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Abstract—Recent studies of ultrasound (US) methods for targeted drug delivery and nonviral gene transfection
revealed new, advantageous possibilities. These studies utilized US contrast agents, commonly stabilized micro-
bubbles, to facilitate delivery and suggested that US delivery resulted from cell sonoporation, the formation of
temporary pores in the cell membrane induced by US. Using voltage clamp techniques, we obtained real-time
measur ements of sonoporation of single Xenopus oocyte in the presence of Optison™, an agent consisting of
albumin-shelled C;F4 gas bubbles (mean diameter 3.2 um). Ultrasound increased the transmembrane current as
a direct result of decreased membrane resistance due to pore formation. We observed a distinct delay of
sonoporation following US activation and characteristic stepwise increases of transmembrane current through-
out US duration. We discovered that the resealing of cell membrane following US exposure required Ca®*
entering the cell through US-induced pores. (E-mail: cxd54@cwru.edu) © 2004 World Federation for Ultra-
sound in Medicine & Biology.
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INTRODUCTION direct effects of UCA from the effects due to the subse-
quent bubble activities after UCA destructidrefil et al.
2003.

To investigate the dynamics of sonoporation, we
employed voltage clamp techniqudsd. 1) to measure
in real-time the transmembrane current of a singée

It has been demonstrated that microbubble ultrasound
(US) contrast agents (UCASs) increased delivery effi-
ciency of drugs and genes into cells using W&ller et

al. 1999, 2002; Bao et al. 1998; Greenleaf et al. 1998;

Ward et al. 2000 However, it remains a challenge to nopus oocyte during US irradiation in the presence of

achieve consistent, controllable delivery outcome be- .
. . Optison™., Xenopus oocytes have been used to study
cause the mechanism and processes of sonoporation have

not been clearly understoodichibana et al 1999Due mgmbrane protelns_such as ion c_hannels and neurotrans
. o mitter receptors §hi et al. 2002; Masu et al. 1987
to the lack of methods for real-time monitoring of sono- .
i o Under voltage clamp, changes in the transmembrane
poration at the cellular level, the efficiency of drug/gene

. . ; . current amplitude reflect directly the changes in cell
delivery and sonoporation-associated side effects, such .
Lo membrane conductance and, therefore, can provide sen-
as loss of cell viability and enhanced apoptosisr{l et

al. 2003, have been studied only through post-US ex- sitive indications of the formation and subsequent reseal-

posure analyses. A recent report demonstrated dynamicIng of pores in the cell membrane.

vesicle deformation and lysis due to microstreaming and
strain induced by a low-amplitude bubble oscillation MATERIALS AND METHODS
(Marmottant and Hilgenfeldt 2093Although it is hy- Xenopusoocytes preparation
pothesized that cavitation or violently collapsing bubbles The animal protocol foiXenopus oocytes prepara-
may mechanically rupture cell membrane to induce tion is approved by the Institutional Animal Care and
sonoporation, allowing entry of DNA and macromole- Use Committee at Case Western Reserve University.
cules into the cell, it has been difficult to delineate the Adult female Xenopus laevis (NASCO, Fort Atkinson,
WI) was anesthetized by immersion in 0.3% tricaine
_ (Sigma, St. Louis, MO) solution for 20 min. Oocytes
Address correspondence to: Cheri X. Deng, Ph.D., Department N .
of Biomedical Engineering, Case Western Reserve University, Cleve- were taken from a small incision (0.5 to 1 cm), which
land, OH 44106-7207 USA. E-mail: cxd54@cwru.edu was then sutured back. The toad was allowed to recover
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Two-Microelectrode
Voltage Clamp

Fig. 1. The experimental setup for monitoring and character-
ization of sonoporation of the plasma membrane of Xenopus
oocytes. Membrane potential of the oocyte (V) is clamped to
be the same as the command potentia (V). I, = ionic current
flowing through the plasma membrane. Oocyte in recording
chamber bathed in ND96 or Ca?*-free ND96 containing Op-
tison™. The recording chamber bottom is acoustically trans-
parent thin plastic film.

in fresh water. Oocytes were digested in collagenase (2
mg/mL in ND96 solution) for defolliculation. They were
used immediately in experiments or stored in ND96 at
18°C for 1 or 2 days before use. ND96 contains (mM) 96
NaCl, 2 KCI, 1.8 CaCl,, 1 MgCl,, 5 HEPES, pH 7.60.

Ultrasound and electrophysiology

A single Xenopus oocyte was bathed in ND96 or
Ca*-free ND96 (in mM: 96 NaCl, 2 KCI, 1 MgCl,, 5
EGTA, 5 Hepes, pH 7.6) solutions. The membrane po-
tential of the oocyte was clamped at —50 mV during
recordings unless otherwise indicated, using a two-mi-
croelectrode voltage clamp amplifier (Dagan CA-1B,
Dagan Corp., Minneapolis, MN) (Stuhmer 1998) (Fig.
1). Optison™ (~10° particlesmL) (Molecular Biosys-
tems Inc., San Diego, CA) diluted in either ND96 or
Ca?*-free ND96 solution was added directly into the
bath or through perfusion. Figure 1 shows the experi-
mental setup. The cylindrical chamber, which has a ra-
dius of 1.5 cm and depth of 0.3 cm, has an acoustically
transparent thin plastic film at the bottom, which was
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submerged in water, allowing acoustic coupling and min-
imum interruption of US transmission and irradiation of
the cell. A single oocyte of diameter of ~0.8 mm was
deposited directly on the plastic film and was fixed by
two microelectrodes inserted into its membrane. A cir-
cular planar piezoelectric lead zirconate-titanate (PZT)
US transducer of a diameter of 5.1 cm (center frequency
of 0.96 MHz) was vertically directed upward to the cell
in the chamber at a distance of 2 cm. US activation and
duration were synchronized using trigger signals from
the voltage clamp for recording of the transmembrane
current, permitting capture of the cell membrane status
before, during, and after US irradiation in real-time.
Tone burst pulses of US exposures were used in our
experiments. The acoustic pressure amplitude of propa-
gating US was predetermined from the output acoustic
power measured using a US power meter (UPM-DT-10,
Ohmic Instrument Co., Easton, MD). The actual maxi-
mum pressure was increased to a maximum of 2 times
because of standing wave established due to the solution-
air interface.

RESULTS

Figure 2a shows that, during voltage clamp of the
membrane potential at —50 mV, the transmembrane
current remained unchanged when neither US nor Opti-
son™ was applied. No transmembrane current change
was observed (Fig. 2b) in the absence of Optison™, even
at US pressures up to 1.2 MPa. However, we observed
consistently increases in the transmembrane current
flowing into the cell with US exposure in the presence of
Optison™ dilutions (0.05 ~ 5%). Figure 2c shows the
inward transmembrane current for 1-s US exposure at
0.24 and 0.39 MPa. These pressure amplitudes are spa-
tial-averaged positive peak pressures and are assumed to
be equivalent to negative peak pressures under our ex-
perimental situations (Greenleaf et al. 1998). Figure 2c
also shows that the transmembrane current recovers to
the original level after the US exposure, representing the
resealing process of the pores. The maximum current
amplitude achieved during sonoporation represents the
maximum extent of membrane disruption, which in-
creases with Optison™ concentration, US pressure am-
plitude and US duration. Figure 3 shows the maximum
current increase as a function of the acoustic pressure and
duration. The error bars in Fig. 3 are standard error of
means from n = 4 oocytes, except for the far right-hand
bar when n = 1. For durations longer than 0.5 s at this
pressure amplitude (0.6MPa), cell death (discolouration
of the animal pole, irregular/disrupted membrane, large
leaking current under voltage clamp and no response to
US) is commonly seen.
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Fig. 2. US (tone burst pulse) induces ionic currents across the

membrane in the presence of contrast agent (CA) Optison™ .

The inside of the cell was clamped at <50 mV with respect to

the grounded bath. Control experiments. (a) No US, no CA; (b)

US (< 0.8 MPa), no CA. (c) Downward currents caused by

currents flowing into the cell when exposed to US with CA
present.

We observed a distinct delay for the onset of trans-
membrane current increase after US (0.2 s at 0.23 MPa)
activation in the presence of Optison™ (5%), depicted in
Fig. 4. To further demonstrate this observation, Fig. 5
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Fig. 3. Inward current induced by US increases with US dura-

tion (tone burst) and strength. n = 4, except n = 1 for the far

right-hand bar. Black bars = results for US duration of 0.5 s,
and gray bars = US duration of 0.75 s.
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Fig. 4. Delay of sonoporation is observed for the occurrence of

current change after US activation. The US duration (tone

burst) is1 sand isactivated at t = 1 s. lonic current across the

membrane changes after a delay (0.2 s) following the onset of
US (0.29 MPa).

shows no change in transmembrane current in response
to US exposure shorter than 0.2 s. Increase in inward
transmembrane current was only observed when US du-
ration exceeded 0.25 s, demonstrating that the initia
disruption of Optison™ is not sufficient to induce sono-
poration. Our systematic measurements indicate that the
delay islonger at lower acoustic pressures and when the
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Fig. 5. Short-time US irradiation (tone burst) cannot cause

sonoporation of the plasma membrane. US of 0.24 MPa in-

duced inward current at duration of 500 ms (c) but not at

durations of 100 or 200 ms (@), (b). Oocytes were bathed in
degassed ND96 solutions.



522 Ultrasound in Medicine and Biology
0.12 -
@ 4
E 0.08 %
o) J
0 0.04- ¢
] ([ ®
0.00 - ¢

0.290.340.390.440.500.550.60
US Strength (MPa)

Fig. 6. Delay of sonoporation decreases with increasing tone
burst US amplitude. Oocytes were bathed in degassed ND96
solutions.

solution is degassed for 30 min before experiments.
Figure 6 plots the delay as a function of the acoustic
pressure for cells in air-saturated solutions with Opti-
son™. At 0.29 MPa, the delay isabout 0.1 s. At 0.6 MPa,
the delay is shorter, about 0.02 s. The delay length levels
off at 0.015 s when the acoustic pressure is higher than
0.7 MPa (data not shown).

We observed that, throughout the US duration, the
inward transmembrane current continued to increase un-
til the end of US duration (Figs. 2 and 4), an indication
of sustained bubble activities during the US irradiation.
Close examination of the current traces reveals that the
inward transmembrane current increased in a character-
istic stepwise fashion. The steps were more clearly dem-
onstrated in recordings using Ca®"-free ND96 solution
(Fig. 7a), which excluded currents flowing through en-
dogenous Ca?* -dependent Cl~ channels that would have
been activated by Ca®" entering the cell during sonopo-
ration (Miledi 1982; Barish 1983). Figure 7b shows the
histograms of the step durations at 0.24 MPa (0.09 =+
0.25 ) in air-saturated solution with Optison™ (5%
dilution), which is close to the duration of the delay at
similar US strength (Fig. 6). These results suggest that
the same physical process underlies the initial delay and
the time lapse between consecutive steps.

Figure 8a shows serial transmembrane current traces
recorded from the same oocyte in ND96 solution; each
recording was obtained using 0.5-s US exposure in the
presence of 5% Optison™. The cell membrane com-
pletely recovered after each US exposure and the trans-
membrane current returned to its initial amplitude of
—4.5 pA at = 0s, shown at the beginning of each trace
(Fig. 8a). The time course of recovery for al the traces
can be fitted by a single exponential (Fig. 8a). The
recovery rate does not vary significantly with US param-
eters or the maximum amplitude of the transmembrane
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Fig. 7. Stepsin sonoporation of the plasma membrane. (a) lonic

current across the membrane changes with distinct steps. The

oocyte bathed in Ca®*-free ND96 in the presence of Optison™

wasirradiated with tone burst US of 0.29 MPaand 1-s duration.

(b) Histograms of steps duration under tone burst US of 0.24

MPa. Bin width is 0.035 s. In these experiments, the bath
solution was saturated with air.

current achieved during sonoporation (Fig. 8b). Figure
8b shows that the time constants are within 3 s (2.2 =
1.3 s) range.

For cells bathed in Ca?*-free ND96 solution, we
discovered that the membrane did not show resealing
after sonoporation. Figure 9a shows a series of trans-
membrane current traces obtained from an oocyte; Op-
tison™ (5%) was added before each 0.5-s US exposure
for each trace obtained. The transmembrane current am-
plitude exhibited an initial and small decay at the end of
US exposure, but remained close to the peak (negative)
value. The inward current maintained at the same level
for minutes until the next US exposure with replenished
Optison™, which caused its further increase.

To examine if Ca?* entering the cell during sono-
poration is important for membrane resealing, we re-
corded the US-induced current in ND96 solution at
membrane potentials of either —50 or +50 mV. At —50
mV, extracellular Ca®" flows in the direction of the
electrical field and enters the cell through the US-in-
duced pores, and the membrane resealed. At 50 mV, on
the other hand, Ca?* flows out of the cell. Either —50 or
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Fig. 8. Recovery of the plasma membrane from sonoporation.
(a) lonic currents across the membrane decay after sonopora-
tion in ND96. Inward current traces were recorded from the
same oocyte under repeated tone burst US irradiation of 0.29
MPaand 0.5 sduration. Fresh Optison™ was introduced before
each USirradiation. (b) Resealing time constant T was obtained
by fitting the current decay with a single exponential and
plotted against the maximum current amplitude under various
US parameters and Optison™ concentration in ND96 solutions.
(thick line) = the mean (2.17 s); (thin lines) = 1 SD (1.33 9)
from the mean.

+50 mV clamp potential was used for the traces 1 to 5
in Fig. 10; the traces were obtained consecutively from
trace 1 totrace 5. At —50mV (traces 1, 4, and 5), note the
decay of the current traces and the lack of accumulated
current increase at the beginning of trace 5. On the other
hand, at +50 mV, little Ca®" might enter the cell through
the pores because of the adverse electrical field direction,
and the membrane did not reseal (Fig. 10, traces 2 and 3;
note the absence of decay of the current traces and the
accumulated current increase at the beginning of trace 3).

DISCUSSION AND SUMMARY

Using two-electrode voltage clamp technique, we
obtained real-time measurement of sonoporation of sin-
gle Xenopus oocyte exposed with tone-burst US at 0.96

in Ca®*-free ND96
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o

Fig. 9. No resedling of the membrane in Ca®*-free ND96.
Consecutive current traces were recorded from the same oocyte
under repeated tone-burst US irradiation of 0.29 MPaand 0.5-s
duration. Numbers 1 to 4 indicate the sequence of recordings.
Optison™ was introduced before each recording.

MHz in the presence of Optison™ from the recorded
inward transmembrane current change. The current
change during voltage clamp demonstrates an increase in
cell membrane conductance, which indicates theincrease
of ion permeability across the cell membrane. The large
current amplitude and the characteristic step-wise in-
crease of current suggest that the ion permeability in-
crease resulted from pore formation in the cell membrane
(Hille 2001). These pores are not likely due to the in-
creased opening of endogenous voltage or ligand-gated
ion channels because, during US irradiation, the mem-

in ND96
3
15
_ 10
=2 5
‘ 1
_E 0"‘:%Z—— 5
4
-5 T T T 1
0 2 4 6 8s

Time (s)

Fig. 10. Ca?" entering the cell may be required for membrane
resealing. The oocyte was bathed in ND96 and irradiated re-
peatedly with tone burst US of 0.29 MPa and 1-s duration.
Membrane potential was clamped at either —50 or +50 mV.
Numbers 1 to 5 indicate the sequence of recordings. The
membrane potential at each recordingwas: 1 = —50 mV; 2 and
3 = consecutive recordings at +50 mV; 4 and 5 = consecutive
recordings a —50 mV.
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brane potential was clamped at a constant voltage and the
solution bathing the oocyte contained no ligand known to
activate endogenous ion channels. However, the size and
shape of the pores are not known. In ion-selective ion
channels, the pore size can be as smal as ~ 3 A in
diameter (Doyle et al. 1998; Zhou et al. 2001; Hille
2001). On the other hand, the step-wise increase of
current could result from the formation of a single pore.
Simply comparing the amplitude of the current step in
our experiments (~ 0.1 pA, Fig. 7a) to the maximum
current amplitude through a single K™ channel (~ 100
pA) (Cui et a. 1997), and assuming that the current
amplitude is only dependent on pore size, the US-in-
duced pore can be as large as 0.1 um. Such a rough
estimation is based on a number of hypotheses. None-
theless, it demonstrates the wide range that the US-
induced pore size could be.

We observed that the inward transmembrane current
increases after a delay of US activation and that the
current reaches a maximum value at the end of US
duration; the cell membrane subsequently recovers, in-
dicated by the decay of the transmembrane current after
US exposure. For US exposure with duration in the order
of 1 s and pressure amplitude less than 1 MPa, the
recovery time of sonoporation ison the order of 4to 10s.
These values are comparable with the reported recovery
rates for electroporation (Ryttsen et al. 2000; Barnett
1990). When the US pressure amplitude is high (> 1
MPa), longer duration (> 0.5 s) causes irreversible cur-
rent increase, which indicates spontaneous cell death,
confirmed by immediate microscopic examination.

Under our experimental conditions, we observed a
distinct delay for the onset of transmembrane current
increase after US activation in the presence of Optison™
(Fig. 4). In addition, the inward transmembrane current
increases in a stepwise fashion during the US duration.
The reported time for US destruction of Optison™
through fragmentation (Chomas et al. 2001; Dayton et al.
1999) or shell disruption/disintegration (Chomas et al.
2001; Dayton et al. 1999; Shi et a. 2000; Stride and
Saffari 2003) ranges from a few us to a few ms. The
prolonged delay of sonoporation compared with the Op-
tison™ destruction time indicates that the destruction of
Optison™ does not immediately or directly cause sono-
poration. It is unlikely that the delay and steps are caused
by some intrinsic delayed response of the transmembrane
current measurement to membrane status. Thisis clearly
demonstrated by the absence of delayed response of
transmembrane recovery at the end of the US exposure,
indicating a spontaneous correspondence of the recorded
transmembrane current to membrane status or pore for-
mation.

Although we are planning to conduct further exper-
imental studies to directly measure and monitor bubble
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activities during US exposure in the presence of Opti-
son™ and other UCAS, we look for a possible explana-
tion from the aspects of bubble dynamics and activities.
As reported previoudly, fragmentation or destruction of
Optison™ can generate secondary bubblesthat can act as
nuclei to induce subsequent bubble activities. The delay
discussed above represents the time needed for sonopo-
ration to occur induced by sufficient bubble activity that
is generated after destruction of Optison™. Because dur-
ing transient/inertial cavitation a bubble will grow to
many times its equilibrium size and collapse rapidly
within only a few cycles of US oscillation, transient/
inertial cavitation unlikely originates directly from Op-
tison™ destruction or immediately from the secondary
bubble nuclei, based on our experimental observations.
Therefore, possibly, these bubble nuclei may dissolve
away into the solution due to dominating surface tension
and gas diffusion. Some, however, may grow to larger
sizes because of rectified diffusion (Crum 1984; Crum
1980; Church 1988) driven by a USfield; or, the bubbles
may coaesce with each other due to the secondary
Bjerknes force (an attractive force between oscillating
bubbles in a US field) (Crum 1975) to form larger
bubbles. If they approach the resonant radius (Medwin
1977) corresponding to the frequency of the driving US
field, these surviving or newly formed bubbles may
collapse easily due to instability or inertia effect. Such
bubble collapsing activity will then produce the next
generation of multiple smaller bubbles, which may again
grow or coalesceto form larger bubbles and initiate more
bubble collapsing, possibly setting up cyclic bubble ac-
tivities alternating between bubble growth and collapses
(Neppiras 1980).

The characteristic stepwise fashion that the inward
transmembrane current exhibited during US exposure
was more clearly demonstrated in recordings using
Ca?*-free ND96 solution (Fig. 7a). The use of Ca®" -free
ND96 solution excluded currents flowing through endog-
enous Ca’*-dependent Cl~ channels that would have
been activated by Ca?* entering the cell during sonopo-
ration (Miledi 1982; Barish 1983). During the step pe-
riod, there were no sufficient bubble activities for sono-
poration; therefore, the transmembrane current remained
constant until the next synchronized bubble collapsed
and induced additional membrane disruption, causing its
further increase to a higher step level. Thus, the stepwise
increases of the transmembrane current are an indication
of sustained ongoing, yet cyclic, processes of bubble
activities established during USirradiation. The steps are
generally shorter at higher pressure levels (0.05 = 0.25 s
at 0.29 MPa, data not shown) and in less air-saturated
(degassed for 30 min) solution, consistent with the trends
observed for the delay.
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We have observed that higher US pressures and/or
longer durations (e.g., 0.7 MPafor 0.5 s) in the presence
of Optison™ caused large, irreversible increase in the
transmembrane current, which appeared to correspond to
spontaneous cell death observed in immediate post-US
microscopic examinations. Reversible sonoporation oc-
curred at low to moderate acoustic pressures (< 0.5
MPa), wherein pores formed during the US pulses and
resealed after US exposure (0.01 to 1 s in our experi-
ments) in ND96 solution (Figs. 8a and b) with a time
course of 3 to 10 s, comparable with the recovery rates
for electroporation (Ryttsen et al. 2000; Barnett 1990).
However, the membrane did not show resealing after
sonoporation in the Ca®"-free ND96 solution (Fig. 9).
The accumulated current increase shown at the begin-
ning of each consecutive US exposure in Ca?*-free
ND96 (Fig. 9a) isin sharp contrast to the resultsin ND96
solution that all the current traces have similar starting
levels (Fig. 8a). It was reported previously that, after
application of laser-induced stress wave, the cell mem-
brane increased permeability to calcein for a prolonged
period of ~ 80 s (Lee et a. 1996; Doukas and Flotte
1996) in a solution of Dulbecco phosphate-buffered sa-
line (D-PBS) that did not contain Ca?* (Lee et al. 1996).
These results, of prolonged resealing process, are con-
sistent with our observation that Ca?* is essential for
membrane resealing. Our additional experimental results
(Fig. 10) further support the conclusion that Ca?" must
enter the cell for the membrane to reseal.

Under voltage clamp, the direction of current across
the cell membrane, inward (negativein value) or outward
(positive in value), depends on membrane potential set
by the clamp, the equilibrium potentials of K* and Cl~
due to the opening of endogenous K™ and Cl~ channels
(Hille 2001) and nonspecific leaking currents. Electric
currents across the membrane carried by K™ and CI—
change from outward to inward direction when mem-
brane potential changes from above the equilibrium po-
tential to below the equilibrium potential. The equilib-
rium potentials of K* and CI~ in Xenopus oocytes range
from —50 to —70 mV. Therefore, when the nonspecific
leaking current is small (e.g., before US irradiation), the
membrane current usually flows outward and is of pos-
itive values when membrane potential is clamped at =
—50 mV (Figs. 9 and 10). US-induced pore formation
increases nonspecific leaking currents, which have an
equilibrium potential of ~ 0 mV. Therefore, US irradi-
ation induced an increase in inward current at membrane
potential of —50 mV (Figs. 9 and 10) or outward current
at membrane potential of +50 mV (Fig. 10).

Our preliminary study demonstrated that the novel
application of electrophysiology methods, such as two-
electrode voltage clamp techniques, allows usto study in
real-time the cell response to US exposure. Monitoring

and characterization of the dynamic cell sonoporation
process provides important information with regard to
the understanding of sonoporation mechanism. The pa-
rameters and observations can serve as necessary guid-
ance for optima design of US protocol for potential
applications in drug and gene delivery.

Future studies are in planning to study sonoporation
in mammalian cells. We will investigate the effects of
US protocols such as pul se duration, duty cycle and pulse
repetition frequency on sonoporation process and other
cell effects. More direct measurement of cavitation and
bubble dynamics will be employed to correlate such
activities with the recordings in transmembrane current.
More investigation is also planned to characterize the
pore size in sonoporation and optimal conditions for
drug/compound transport into the cell through the pores
induced by sonoporation.
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