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Abstract

Sonoporation uses ultrasound (US) to generate transient non-selective pores on the cell membrane
and has been exploited as a non-viral intracellular drug and gene delivery strategy. The pore size
determines the size of agents that can be delivered into the cytoplasm using the technique. However,
measurements of the dynamic, submicron-scale pores have not been readily available. Electron
microscopy or atomic force microscopy has been used to gauge pore size but such techniques are
intrinsically limited to post US measurements that may not accurately reveal the relevant information.
As previously demonstrated, changes of the transmembrane current (TMC) of a single cell under
voltage clamp can be used for monitoring sonoporation in real time. Because the TMC is related to
the diffusion of ions through the pores on the membrane, it can potentially provide information of
the pore size generated in sonoporation. Using Xenopus laevis oocytes as the model system, the TMC
of single cells under voltage clamp was measured in real time to assess formation of pores on the
membrane in sonoporation. The cells were exposed to US (0.2 s,0.3 MPa, 1.075 MHz) in the presence
of Definity™ microbubbles. Experiments were designed to obtain the TMC corresponding to asingle
pore on the membrane. The size of the pores was estimated from an electro-diffusion model that
relates the TMC with pore size from the ion transport through the pores on the membrane. The mean
radius of single pores was determined to be 110 nm with standard deviation of 40 nm. This study
reports the first results of pore size from the TMC measured using the voltage clamp technique.
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INTRODUCTION

Ultrasound (US)-induced cell membrane porosity, or sonoporation, has shown its unique
potential in intracellular drug and gene delivery via generation of non-specific openings or
pores on the cell membrane. It is important to have accurate measurements of the spatial and
temporal scales of these pores because they determine the size of molecules or agents that can
be efficiently delivered into the cytoplasm using the technique. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) have been employed to obtain information about
the pores (Mehier-Humbert et al. 2005; Ross et al. 2002; Schlicher et al. 2006; Zhao et al.
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2008). However, such techniques have intrinsic limitations in sonoporation study. Due to the
rapid resealing of the pores (within seconds) in the cell membrane, pores recognized by SEM
or other post US assays may not accurately represent practically relevant pore information for
delivery. In addition, these techniques are usually time consuming and labor-intensive.

We have previously demonstrated the feasibility of using the voltage clamp technique to
monitor the dynamic sonoporation process in real-time (Deng et al. 2004; Zhou et al. 2008a).
The inward transmembrane current (TMC) of a single cell under voltage clamp exhibits a rapid
increase in amplitude due to US application before recovering to pre-US level, indicating pore
formation and resealing of the pores generated by US exposure (Deng et al. 2004). As the
change of TMC is the result of ions flowing through all the transient pores generated on the
membrane and thus related to the total area of all the pores, the TMC can be used to estimate
the size of the pores. The number of pores and the size distribution of pores have to be known
to obtain the size of an individual pore. It is hypothesized that with an appropriate model relating
the TMC with the radius of pores, a single, reparable pore in the oocyte membranes produced
by acoustic cavitation of microbubbles can be inferred with reasonable accuracy.

In order to obtain the size of single pore, sonoporation experiments were conducted under
conditions designed to ensure generation of single pore in the cell membrane with high
probability in this study. An electro-diffusion model was developed to relate the radius of a
single pore with the TMC so that the size of a single pore was estimated from the recorded
TMC. Applicable for quasi-steady state situations, we only consider the maximum pore size
from the maximum TMC in this study, while the radius as a function of time can be derived
from the time-dependent TMC values.

MATERIALS AND METHODS

Cell preparation

Collegenase-treated and defolliculated Xenopus laevis oocytes were used in this study. They
were prepared following a protocol approved by our Institutional Animal Care and Use
Committee (Deng et al. 2004; Zhou et al. 2008b). The oocytes were used immediately in
experiments or stored in ND96 solution (96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM
CaCl,, 5mM HEPES, pH = 7.6) at 18°C for one or two days before use.

Sonoporation

During each experiment, a single oocyte (~1.1 mm diameter) was housed in a 35 mm
polystyrene Petri dish (BD Biosciences, San Jose, CA) containing 4 mL ND96 solution with
Definity™ microbubbles (Lantheus Medical Imaging, N. Billerica, MA) at a concentration of
6 x 103/mL to facilitate sonoporation (Deng et al. 2004; Zhou et al. 2008b). The actual
microbubble concentration was confirmed by counting the bubbles with a hemocytometer.
Tone-burst US exposures (center frequency 1.075 MHz, duration 0.2 s, peak negative pressure
0.3 MPa) were generated using an planar, circular piezoelectric US transducer (Piezo
Technologies, Indianapolis, IN) driven by a waveform generator (33250A, Agilent
Technologies, Palo Alto, CA) and a RF power amplifier (75A250, Amplifier Research,
Souderton, PA). The Petri dish was tested to have minimal effect (>95% transmission) on the
transmitting US. Fresh solution with Definity™ microbubbles was used after each US
application (with or without TMC change) and each oocyte was used for only one detected
TMC change.

Electrophysiological measurements

Microelectrodes connected to a voltage clamp amplifier (Dagan CA-1B, Dagan Corp.,
Minneapolis, MN) (Stuhmer 1998) were inserted into the oocyte membrane to measure the
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TMC when the membrane potential was clamped at =50 mV during recordings. Recording of
TMC was synchronized with US application using the voltage clamp trigger signals to allow
continuous measurement before, during, and after US (Deng et al. 2004) at a sampling rate of
1.0 kHz. The whole cell clamp configuration measures the ion movement through all of the
pores generated on the cell membrane.

Experimental design for single-pore generation

Model

We assume that cavitation (i.e., US induced bubble oscillation and collapse) (Zhou et al.
2008a) provides the primary mechanism for sonoporation in this study. Previous work has
suggested that the microbubbles which facilitate cavitation must be close to the cell membrane
to be effective in generating pores (Guzman et al. 2003). Below we describe the design of
experimental condition to ensure generation of a single pore in our study.

The number of homogeneously distributed microbubbles within a given volume surrounding
the cell follows a Poisson distribution. Assuming that each pore is generated by one bubble,
the probability of having N pores (by N porating bubbles) on the membrane is described by a
Poisson distribution (Walpole et al. 2007)

F(N;)=ANe N1, ()

where A is the mean value of the number of pores. The probability of having no pores is
described by pg = f(0;4) and p; = f(1;4) describes the probability of having one pore. Thus the
probability of having at least one pore (N > 1) is

ppore:] = po=1—f(0;2). 2)
Furthermore, the conditional probability of having one pore whenever poration occurs is
pl{porezpl/ppore:f(l D/ = f(O;D)]. 3)

Therefore generation of a single pore can be ensured in experiment if a high level (e.g., >95%)
of P1jpore is Maintained.

On the other hand, ppore can be calculated as the ratio of the number of the experimental tests
in which a change of TMC is measured (ngrr) over the total number of tests niqt, OF Ngyrr/
Niot- EQN. (2) allows an experimental determination of A, or the mean of the Poisson distribution
in Eqn. (1), and p1jpore is then determined from Eqn. (3). Obviously, decreasing the
microbubble concentration reduces ppore and the likelihood of generating only one pore
(P1jpore) increases consequently. Single pore sonoporation can be achieved by using
sufficiently low bubble concentration to ensure an appropriately low value of ppore, thus high
value of pyjpore-

The change of the TMC during sonoporation results from ion transport through the non-specific
pore(s), resulted from ion concentration and electrical potential gradient across the membrane.
Of all the ions present, significant contribution to the TMC only comes from Na*, K*, and
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CI™ (Costa et al. 1989). The current density (current per unit area) of the kth ion is calculated
via the GHK current equation (Hille 2001):

ix=21 F P Uk(c'expUy — )/ (expUy — 1), )

where Uy = zxFV/RT; 7 are the ion valencies; F, the Faraday constant; V, the membrane
potential in relation to the exterior surface of the membrane; R, the ideal gas constant, T, the
temperature; Py = DyKy/h, the ion permeabilities; Dy, the ion diffusion coefficients; Ky, the ion
partition coefficients; ¢,I" and ¢, €, the intra- and extracellular ion concentrations; and h, the
membrane thickness. If iy is the total current density, then the total TMC is | = iyy(zr2) where
r is the (effective) radius of the pore, and hence

r= 1/ (T (5)

Figure 1 shows the pore radius as a function of pore TMC using Egs. (4)—(5) with P,P°T€, Table
1 lists the parameters used in calculation in the model. In addition, V = -50 mV, h=5nm
(DeBruin and Krassowska 1999), and T = 293 K. In the case of poration, it is assumed Ky = 1
(no membrane in the pore), and hence P, Por® = Dy/h.

RESULTS AND DISCUSSION

Typical TMC measurements from control and test group experiments are shown in Figure 2.
The start and end of the ultrasound application is indicated by the vertical dotted lines. Figure
2A shows a typical control data with ultrasound application without microbubbles in the
extracellular solution. Similarly, control experiments with no ultrasound (with and without
microbubbles) exhibited no TMC change (data not shown). Figure 2B shows the result of a
typical test experiment with ultrasound applied in the presence of microbubbles. The change
of TMC was defined as the difference between the mean TMC before ultrasound was applied
and the maximum amplitude of (inward) TMC measured. The TMC usually reaches its
maximum value during or shortly after the end of the ultrasound pulse and then gradually
recovers to its pre-ultrasound value over 5 to 20 s. For this study, the maximum TMC change
was of primary interest as it corresponded to the maximum pore size.

A total of 579 (nyot) tests were conducted under identical conditions for measuring TMC in
sonoporation. Of these tests, TMC change was observed in 54 (ny) tests. Therefore, ppore =
54/579 = 0.0933, 2 = 0.0979 from Eqgn. (2), and pypore = 95.2% from Eqgn. (3). Thus the
measured TMC in these experiments very likely resulted from only a single pore on the
membrane during sonoporation. Figure 3A shows the histogram of the maximum amplitude
of the TMC measured from the set of experimental tests described above. The mean TMC is
261.4 nA (median 199.0 nA) with a standard deviation (SD) of 196.9 nA. The histogram is
shown with agamma distribution (shape = 1.76, scaling = 0.148) with the same mean, variance,
and area as the measured histogram. Figure 3B shows the corresponding distribution of pore
sizes computing via Egs. (4)—(5) (cf. Fig. 1). The mean radius of single pores is 110 nm (median
98 nm) with SD of 40 nm. The curve is the size distribution corresponding to the gamma
distribution in Fig. 3A transformed using Eq. (5) by the standard method (Walpole et al.
2007).

Our estimates of pore size are in the same range as the previous studies obtained by SEM,

which was reported to be ~50-75 nm (Mehier-Humbert et al. 2005), ~500 nm (Schlicher et al.
2006), and 500-2500 nm (Zhao et al. 2008) in radius. One advantage of our approach is the
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ability to estimate more readily the size of rapidly-closing or completely-closed pores without
necessarily performing post-US assays. The effective range for a microbubble to induce
sonoporation can also be estimated. With a spherical oocyte of diameter 1.1 mm, there is an
average of only one bubble in a shell volume of a thickness Ahg, = 44 um around the oocyte
at bubble concentration of 6 x 103/mL. Pores occur only 9.33% of the time in our experiments,
suggesting an effective range Ahpore = 4.1 pm.

Sonoporation is believed to create on the cell membrane non-selective pores, wherein the
potential gradient and ion concentration are generally unknown. It is thus difficult to assess
the strict applicability of the GHK current equation, which assumes a linear potential gradient
across the membrane, no interaction between ions, no convection, and steady state conditions.
Particularly if a large pore is created (diameter >> membrane thickness), it is difficult to know
if the potential gradient is linear without detailed numerical simulations. Nevertheless, the
GHK current equation should be applicable on a quasi-static basis because the characteristic
ion diffusion time between the intra- to extracellular spaces is typically very fast (~us), while
the TMC in sonoporation typically recovers in ~10-20 s (Deng et al. 2004; Zhou et al.
2008b). Although convection due to bubble collapse may occur, its effect will also be very fast
(~us), after which electro-diffusion should be the dominant transport mechanism.

It is possible that US could enhance permeation of the membrane without creating large
physical pores. In this case, the effect of sonoporation could be modeled by using an effective
or equivalent permeability for the whole cell membrane. This effective permeability will have
avalue between the normal, pre-US permeabilities P, and the pore permeabilities P, P°'® (where
Kk = 1, indicating no membrane) listed in Table I, as it is essentially the average of the pore
permeability over the whole membrane. Even without precise knowledge of the physical
picture or mechanisms responsible for the enhanced permeability resulted from US exposure,
the estimation of pore size obtained using our method will be the upper bound, if consideration
is given to the possibility of other sources of contribution to the measured TMC change.

In conclusion, this study reports results of pore size obtained from the TMC measured using
the voltage clamp technique in single-pore sonoporation experiments. The TMC measurements
were related to pore size using the GHK current equation, providing a simple approach to
estimate pore size in sonoporation. The estimates of pore size computed from the TMC
measurements are consistent with the proposed hypothesis and in the same range as previous
studies using SEM (Mehier-Humbert et al. 2005; Schlicher et al. 2006; Zhao et al. 2008).
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Figure 1.

Maximum pore radius as a function of the maximum transmembrane current amplitude

computed using Egs. (4)—(5) with PyPore,

Ultrasound Med Biol. Author manuscript; available in PMC 2010 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 8

0 1 2 3 4
Time (s)

Figure 2.

(A) Typical transmembrane current (TMC) for control experiment with ultrasound application
but no microbubbles introduced. (B) Typical TMC for test experiment with ultrasound
application with microbubbles introduced.
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Figure 3.

(A) Measured histogram of the maximum change in TMC from single pore data along with
fitted curve. Bin size = 0.03 pA, sample size n = 54. (B) Corresponding calculated histogram
of maximum pore radii based on Fig. 1. Bin size = 7.5 nm.
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