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Abstract
Sonoporation has been exploited as a promising strategy for intracellular drug and gene delivery.
The technique uses ultrasound to generate pores on the cell membrane to allow entry of extracellular
agents into the cell. Resealing of these non-specific pores is a key factor determining both the uptake
and post-ultrasound cell survival. This study examined the effects of extracellular Ca2+ on membrane
resealing in sonoporation, using Xenopus oocytes as a model system. The cells were exposed to tone
burst ultrasound (1.06 MHz, duration 0.2 s, acoustic pressure 0.3 MPa) in the presence of 0.1%
Definity® at various extracellular [Ca2+] (0–3 mM). Sonoporation inception and resealing in a single
cell were monitored in real time via the transmembrane current of the cell under voltage clamp. The
time-resolved measurements of transmembrane current revealed the involvement of two or more
Ca2+ related processes with different rate constants and characteristics. Rapid resealing occurred
immediately after ultrasound application followed by a much slower resealing process. Complete
resealing required [Ca2+] above 0.54 mM. The cells resealed in 6–26 s at 1.8 mM Ca2+, but took
longer at lower concentrations, up to 58 ~170 s at 0.54 mM Ca2+.
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1. Introduction
Safe and efficient intracellular delivery of drugs and genes is critically important in targeted
cancer treatment and gene therapy applications. Many studies have demonstrated that
ultrasound (US) can delivery DNA, proteins, and other formulations of molecules of interest
into viable cells [1–8]. It has been hypothesized that US energy, often amplified by micro-
bubble activities (e.g. bubble oscillation and collapse) [9–16], generates transient, non-specific
pores on the cell membrane, a process termed sonoporation [14,17–19]. The transient pores
allow a limited time window for the otherwise non-permeable extracellular agents to enter the
cell.
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Because non-ionizing US exposure can be non-invasively controlled in application location
and duration, sonoporation may provide an advantageous, safe delivery strategy for in vivo
applications. Compelling results obtained recently have stimulated great interest in the
development of sonoporation applications with exciting possibilities[1–8]. However, progress
in the field is hindered by a lack of mechanistic understanding of the sonoporation process and
its outcome beyond demonstrations of initial feasibility [20]. Challenges in several key aspects
remain to be addressed before sonoporation can be used successfully in humans as an efficient
and safe strategy: 1) lack of means to rationally determine optimal sonoporation parameters,
including physical and biochemical factors, to ensure high delivery efficiency and consistent
outcome; 2) lack of mechanistic understanding of the causes for the downstream, cellular bio-
effects and organ-level impacts of sonoporation; 3) lack of valid correlation and capability for
translating in situ results to in vivo environment. Clearly, tackling these difficult yet important
tasks requires in-depth investigation of the sonoporation process and identification of the major
factors affecting it.

The observation of stably enhanced intracellular uptake of markers and the expression of
intentionally delivered genes in viable cells via sonoporation indicate the transient nature and
small scale of the membrane poration process. The US generated pores on the plasma
membrane must reseal to prevent the loss of intracellular contents to ensure cell survival,
thereby limiting efficient inward transmembrane passage of desired extracellular agents within
a time window before the completion of pore resealing. Furthermore, repair of the membrane
disruption is necessary to avoid intracellular overload of ions that might be toxic to the cell or
serve as the triggering sources for other irreversible and reversible cellular processes such as
apoptosis [21] and calcium oscillation [22], making the rate of resealing one of the key factors
determining the uptake efficiency and post-ultrasound cell fate.

It is therefore of significance to understand the process of sonoporation resealing, yet it is a
task challenged by the lack of appropriate techniques to study the transient and sub-micron
process. Consequently, sonoporation studies have been largely limited to static post-US assays.
While important knowledge can be obtained through such analysis, post-US assays inevitably
overlook the actual transient process of cell poration. Selection and attempted optimization of
sonoporation parameters have mainly relied on empirical results of delivery outcome obtained
after sonoporation. However, it is likely that the US parameters determined this way are only
associated with specific experimental conditions due to the complexity of the US-cell
interaction and its coupling with surrounding bubble activities. Given the statistical variance
of such interactions in large number of cells, post-US assays are usually inadequate to
deterministically correlate ultrasound parameters with sonoporation outcome and to uncover
cellular mechanisms of sonoporation in individual cells.

To address these challenges and to understand the mechanism of sonoporation, we
demonstrated previously for the first time the feasibility of studying sonoporation at the single
cell level in real time using the voltage clamp techniques [18,23]. The transmembrane current
of single cell under voltage clamp was measured to assess the change of cell porosity in
sonoporation. Before US application, the transmembrane current is close to zero at a constant
membrane holding potential (voltage clamped) in the absence of activation of endogenous ion
channels, as the whole cell membrane is regarded as a resistor with constant resistance [24,
25]. In sonoporation, US generates pores on the membrane (the pores effectively reduce the
membrane resistance), which allows ions to flow through the pores and results in change in
transmembrane current. The transmembrane current is determined by the pore size and ion
concentration gradient across the cell membrane. Therefore the transmembrane current can be
used as a sensitive means to monitor the dynamics of US induced pores in a single cell with
high temporal resolution and sensitivity [18]. The novel application of such
electrophysiological techniques enables a time-resolved measurement of sonoporation at
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single-cell level, providing a sensitive and quantitative means to investigate the sonoporation
process. Our previous results demonstrated that calcium in the extracellular solution affects
sonoporation resealing [18]. The current study focused on quantitative investigation of the
effects of extracellular Ca2+ on the resealing of US induced membrane disruption; results of
the study might provide important molecular insight into reversible sonoporation to guide
optimal delivery outcome.

2. Methods
2.1 Xenopus oocytes preparation

Commonly used as a model system for electrophysiological recordings, the Xenopus oocyte
was chosen as a membrane model system [18,23,26,27] to study sonoporation dynamics. The
same protocol described in our previous papers [18,23] were used for this study, and the
procedures of harvesting and preparation of Xenopus oocytes follow an animal protocol
approved by our Institutional Animal Care and Use Committee. Briefly, adult Xenopus
laevis females (NASCO, Fort Atkinson, WI) were anaesthetized by immersion in a 0.3%
tricaine (Sigma, St. Louis, MO) solution for 20 min. Oocytes were taken through a small
incision (0.5–1 cm) made in the frog’s lower abdomen, which was subsequently sutured back
together. The frogs were allowed to recover in fresh water. Oocytes were digested in
collagenase (1 mg/ml in ND96 solution containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2,
1 mM MgCl2, 5 mM HEPES, with pH 7.60) followed by a manual defolliculation, if necessary.
The oocytes were used immediately in experiments or stored in ND96 solution at 18°C for one
or two days before use. The oocytes were placed into the ND96-based test solution with the
desired [Ca2+] and [Mg2+] several (~3 to 7) min before sonoporation experiment. Each oocyte
was used for only one exposure of US in the sonoporation experiment. The cells were kept in
culture for up to 24–36 hours after sonoporation to determine the survival rate.

2.2 Experimental setup for real time measurement of sonoporation
A 35 mm polystyrene BD Falcon™ bacteriological Petri dish (Fisher Scientific, Pittsburgh,
PA) was used to house a single Xenopus oocyte (diameter 0.8 ~1.1 mm) containing 4 mL ND96
or modified ND96 (altered [Ca2+] or [Mg2+]) solution with or without 0.1% Definity™
(Bristol-Myers Squibb Medical Imaging, N. Billerica, MA). The Petri dish has been tested to
show to have minimal effect (>95% transmission) on the transmission of US pulses through
the bottom. Definity™ is an US imaging contrast agent consisting of stabilized bubbles with
a diameter of 1.1–3.3 μm (mean 2.2 μm) and was used as cavitation nuclei to facilitate
sonoporation. The solution with Definity™ was made by diluting the original stock solution
of Definity™ (~2×1010 particles/ml) by 1000 times in ND96 solution. This concentration is
within the range of in vivo concentration at meaningful locations resulted from a typical
imaging dosage (105 ~ 107 particles/ml). The actual bubble concentration in the experiments
was measured by counting the bubbles in selected sample volumes under the microscope before
and after exposures to US.

Tone-burst US pulses of the desired duration and pressure amplitude were generated using an
unfocused circular planar piezoelectric US transducer (Piezo Technologies, Indianapolis, IN)
with a diameter of 2.54 cm and a center frequency 1.075 MHz, driven by a function/waveform
generator (Model 33250A, Agilent Technologies, Palo Alto, CA) and a 75-W power amplifier
(Model 75A250, Amplifier Research, Souderton, PA).

The experimental setup has a vertical configuration similar to our prior setup[18], where the
US transducer was immersed in water placed in a tank aiming upward, and the Petri dish hosting
the cell was placed 2.5 cm above the US transducer surface. Only the bottom of the Petri dish
was below the water level to avoid mixing the water and solution in the dish. The water served
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as acoustic coupling for US transmission through the bottom of the Petri dish to irradiate the
cell. Standing wave was expected inside the dish due to the duration of tone burst (0.2 s) and
the solution-air interface. The actual acoustic pressure inside the Petri dish was measured at
the location of the oocyte using a 40-μm calibrated needle hydrophone (Model HPM04/1,
Precision Acoustics, UK) and calibrated with an US power meter (Model UPM-DT-10, Ohmic
Instrument Co, Easton, MD, USA).

The voltage clamp techniques [24] were used to measure the transmembrane current of the
oocyte to monitor sonoporation in real time. Microelectrodes (tip diameter ~1 μm) made from
glass pipettes (Warner Instrument Corp., Hamden, CT) using an electrode puller (Sutter
Instrument Co., Novato, CA) were filled with 3 M KCl and had resistances between 0.3–1.2
MΩ. Two microelectrodes connected to a voltage clamp amplifier (Dagan CA-1B, Dagan
Corp., Minneapolis, MN) [25] were inserted into the oocyte membrane to measure the
transmembrane current when the membrane potential of the oocyte was clamped at −50 mV
during recordings. Trigger signals from the voltage clamp system were used to control the
activation of US, thereby allowing synchronized and continuous recording of the
transmembrane current of a single oocyte before, during, and after US application[18]. The
transmembrane current under voltage clamp was recorded continuously at a sampling rate of
1.0 kHz starting before US exposure and for up to 15 min to capture changes in cell membrane
porosity resulting from US exposure. Statistically, multiple bubbles are present in the vicinity
of the membrane in our experiments. Therefore multiple pores may be generated at different
locations unevenly distributed on the cell membrane. Since the whole cell clamp configuration
measures the iron movement through any pores on the whole membrane, the measurement
should not be affected by, nor be used to distinguish the locations of the pores and/or the
electrodes.

3. Results
Similar to our previous results [18], no change in the transmembrane current was detected
without US application or when US was applied (duration 0.2 s, acoustic pressure 0.3MPa)
without Definity™ in the bath solution. The current stayed at a constant, equilibrium level
close to 0 μA (−50 mV membrane holding potential), indicating the absence of endogenous
channel activation by US application. On the other hand, when US was applied in the presence
of Definity™ (0.1%), the amplitude of the inward transmembrane current increased rapidly
after US application, as shown by the examples in Fig. 1, indicating the creation of non-specific
pores on the cell membrane. Although no direct measurement was conducted in this study,
sonoporation appeared to occur as the result of inertial cavitation, or the rapid collapse of
bubbles driven by an US field, as > 98% of the initially present Definity™ bubbles were
destroyed after US application based on post US bubble counting. It was also evident visually
that the slightly milky solution became immediately clear after US exposure.

Figure 1 includes examples of the inward (due to the −50 mV holding potential) transmembrane
currents recorded in single cells during sonoporation in the presence of different [Ca2+]. US
tone burst of duration of 0.2 s was applied at 1 s after the start of the recording, indicated by
the horizontal bar in the figure. Maximum change in the current occurred at the end of US pulse
(at 1.2 s). For the convenience of comparison, each curve in the figure was normalized to the
absolute value of the corresponding maximum current change (thereby the negative sign of the
inward current is retained in the figure).

The maximal amplitude of the current change, usually on the order of 0.1–10 μA in our
experiment, depends on the ionic concentration gradient across the cell membrane and the total
area of the pores, which was determined by the US parameters used and the intrinsic properties
of each individual cell in the experiment. For reversible sonoporation, where the cells survive,
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the transmembrane current exhibited an initial rapid increase reaching a maximal value,
followed by a recovery process, and eventually returned to its pre-US level, indicating complete
resealing of the pores.

3.1 Extracellular Ca2+ is required for resealing in sonoporation
Pore resealing or recovery of membrane disruption in sonoporation, as indicated by the
transmembrane current returning to its pre-US level in our experiment, was found to require
extracellular Ca2+ in our study.

As shown in the Fig. 1, the inward transmembrane currents recorded in single cells during
sonoporation in solutions of different [Ca2+] indicate that the resealing process in sonoporation
was affected by the [Ca2+]. In general, the transmembrane current increased in amplitude
followed US exposure and underwent a recovery process thereafter. At 1.8 or 3.0 mM
[Ca2+], the transmembrane currents have similar dynamics and returned almost to their pre-
US level by 15 s. In contrast, for cells in calcium-free solution (0 Ca2+ with 1 mM EGTA added
as Ca2+ chelator), the transmembrane current exhibited minimal recovery with no sustained
trend after sonoporation throughout the whole recording period in our experiment (data in later
times up to 15 min not shown). However, when Ca2+ was added into the previously Ca2+-free
solution ( ~2 mM final concentration), recovery of current was initiated within a few seconds
after the addition of calcium and reached pre-US level within 15–40 s thereafter (data not
shown), similar to those cells originally in the 1.8 or 3 mM Ca2+ solution.

In general, lower [Ca2+] resulted in slower, weaker resealing, and often partial recovery of
current was observed. A threshold of 0.54 mM was found for complete recovery. Figure 2A
shows the final percentage of transmembrane current recovery achieved (~ 15 min in our
experiments) at different [Ca2+]. No complete recovery was observed for cells when [Ca2+] <
0.54 mM; in such cases, the transmembrane current stayed at a level significantly below 100%
(normalized by its maximum value), indicating failure of pore resealing. On the other hand,
recovery of transmembrane current continued beyond 15 s when [Ca2+] > 0.54 mM, and the
cells were able to achieve complete recovery eventually. Furthermore, complete recovery was
found to relate to cell survival (Fig. 2B). The cells that failed to achieve complete resealing
died eventually after a period of time ranging from minutes to hours, determined by visible
loss of intracellular contents and degeneration of cellular integrity, observed under the
microscope (inset in Fig. 2B). Each of the images included in the inset in Fig. 2B shows a
single oocyte with a diameter of about 1 mm taken under a regular low magnification
microscope (SM-4TY, American Scope Inc., Chino, CA). The oocytes are shown with
pigmented dark brown in one hemisphere (animal hemisphere) and the bright hemisphere
(vegetal hemisphere). The pores that failed to reseal in the absence of Ca2+ can often be seen
in the images (inset in Fig. 2B).

Our previous study indicated that the resealing of the pores requires Ca influx into the cell
[18]. The electrochemical gradient that is generated by the −50 mV holding potential and high
extracellular [Ca2+] drives extracellular Ca2+ into the cell to mediate the resealing process. The
entry of Ca2+ into the cell cannot be through Ca channels that are endogenous in the oocytes
membrane because these channels are open only at membrane potentials more positive than
−50 mV[24]. At the holding potential of −50 mV, no Ca2+ currents can be or were recorded
through the membrane of oocytes.

3.2 Multiple dynamic processes and [Ca2+] dependent early-stage resealing
It is observed in our experiments that rapid recovering of transmembrane current occurred
immediately after US exposure but became slower in a few second (Fig. 1), and that the
recovery slowed down even further thereafter, suggesting the involvement of different
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processes in the recovery of the transmembrane current. For the convenience of discussion,
the resealing before 15 s is hereafter regarded as the early-stage recovery and the resealing
afterwards, the late-stage recovery. The choice of 15 s was based on observation of the general
time scales in the transmembrane current recordings of cell recovery in the presence of 1.8 or
3 mM Ca2+.

The involvement of multiple dynamic processes in resealing can be illustrated by the example
in Fig. 3, where the normalized recovering transmembrane current after US was shown to be
fitted successfully by a two exponential functions. Mathematically, the early-stage ( < 15 s)
inward transmembrane current after US I(t) (t > 1.2 s), can be expressed by a superposition of
two exponential functions with rate constants kf and ks (noted as fast and slow process),
respectively, I(t′) = −I_15 −If exp(−kf t′)−Is exp(−kst′) with the associated amplitudes If and Is
for the fast and slow process. In the equation, t′=t−1.2s is time after US application (for
convenience,t′ is noted as t from here on), I_15 is the transmembrane current at 15 s after US
application. A zero I_15 indicates complete recovery while a larger value correlates with weaker
resealing. The maximal current change is therefore represented by Imax = I_15+If +Is. A
normalized expression of the inward transmembrane current is obtained by dividing the current
by Imax as Ī(t) = −Ī_15 −Īf exp(−kft)−Īs exp(−kst).

In order to assess the early stage recovery, Ī_15 as a function of [Ca2+] is shown in Fig. 4, where
the decreasing Ī_15 values clearly show inhibited recovery at lower [Ca2+]. No Ī_15 for 0
Ca2+ is included in the figure because the cells in calcium free solution exhibited no recovery
and the transmembrane current often became even larger and irreversible as the cells
degenerated gradually, making Ī_15 meaningless in this case. It is interesting to notice that the
presence of even very low [Ca2+] (e.g. 0.02 mM) promoted some resealing which delayed
membrane degeneration and rupture (Fig. 4).

The best least square fitting parameters ( kf, ks, Īf, Īs) for Ī(t) by the two exponential functions
described above are shown in Fig. 5. No values at 0 Ca2+ are included because no recovery
was observed for cells in Ca2+ free solution. Additionally, neither ks or Īs values are included
for [Ca2+] = 0.02 mM because the transmembrane current for cells at [Ca2+] = 0.02 mM can
be fitted with one exponential function with rate constant kf, thus inclusion of the process of
ks was not necessary. As shown in Figs. 5A and 5B, both rate constants kf (0.79 ~ 1.19 s−1)
and ks (0.11 ~ 0.21 s−1) show no definite trend with varying [Ca2+]; values of ks are significantly
lower than those of kf. Thus process with rate constant ks is regarded as slow resealing and the
process with rate constant kf the faster resealing process.

Figure 5C shows that Īf, the amplitude of the fast resealing process, increased with increasing
[Ca2+], and was more than 3 times at 1.8 mM (~80%) than at 0.02 mM (20–25%), indicating
that the calcium- dependent fast resealing process is dominant at higher [Ca2+]. The amplitude
of the slow resealing process (Īs ) is relatively constant value but small (~ 20%) for all
concentration values above 0.09 mM Ca2+ (Fig. 5D). The slow resealing process appeared to
have a higher threshold of initiation (0.09 mM) than the fast process, which was already present
at 0.02 mM. These thresholds were lower than the threshold for the complete resealing (0.54
mM) necessary for the cell to survive (Fig 2).

3.3 Ca2+ dependent late -stage resealing
The continued recovery of the transmembrane current after 15 s is regarded as a late-stage
recovery, with a much slower rate constant and is also Ca2+ dependent. To better delineate the
late stage and other recovery processes, let ĪL(t) represent the recovering or decaying current
after 15 s, so ĪL(15) = Ī_15. ĪL (t) can be expressed in two parts, ĪL (t) = ĪL′(t)+Ī0, where Ī0
represents the non-recovered current at the end and ĪL′(t) the dynamic part of the late-stage
resealing. The dependence of the whole recovery process on extracellular [Ca2+] can be seen
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by the results in Fig. 6A, which shows the time duration required for the transmembrane
currents to reach various percentage of transmembrane current recovery for 0.54 and 1.8 mM
[Ca2+]. ĪL′(t) is seen in the recovery at later ( >15 s) time points (Fig. 6A). The time required
for cells to complete up to 40% recovery showed no difference between 0.54 mM (2.68 ± 0.46
s) and 1.8 mM (2.46 ± 0.41 s), consistent with the observation of fast recovery before 15 s (Fig.
5). The time required for cells to complete more than 50% recovery of current showed
increasing difference between 0.54 mM and 1.8 mM, with a considerably lower late-stage
recovery rate at 0.54 mM than that at 1.8 mM. The time required for the cells to recovery 90%
recovery at 0.54 mM calcium concentration (98 ± 50 s, n=10) was about 6 times as long as that
at 1.8 mM (17.6 ± 12.8 s, n = 20), although large variation existed among the cells.

Figure 6B shows the components constitutes the maximum, Īmax = Ī0 + ĪL′(∞)+ Īs+Īf, including
the early-stage fast (Īf) and slow (Īs) recovery, and the late-stage slow recovery (ĪL′(∞)). The
infinity symbol is used to indicate the end of the measurement. It can be seen from L Fig. 6B
that the Ca2+ threshold for fast recovery is 0.02 mM and that the early-stage slow recovery and
late-stage recovery had the same threshold at 0.09 mM. At sufficiently high [Ca2+] (e.g. 1.8
mM), robust early-stage fast and early-stage slow recovery achieve almost complete recovery,
while the cells in lower [Ca2+] (e.g. 0.54 mM) achieved complete recovery after a much longer
time duration.

3.4 Effects of extracellular Mg2+ on resealing process
To test whether 1 mM [Mg2+], present in ND 96 solution, has antagonizing effect on cell
membrane resealing in sonoporation, a set of experiments were conducted to measure
sonoporation in oocytes in modified ND96 solutions without Mg2+ (0 Mg2+). Figure 7 shows
the comparison of Ī_15 for 0 [Mg2+] and 1 mM [Mg2+] and various [Ca2+] (0.02 mM, 0.09 mM,
and 0.54 mM). No statistically significant difference was observed between 0 [Mg2+] and 1mM
[Mg2+] groups for the same [Ca2+], indicating no Mg2+ (1 mM) antagonism in early-stage cell
membrane resealing at these [Ca2+]. Ī _15 shows similar dependence on [Ca2+] as Fig. 4 with
higher Ī_15 values at lower [Ca2+]. The other fitting parameters ( ks, kf, Īs, Īf) from the two
exponential function fit also showed no statistically significant difference between the 0
[Mg2+] and 1 mM [Mg2+] group (data not shown). There is also no statistically significant
difference for the late-stage resealing for these groups (data not shown). All these suggest the
absence of Mg2+ antagonism on the resealing in sonoporation.

3.5 The effects of transmembrane current amplitude
The maximum transmembrane current change measured in our experiment exhibited a range
of values (0.1 ~ 10 μA). The spread may have come from a number of sources including those
associated with inherent cellular differences, variations from the micro-bubble concentration,
size, and state, as well as the statistical nature of bubble activities in the vicinity of the cell
membrane. For example, the mean bubble concentrations in our experiment was (9.0 ± 3.2)×
106/ml (n = 20) ranging from 6.1×106/ml to 14.8×106/ml. Under the experimental conditions
used in this study, it is likely that multiple pores were generated. As the transmembrane current
has contributions from all pores, the variation in measured current amplitude suggests variation
in pore size and number, in addition to the contribution from intrinsic cellular differences,
which may have played a more important role than bubble concentration in the spread of
measured currents. However, this current study can not deterministically conclude which of
these factors dominated in the measurement variation.

In order to test whether membrane resealing depended on the maximum transmembrane current
resulted from sonoporation, the resealing characteristics are compared at different maximum
transmembrane current. Figure 8A is a scatter plot in semi-logarithmic scale in horizontal axis
showing the actual amplitude of the transmembrane current (not normalized) at 15 s after US
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exposure, I_15, vs. the maximum transmembrane current change ( Imax) for 0.02 mM, 0.54mM,
and 1.8 mM [Ca2+]. The data for each concentration was fitted by linear regression and plotted
on a semi-logarithmic scale in Imax. The excellent agreement of the measurements and linear
fitting curve demonstrates a linear relationship of I_15 with Imax, indicating that the early-stage
recovery percentage (i.e., normalized Ī_15, Fig. 3) was not affected by Imax, consistent with our
earlier findings [18]. The late-stage recovery percentage was slightly slower for larger Imax, as
shown in Fig. 8B. When Imax was between 5 μA and 25 μA (0.75 ± 0.12, n=9), the recovery
percentage was slightly lower than that for cells with Imax below 5 μA (0.88 ± 14, n=28) (p <
0.007).

4. Discussion
The results presented in this report demonstrate quantitatively for the first time that
extracellular Ca2+ was required for reversible sonoporation and the resealing of pores involved
two or more distinctive processes, all affected by extracellular [Ca2+]. This conclusion is made
based on the following findings from the real time recordings of transmembrane current of
single Xenopus oocytes under voltage clamp: 1) no recovery of transmembrane current was
detected and incomplete recovery led to cell death in Ca2+ free solution; 2) complete recovery
of transmembrane current and cell survival required extracellular [Ca2+] > 0.54 mM and the
recovery rate increased with increasing [Ca2+]; 3) the recovery dynamics exhibited several
different [Ca2+]-dependent cellular processes during the course of recovery. Descriptions of
these important aspects of the sonoporation mechanism are novel and are made possible by the
unique ability of voltage clamp techniques to monitor in real time the dynamic change in the
membrane permeability in sonoporation at the single cell level. These findings are significant
in providing molecular insight to understand sonoporation mechanism and outcome in order
to bring the technology into human applications, particularly given the involvement of Ca2+

in triggering and controlling various important cellular processes.

Specifically, our results quantitatively characterize the involvement of different Ca2+-
dependent processes in sonoporation recovery. First, the rate constant for the fast recovery
process did not appear to be affected by [Ca2+] (Fig. 5A) but its amplitude increased
significantly with increasing [Ca2+] (Fig. 5C), suggesting a cellular process with enhanced
recruitment by higher Ca2+ concentrations. This process is observed in very low extracellular
[Ca2+] (0.02 mM) (Figs. 5A and 5C), and possibly even in 0 Ca2+ (Fig. 1), suggesting that the
process may happen at the level of intracellular [Ca2+] (0–20 μM). On the other hand, the late-
stage slow recovery of current exhibited an increased rate constant with increasing [Ca2+] (Fig.
6A) but the amplitudes of the late-stage slow process and early-stage slow process did not
change with [Ca2+] (Fig. 5D and Fig. 6B), suggesting a cellular process regulated by high
concentration of Ca2+ (>0.09 mM). Although the rate constant of the slow process ks in the
early-stage did not show a clear Ca2+ dependence, this could be due to the contamination of
the fast process kf in the fitting. The slow process may not be properly expressed in the presence
of a dominant fast process. It is also possible that the early-stage slow process is a precursor
of the late-stage slow process as they both have the threshold of 0.09 mM (Fig. 6B). It should
be noted that while the choice of 15 s was somewhat arbitrary, it is a proper time scale
representing well the experimental observations that complete recovery occurs by the time at
1.8 mM Ca2+ and the rate constant for late stage recovery process is more than an order of
magnitude lower than the slow process before 15 s (Fig. 6A). The distinctive characteristics
of the different processes have not been described in previous studies using less sensitive and
static measurement techniques.

The absolute requirement of extracellular Ca2+ in sonoporation resealing and cell recovery is
in contrast with the conventional notion regarding pore resealing in electroporation.
Electroporation [28–31] is a technique that uses electric pulses to create pores in the cell
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membrane for delivery of desirable agents (e.g. genes or biologically active molecules) into
cells. It is believed that pores created in electroporation are capable of self-resealing in the
absence of calcium, driven by the tendency of the hydrophobic end of the lipid molecules to
move from the energy unfavored membrane state with pores [29] to the lower energy resealed
state.

On the other hand, work over the past two decades in the field of cell membrane disruption
and repair has asserted that disruptions or pores in nucleated cell plasma membrane generally
do not repair themselves spontaneously, but rather heal via an active, calcium-dependent
process which most likely involves two functional components [32–35]: plasma membrane
resealing by fusion of intracellular membrane compartments with each other and with the
plasma membrane at the damage site, and cyctoskeletal reorganization. As the first step in cell
repair, plasma membrane resealing has been shown to require extracellular calcium and has
been temporally, spatially, and functionally related with rapid homotypic and heterotypic
membrane fusion events associated with a calcium-regulated exocytosis process [34,36].

The resealing of plasma membranes is demonstrated necessary for cell survival in experiments
where material is delivered to the cytoplasm by microinjection, chemical permeabilization,
electroporation, and sonoporation. The process may be the same as that involved in the cell
repair of the plasma membrane disruption occurring during normal physiological functions
(e.g., cardiac contraction) and injury. The pores generated in electroporation reseal themselves
in the absence of extracellular Ca2+ probably only because of the extremely small size of the
disruptions observed, which usually are below 1 μm [37–39] and mostly in the range of 20–
120 nm [40]. In such cases, resealing of the small holes, besides being driven by the
energetically unfavourable situation, may also involve a process similar to the fast process
observed in this study, which may bring complete resealing at very low extracellular [Ca2+]
when the disruption is extremely small. Furthermore, it is possible that cells with larger
disruptions did not survive in the absence of Ca2+ in electroporation, which is often
accompanied by high cell death rate. Thus larger disruptions were not easily detected in post-
electroporation assays.

The [Ca2+] threshold for cell membrane repair, below which repair fails to take place, has been
recognized to vary by cell type and cell state. Recent work using sea urchin eggs and cultured
cells has shown that plasma membrane repair requires [Ca2+] above 0.3 mM [34,41].
Successful resealing required 10 to 30 s, but sometimes took as long as 90 to 120 s when the
calcium concentrations were low, with a lower resealing rate at a lower level of [Ca2+] [42].
Membrane resealing durations in the range of 30 ~ 240 s for mammalian cells using fluorescent
reporter molecules [33,34] have also been reported.

These results are in general agreement with our results for sonoporation resealing. However,
no Mg2+ antagonism was observed in our study of sonoporation resealing for 1 mM [Mg2+]
in the solution, in contrast to the studies of cell wounding using a laser and glass pipet tip in
sea urchin eggs and cultured 3T3 cells, where much larger membrane disruptions were studied
[32]. It is important to note that the measured threshold value of [Ca2+] for resealing depends
on cell type and stage, and possibly the means and extent of disruption, and it is also likely to
be affected by the methods used to assess the resealing. Previous studies typically utilized
fluorescence techniques such as monitoring of dye loss to gauge membrane resealing, which
usually has less sensitivity, accuracy, and temporal resolution. Further studies are needed to
investigate the reasons for these differences and the roles that the other factors described above
may play in sonoporation resealing.

To complete the cellular repair, the cells must also restore the functionality of the damage site,
which involving the cortical cytoskeleton in addition to membrane healing [35]. Study of
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wounding in amphibian eggs demonstrated that cytoskeleton repair response occurred 30–60
s after wounding and involves accumulation of F-actin and myosin-II around the wound site,
which then coalesce into a circular array that contracts inward until the damage is covered.
Importantly, the removal of extracellular calcium blocked healing and prevented recruitment
of F-actin and myosin-II [43]. Studies in cultured fibroblast cells [44] showed similarly that
membrane disruption stimulates cytoskeletal response that is Ca2+-dependent, including
disassembly of microtubules (MTs) around the wounding site, recruitment of end binding
protein (EB1) to the MTs especially around the wound site, and subsequent elongation of MTs
towards the wounding site. Such cytoskeletal response was found to require calcium at
concentrations above 0.4 mM and has a higher rate at higher levels of [Ca2+]. Furthermore, a
time lapse of about 15–20 s is necessary for MT reassembly to occur after membrane disruption
and can last for 60–140 s [45,46]. The range of the delays for these cytoskeletal responses to
complete cell repair is comparable with the time scale of late-stage resealing of sonoporation
observed in our experiment. It should be noted that it is unclear at this point whether the
functional restoration of membrane can be precisely derived from the transmembrane current
measurement, although such functional integrity does require normal ability of iron exchange
through the membrane.

The fact that cells require Ca2+ to reseal suggests that a molecular mechanism is involved in
regulating membrane resealing in sonoporation. The influx of Ca2+ might signal cell injury
and trigger active mechanisms similar to those involved in cell repair of membrane injuries;
such process rapidly seal membranes and ensure cell survival in sonoporation. The in-rush of
Ca2+ may also play role in signal transduction linked to downstream effects of sonoporation
such as apoptosis[21] and calcium oscillation and calcium waves[22].

These results have important implications. There are a diverse range of diseases resulting from
membrane repair defects, such as muscular dystrophy related cardiomyopathy [33]. Patients
with such diseases resulted from cell membrane repair defects may not be appropriate
candidates for sonoporation treatment as it may cause unwanted side effects. Furthermore, the
remarkable effects of [Ca2+] on membrane resealing dynamics could be manipulated for
practical use to achieve a (locally and transiently) controlled delivery outcome (e.g. slower
resealing of pores may result in higher intracellular delivery efficiency).

The results presented in this paper establish a link between sonoporation and the almost
omnipresent phenomenon of highly regulated cellular wound healing. The findings from
studies of sonoporation resealing may shed new light on cellular wound healing, which is of
considerable intrinsic interest. As a rapid emergency response, resealing is the process that
cells need to repair membrane disruptions from physical or chemical insults and therapeutic
interventions. It is also a normal cellular activity that commonly occurs as a natural
consequence of tissue function. Failure to reseal leads to rapid cell death from loss of cytoplasm
and consequential unabated Ca2+ influx, resulting in a direct loss of tissue integrity. Negative
consequences can also ensue indirectly, from the release of proteases that attack neighbouring
cells or even the provocation of an inflammatory response [35]. These aspects are relevant in
assessing the safety of sonoporation applications.

5. Conclusion
Electrophysiology techniques, such as the voltage clamp method, provide a unique and
sensitive means to investigate the sonoporation process at the single cell level. In this study,
the time-resolved measurements of the transmembrane current of single Xenopus oocytes under
voltage clamp were used to investigate the effects of extracellular Ca2+ on pore resealing in
sonoporation. Our results demonstrated that Ca2+ plays an important role in regulating
membrane resealing in sonoporation. Pore resealing exhibited multiple Ca2+ dependent
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processes with different characteristics and rate constants, including an early-stage fast
recovery, followed by slower, late-stage recovery process. Complete resealing required
extracellular [Ca2+] above a threshold and took longer at lower [Ca2+]. These results reveal
insights into the sonoporation mechanism and can be exploited for the design of safe and
efficient sonoporation techniques by tuning the extracellular [Ca2+] to control the outcome in
US gene/drug delivery applications.
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Figure 1.
Time-dependent inward transmembrane current recorded in oocytes under voltage clamp
exposed to tone burst ultrasound (0.2 s duration, 0.3 MPa pressure amplitude) in the presence
of 1% Definity® at different extracellular [Ca2+]. The holding potential was −50mV. Each
current curve is normalized by its absolute value of the maximum current which occurred at
the end of ultrasound tone burst (1.2 s).
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Figure 2.
Cell resealing and survival at different extracellular [Ca2+]. A) Percentage of the
transmembrane current recovery from the maximum value in the presence of 0.02, 0.09, 0.36,
0.54, 1.08, 1.8, and 3.0 mM extracellular [Ca2+] with n=13, 10, 19, 10, 12, 20, and 11,
respectively. B) Percentage of survived cells at extracellular [Ca2+] of 0, 0.09, 0.36, 0.54, 1.08,
1.80, and 3.0 mM with n=12, 8, 19, 19, 8, 21, and 11, respectively. Inset: Light micrograph
images of Xenopus oocytes, showing a single oocyte before sonoporation (i), one oocyte with
an un-sealed pore (arrow) where discoloration around the un-sealed pore is apparent (ii), a
degenerating oocyte with leaking cytoplasmic contents (arrow) in the absence of Ca2+ (iii),
and a recovered oocyte after sonoporation in the presence of 1.8 mM Ca2+ in solution (iv).
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Figure 3.
Multiple dynamic processes in sonoporation resealing. An example of the normalized
transmembrane current measured at [Ca2+] = 1.8 mM was shown to fit well by a superposition
of two exponential functions with different rate constants 0.094 and 0.67 respectively.
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Figure 4.
Normalized transmembrane current (at 15 s) recorded in individual oocytes in the presence of
different [Ca2+]. The boxes at each concentration show 25th, 50th and 75th percentiles,
respectively, cross symbols represent the mean value, the whiskers show the standard
deviation, and the two dashes show the maximum and minimum values in the data in this and
subsequent figures. The experiments with [Ca2+]=0, 0.02, 0.09, 0.36, 0.54, 1.08, 1.8, and 3.0
mM had n=12, 14, 13, 19, 19, 12, 21, and 11, respectively.
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Figure 5.
Fitting parameters describing the early-stage dynamic recovery process of transmembrane
current as a function of extracellular [Ca2+]. A) Rate constant of fast recovery process vs.
extracellular [Ca2+]. B) Rate constant of slow recovery process vs. extracellular [Ca2+]. C)
Normalized amplitude of fast recovery process by the absolute value of maximum current
change vs. extracellular [Ca2+]. D) Normalized amplitude of slow recovery process by the
absolute value of maximum current change vs. extracellular [Ca2+]. The respective sample
sizes for [Ca2+]= 0.02, 0.09, 0.36, 0.54, 1.08,1.80, and 3.0 mM are n=14, 13, 19, 19, 12, 21,
and 11.
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Figure 6.
Rate of transmembrane current recovery in sonoporation as a function of extracellular [Ca2+].
A) Mean value of the time duration (and the standard error of the mean value) required for cell
to reach current recovery at 0.54 mM and 1.8 mM Ca2+. B) Stack column plot of the mean
values for the early-stage fast ( Īf ) and slow resealing processes ( Īs ), and late-stage slow
resealing process ( ĪL ). The respective sample sizes for [Ca2+] = 0.02, 0.09, 0.36, 0.54, 1.08,
1.80, and 3.0 mM are n = 14, 13, 19, 19, 12, 21, and 11, respectively.
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Figure 7.
Normalized transmembrane current at 15 s as a function of [Mg2+] and [Ca2+]. The
transmembrane currents are shown for cells in the presence 0 or 1 mM [Mg2+] and 0.02, 0.09,
and 0.09 mM [Ca2+]. The sampling sizes are n=14, 18, 13, 15, 10 and 21 for the groups from
left to right.
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Figure 8.
Early- and late-stage recovery as a function of maximum transmembrane current. A) Scatter
plots and linear regression fits show I_15 vs. Imax plotted in logarithmic scale at 0.02 (n=14),
0.54 (n=10), and 1.8 mM [Ca2+] (n=47). B) Scatter plot shows transmembrane recovery
percentage in late-stage (47 s) vs. Imax at [Ca2+]=1.8 mM (n=37).
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