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Abstract—The combination of ultrasound and ultrasound contrast agents (UCAs) is able to induce transient
membrane permeability leading to direct delivery of exogenous molecules into cells. Cavitation bubbles are
believed to be involved in the membrane permeability; however, the detailed mechanism is still unknown. In the
present study, the effects of ultrasound and the UCAs, Optison™ on transfection in vitro for different medium
heights and the related dynamic behaviors of cavitation bubbles were investigated. Cultured CHO-E cells mixed
with reporter genes (luciferase or 3-gal plasmid DNA) and UCAs were exposed to 1MHz ultrasound in 24-well
plates. Ultrasound was applied from the bottom of the well and reflected at the free surface of the medium,
resulting in the superposition of ultrasound waves within the well. Cells cultured on the bottom of 24-well plates
were located near the first node (displacement node) of the incident ultrasound downstream. Transfection activity
was a function determined with the height of the medium (wave traveling distance), as well as the concentration
of UCAs and the exposure time was also determined with the concentration of UCAs and the exposure duration.
Survival fraction was determined by MTT assay, also changes with these values in the reverse pattern compared
with luciferase activity. With shallow medium height, high transfection efficacy and high survival fraction were
obtained at a low concentration of UCAs. In addition, capillary waves and subsequent atomized particles became
significant as the medium height decreased. These phenomena suggested cavitation bubbles were being generated
in the medium. To determine the effect of UCAs on bubble generation, we repeated the experiments using
crushed heat-treated Optison™ solution instead of the standard microbubble preparation. The transfection ratio
and survival fraction showed no additional benefit when ultrasound was used. These results suggested that
cavitation bubbles created by the collapse of UCAs were a key factor for transfection, and their intensities were
enhanced by the interaction of the superpose ultrasound with the decreasing the height of the medium.
Hypothesizing that free cavitation bubbles were generated from cavitation nuclei created by fragmented UCA
shells, we carried out numerical analysis of a free spherical bubble motion in the field of ultrasound. Analyzing
the interaction of the shock wave generated by a cavitation bubble and a cell membrane, we estimated the shock
wave propagation distance that would induce cell membrane damage from the center of the cavitation bubble.
(E-mail: kodama@tubero.tohoku.ac.jp) © 2006 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION basic structure of the membrane and the protein mole-
cules exist as dissolved entities in this layer. This thin
layer encloses the cell, defines its boundary and the
protein embedded therein performs a multitude of func-
tions, such as the regulation of ion gradients across
membranes and ATP synthesis (Lee 2004). In molecular

The plasma membrane is a thin film (approximately 5
nm) of lipid and protein molecules held together mainly
by noncovalent interactions. The lipid bilayer provides a
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permeable barrier to the passage of these molecules
(Dokka and Rojanasakul 2000).

The combination of ultrasound contrast agents
(UCAs) and ultrasound has been shown to induce tran-
sient membrane permeability leading to direct delivery
of exogenous molecules into cells. This method is non-
toxic and nonimmunogenic, and has been applied for
both in vitro and in vivo experimental gene therapy
studies with varying degrees of success (Bekeredjian et
al. 2003; Danialou et al. 2002; Kodama et al. 2005; Lu et
al. 2003; Taniyama et al. 2002; Wang et al. 2005;
Zarnitsyn and Prausnitz 2004). Recently, review papers
have been published in both areas (Koike et al. 2005;
Lindner 2004; Mehier-Humbert and Guy 2005; Yang et
al. 2005). Although this method has significant advan-
tages compared with other chemical and virus methods,
efficacy of molecular delivery is relatively low, and the
mechanism of molecular transfer, as well as the meth-
odology, has not been elucidated or optimized.

Many studies have used mainly two different deliv-
ery methods. One is to expose ultrasound to suspended
cells (Bao et al. 1997; Brayman and Miller 1997; Ever-
bach et al. 1997; Feril et al. 2003; Kamaev et al. 2004; Li
et al. 2003; Zarnitsyn and Prausnitz 2004). Another is to
expose ultrasound to adherent cells from either the top of
medium (Lawrie et al. 2000) or the bottom of culture
plates (Chen et al. 2004; Greenleaf et al. 1998). The cell
suspension system has several advantages over the trans-
fection of adherent cells, i.e., routine passage, higher cell
densities, easer product titers and scalable methodology.

However, when adherent cells are suspended, adhe-
sion-generated signals would affect the regulation of
signaling pathways, resulting in different cellular re-
sponse (Aplin et al. 2002; Carstens et al. 1996). There-
fore, adherent cells are preferable to be transfected in
adhesion. Furthermore, since adherent cells are easier to
transfect than suspension cells (Cheng et al. 2004), the
methodology of transfection using ultrasound and UCAs
would be improved and optimized using adherent cells.

As ultrasound is generated at a fixed position, stand-
ing waves are generated. Pickworth et al. (Pickworth et
al. 1989) generated standing waves without acoustic
absorbers in a water tank, and exposed the waves to cells
located either at nodes or at antinodes of displacement. It
was found that viability of cells would be different at
each position (Pickworth et al. 1989). This would appear
to indicate that fluid motion is involved in cell membrane
damage and the subsequent molecular delivery.

In the present study, we investigated the effect of
superposed ultrasound and the UCA, Optison™, on
transfection of CHO-E cells located at a node of dis-
placement. Ultrasound was introduced from the bottom
of the well and reflected at the free surface of the trans-
fection medium, resulting in superposed ultrasound in
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the well. The intensity of superposed ultrasound was
controlled by changing the height of medium and the
incident ultrasound.

From the observations of cavitation bubble genera-
tion, the subsequent dynamics of cavitation bubbles was
analyzed.

METHODS

Cell preparation

Chinese hamster ovary (CHO) cells expressing hu-
man E-selectin (CHO-E) from Professor D. O. Haskard
(Imperial College, London, UK) were maintained in
F-12 Nutrient Mixture media (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin and 400 wg/mL Zeocin (Invitro-
gen). All cells were cultured in 75 cm? flasks at 37°C in
a 5% CO, incubator. Both total cell counts and the initial
cell viability were determined with a hemocytometer,
using the trypan blue dye exclusion method (Tennant
1964) before ultrasound-mediated transfection experi-
ments. In all cases, cells were grown to 90% confluence,
harvested using trypsin-EDTA and showed 99% viabil-
ity. After UCA-mediated transfection, the cells were
washed once using phosphate-buffered saline without
Ca®" and Mg**. One half of the cells was used for the
luciferase assay, and the other half was used for the cell
viability assay. Cell viability was determined using MTT
(3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium
bromide) assay as previously described (Kodama et al.
2003), and cell survival fractions expressed relative to con-
trol cells not treated with either UCAs or ultrasound.

Plasmid

The luciferase reporter vector pGL3-control (5256
bp), which expresses luciferase from an SV40 promoter,
and pCMV f3 vector (7164 bp), which expresses [3-galac-
tosidase from the human cytomegalovirus immediate
early gene promoter, were obtained from Promega (Mad-
ison, WI, USA) and Clontech (Palo Alto, CA, USA),
respectively. The plasmid was propagated in XL1-Blue
subcloning-grade competent cells (Stratagene Co., La
Jolla, CA, USA), and purified using endotoxin-free plas-
mid DNA purification kits (QIAGEN Inc., Valencia, CA,
USA). The purity of the plasmid preparation was deter-
mined by 0.8% agarose gel electrophoresis. DNA con-
centration was determined by UV absorption at 260 nm
using a spectrophotometer (DU640 UV/Visible Spectro-
photometer, Beckman, Fullerton, CA, USA). In all cases
an OD,¢/250 ratio of 1.71 * 0.03 was obtained.

Ultrasound
Ultrasound was generated by a 1-MHz therapeutic
ultrasound (duty cycle 20%, with a pulse repetition pe-
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riod of 10 ms, 30 mm in diameter, Therasonic Therapy
Unit, Electro-Medical Supplies Ltd., Oxfordshire, UK)
(Lu et al. 2003). The nominal spatial peak-temporal
average (SPTA) intensity varied from 0.5 to 3.0 W/cm?.
The pressure values were measured at a stand-off dis-
tance of 1 mm from the transducer surface with a PVDF
needle-hydrophone (PVDF-Z44-1000, Specialty Engi-
neering Associates, Soquel, CA, USA). The maximum
pressure values were measured by the moving distance
of the hydrophone along the diameter of the transducer.
The signals were recorded into a digital phosphor oscil-
loscope (TDS7154, Tektronix, Beaverton, OR, USA).
There was no difference between pressures with and
without the culture plate. Therefore, the attenuation of
ultrasound by the plate material was negligible (data not
shown).

Ultrasound contrast agents (UCAs)

OptisonTM contrast agent (Amersham Health, Oslo,
Norway) was used. Optison™ consists of octafluoropro-
pane-filled albumin microspheres that have a mean di-
ameter of between 3.0 and 4.5 um. The concentration
is 50 to 8.0 X 10® microbubbles/ml (http://www.
amershamhealth-us.com/optison/). In this study, the
mean concentration was set to the arithmetic average of
6.5 X 10® microbubbles/mL and the mean diameter was
simply set to 4.0 um.

Crushed heat-treated Optison™

Optison™ was disrupted in a 1-mL syringe by
application of positive and negative pressures by hand,
and then heated-treated in water bath at 65°C for 30 min.
It was confirmed by an optical microscope (CX31,
Olympus, Tokyo, Japan) that there were no residual
bubbles below the limits of resolution of the optical
microscope (<200 nm).

Transfection

CHO-E cells were seeded in 24-well (16-mm in
diameter/well) plates alternately at 1 X 10° cells/well in
complete media at 37°C in a 5% CO, incubator. After a
24 h attachment period, the seeded cells were washed
with PBS, and the medium replaced with fresh media
(200 to 3000 uL), containing pGL3-control (40 wg/mL)
or pPCMV B (40 pug/mL) with and without Optison™ (0.1
to 40% vol/vol). The 24-well plates were located just
above the ultrasound probe in a test chamber (380 X 250
X 130 mm3) filled with water, as shown in Fig. 1, and
exposed to ultrasound. Since cells were seeded into wells
alternately, neighboring wells were not exposed to ultra-
sound at the same time. The plates were incubated for
1.5 h at 37°C in a 5% CO, incubator, supplemented with
300 uL of complete media, and then incubated for an-
other 24 h at 37°C in a 5% CO, incubator.
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Fig. 1. Experimental setup. (a) A 24-well plate containing
CHO-E cells was placed just above a flat 1-MHz ultrasound
transducer. Since the thickness of the plate was 1 mm, cells
were located near the first node of ultrasound downstream if the
sound velocity was 1500 m/s. (b) The setup of transfection. The
medium height, H, was varied from 1 mm to 15 mm.

Luciferase assay

Twenty-four hours after ultrasound treatment, the
cells were washed (PBS), lysed with 200 uL of Re-
porter Lysis Buffer (Promega), and subsequently fro-
zen at —80°C until required. When required, the cells
were defrosted on ice. Each lysate was centrifuged to
pellet cell debris at 12,000 g for 2 min. Twenty uL of
the lysate was examined for luciferase activity with
100 pL of luciferase assay reagent containing D-
Lucifer (Promega). Luminescence emissions were
measured as relative light units (RLU) at 25°C for 10 s
using a luminometer (TD-20/20, Turner BioSystems,
Inc., Sunnyvale, CA, USA). Total protein content was
calculated using albumin standard curves (BCA pro-
tein assay kit, Pierce, Rockford, IL, USA). All stan-
dards and samples were performed in duplicate. In all
cases, mean protein absorbance was measured at 562
nm using a plate reader (SpectraMax, Molecular De-
vice Corp., Sunnyvale, CA). Luciferase activity was
converted to RLU/mg protein.

B-gal activity

Twenty-four hours after ultrasound treatment, the
transfected cells were washed (with PBS), fixed and then
stained to reveal (3-gal activity, as previously described
(Dannenberg and Suga 1981). The image of cells was
photographed using a digital camera (DP10, Olympus)
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Table 1. Ultrasound parameters

I P, I, (W/ E, T,

(W/ecm?) (MPa) cm?) (J/em?) (mm) MI,
0.5 0.19 1.3 0.25 15 0.19
1.0 0.23 1.9 0.36 15 0.23
2.0 0.26 2.3 0.46 15 0.26
3.0 0.28 26 0.52 15 0.28

The nominal intensity, /, varied from 0.5 to 3.0 W/cm?. The duty
cycle was 20%. The peak positive pressure, P,, was obtained near the
center of the transducer surface. The values of the peak positive
pressures were the same as those of the peak negative pressures, P-.
The width of the peak pressure at —6 dB compression was given as, T,
The acoustic intensity /, defined as I, = P?,/2p, C,, energy density,
E,, given as I, X (duty cycle), i.e., E, = I, X 0.2. The mechanical
index, MI,, was defined as MI, = (P,/MPa)/(f/MHz)"?, where f = 1
MHz. The ultrasound parameters were measured by a PVDF needle
hydrophone at a stand-off distance of 1 mm from the transducer
surface. The pressure values varied in the Gaussian distribution along
the diameter of 30 mm. 7, was about 15 mm, which was comparable
to the diameter (16 mm) of the individual wells for a 24-well plate.
Thus, all cells seeded on the bottom of the well would be exposed to
ultrasound within the half width of the pressure.

mounted on a stereo microscope (SZX12, Olympus). The
number of B-gal positive colonies in mm? along the
diameter of a 24-well was counted (n = 3) on a Macin-
tosh (PowerPC G4) computer using the public domain
NIH Image program (developed at the U.S. National
Institutes of Health and available on the Internet at http://
rsb.info.nih.gov/nih-image/).

Statistical analysis

All measurements are expressed as mean = S.E.M.
Comparisons between samples were made using two-
way factorial ANOVA. Differences were considered to
be significant at p < 0.05.

RESULTS

Evaluation of ultrasound parameters

To accurately determine the intensity of ultrasound
that the cells would be subjected to at the ultrasound
superposition, we calibrated our experimental set-up us-
ing a PVDF hydrophone following exposure to various
intensities near the first node (displacement node) of the
incident ultrasound downstream at a distance of 1 mm
from the transducer surface (see Fig. 1). Table 1 shows
the ultrasound parameters generated by the ultrasound
transducer with various parameters. The nominal inten-
sity, 1, varied from 0.5 to 3.0 W/cm?. The values of peak
positive pressures P, were the same as those of negative
pressures. The experimental acoustic intensity, /, was
calculated from P, (see legend to Table 1). I, increased
linearly with increasing I; however, this relationship
deviated at the higher intensity where the maximum
pressure was 0.28 MPa at / = 3.0 W/cm?®. The pressure
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values varied in the Gaussian distribution along the di-
ameter of 30 mm. The width of the positive pressure at
—6dB compression, T, was about 15 mm, which was
comparable to the diameter (16 mm) of the individual
wells for a 24-well plate. Thus, all cells seeded on the
bottom of the well would be exposed to ultrasound
within the half width of the pressure. The mechanical
index, M1 ,, was 0.19 to 0.28. When the derating factor of
0.3 dB/cm-MHz, M1, is considered (Abbott 1999), MI
is decreased further. This reduced MI, is less than 0.7
and, thus, it is assumed that ultrasound alone would
produce no cavitation bubbles in the media (Fowlkes
2000). For the ultrasound intensity, the experimentally
determined intensity /, was used rather than the nominal
intensity /, in our experiments.

Gene transfection and survival fraction by superposed
ultrasound and UCAs

The superposed ultrasound used in our experiments
was generated by the interaction of incident ultrasound
from the bottom of culture plates and reflected ultra-
sound at the free surface of the experimental cell culture
medium. In all cases, the intensity of the superposed
ultrasound was dependent on the initial acoustic intensity
and distance of wave propagation between the surface at
the bottom of the well and the free surface of the cell
culture medium. First, we investigated the effect of the
ultrasound alone on cytotoxicity at varying acoustic in-
tensity /, and exposure time 7', at a cell culture medium
depth of H = 1 mm. The survival fraction was obtained
by MTT assay. Although the survival fraction in all cases
was close to unity (Fig. 2), cell cytotoxicity was ob-
served at I, = 2.3 W/cm? for T, = 120's (p < 0.01) and
at I, = 2.6 W/cm? for T, = 60s (p < 0.05) and 120s (p
< 0.01). Accordingly, intensities of 7, = 1.3 W/cm? and
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Fig. 2. Survival fractions determined by the MTT assay of
CHO-E cells treated with increasing exposure times of ultra-
sound alone for varying ultrasound intensities. 7, = 1.3 W/cm?
(filled circle), I, = 1.9 W/cm? (filled square), I, = 2.3 W/cm?
(open circle), I, = 2.6 W/cm? (open square). The initial height
of medium was H = 1.0 mm. Values are means of 3 to 6 =
S.E.M. of at least three experiments.
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Fig. 3. Effect of the height of medium on luciferase activity and

viability of CHO-E cells. (a) Luciferase activity, (b) Survival

fractions measured by the MTT assay. Ultrasound and UCAs

(filled circle), ultrasound alone (open circle). Acoustic intensity

was I, = 1.9 W/ecm?. The exposure time, T,, was 20 s. The

UCA concentration was 5% (vol/vol). The concentration of
plasmid pGL3-control was 20 ug/mL.

I, = 1.9 W/cm? were used in subsequent transfection
experiments.

Next we investigated the effect of the height of the
complete medium H, i.e., distance of wave propagation,
on cell transfection and survival fraction (Fig. 3). The
UCAs concentration was 5% (vol/vol) while the acoustic
intensity was maintained at [, = 1.9 W/cm?, and the
duration of ultrasound irradiation 7, was 20 s. Ultra-
sound irradiation at the acoustic pressures used resulted
in UCA destruction, demonstrated by the rapid change to
transparency of the initially white emulsified medium
that contained Optison™. After ultrasound exposure, the
medium became transparent within a second, and white
flowing debris was observed in the medium. As the
height of the medium decreased, the intensity of capillary
waves at the medium surface increased, and subsequent
atomized liquid particles started to fly from the surface.
These adhered to the well cover plates, resulting in
formation of water drops. The diameter of the particles
was calculated to be 7.9 wm from eqn (1). The phenom-
enon was observed down to UCA concentrations of 0.1%
(vol/vol). However, atomized particles were rarely ob-
served when no UCAs were added to the media. This
rapid UCA collapse, significant instability of the free
surface, and resultant atomized particles indicate collat-
eral evidence of the existence of cavitation bubbles in the
medium. The tendency of the gene expression was found
against the survival fraction for different heights, i.e., as
the efficacy of molecular delivery increases, the cytotox-
icity increases. Maximum gene expression was 4.4 X 10°
+ 8.1 X 10* RLU/mg at H = 2.5 mm, where mg of
protein is intended as a measure of total number of cells
present. On the other hand, the survival fraction reached
a minimum value of 0.16 = 0.09. From Fig. 3a and b, it
is possible that the effect of microbubbles is dominant in
the rage of 1 to 2 mm height and is not significant over
2 to 16 mm range.

Next, we investigated the distribution of transfected
cells over the well surface at a representative medium
heights (H = 1 mm and H = 15 mm). Cells were
transfected with 3-gal plasmid DNA for visualization. At
medium heights H = 1 mm (Fig. 4a), we noted that most
cells were detached from the center of the wells while
B-gal positive colonies were only detected at well
fringes. In contrast, 3-gal positive colonies were uni-
formly distributed over the well surface for H = 15 mm
(Fig. 4b). Figure 4c and d show the number of -gal
positive colonies in mm? across the well diameter [(= 2
X r, r: radius = 8 mm)] of triplicate 24-wells for H = 1
mm (Fig. 4a) and H = 15 mm (Fig. 4b), respectively,
where the normalized radius is shown as r*. The number
of the positive colonies was counted regardless of their
size. In this way, the number of counted positive colonies
was qualitatively related to the total gene expression per
well. Figure 4a shows that there were no positive colo-
nies near the central area for H = 1 mm, and that the
number of colonies increased with increasing distance
from the center to r* = 1 and r* = —1, where the
number of B-gal positive colonies was 50/mm”. In the
case of H = 15 mm (Fig. 4d), the positive colonies were
uniformly distributed irrespective of the distance from
the center, where the number of (3-gal positive colonies
was 31.9 = 1.8/ mm?. As shown in Table 1, the energy
density showed an approximately Gaussian distribution.
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Fig. 4. Distribution of 3-gal positive cells on a 24-well. H = 1
mm (a and c¢) and H = 15 mm (b and d). Number of -gal
positive colonies in mm? along the diameter ( = 2 X r, r:
radius) of a well of the 24-well plate, where r* is normalized
radius with r. The number of colonies was counted from
triplicate wells (open circle, filled circle, filled triangle). The
UCA concentration was 5% (vol/vol). The concentration of
plasmid pCMV 3 was 20 ug/mL. The acoustic intensity was /,
= 1.9 W/cm?. The exposure time was T, = 20 s. The UCA
concentration was 5% (vol/vol). Scale bar indicates 2 mm.
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Fig. 5. Effect of the UCA concentrations on the luciferase
activity and viability of CHO-E cells at a height of H = 1 mm.
(a) Luciferase activity, (b) survival fractions measured by the
MTT assay. Acoustic intensity was I, = 1.3 W/cm? (filled
triangle) and I, = 1.9 W/cm? (filled circle). UCAs alone, i.e.,
1, = 0 W/cm? (open circle). The exposure time, T, was 20 s.
The concentration of plasmid pGL3-control was 20 ug/mL.

This energy distribution has significant effects on the
detachment and transfection of cells as the medium
height decreases, i.e., the intensity of the superposed
ultrasonic waves and the interaction of cavitation bub-
bles with cells become dominant as the medium height
decreases.

Since transfection efficacy increased with a de-
crease in medium height (see Fig. 3), we next investi-
gated the effect of UCA concentrations (0.1 to 40%
vol/vol, i.e., 6.5 X 10° —2.6 X 107 microbubbles/mL) on
gene expression and survival fraction at H = 1 mm,
where cytotoxicity due to ultrasound alone was minimal
(see Fig. 2). The exposure time T, was 20 s, while
acoustic intensities were I, = 1.3 W/cm? (filled triangle)
and I, = 1.9 W/cm? (filled circle), respectively. Addi-
tion of 0.1% of UCAs induced gene expression of 1.1 X
10° = 2.9 X 10* RLU/mg for I, = 1.9 W/cm? and 1.4
X 10* = 3.3 X 10° RLU/mg for I, = 1.3 W/cm? (Fig.
5a). Survival fraction was 0.77 = 0.01 and 1.00 = 0.03
(Fig. 5b), respectively. A maximal gene expression was
obtained at 5% of UCAs and the expression became
constant over the UCA concentration range 5% to 40 %
(vol/vol). Since the spatial distribution of the ultrasound
energy was formed in a Gaussian distribution, cells lo-
cated in the central area were detached by the interaction
of superposed ultrasound and cavitation bubbles as the
height of medium decrease and the concentration of
UCA:s increases. Accordingly, the constant gene expres-
sion over the 5% to 40% can be attributed to cells located
at the perimeter of the well (see Fig. 4).

We next investigated the level of gene expression as
a function of ultrasound exposure times (0 to 60 s), with
H = 1 mm (Fig. 6). The UCA concentrations used were
0% (open circle), 5% (open square) and 20% (filled
square). There was a marked increase in gene expression
for both UCA concentrations as ultrasound irradiation
times increased between 0 and 10 s and became constant
around 20 s. In contrast, cell survival fraction decreases
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Fig. 6. Effect of the ultrasound exposure time on the luciferase

activity and cell viability of CHO-E cells at a height of H = 1

mm. (a) Luciferase activity, (b) survival fractions measured by

the MTT assay. Acoustic intensity, /,, was 1.9 W/cm?®. The

UCA concentration was 0% (open circle), 5% (open square),

20% (filled square) (vol/vol). The concentration of plasmid
pGL3-control was 20 ug/mL.

with increasing ultrasound exposure, in the presence of
UCAs, up to 20 s and thereafter plateaus.

From these results, it will be apparent that Opti-
son™, an albumin based UCA, increases the efficacy of
gene transfection into CHO-E cells in vitro, especially in
the range of 1 to 2 mm height as seen Fig. 3. Next, we
examined the hypothesis that similar efficacies could be
obtained with albumin alone. We transfected cells with
heat-treated crushed Optison™ solution (Fig. 7). The
concentration of dissolved albumin UCA shell compo-
nents in the transfection media were 5% (vol/vol) (open
triangle) and 20% (vol/vol) (filled triangle). Luciferase
activity increased with increasing ultrasound irradiation
times. Maximal luciferase activity was recorded at 60 s,
3.8 X 10* = 3.9 X 10’ RLU/mg for 5% and 1.4 X 10°
+ 1.8 X 10* RLU/mg for 20%, respectively. Interest-
ingly, these values are almost the same as those obtained
with transfection with ultrasound alone (see Fig. 5a).
Similarly, the survival fraction is almost the same as that
of ultrasound alone. The difference becomes evident at
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Fig. 7. Effect of the crushed heated Optison™ solution on the

luciferase activity and cell viability of CHO-E cells at a height

of H = 1 mm. (a) Luciferase activity, (b) survival fractions

measured by the MTT assay. Acoustic intensity, /,, was 1.9

W/cm?. The solution concentration was 5% (open triangle) and

20% (filled triangle) (vol/vol). The concentration of plasmid
pGL3-control was 20 wg/mL.



Transfection of superposed ultrasound waves and microbubbles @ T. KoDAMA et al. 911

60 s, where the survival fraction is 0.90 £ 0.04 for 5% (p
< 0.05 versus ultrasound alone) and 0.83 *= 0.04 for
20% (p < 0.01 versus ultrasound alone), respectively.
The phenomena of capillary waves and subsequent at-
omized particles were hardly ever observed in these
experiments.

DISCUSSION

In this study, we have demonstrated gene transfec-
tion into CHO-E cells can be enhanced by low concen-
trations of UCAs using superposed ultrasound. When
ultrasound is generated in a fixed position, standing
waves are generated. Two types of nodes and antinodes
are formed in the standing waves. Nodes of displacement
occur at the same place as antinodes of pressure. Con-
versely, at the nodes of pressure, antinodes of displace-
ment are generated.

We first investigated the effect of ultrasound alone
on cell viability at a height of 1 mm when cells were
located near the first node (displacement node) of the
incident ultrasound downstream (Fig. 2). Ultrasound did
not induce cells damage at the intensities of I, = 1.3
W/cm? and I, = 1.9 W/em® up to exposure time of
120 s. This result correlates with the results of Pickworth
et al. (Pickworth et al. 1989) that cells were not damaged
at a node of displacement by 1.09 MHz continuous
ultrasound of either 1W/cm? or 2W/cm?, compared with
cells at an antinode.

When UCAs are added, survival fraction was re-
duced by cavitation effects (Fig. 3). The transfection
efficacy and survival fraction show opposite trends in the
medium height (wave traveling distance), concentration
of UCAs and exposure times of superposed ultrasound,
i.e., enhancement of transfection induces cytotoxicity.
This tendency corresponds with previous experimental
studies (Bao et al. 1997; Miller and Quddus 2001). As
the medium height decreases, the intensity of superposed
ultrasound and cavitation bubbles increases, resulting in
cell detachment at the central area of 24-wells and in
transfected cells at edge of the wells (Fig. 4). This
detachment corresponds with a Gaussian model for the
patterns of ultrasound energy. Also, stagnation of flow at
the edge of the well bottom may enhance transduction.
Although many studies have been performed with sus-
pensions of cultured cells in vitro (Bao et al. 1997;
Brayman and Miller 1997; Ogawa et al. 2002; Tata et al.
1997; Wang et al. 2005; Zarnitsyn and Prausnitz 2004),
the effect of differences in transfection efficacy and
survival fraction has not been previously described. At a
height of 1 mm, just a 0.1% concentration of UCAs (i.e.,
6.5 X 10° microbubbles/mL) could induce high transfec-
tion with a high survival fraction. The results above
indicate that cells located at nodes of motion do not

Table 2. Characteristic of a C;F; cavitation bubble

P, (MPa) 0.19 0.23 0.26 0.28
P,.. (MPa) 855 5043 8950 10521
R,,, (nm) 79 45 38 36
R, (um) 2.8 3.7 43 48

Positive pressure, P, measured by a PVDF needle hydrophone. The
maximum pressure at the bubble rebound P, maximum bubble
radius R, minimum bubble radius R, ;,, and were calculated from
eqs 2, 3 and 4 using the fourth order Runge-Kutta method, where R, =
1 pm.

depend on the pressure fluctuation but on the dynamic
properties of cavitation bubbles.

We hypothesized that complicated superposed ul-
trasound could enhance growth and collapse of cavita-
tion bubbles created by collapse of UCAs, resulting in
cell membrane damage and subsequent molecular deliv-
ery into cells. We shall attempt to define the cavitation
bubble significantly involved. Assume that cavitation
bubbles are generated from cavitation nuclei, proposed
by the Harvey model (Harvey et al. 1944). This model is
based on an assumption that gas is trapped within a
crevice and a cavitation bubble is generated from the
crevice due to the decrease in pressure. Suppose that the
gas of Optison™, C;Fg, is trapped within crevices of the
debris produced by collapse of Optison™, and cavitation
bubbles are generated from the crevices and behave as
shown in eqn (2). The pressure at the bubble wall is
given by eqn (3). The calculation was conducted for 50
ps using the fourth order Runge-Kutta method. Table 2
shows the maximum pressure at the bubble wall P
the minimum bubble radius R, ;, and the maximum bub-
ble expansion radius R, for different ultrasound pres-
sures P,, where the initial bubble radius R, was 1 um.
As P, increases, P, and R, increase, while R,
decreases. For P, is 0.28 MPa, P, is 10521MPa, R,
4.8 um and R;, 0.036 wm. The theory was derived from
an assumption that a cavitation bubble remains spheri-
cally symmetric, and both the liquid jet formation (Ko-
dama and Tomita 2000; Tomita and Kodama 2003) and
Taylor instability (Neppiras 1980) are ignored. There-
fore, these values would be reduced by fission of col-
lapsing bubbles (Brennen 2002) in the real flow field.

At every bubble rebound, high pressure is generated
at the bubble wall, and resulting shock waves propagate
outward. Let us suppose that shock waves interact with
surrounding cells and subsequent cell membrane damage
is thereby induced.

Now we estimate that the damage potential radius,
r¢, by a single shock wave from the center of a cavitation
bubble, as given by eqn (5) (Sundaram et al. 2003).
Figure 8 shows the relationship between the potential
radius for causing the membrane damage by the shock
wave and bubble expansion for varying ultrasound pres-

max?
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Fig. 8. Potential radius of inducing cell damage by a shock

wave from a cavitation bubble, and the maximum bubble

expansion radius, R,,,. Ultrasound pressure, P, was varied

from 0.19 MPa to 0.28 MPa. €. is the area strain of a cell

membrane exposed to the shock wave, where R, = 1 um.

Numerical data were obtained using the fourth order Runge-
Kutta method.

sures. The results suggest that the cell membrane will be
damaged by the interaction of the shock wave when cells
are located at more than 5 um away from the center of
the bubble. The pressure of the shock wave inversely
decreases with increasing propagation distance, as given
by eqn (6). Therefore, the transient membrane perme-
ability will be induced between 5 um and a certain
distance from the center of the bubble in which exoge-
nous molecules may be delivered into the cytoplasm. The
cell membrane was found to be the most sensitive to the
characteristic of shock waves propagating through the
cell components (Steinbach et al. 1992). Because each
cell line may show differences in intracellular densities
and fluidities of membranes, the value of the shock
wave-induced surface velocity may be different for each
cell line, leading to different membrane permeability.
Kodama et al. (2000) have reported that the impulse
(defined as the integration of pressure with respect to
time) of the shock wave might be an important factor
governing the temporary permeability increase necessary
for delivering macromolecules into cells. More recently,
Koshiyama et al. (2004) performed molecular dynamics
simulation of the interaction of a single shock wave with
lipid bilayers and obtained the results that the impulse of
the shock wave might increase, not only the penetration
of endogenous molecules into the bilayers, but also the
disorder of the alkyl chain and the fluidity of the lipid,
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which might be related to transient membrane perme-
ability.

Molecular delivery using UCAs can transfer drug or
genes to the specific sites within the target organ by
disrupting UCAs circulating in the intravascular space
(Bekeredjian et al. 2003). In the present study, it was
shown that superposed ultrasound was able to enhance
transfection ratio due to cavitation bubbles at a low
concentration of UCAs. By devising a method to gener-
ate an optimized phase superposition of ultrasound in the
body, we may improve efficacy of molecular delivery
into target sites.
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APPENDIX

Atomized liquid particles generated with ultrasound

The mean diameter, d, of the liquid particles due to capillary
waves generated by ultrasound is give as a semiempiric equation
(Chiba 1983)

1

[ E
d= 1.9|:F:| (1)

where the acoustic frequency f is varied from 20 kHz to 3 MHz. For
water at 25°C, the liquid density, p; , has a value of 997.04 kg/m>, oy
is the liquid surface tension of 71.96 mN/m. Hence, the mean diameter
of the atomized particles is given a value of 7.9 um for 1-MHz
ultrasound.

Dynamics of a free cavitation bubble in the presence of ultrasound

The radial motion of a bubble with a radius R in compressible
and Newtonian liquid, a Keller-Miksis model (Keller and Miksis 1980),
is given by

.11.3.211._11é1
RR(1— C,‘R + 2R ~3 C,‘R =1+ o Pp(t) —

R R dP,(t)
PC<I+ a) - Px:| + pLCLT. 2)

The pressure, Pr = R, at the bubble surface is given by

20\ (R 20, 4p, .
P,x(1) = (Px + R—:)(ft’) L)) 3)

R R
The oscillation pressure term P is given as

Pc(1) = | P4|sin wr “)

where, C; is the sound velocity in liquid (1497.3 m/s), P, atmo-
spheric pressure (101.3 kPa), R, initial bubble radius, y adiabatic
exponent of a gas (1.07), u, liquid shear viscosity (0.890 mPa - s),
P, peak positive pressure measured in the experiments, w the
circular frequency.

Consider that a spherical shock wave is generated at the bubble
rebound. The shock wave interacts with surrounding cells, resulting in
cell membrane disruption. The radius from the center of the bubble, r,
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for generating the disruption of the cell membrane is given as
(Sundaram et al. 2003)

Pmamein
= 7 )
ecprC L
where P, is the maximum pressure at the rebound when the

bubble obtains the minimum radius R,;, and € is the static critical
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strain necessary to irreversibly disrupt the membrane. € is esti-
mated to be 0.02 to 0.03 for the membrane of red blood cells (Evans
et al. 1976).

Suppose the shock wave pressure Ps, defined as the peak value
of the shock wave pressure, decreases as approximately 1/r while it
propagates outwards, the following relation is given

PrvaxRnin
Py= ©)

r
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