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Abstract—The objective of this project was to elucidate the relationship between ultrasound contrast agents
(UCAs) and sonoporation. Sonoporation is an ultrasound-induced, transient cell membrane permeability change
that allows for the uptake of normally impermeable macromolecules. Specifically, this study will determine the
role that inertial cavitation plays in eliciting sonoporation. The inertial cavitation thresholds of the UCA, Optison,
are compared directly with the results of sonoporation to determine the involvement of inertial cavitation in
sonoporation. Chinese hamster ovary (CHO) cells were exposed as a monolayer in a solution of Optison, 500,000
Da fluorescein isothiocyanate-dextran (FITC-dextran), and phosphate-buffered saline (PBS) to 30 s of pulsed
ultrasound at 3.15-MHz center frequency, 5-cycle pulse duration and 10-Hz pulse repetition frequency. The peak
rarefactional pressure (Pr) was varied over a range from 120 kPa–3.5 MPa, and five independent replicates were
performed at each pressure. As the Pr was increased, from 120 kPa–3.5 MPa, the fraction of sonoporated cells
among the total viable population increased from 0.63–10.21%, with the maximum occurring at 2.4 MPa. The
inertial cavitation threshold for Optison at these exposure conditions has previously been shown to be in the
range 0.77–0.83 MPa, at which sonoporation activity was found to be 50% of its maximum level. Furthermore,
significant sonoporation activity was observed at pressure levels below the threshold for inertial cavitation of
Optison. Above 2.4 MPa, a significant drop in sonoporation activity occurred, corresponding to pressures where
>95% of the Optison was collapsing. These results demonstrate that sonoporation is not directly a result of
inertial cavitation of the UCA, rather that the effect is related to linear and/or nonlinear oscillation of the UCA
occurring at pressure levels below the inertial cavitation threshold. (E-mail: mforbes@uiuc.edu) © 2008 World
Federation for Ultrasound in Medicine & Biology.

Key Words: Chinese hamster ovary cells, Sonoporation, Ultrasound contrast agent, Inertial cavitation, Thresh-

olds.
INTRODUCTION

A significant problem in cancer therapy is the compro-
mised quality of life experienced by the patient because
of the side effects of the therapeutic compounds. Deliv-
ery of molecular medicine to solid tumors is often inef-
ficient and, as a result, the patient’s healthy cells and
tissues are subject to the toxic effects of the drugs. Thus,
it is important to develop approaches that deliver drugs
only to the appropriate cells within the patient in a
specific, efficient and safe manner. One such method,
termed sonoporation, involves the use of ultrasound
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(US) to enhance cell permeabilization. With this method,
it is possible, using US and contrast microbubbles, to
noninvasively deliver therapeutic compounds into spe-
cific target cells.

Sonoporation alters the permeability of cell mem-
branes in a transient fashion (McNeil 1989), leaving the
compounds trapped inside the cell once US exposure is
complete. Small compounds (Brayman et al. 1999; Guz-
man et al. 2001; Keyhani et al. 2001), macromolecules
(Bao et al. 1997; Greenleaf et al. 1998; Guzman et al.
2002; Miller et al. 1999; 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
successfully been delivered into cells using US. Ultra-
sound can also deliver protein (Mukherjee et al. 2000;
Weimann and Wu 2002) and DNA (Amabile et al. 2001;
Lawrie et al. 2000; Miller et al. 2003; Miller and Song

2003) into tissues. Low- and high-frequency US treat-
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ment of cells in the presence of plasmid DNA has been
shown to cause mammalian cell transfection in vitro
(Bao et al. 1997; Frenkel et al. 2002; Kim et al. 1996;
Tata et al. 1997) and in vivo (Endoh et al. 2002; Miller et
al. 1999, 2003; Taniyama et al. 2002). Thus, sonopora-
tion has great possibilities in both targeted gene and drug
delivery.

Little is known about the mechanism of sonopora-
tion, both physically and biologically. Tachibana et al.
(1999) and Meheir-Humbert et al. (2005) have shown
that large pores form in a cell membrane after US expo-
sure. Schlicher et al. (2006) provided evidence that these
membrane disruptions are similar to those formed by
other physical stresses and are resealed by an active
process of vesicle fusion with the cell membrane. Cel-
lular and molecular damage to human red blood cells
occurs as a result of US exposure (Kawai and Iino 2003),
although the role this damage plays in pore formation is
unknown. It has been shown that the enhanced mem-
brane permeability 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). In addition,
hyperpolarization of the cell membrane occurs in the
presence of US and ultrasound contrast agent (UCA),
most likely because of the activation of channels sensi-
tive 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.

The presence of a UCA is necessary to induce a
significant sonoporation event (Bao et al. 1997; Green-
leaf et al. 1998; Kim et al. 1996). This UCA requirement
has led to the identification of inertial cavitation (IC),
which is the rapid collapse of a bubble, as the probable
sonoporation mechanism, theorized by several studies
(Bao et al. 1997; Greenleaf et al. 1998; Hwang et al.
2005; Koch et al. 2000; Lai et al. 2006). However, the
data provided in the literature are only circumstantial, not
direct evidence that collapse cavitation is the sonopora-
tion mechanism. UCAs have a complex dynamic behav-
ior in an ultrasonic field. The major behaviors are linear
oscillation, nonlinear oscillation and IC. Determining
whether oscillation or IC of UCAs is involved in pro-
ducing sonoporation is essential for determining the
physical phenomenon responsible for this biological ef-
fect (Fig. 1).

Most UCAs are gas-filled, encapsulated micro-
bubbles designed to increase acoustic reflectivity. As
acoustic waves are incident on the UCA, it grows and
shrinks because of the time-varying pressure of the wave.
The behavior of the UCA is dependent on US frequency
(Ammi et al. 2006b; Chen et al. 2003; Chomas et al.

2001; Giesecke and Hynynen 2003) and peak rarefac-
tional pressure. At low-level acoustic pressure ampli-
tudes, linear oscillation of the UCA occurs. These oscil-
lations lead to local steady flows that are termed mi-
crostreaming. When the UCA is close to a cell, this
microstreaming can lead to shearing motions on the cell
membrane. Theoretical and experimental studies have
shown that microstreaming near a cell boundary can
adversely affect a cell membrane. The critical stress (in
terms of viscous stress) for hemolysis is well defined
(Rooney 1970; Williams et al. 1970). In addition, mi-
crostreaming from a vibrating Mason horn demonstrated
a threshold for enhanced membrane permeability (12 �
4 Pa at 21.4 kHz) (Wu et al. 2002). Also, under single-
bubble controlled conditions (10 kPa at 180 kHz), Mar-
mottant and Hilgerfeldt (2003) demonstrated experimen-
tally that linear microbubble oscillations were sufficient
to rupture lipid membranes because of large-velocity
gradients. Thus, microstreaming as a result of linear
oscillation of UCAs could play a role in sonoporation.

At higher pressure amplitudes, UCAs exhibit non-
linear oscillation. During these conditions, the UCA ex-
pands slowly during rarefaction and is followed by a
rapid contraction, but not collapse, during compression.
Nonlinear oscillation produces microstreaming, as well
as the potential for liquid jets (also known as microjet-
ting). 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

Fig. 1. The numerous UCA responses to US and the possible
bioeffects of each response, thus emphasizing the critical junc-
tion of IC vs. oscillation in determining the mechanism for

sonoporation.
extracellular material into the cell (Prentice et al. 2005).
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But, the formation of jets is a bit chaotic (Prosperetti
1997).

As the pressure amplitude is increased further, the
maximum-to-initial diameter ratio reaches 2, a common
criterion for UCA collapse (Church 2005; Flynn 1975;
Flynn and Church 1988). This collapse is termed IC
because the UCA motion is dominated by the inertia of
the liquid. For a shelled UCA, this violent collapse
causes the shell to fragment, releasing the encapsulated
gas and possibly generating daughter/free bubbles that
can also oscillate. The violent collapse of the bubble
during IC produces many mechanical effects and chem-
ical 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 to 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. However, it has been shown that FRP is not
required for transfection (Lawrie et al. 2003).

Sonoporation is a promising drug delivery and gene
therapy technique, limited chiefly by a lack of under-
standing regarding the biophysical mechanism that
causes the cell membrane permeability change. The ob-
jective of this project was to elucidate the relationship
between UCAs and sonoporation, specifically determin-
ing the role IC plays in sonoporation.

MATERIALS AND METHODS

Cell culture
Chinese hamster ovary (CHO) cells (American

Type Culture Collection [ATCC], Manassas, VA, USA)
were cultured in F-12K medium (ATCC) with 10% v/v
fetal bovine serum (ATCC), 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) and 0.1% Fungi-
zone (Invitrogen, Carlsbad, CA, USA). Nonhuman cells
purchased from ATCC, cultured and used with no animal
involvement do not need IACUC approval. 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.

Contrast agent
Optison (Amersham Health Inc., Princeton, NJ,

USA) contains perfluoropropane and is stabilized by a
human serum albumin shell, with a mean diameter be-
tween 2 and 4.5 �m. The concentration of Optison is 5 to
8 � 108 mL�1 gas bodies.

Ultrasound exposure vessels and cell preparation
The sample vessel was a 96-well cell culture mi-
croplate (BD Falcon, San Jose, CA, USA) constructed
from medical-grade polystyrene. Each well is flat bot-
tomed, holds 0.37 mL and has a diameter of 6.4 mm,
4.25 times the �6 dB focal beamwidth of the 3.15-MHz
transducer. 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 unperturbed into
the well.

For preparation of an experiment, CHO cells were
harvested with 2-mL trypsin-EDTA (Sigma-Aldrich),
and 0.3 � 106 cells/mL in 0.37 mL of growth medium
were added to each well of one clean, sterilized exposure
vessel. Thirty-six wells were loaded with cells and the
loading configuration is schematically displayed in Fig.
2. Cells were loaded in every other well to prevent
interaction between adjacent wells (e.g., leaking of me-
dium 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. The vessel
was incubated overnight to allow the seeded cells to
settle to the bottom of each well, thus forming the mono-
layer of �90% confluence. 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 added to each well con-
tained fluorescein isothiocyanate-dextran (FITC-dex-
tran) (FD500S, Sigma-Aldrich), with an average mo-
lecular weight (MW) of 500,000 Da. The FITC-dex-
tran is normally unable to cross the cell membrane,
and thus used as the marker for change in cell mem-
brane permeability. A volume of 0.05 mL FITC-dex-
tran solution (25 mg/mL in PBS), 8.80 �L Optison and
0.312 mL PBS were added to each well. The plate was

Fig. 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.
then sealed with plastic cling wrap. Any wells con-
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taining air bubbles were excluded from the experi-
ment.

The vessel was placed in a room temperature, de-
gassed water bath, with the plastic cling wrap located
near the transducer (Fig. 3). Thus, the monolayer was on
the back window of the chamber, allowing the UCAs to
rise to the monolayer because of 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
centering process took approximately 5 min. The first
well was exposed approximately 30 s after completion of
alignment. Each well was independently exposed or
sham exposed (US turned off) at the predetermined con-
ditions. The order of well exposure was varied to avoid
any influences regarding the order of exposure.

Ultrasound exposure
US was produced by a 3.15-MHz f/3 19 mm–

diameter single-element focused transducer (Valpey
Fisher, Hopkinton, MA, USA). The �6 dB beamwidth at
the focus was 1.5 mm, and the depth of focus was 29
mm, both measured quantities (Raum and O’Brien
1997). For exposure, the transducer was mounted in a
degassed water bath and aimed upward at the exposure
chamber located at the focus. Sinusoidal tone bursts were
generated by a pulser–receiver (Ritec RAM5000, War-
wick, RI, USA) for a pulse duration (PD) of 5 cycles,
pulse repetition frequency (PRF) of 10 Hz and exposure
duration of 30 s. The peak rarefactional pressure (Pr) was
varied over a range from 0.12–3.5 MPa, and five inde-

Fig. 3. The experimental setup.
pendent replicates were performed at each Pr value (0,
0.122, 0.204, 0.436, 0.908, 1.31, 1.74, 2.40, 2.69 and
3.50 MPa). This Pr range encompassed the threshold
range for Optison collapse, 0.77–0.83 MPa (Ammi 2006;
Ammi et al. 2006b).

The calibrated pressure amplitude at the focus was
varied using the pulser–receiver’s output control settings.
To obtain smaller changes in the pressure amplitude, a
step-variable attenuation was used. The pressure wave-
forms were calibrated at the field’s focus for each expo-
sure condition. Calibrations were routinely performed
according to well-established calibration techniques
(Preston et al. 1983; Zachary et al. 2001) using an
NPL-calibrated polyvinylidene difluoride bilaminar
shielded membrane hydrophone (diameter of the active
element: 0.5 mm, Marconi 699/1/00001/100; GEC Mar-
coni 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 reflec-
tion coefficient of the bottom of the vessel were found by
measuring the US amplitude of the polystyrene and/or
plastic cling wrap in comparison with 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 cali-
bration, without the microwell plate present, plus the
pressure of the reflected wave caused by the reflection
that occurs from the polystyrene when the microwell is
present. In addition, an absorber was placed above the
microplate to prevent reflection from the water–air inter-
face at the top of the tank from interfering with the
exposure conditions (Fig. 3).

Postexposure analysis
After exposure, the vessel was removed from the

water bath. The exposure medium in each of the wells was
transferred to correspondingly labeled microcentrifuge
tubes and placed on ice. Trypsin-EDTA (0.1 mL) was
added to the monolayer in each well, and after 5 min the
trypsinized cells were added to the same microcentrifuge
tube as the exposure medium. Thus, the microcentrifuge
tube contains all the cells in the monolayer and any cells
that may have been dislodged from the monolayer during
the procedure for a single well of the microwell plate. Each
cell suspension was immediately washed twice with 1 mL
cold PBS to avoid pinocytosis. Viewing of the cells with
fluorescence microscopy verified that the FITC-dextran was
distributed uniformly throughout the cytoplasm and not
confined to small intracellular vacuoles, as would be ex-
pected for pinocytosis or phagocytosis (results not shown).
To assess cell viability, 1 �L propidium iodide (PI) (Sigma-

Aldrich) was added to each sample. Samples were analyzed
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using flow cytometry (Beckman Coulter, Inc. Epics XL-
MCL, Fullerton, CA, USA).

Fluorescent probes were excited at 488 nm by an
argon laser and the emitted light was detected at 520 nm
for FITC and 608 nm for PI. A minimum of 18,000 cells
were examined in each sample. Figure 4a shows an
example of the side-scatter vs. forward-scatter histogram
obtained by the flow cytometer, with the whole cell and
cell debris populations labeled. Results from flow cytom-
etry are expressed in percentages of positively labeled
cells, using the software program Summit v3.1 For Mo-
Flo® Acquisition and Sort Control (Cytomation Inc., Fort
Collins, CO, USA). 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. The

Fig. 4. (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 obtained by the flow cytome-
ter. 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 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.
number of cells contributing to this debris is not known,
thus for this discussion of sonoporation, the debris does
not provide any additional information. The data ob-
tained provided the percent of fluorescent cells and dead
cells in the entire population. Figure 4b shows an exam-
ple of the FITC histogram. The control histogram is from
the sham-exposed sample (US turned off), and the ex-
posed 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
histogram and the exposed histogram are normalized to
18,000 counts. The number of cells in the subtraction
histogram is divided by the number of cells in the ex-
posed histogram to obtain the percentage of sonoporated
cells. FITC-dextran does not bind to the cell membrane
(McNeil 1989), so fluorescence of a cell indicates inter-
nalized material (i.e., sonoporation). Figure 4c shows an
example of the PI histogram. The cells in region R1 are
those that had PI uptake and were designated as nonvi-
able.

Acoustic pressure thresholds for collapse of Optison
microbubbles

A passive cavitation detector (PCD) (Madanshetty
et al. 1991) was used to determine collapse thresholds of
Optison in degassed water (Ammi 2006; Ammi et al.
2006b). A 13-MHz measured center-frequency focused
transducer (12.7-mm diameter and 15.4-mm focal
length), mounted confocal and at a 115° angle to the
transmit beam axis, was used to passively collect emis-
sions from the bubbles injected into degassed water. The
–6 dB field limits were determined for each transducer
by measurement (Raum and O’Brien 1997). The approx-
imate confocal volume was 0.12 mm3. The outputs from
both transducers were amplified (44 dB), digitized (12-
bit, 200 MHz, Strategic Test digitizing board UF 3025,
Cambridge, MA, USA) and saved to a computer. The
data were processed off-line using MATLAB (The
MathWorks, Natick, MA, USA) .

The signals detected from the PCD revealed pos-
texcitation acoustic emissions with broadband spectral
content. The observed acoustic emissions were consis-
tent with the acoustic signature that would be anticipated
from inertial collapse followed by “rebounds,” when a
microbubble ruptures and thus generates daughter/free
bubbles that grow and collapse. Logistic regression anal-
ysis (Agresti 1996) was used to analyze the dependence
of ruptured microbubble occurrence rates on Pr, and both
the first IC event and the 5% occurrence rate were used
to quantify the shell rupture (IC) thresholds; an auto-
mated algorithm applied to the PCD signals detected the
number of IC events out of 128 data realizations at each

acoustic pressure level.
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RESULTS

CHO cells exposed to US in the presence of the
UCA Optison 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–3.5 MPa, the fraction of sonoporated cells among
the total viable population varied from 0.63–10.2%, with
the sonoporation activity increasing as Pr increased, up to
a maximum occurring at 2.4 MPa (Fig. 5). The error was
calculated using standard error of measurement for the
five independent replicate samples at each Pr. It is im-
portant 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 Optison are
also plotted on Fig. 5 (data obtained from Fig V.6 in
Ammi [2006]; see also Ammi et al. [2006a] to show the
relationship between sonoporation and IC). The percent-
age of observed bubbles that underwent collapse at each
Pr is displayed. Two 2.8-MHz 5-cycle thresholds were
determined for Optison: 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 to 0.83 MPa),
sonoporation had already reached �50% relative to the

Fig. 5. Sonoporation of CHO cells exposed at 3.15 MHz, 5
cycles, 10 Hz and for 30 s compared with the occurrence of
ruptured Optison. The collapse threshold for Optison occurs at

0.83 MPa.
maximum sonoporation activity, indicating that signifi-
cant sonoporation is taking place at Pr levels where IC of
Optison was not occurring.

At Pr �2.4 MPa, a significant drop in sonoporation
activity was observed. This decrease corresponds to the
pressure where �95% of the Optison was collapsing
(Fig. 5). The percentage of nonviable cells at each Pr is
plotted in Fig. 6. For the range of Pr examined, 120
kPa–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 immedi-
ately 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. In
addition, the percentage of total items counted by the
flow cytometer that were classified as cell debris is
presented in Fig. 7. At the higher pressure settings, where
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 because
of increased destruction of cells resulting in increased
cell debris.

The CHO cells were exposed to US without Optison
added to the solution. Figure 8 presents the percentage of
sonoporated cells without Optison compared with the
percentage of sonoporated cells with Optison for 3 Pr

levels (0.204, 1.74 and 2.69 MPa). The percentage of
sonoporated cells without Optison is not significantly
different from the control sample (US off). However, the
percentage of sonoporated cells with Optison differs
from the samples without Optison and the control sam-
ples for a Pr of 1.74 MPa.

DISCUSSION

The role of IC as the sonoporation mechanism has
previously not been elucidated with direct evidence. Hal-

Fig. 6. Percentage of nonviable cells exposed at 3.15 MHz, 5
cycles, 10 Hz and for 30 s in the presence of Optison compared
with the sonoporation activity for the same exposure
conditions.
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low et al. (2006) did show that acoustic cavitation cor-
relates well with sonoporation activity through a simul-
taneous monitoring of inertial cavitation dose and cell
exposure. However, an integration of the average broad-
band 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 caused by IC of UCAs, using characteristic
rebounds that occur when a microbubble ruptures as the
criteria for the IC event. This is most apparent in com-
paring the collapse threshold of Optison with the sono-
poration response to Pr, as in Fig. 5. The threshold for
Optison collapse is around a Pr of 0.77–0.83 MPa, hence
below this pressure range, few, if any, microbubbles
undergo collapse. However, below this collapse thresh-
old, significant sonoporation is occurring. Furthermore,
at the threshold for Optison collapse, sonoporation ac-
tivity is half of the maximum observed activity. These
results demonstrate that sonoporation is occurring while
Optison is intact, thus IC is not the mechanism respon-
sible for sonoporation.

To verify that sonoporation was a UCA-mediated
event, samples were exposed to US without Optison
present. Streaming within the well because of US could
potentially impact the cell membrane. In addition, cells
that have been dislodged from the bottom of the well
from the US could have a membrane permeability
change because of this dislodging process (McNeil
1989). If either of these mechanisms were responsible for

Fig. 7. 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 presence of Optison.
the uptake of FITC-dextran, then samples exposed to US
without UCA would show uptake. However, as seen in
Fig. 8, without Optison present, sonoporation activity is
not observed. Therefore, the sonoporation observed in
these studies was mediated by UCA activity.

The exposure-dependent sonoporation activity be-
tween 120 kPa and 2.4 MPa, a Pr range that transitions the
UCAs’ response from linear to nonlinear to IC, suggests a
mechanism that is also exposure dependent throughout this
range of rarefactional pressures. It is likely that mi-
crostreaming is exposure dependent between 120 kPa and
2.4 MPa, and supported by the observation of Marmottant
and Hilgenfeldt (2003). The shear stress caused by mi-
crostreaming from microbubble oscillation is

S �
2��f�o

2

A�
(1)

where � is the boundary layer thickness, A is the initial
bubble radius, � is the shear viscosity of the medium, f
is the frequency and �o is the radial oscillation amplitude
(Rooney 1970). The �o is dependent on Pr (Emmer et al.
2007; Marmottant et al. 2005), with larger microbubble
oscillation amplitudes occurring as Pr is increased. Mar-
mottant et al. (2005) presented experimental results of a
0.8-�m radius BR14 UCA oscillating in a single 5-cycle
pulse of 2 MHz US. At Pr � 200 kPa, �o was approxi-
mately 0.15 �m; at Pr � 250 kPa, �o was approximately
0.2 �m; and at Pr � 300 kPa, �o was approximately 0.35
�m. Emmer et al. (2007) presented similar results using
a 3.5-�s pulse at 1.7 MHz. For BR14 UCA of 3 �m, at
Pr � 100 kPa, �o was approximately 0.08 �m; at Pr �
200 kPa, �o ranged from 0.23–0.6. �m; and at Pr � 250
kPa, �o ranged from 0.38–0.78 �m. Hence, as Pr in-

Fig. 8. Percentage of sonoporated cells exposed at 3.15 MHz, 5
cycles, 10 Hz and for 30 s without Optison compared with the
percentage of sonoporated cells with Optison for P of 0.204,
r

1.74 and 2.69 MPa.
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creases, �o increases, resulting in an increased shear
stress. Therefore, the shear stress as a result of mi-
crostreaming is dependent on the applied Pr, with in-
creased 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 pre-
sented observations of streamlines that develop around a
vibrating bubble (Marmottant and Hilgenfeldt 2003;
Rooney 1970). Through visual observation, the smallest
streamline traced was approximately one and two 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 develop 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 2�A.
The limiting tangential fluid velocity at the surface of the
bubble is given by (Coakley and Nyborg 1978)

UL �
2�f�o

2

A
(2)

Thus, the time to complete one circuit of the small-
est streamline is

� �
2�A

UL
(3)

If we assume the radial oscillation amplitude is where
the UCA undergoes inertial cavitation (2 times the initial
radius), �o is A. Thus, � becomes

� �
1

f
. (4)

The frequency used in this study was 3.15 MHz,
therefore the time for microstreaming to develop around a
bubble is 0.32 �s. The time duration for a single pulse in
this study was 1.67 �s, thus microstreaming would develop
within a single pulse of US.

The shear stress, S, can be calculated for this study.
The boundary layer thickness, �, is defined as

� � � �

	�f�
1
2

(5)

where 	 is the density of the medium (Coakley and 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, � is 0.45 �m. If the initial radius of the UCA is
2 �m, S is calculated to be 1.76 � 105 dyn-cm�2 using eqn
(1). Rooney (1972) found that, at the threshold stress for
hemoglobin release of red blood cells, the duration of the

applied stress was 25 �s. In this study, the time of the
applied stress of a single pulse was 1.67 �s; 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, 15 pulses
would be required to achieve a 25-�s applied stress, which
is approximately 1.5 s of exposure. The ED for this study
was 30 s, so it is reasonable that a biologically active
microstreaming flow pattern is developed during the expo-
sure. Ammi et al. (2006b) presented evidence that Optison
microbubbles collapse within a single pulse; thus, when a
UCA undergoes collapse, there is not sufficient time for
microstreaming to impact the cells and, hence, no sonopo-
ration occurs.

At Pr �2.4 MPa, a drop in sonoporation activity
occurs. At these Pr values (2.7 and 3.5 MPa), �95% of the
bubbles are collapsing quite rapidly. Because of 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. A similar drop in
sonoporation activity was seen in Hallow et al. (2006) using
1.7 vol% Optison, 1.1 MHz and 3-s exposure duration. The
percentage of viable 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 of sonoporated cells decreased from
20% to around 7%. Furthermore, it has been shown that as
the percentage of Optison bubbles destroyed increases, the
molecular uptake of macromolecules by cells in suspension
was found to decrease (Kamaev et al. 2004).

The drop in sonoporation activity seen in this study
does not have a corresponding increase in the percentage of
nonviable cells or 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, sev-
eral 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 per-
formed as a monolayer, whereas the cited studies were
suspension cells.

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 as a
result of 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 �m,
whereas Optison has a mean radius of 2–4.5 �m. In addi-
tion, jet formation shows some irregularities near the thresh-
old. Because of this irregularity, we do not anticipate jet

formation could be responsible for the trends in sonopora-
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tion results observed here. Prentice et al. (2005) provided
evidence that microjets from shelled microbubbles can pro-
duce 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. In addition, 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 sono-
poration, but in this study they are unlikely to be the
dominant mechanism.

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 we hy-
pothesize that microstreaming as a result of microbubble
oscillations is principally responsible.
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