it takes for microstreaming to develop 

around a UCA.  For the frequencies used in this study, 3.15 MHz, 0.92-MHz, and 5.6-

MHz, the time for microstreaming to develop around a bubble is 1.09 µs, 0.32 µs, and 

0.18 µs, respectively.  The time duration for a single pulse at those frequencies was 5.4 

µs, 1.59 µs, and 0.89 µs, respectively.  Thus, microstreaming would develop within a 

single pulse of US at all three frequencies.  Therefore, in the development of this model it 

was the assumed that the moment the US was turned on microstreaming began. 



 

 115

The next step in developing the shear stress-microstreaming model is to apply the 

Rmax found from the Marmottant model to Equation 8.3.  For this step, the same exposure 

conditions will be used as in Section 8.2.  A 1.1 µm Definity® microbubble is exposed to 

a 5-cycle, 3.15-MHz pulse in a 0.30% FITC-dextran medium over a range of Pr from 0 to 

4 MPa.  Figure 8.4 presents the results of S as a function of Pr.  It can be observed that as 

Pr increases, S increases, just as expected.  The same algorithm was applied to a 1.1 µm 

OptisonTM microbubble under the same exposure conditions as the Definity® 

microbubble.  These results are presented in Figure 8.5 and are similar to those for 

Definity®.  Marmottant and Hilgenfeldt (2003) demonstrated that unilamellar lipid 

membranes were ruptured at a shear stress of 10,000 Pa and 180 kHz.  According to 

Figures 8.4 and 8.5, over applied Pr levels of 0 to 0.83 MPa, S is in the range of 0 to 

100,000 Pa; S ranges from 0 to 1,300 Pa for OptisonTM in that Pr range.  Above that Pr 

range the S is easily determined from the figure.  These numbers are of the same order of 

magnitude as the results by Marmottant and Hilgenfeldt, therefore some measure of 

confidence exists with this model for shear stress. 

8.4 Applying the Shear Stress Model to the Sonoporation Data 

The goal for this theoretical model is to describe the experimental sonoporation 

results.  However, as the theoretical model currently stands, S increases as Pr increases, 

Figure 8.4  Viscous stress (S) from a Definity® 

bubble oscillating in a 3.15-MHz field, with PD 

of 5 cycles and PRF of 10 Hz.  Pr was varied 

between 0 and 4 MPa and R0 was 1.1 µm. 

Figure 8.5  Viscous stress (S) from an OptisonTM 

bubble oscillating in a 3.15-MHz field, with PD 

of 5 cycles and PRF of 10 Hz.  Pr was varied 

between 0 and 4 MPa and R0 was 1.1 µm. 
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indefinitely.  The sonoporation results show a drop in sonoporation above the collapse 

threshold.  Thus, the next step of this study is to manipulate the model such that the major 

features of the sonoporation activity over applied Pr are observed in the theoretical model. 

8.5 Incorporation of a Time Factor into the Model 

Experimentally and theoretically we have shown the collapse threshold of 

Definity® at 5 cycles and 3.15 MHz to be between 0.8 and 0.9 MPa.  Since a UCA will 

collapse when the threshold is reached, a collapsed UCA will exert its viscous stress for a 

shorter time than those UCAs that do not collapse.  Thus, for Pr above the collapse 

threshold, the shortened time for oscillation will influence the shear stress observed by 

the cell membrane.  Therefore, the model requires a time component to be included. 

The first method to incorporate time involved multiplying S by a time factor (t).  

The time factor is the length of time a UCA is oscillating due to the applied US pulse.  

There are two groups of times to consider: times for UCAs that do not collapse and times 

for UCAs that do collapse.  The UCAs that do not collapse are present for the entire pulse 

duration (tPD), thus, in those cases S multiplied by tPD is the time dependent viscous stress 

(S·tPD).  For UCA that reach the collapse criterion (Rmax/R0≥2), the time when the 

collapse occurs (tcollapse) is used as the time criterion.  Thus, for cases where the UCA 

collapses, S·tcollapse is the time dependent stress.  This model assumes there is only one 

UCA in solution and the moment it collapses, there are no longer any UCAs present. 

Figure 8.6  S·t from a Definity® bubble 

oscillating in a single pulse of 3.15-MHz 

frequency and PD of 5 cycles.  Pr was varied 

between 0 and 4 MPa and R0 was 1.1 µm. 

Figure 8.7  S·t from an OptisonTM bubble 

oscillating in a 3.15-MHz field, with PD of 5 

cycles and PRF of 10 Hz.  Pr was varied between 

0 and 4 MPa and R0 was 1.1 µm. 
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Figure 8.6 displays S·t as a function of Pr.  The trend for S·t is the same as for S; 

as Pr increases S·t increases.  The S·t result is sigmoid-shaped and smoother than S, with 

the increase in S·t occurring at a lower Pr than for S.  The same model was then applied to 

an OptisonTM microbubble under the same exposure conditions.  The resulting time 

dependent stress versus Pr is displayed in Figure 8.7.  If the simulated results in Figure 

8.7 are compared to the experimental results, more similarity of shape can be seen than 

for the Definity® results.  At low Pr, there is an increase in sonoporation just as there is an 

increase in S·t as Pr increases.  After reaching a maximum, sonoporation and S·t drop as 

Pr increases.  However, at this point sonoporation remains low and S·t rises rapidly as Pr 

increases.  Therefore, further adjustment of the theoretical model is needed. 

8.6 Incorporation of Exposure Duration into the Model 

An explanation for the discrepancy between the theoretical and experimental 

results is the length of time used for the time factor.  Currently, the time factor in the 

model only includes a single pulse.  However, experimentally the cells were exposed to 

30 seconds worth of pulses.  Thus, the time factor was altered to incorporate the entire 

ED.  For UCAs that do collapse the time factor remains tcollapse (it was assumed that the 

UCA will collapse within the first applied pulse).  UCAs that do not collapse are present 

for the entire ED, thus S·ttotal is used for the uncollapsed UCA.  ttotal is defined as the total 

time the US is turned on during the exposure duration and can be calculated by, 

Figure 8.8  S·ttotal from a Definity® bubble 

oscillating in a 3.15-MHz field and PD of 5 cycles 

for an ED of 30 seconds.  Pr was varied between 

0 and 4 MPa and R0 was 1.1 µm. 

Figure 8.9  S·ttotal from a OptisonTM bubble 

oscillating in a 3.15-MHz field and PD of 5 cycles 

for an ED of 30 seconds.  Pr was varied between 

0 and 4 MPa and R0 was 1.1 µm. 
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 totalt PD ED PRF= × × . (8.5) 

The results from this modified theoretical model are presented in Figures 8.8 and 

8.9.  Figure 8.8 is for the Definity® microbubble and Figure 8.9 shows the OptisonTM 

bubble, both UCAs being exposed at the same conditions as above. 

These results present characteristics more similar to the experimental 

sonoporation data than the results using only a single pulse.  Both S·ttotal and sonoporation 

rises as Pr increases; and both reach a maximum followed by a drop off.  Using the entire 

exposure duration, S·ttotal continues to remain minimal, with a very gradual increase with 

increasing Pr.  This is much more representative of the sonoporation experimental trend. 

Additionally, if the theoretical results between the two contrast agents, Definity® 

and OptisonTM, are compared to the experimental results, similar relationships are 

observed.  The maximum sonoporation activity for Definity® occurred at a Pr of 0.26 

MPa.  The theoretical study revealed a maximum S·ttotal occurring at 0.81 MPa.  These Pr 

values are quite close to each other, giving us confidence in the applicability of the 

model.  The maximum sonoporation activity for OptisonTM occurred at 2.4 MPa, while 

S·ttotal exhibited a maximum at 1.75 MPa.  These values are further apart; however the 

theoretical study was run at 1.1 µm to be identical to the Definity® study.  The actual 

mean diameter of OptisonTM is 3-4.5 µm.  If the algorithm is run with a mean radius of 2 

µm, the maximum S·ttotal is found to occur at 1.94 MPa (Figure 8.10).  This result is 

closer to the experimental results observed.  In both studies, Definity® reaches a 

Figure 8.10  S·ttotal from a OptisonTM bubble oscillating in a 3.15-MHz field and PD of 5 cycles for an 

ED of 30 seconds.  Pr was varied between 0 and 4 MPa and R0 was 2 µm. 
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maximum at a Pr lower than that for OptisonTM.  Additionally, both the sonoporation data 

and S·ttotal results show this maximum at approximately 1-2 MPa earlier for Definity® 

than OptisonTM.  This theoretical model shows great potential in describing the 

microstreaming behavior of a single UCA and how the viscous stress from that streaming 

correlates to sonoporation of the cell. 

8.7 Incorporation of the Distribution of Definity® into the Model 

Careful study of the theoretical and experimental results reveals one more 

difference between them.  The experimental results displayed a more gradual increase in 

sonoporation activity as Pr was increased than that observed in the theoretical study.  

Additionally, the experimental data shows more of a plateau when reaching the 

maximum sonoporation activity than that observed in the theoretical study.  One potential 

reason for this is the number of UCAs used in the model.  The model currently uses a 

single UCA at a single radius.  However, a commercial vial of UCAs contains a 

distribution of sizes.  For each radius, this S·ttotal curve will shift to the left or to the right.  

If this polydispersion of UCA sizes were incorporated into the model, the theoretical 

model should more accurately represent the experimental results. 

The size distribution of Definity® was found using an algorithm developed to 

measure the radius of the microbubbles on an image.  Figure 8.11 graphically presents the 

distribution.  As you can see from the experimental results, the radii of Definity® varied 

between 0.025 and 2.23 µm, and the average radius was 0.82 µm.  This is similar to the 

commercial printout that accompanied the Definity® vial that stated the mean radius was 

Figure 8.11  Size distribution of Definity® bubbles immediately following activation. 
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0.55-1.65 µm, with 90% of the microbubbles smaller than 10 µm.  The distribution of 

OptisonTM was unable to be measured because OptisonTM was temporarily unavailable 

for purchase.  Therefore, this size modification of the theoretical study was performed 

only with Definity®. 

The S·ttotal was calculated for every radius found in the Definity® distribution.  

Figure 8.12 graphically depicts S·ttotal for selected radii sizes using the same exposure 

conditions as above: 5-cycle, 3.15-MHz pulse in 0.30% FITC-dextran medium.  This 

figure makes it possible to observe how the S·ttotal changes with different radii, namely 

that for smaller radii microbubbles the maximum S·ttotal is reached at a higher Pr than 

larger radii bubbles.  It can be observed, therefore, that if obtaining the highest possible 

S·ttotal was the goal, then larger radii bubbles at lower Pr in the region of the “spike” 

would be the ideal setup. 

8.8 Comparison of Experimental Results to Theoretical Results 

The weighted sum of all the S·ttotal was then calculated, using the weights 

measured from Figure 8.11.  The resulting weighted sum of S·ttotal over all the 

microbubble radii is plotted in Figure 8.13.  To facilitate the comparison to the 

experimental data, the 3-MHz sonoporation activity results for Definity® in FITC-dextran 

are presented in Figure 8.14. Visual inspection of the shear stress-microstreaming model 

reveals many similarities to the experimental sonoporation results.  Both results showed a 

Figure 8.12  S·ttotal from several radii Definity® 

bubbles (0.5, 1.0, 1.5, and 2.0 µm) oscillating in a 

3.15-MHz field and PD of 5 cycles for an ED of 

30 seconds.  Pr was varied between 0 and 3 MPa. 

Figure 8.13  The weighted sum of S·ttotal from 

Definity® oscillating in a 3.15-MHz field and PD 

of 5 cycles for an ED of 30 seconds.  Pr was 

varied between 0 and 3 MPa. 
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rise in activity as Pr was increased to a maximum.  Following the maximum a rapid drop 

in activity occurs.  Then as Pr continues to increase the activity remains at a fairly steady, 

lower level.  These similarities are dramatic, but the details of comparison are even more 

fascinating.  The maximum sonoporation activity occurred at 0.26 MPa.  The maximum 

S·ttotal was at 0.65 MPa.  These two results are remarkably close, especially if it is noted 

that the major portion of the drop-off in sonoporation activity occurred between 0.51 

MPa and 0.77 MPa.  The S·ttotal maximum occurred in that Pr range.  Therefore, the shear 

stress-microstreaming model is capable of predicting the Pr at which the maximum S·ttotal, 

and therefore maximum sonoporation occurs.  Additionally, the sonoporation activity 

after the drop off was 19.6% of the maximum sonoporation activity.  The average S·ttotal 

after the drop off was 21% of the maximum S·ttotal.  These two results again are very 

similar.  The shear stress-microstreaming model is capable of predicting relative 

quantities of sonoporation activity. 

The final test of the shear stress-microstreaming model was to run it with the 

other 2 frequencies that were used in sonoporation studies: 0.9 MHz and 5.6 MHz.  The 

sonoporation activity is presented in Figure 8.14.  The 0.9-MHz computational model 

Figure 8.14  Percentage of sonoporated cells for exposures with 0.9, 3.15, or 5.6-MHz center 

frequencies at 5 cycles, 10 Hz and for 30 s exposures with Definity®. 
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results are presented in Figure 8.15 and the 5.6-MHz results are in Figure 8.16.  The 

theoretical results for 0.9 and 5.6 MHz are not as similar to the experimental 

sonoporation results as that for 3-MHz.  For example, the simulated results for 1 MHz 

show a peak occurring at 0.9 MPa, followed by a shallow decrease in S·ttotal.  This 

decrease is much less dramatic than seen in the experimental results.  Additionally, 

following the decrease in activity, the simulated model shows the activity rapidly 

increasing, whereas the sonoporation activity remains low.  On the other hand, the 5 MHz 

simulated results show both a dramatic drop in sonoporation after the maximum and for 

Pr above 2 MPa the activity remains low.  The 5 MHz simulated results, though, show a 

second peak, between 1.5 and 2 MPa, after the first maximum peak, at 1 MPa.  The 5-

MHz sonoporation results do not show this second peak, although the sonoporation is 

elevated until 2.3 MPa.  So in both cases the activity is minimal above 2.3 MPa. 

Several features are similar between the computational model results and the 

experimental data and are worth discussing.  The Pr where the maximum sonoporation 

activity occurred differed among the three frequencies examined, with the 3-MHz results 

occurring at the lowest Pr, 260 kPa, the 0.9-MHz at the next lowest Pr, 1.4 kPa, and the 

5.6-MHz at the highest, 2.3 MPa.  The model results revealed the same pattern, the 

location of the maximum of the 3-MHz results was at the lowest Pr, 0.65 MPa, the 1-

MHz peak occurred at the next lowest Pr, 0.9 MPa, and the 5-MHz peak was at the 

Figure 8.15  The weighted sum of S·ttotal from 

Definity® oscillating in a 0.9-MHz field and PD 

of 5 cycles for an ED of 30 seconds.  Pr was 

varied between 0 and 3 MPa. 

Figure 8.16  The weighted sum of S·ttotal from 

Definity® oscillating in a 5.6-MHz field and PD 

of 5 cycles for an ED of 30 seconds.  Pr was 

varied between 0 and 3 MPa. 
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highest Pr, 1.0 MPa (with a second peak at 1.7 MPa).  This similarity in trend further 

emphasizes the likelihood of a microstreaming mechanism for sonoporation.  The 

microstreaming model was able to accurately predict the relative locations for the 

maximum sonoporation activity among different center frequencies. 

In addition, the magnitude of S·ttotal follows the pattern that would be expected 

when considering the amount of sonoporation activity and the resonance frequency of the 

UCA.  Section 5.3.4 discusses why the closer the center frequency of the applied US is to 

the resonance frequency of the UCA, the greater the sonoporation observed.  It was found 

in that section that the resonance frequency of the mean radius of Definity® was 4.3 

MHz.  Therefore, it is expected that the sonoporation activity would be the greatest for 

5.6 MHz, slightly less so for 3 MHz, and the least for 0.9 MHz.  This pattern is followed 

in the shear stress-microstreaming model.  The maximum S·ttotal for the 5-MHz study was 

2271 Pa·s (referring to the peak occurring at 0.9 MPa), for the 3-MHz study was 806 

Pa·s, and for the 1-MHz study was 170 Pa·s.  Therefore, the theory of resonance 

frequency involvement in sonoporation activity is revealed again in the shear stress-

microstreaming model.  The experimental results do not follow quite the same pattern.  A 

discussion on the possible reasons for the discrepancy between the theory and 

experiments was included in Section 5.3.4 and is applicable to this discussion. 

8.9 Discussion 

The ability of the computational model to mimic the three major features of the 

sonoporation activity results (maximum sonoporation activity, drop off in sonoporation 

activity, and relative differences between maximum activity and the activity after drop 

off) suggests that shear stress due to microstreaming of an oscillating UCA near a cell is 

the physical mechanism of sonoporation.  Additionally, these results verify that the shear 

stress-microstreaming model can be used to predict the sonoporation activity for different 

UCAs, radius distribution of the UCAs, exposure medium, ED, and PRF. 

The objective of this theoretical study is to determine if a model that describes 

shear stress on a cell due to microstreaming can describe the sonoporation results 

regarding the major responses with respect to Pr.  The shear stress-microstreaming model 

has accomplished this objective.  The discrepancies found between the model and the 
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experimental results suggest, not unexpectedly, that a more sophisticated model is needed 

to accurately predict sonoporation activity for various exposure conditions.  However, 

this model as presented revealed great potential and emphasized that even with a crude 

calculation of shear stress due to microstreaming the major sonoporation responses were 

revealed. 

The shear stress-microstreaming model contained several simplifications that 

would need to be improved upon for future development.  The first was the assumption 

that the moment the US was turned off (or the UCA collapsed) the microstreaming 

instantaneously stopped.  No consideration for the time to develop the fluid flow to stop 

was considered.  Second, it was assumed that only one UCA was near a cell and this 

UCA was next to the cell for the entire exposure duration.  Depending on the 

concentration of the UCAs in solution this may or may not be an accurate assumption.  

Third, it was assumed each UCA acted independently of each other, but in nature the 

behavior of one UCA has the potential to influence the behavior of another UCA.  

Additionally, it was assumed the microstreaming flow was created by a single UCA, 

additive flows from nearby UCAs were not considered.  Finally, it was assumed that if a 

UCA collapsed, it collapsed within the first pulse.  While this is the case in the majority 

of situations, it has been experimentally observed that collapse can occur in the second 

and third cycles also (Flynn & Church 1988).  This leads into another assumption that 

was made, that the UCA does not move in and out of the US focus; it is within the focus 

for the entire ED.  Thus, this simplified model is only a starting point for a more 

advanced model to describe sonoporation. 

The shear stress-microstreaming model presented verifies microstreaming due to 

oscillating UCAs as the sonoporation mechanism.  More development of the model 

would be required to utilize it as a predictive tool for sonoporation.  However, the 

objective to verify the ability of the shear stress-microstreaming model to predict 

sonoporation was achieved. 
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CONCLUSION 

Sonoporation involves the use of US to enhance cell permeabilization.  With this 

method it is possible, by using US and contrast microbubbles, to deliver therapeutic 

compounds noninvasively into specific target cells.  Sonoporation has the potential to 

deliver drugs and genes to appropriate cells within a patient in a way that is temporally 

and spatially specific, efficient, and safe.  This highly medically significant advancement 

is currently limited by a lack of understanding regarding the biophysical mechanism that 

causes the cell membrane permeability change. 

In this dissertation, sonoporation activity was proven to be mediated by UCA 

activity.  Significant sonoporation activity was not observed when UCAs were absent.  

Therefore, objective of this project was to elucidate the relationship between the UCA 

and sonoporation. 

The experimental observations provided from the 3.15-MHz CHO study using 

OptisonTM and the three CHO studies using Definity® (0.9, 3.15, and 5.6 MHz) support a 

single conclusion.  IC is not the mechanism for sonoporation.  At Pr levels below the 

collapse threshold for all four conditions, significant sonoporation was observed.  

Sonoporation occurred at levels where the UCAs were still intact.  Above the thresholds, 

where most, if not all, of the UCAs were undergoing collapse, sonoporation was 

minimized.  Thus, at the greatest levels of IC activity, the lowest levels of sonoporation 

were observed.  From these results, it can be concluded that IC is not the physical 

mechanism responsible for sonoporation. 

Sonoporation was caused, therefore, by linear or nonlinear oscillation of the UCA.  

These responses occur at lower pressure amplitudes and could thus explain the presence 

of sonoporation at the lower pressure levels.  Both microstreaming and liquid jets are 

produced in this Pr range.  However, results suggest that liquid jets are the least likely 

mechanism due to the sporadic nature of liquid jet formation.  Microstreaming, however, 

is exposure-dependent over the Pr ranges studied and theoretical calculations performed 

in Chapter 5 support the feasibility of microstreaming-induced sonoporation.  

Additionally, above the collapse thresholds, UCAs collapse within a single pulse and, 

therefore, are not present to oscillate and contribute to microstreaming.  Thus, at higher Pr 
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microstreaming, and consequently sonoporation, was minimized.  Additionally, liquid 

jets also occur during IC, so if liquid jets were the mechanism sonoporation would not be 

minimized above the collapse threshold.  Therefore, microstreaming due to microbubble 

oscillations was principally responsible for sonoporation. 

The maximum sonoporation activity was impacted by several parameters: the 

resonance frequency of the UCA and the duration of US exposure.  The resonance 

frequency theory was supported by results using two different UCAs, OptisonTM and 

Definity®, and by using different center frequencies and a single UCA, Definity®.  When 

a UCA is excited at its resonance frequency, it oscillates at its maximum amplitude, 

therefore producing the maximum shear stress and maximum sonoporation.  The results 

verified that the closer the exposure frequency was to the resonance frequency the greater 

the sonoporation activity.  Additionally, longer US exposure durations resulted in greater 

percentages of sonoporated cells.  Thus, the longer the cells were exposed to 

microstreaming the greater the percentages cells affected.  These two parameters do not 

play a direct role in whether microstreaming is occurring or not, but they are modulators 

of the quantity of sonoporation. 

The UCA concentration impacted the quantity of sonoporation by serving as 

initiators of microstreaming.  As the UCA concentration was increased sonoporation 

activity increased.  A sample with a lower number of UCAs had fewer bubbles to interact 

with the cells.  However, increasing the UCA concentration to increase sonoporation was 

not without limit.  At higher concentrations, the ultrasound pulse was attenuated before 

reaching the cells.  Therefore, the UCAs in the vicinity of the cells experienced Pr less 

than applied Pr.  Consequently, depending on the concentration and Pr, minimal UCA 

activity was present.  This concept of attenuating the US pulse by increasing UCA 

concentration could be exploited in a therapeutic regime.  Additionally at the highest 

UCA concentration examined, 3x108 bubbles, very large percentages of nonviability were 

observed.  Thus, there is a tradeoff between increasing sonoporation activity and 

increasing cell death. 

In addition to the conclusions regarding the physical mechanism of sonoporation, 

this dissertation provided some insights into the biological characteristics of 

sonoporation.  Using two permeability agents, FITC-dextran and calcein, sonoporation 
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was shown to result in a nonspecific permeability change.  Both calcein and FITC-

dextran crossed the cell membrane from the extracellular medium to the intracellular 

medium.  Thus, it was verified that sonoporation can be utilized with a variety of 

molecules located in the extracellular medium.  Additionally, the results for the two 

permeability agents were similar, suggesting the same physical mechanism was involved. 

Sonoporation activity was observed for two cell lines, CHO and D1 cells.  The 

results confirmed that sonoporation is not limited to a single cell line, but can be applied 

to a variety of cells.  Both cell lines presented the same major characteristics of the 

sonoporation response, confirming that the physical mechanism was the same for both 

cell lines.  However, the quantity of sonoporation differed between the two cell lines, 

suggesting that the structural characteristics of a particular cell plays an important role in 

the susceptibility of a cell line to sonoporation. 

Finally, a theoretical study was conducted to determine if a model that describes 

shear stress on a cell due to microstreaming mimics the sonoporation results regarding 

the major responses with respect to Pr.  The computational model successfully described 

the three major features of the sonoporation activity results (maximum sonoporation 

activity, drop off in sonoporation activity, and relative differences between maximum 

activity and the activity after drop off), supporting the conclusion that shear stress due to 

microstreaming of an oscillating UCA near a cell is the physical mechanism of 

sonoporation.  Additionally, these results verified that the shear stress-microstreaming 

model can be used to predict the sonoporation activity for different UCAs, radius 

distribution of the UCAs, exposure medium, ED, and PRF. 

This project successfully elucidated the physical mechanism of sonoporation.  

Oscillation of UCAs near a cell produced microstreaming that resulted in shear stress on 

the cell membranes.  This shear stress resulted in a permeability change that allowed for 

the uptake of macromolecules into the cells.  While this finding is a significant 

contribution, further study must be made before sonoporation can become a clinically 

viable therapy. 

Further studies are warranted that focus solely on the biological response of the 

cells to sonoporation to determine the biological mechanism, as this study determined the 

physical mechanism.  At this time it is unknown whether the permeability change is due 
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to manipulation of channels present in the membrane, formation of pores in the 

membrane, or nonspecific membrane damage.  This project found that the quantity of 

sonoporation differed between different cell lines.  This suggests that the structural 

characteristics of a cell line play a major role in sonoporation activity.  A study 

specifically designed to correlate structural properties of cells to the respective 

sonoporation activity would provide much insight regarding the biological mechanism. 

Additionally, a specifically designed size exclusion study would further provide 

information regarding the biological impact of sonoporation.  Determining the sizes of 

molecules that can transfer into the cell at a variety of exposure conditions will allow 

theories to be made regarding the permeability change.  Is the membrane damage an all-

or-none phenomenon or does the size of the “pore” change as exposure conditions 

change?  It is also important to conduct a study to quantify the amount of permeability 

agent inside the cell.  In this project, it was only determined if the permeability agent was 

present or not.  Depending on the desired therapy, the quantity of permeability agent 

inside the cell might be an important consideration. 

Several studies should also be conducted to refine knowledge regarding the 

physical mechanism of sonoporation.  In the PRFxED factorial study, we predicted that 

as long as the PRF is at least 0.17 Hz, an adequate microstreaming flow will be 

maintained to produce sonoporation.  However, this was not verified.  So a study that 

varies PRF, especially in the region below 0.17 Hz will provide insight regarding the 

development of microstreaming.  In the same factorial study, increasing the US exposure 

duration increased the percentage of cells undergoing sonoporation.  It is unknown from 

these results if there was a saturation limit for ED.  Therefore, additional ED levels 

should be examined to determine at what point increasing ED no longer influences 

sonoporation. 

The evidence provided in this thesis suggests that sonoporation was caused by 

linear or nonlinear oscillation of the UCA.  The experimental evidence supports a 

conclusion of microstreaming as the physical mechanism of sonoporation.  

Microstreaming that occurs near a cell produces shear stresses on the cell membrane 

resulting in a permeability change, which is termed sonoporation. 
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