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ABSTRACT Electric pulses across intact vesicles and cells can lead to transient increase in permeability of their membranes.
We studied the integrity of these membranes in response to external electric pulses of high amplitude and submicrosecond
duration with a primary aim of achieving selective permeabilization. These effects were examined in two separate model
systems comprising of 1), a mixed population of 1,2-di-oleoyl-sn-glycero-3-phosphocholine phospholipid vesicles and in 2),
single COS-7 cells, in which large endosomal membrane vacuoles were induced by stimulated endocytosis. It has been shown
that large and rapidly varying external electric fields, with pulses shorter than the charging time of the outer-cell membrane,
could substantially increase intracellular fields to achieve selective manipulations of intracellular organelles. The underlying
principle of this earlier work is further developed and applied to the systems studied here. Under appropriate conditions, we
show preferential permeabilization of one vesicle population in a mixed preparation of vesicles of similar size distribution. It is
further shown that large endocytosed vacuoles in COS-7 cells can be selectively permeabilized with little effect on the integrity
of outer cell membrane.

INTRODUCTION

External electric fields affect cellular systems in a multitude

of ways ranging from low field effects associated with

signaling (1), wound healing (2), cell growth (3), and trans-

port (4) to relatively large pulsed fields with more immediate

consequence on the integrity of the cell membrane. The latter

effect is known as electroporation or electropermeabilization

and forms the basis for several field-dependent biomedical

applications in use today. Transient electroporation has been

used to introduce nucleic acids into cells for gene trans-

fection experiments (5–8), to produce somatic hybrids by

cell-cell fusion (electrofusion) (9,10), to insert specific

proteins into membranes (electroinsertion) (11), as well as

for clinical applications in targeted drug delivery and tumor

treatment (12–14). Correspondingly, liposome and vesicle

systems respond similarly to pulsed electric fields resulting

in the induction of transient pores (15–18). Pore-mediated

reactions in small unilamellar vesicles have, for example,

been used in the synthesis of AgBr quantum dots (19,20),

and in the study of fast chemical reactions (21).

Traditionally, the field-induced membrane potential,

Dfi(t, u) for intact spherical cells and vesicles has been

modeled on the basis of a time-dependent solution of

Laplace’s equation for a thin dielectric shell immersed in

a conductive medium (22–24) and is given by

Dfiðt; uÞ ¼ 1:5E0acosðuÞ 1� e
� t

tmð Þh i
; (1)

where

tm ¼ aCm ri 1
re

2

� �
: (2)

The value Eo is the amplitude of the external field, a is the
radius of the cell, u is the angle between the vector of

external field and a radius-vector of the sphere, tm is the time

constant for the charging of the membrane capacitance, Cm is

the membrane capacitance per unit area, and ri, re are the

resistivities of the internal and external media, respectively.

The main features of Eq. 1 with respect to size, angular, and

exponential dependence have been experimentally validated

with the help of potential-sensitive and permeability in-

dicator dyes (25–27).

Many of the vesicle and cellular systems previously

examined reveal that membrane pores are associated with the

development of critical transmembrane potentials, Dfc

(typically;30–1000 mV), for a macroscopically observable

electroporation. The effect of these pulsed fields on cells, and

to a somewhat lesser extent on vesicles, manifest in

a multitude of responses that often become difficult to easily

discern. This may arise from the pulse characteristics used,

its associated secondary effects, or from inherent differential

susceptibility of the systems being studied to external field

perturbations. It has thus been of general interest to seek

ways to achieve specificity of field effects and to extend the

utility of currently known methods (7,8,28). Selective

permeabilization of large cells (or vesicles) in the presence

of small ones has previously been shown with classical

electroporation methods where tpulse � tm (16,18,29). On

the other hand, nanosecond pulses with fast rise time are

rarely utilized and are further explored here as means of
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achieving new selective effects generally not possible with

slowly varying electric fields.

To a large extent, the changes in field-induced membrane

potential,Dfi, and its temporal development can be estimated

from the electrical parameters of the cellular (or vesicular)

membrane, the suspending medium, and the pulse character-

istics of the applied electric field. This generally holds for

relatively low-density populations of cells and isolated

systems of simple geometry, whereas in more complex

systems (e.g., in tissue and other dense heterogeneous sam-

ples) reasonable estimates are difficult to obtain (see, how-

ever, Gowrishankar et al. (30), for recent new approaches).

Nevertheless, large external fields applied to cell suspensions

induce conduction currents in the cytoplasm, which decrease

exponentially with the charging time constant of the outer

membrane, and a corresponding displacement current

through inner vesicular membrane structures. For pulses

shorter than or equal to the charging time of the outer mem-

brane, tpulse # tm, a transient cytoplasmic field can develop

membrane voltages across intracellular organelles and

vesicles in excess of their critical transmembrane potential,

thus allowing for selective electroporation. This effect was

shown earlier on human eosinophils using 60-ns pulses where

the integrity of the intracellular granules was monitored with

calcein dye (31,32). Typically, the membrane charging time

for a cell with radius a¼ 7 mm, internal and external medium

resistivities ri¼ re¼ 100V cm, andCm¼ 1mF cm�2 is;105

ns. An inner vesicular membrane within the same cell having

comparable membrane capacitance and radius, b, of ;1 mm

will have a charging time constant of;15 ns.

Analogous to the field distribution and its effects on cells

and their inner structures described above, short pulses of

high amplitude could also permit selective electroporation

of a population of cells or vesicles provided sufficient

differential in the charging time of the membrane capaci-

tance exits, or can be experimentally established. Although

this is rather difficult to establish in mixed cell cultures,

significant difference in charging time constants tm, can be

readily attained in prepared vesicle systems through

appropriate adjustments of internal and external resistivities.

We considered here preferential membrane permeabiliza-

tion in cells with internal structures, as well as in a mixed

population of vesicles by nanosecond pulsed electric fields

(nsPEF). We show that in two vesicle populations of similar

size distribution but with internal aqueous environment

consisting primarily of either salt or sucrose, the salt-filled

vesicle can be selectively permeabilized with an ;10-ns

pulse of appropriate amplitude. In COS-7 cells, we show that

endocytosed membrane vacuoles carrying an exogenous

marker are preferentially perforated (using;50-ns repetitive

pulses of field strengths on the order of ;7 kV/cm), as

indicated by the release of the molecular marker into the

cytosol. This selective permeabilization of the inner vacuoles

occurs without a detectable effect on the permeability of the

outer cell membrane.

MATERIALS AND METHODS

Reagents

1,2-Di-oleoyl-sn-glycero-3-phosphocholine (DOPC) in chloroform was

purchased from Avanti Polar Lipids (Alabaster, AL). Alexa-594 conjugated

Dextran (MW, 10 K), Ethidium Homodimer, Calcien, Fura-Red, Fluo-3, and

the Ca12 ionophore 4-bromo A-23187 were from Molecular Probes

(Eugene, OR). NaCl, Na,K-Phosphates, Sucrose, and CaCl2 were from

Fisher (St. Louis, MO). Cell culture media and antibiotics were Gibco-BRL

(Gaithersburg, MD).

Preparation of vesicles

Vesicles were prepared following minor modifications of two earlier

methods (33,34). The phospholipid surfactant DOPC (Avanti Polar Lipids)

was used without further purification. Two-hundred microliters of the stock

solution (1 mg/mL) of the lipid sample in chloroform was placed in a round

bottom flask to which 300 mL of methanol was added. The organic solution

was then hydrated with 6 mL of either a solution (150 mM NaCl, 2 mM Na-

phosphate pH¼ 7.2, r ¼ 1.173 102V cm) containing 600 mMFura-Red or

in an iso-osmotic sucrose solution (250 mM, 2 mM phosphate, pH ¼ 7.2,

r ¼ 2.15 3 104 V cm) containing 100 mM Fluo-3 (both of the indicator

fluorescence dyes were in their penta-ammonium salt form). Conductivities

of the buffered solutions were measured with a conductivity meter (Amber

Science, Eugene, OR). These mixtures were mounted in a distillation

apparatus and the organic phase was evaporated under reduced pressure at

40�C for ;5 min (in some cases, chloroform solvent in the stock solution

was evaporated and the dry lipid hydrated as above, with similar results).

The remaining aqueous solution contained large and heterogeneous

multilayered vesicles incorporating the dye molecules used in the initial

preparations. To prepare the final unilamellar vesicles, the multilayered

vesicles’ suspension was first frozen and thawed 10 times in liquid nitrogen

and then extruded (Extruder, Lipex Biomembranes, Toronto, Canada) under

nitrogen pressure (of up to 4 atm) successively (five times) through two

stacked polycarbonate filters, each of which had pore sizes of 400, 200, and

100 nm, respectively. To remove unincorporated dye molecules the extruded

solution was first passed through a gel filtration column (Bio-Gel 10, Regent

Medical, Irlam, UK) with the column elution being monitored with

a conductivity meter (Amber Science) fitted with a flow cell. Finally, these

vesicle preparations were extensively dialyzed (dialysis membrane with

a cutoff size of 3000 K) for ;6–8 h. The salt-filled vesicles were dialyzed

against the iso-osmotic sucrose solution. The vesicles were used within the

same day, after the dialysis step. Unilamellarity of vesicle prepared with the

extrusion method has been shown previously (34) through 31P NMR

quenching by Mn21, and is not repeated here. The mean hydrodynamic

diameter of the vesicles was determined at 25�C by quasielastic light

scattering using a multiangled goniometer with a laser light source. The

scattering data were analyzed by nonnegative least-squares and a mean

hydrodynamic diameter of 103 nm was determined.

Cell culture and transfection

COS-7 cells were grown at 37�C in 5% CO2 on two well-chambered

coverglass slides (Lab Tek, Winooski, VT) to ;50–70% confluency in

Dulbecco’s modified Eagle’s Medium supplemented with 10% calf serum,

100 U/mL penicillin, and 100 mg/mL streptomycin. Both transfection and

field pulse electroporation experiments were performed on these chamber

slides. The plasmid constructs (a donation from Dr. J.G. Donaldson,

NHLBI, National Institutes of Health), Arf6-Q67L mutant, the fusion

protein PLCd-pleckstrin homology (PH) domain tagged with green

fluorescent protein (PH-GFP), and GFP alone were further expressed in

bacteria and purified using a standard purification kit (Qiagen, Venlo, The

Netherlands). Purified plasmids (;1.5 mg/mL) were kept at 4�C before use.

Cells were transformed using the Fugene-6 (Roche, Nutley, NJ) transfection

reagent. Typically, cells were transfected or cotransfected (Arf6-Q67L and
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PH-GFP, or Arf6-Q67L and GFP) with the DNA plasmids at concentrations

of;1 mg/mL and examined for transient expression;12–18 h later. Alexa-

594 conjugated dextran (MW 10 K, 125 mg/mL) or calcein (100 mg/mL)

were loaded into internalized vacuoles by incubating cells with these

markers for the entire period of transfection. Before electroporation

experiments, cells were extensively washed with fresh growth medium

without serum to remove unincorporated markers and briefly placed into iso-

osmotic sucrose solution containing 1 mM of ethidium homodimer as

a marker for plasma membrane integrity during the pulse experiments.

Pulse generators and electrodes

The;50-ns pulse generator (Velonex Model 360, Pollock Pines, CA) setup

used for the electroporation of COS-7 cells is similar to the one previously

described (18,35). Repetitive unipolar square pulses of ;20 Hz were

produced by serially gating several pulse generators. A 15 V trigger pulse

(Hewlett-Packard Model 8011A, Palo Alto, CA) is used to gate a waveform

generator (Wavetek Model 183, Foster City, CA) whose output is fed to the

Velonex 360, resulting in the amplification of the input waveform to

amplitudes of up to ;2.0 kV. With an electrode separation of 1 mm, field

strengths up to 20 kV/cm into an ;200-V load are obtained. Output pulses

were monitored with a 1000:1 probe (Tektronix 6501, Beaverton, OR), on

a 500-MHz oscilloscope (Hewlett-Packard Model 54615B). The electrodes

were constructed out of polished 1-cm-long thin stainless steel plates and

mounted on a rectangular Teflon block 1-mm apart. For the pulse

experiments, the electrode assembly was manipulated with a mechanical

holder mounted on the stationary part of the microscope stage, and was

lowered into the chamber slides at a predetermined position that coincided

with the central field of view of a confocal microscope.

The 10-ns pulse generator is based on the Blumlein configuration, and

consists of two strip lines of equal length, each with an impedance of Z, and

a switch placed on one end and the load (sample cell) between the two lines.

The line impedance is Z ¼ 377Vd=
ffiffiffiffi
er

p
w, where d is the thickness of the

insulator, er is the relative dielectric constant, and w is the width of the metal

strips. In the case of a matched load, with the load resistance for the

Blumlein circuit equal to twice the line impedance, the voltage across the

sample cell is the fully applied voltage and the pulse duration is t9 ¼ l=c
ffiffiffiffi
er

p
,

where l is the sum of the length of the two strip lines and c is the speed of

light in vacuum. The strip lines were 80-cm long and 2.5-cm wide and were

separated by a Teflon sheet with a relative dielectric constant of 2.2. The

impedance Z was 5 V the load impedance 10 V, and the pulse duration 10

ns. The switch used was a Sulfur Hexafluoride (SF6) pressurized spark gap.

The output voltage could be adjusted from ;2 to 30 kV by varying the

pressure on the spark gap and corresponds to electric field values ranging

from ;20 to 300 kV/cm with an electrode separation of 1 mm. The sample

cell electrodes were made of two polished stainless steel plates and held in

place with Teflon screws spaced with a Kel-F block 1-mm thick. A grooved

area within the Kel-F block held;200 mL of sample solution exposed to the

electrodes. Vesicle samples subject to pulsed fields were transferred to

a standard 200 mL fluorometer cuvettes for fluorescence recording.

Confocal microscope and
fluorescence photometers

Fluorescence images of cells were taken on a Zeiss LSM 5 Pascal laser

scanning confocal microscope (Carl Zeiss, Jena, Germany). Images were

analyzed with the 3D for LSM software package from Zeiss. Fluorescence

emission spectra for the vesicle experiments were taken on a PTI fluorometer

(Photon Technology International, Trenton, NJ).

RESULTS

Our primary aim in the present study was to determine

whether submicrosecond pulses with sufficient amplitude

can be used to electroporate a selective population of a mixed

vesicles or intracellular organelles. This novel method is

illustrated with two systems, one of which consists of a

mixture of two vesicle populations of similar sizes whereas

the other involves COS-7 cells with internalized vacuoles

incorporating external material.

Mixed vesicle system

Two batches of vesicles were prepared as described in

Materials and Methods, above. Fluo-3 was incorporated in

one vesicle preparation using a buffer containing 250 mM

sucrose and 2 mM phosphate, pH ¼ 7.2, as the hydrating

medium. The resulting internal and external resistivity of

vesicle suspension was ;2.15 3 104 V cm. In the second

batch Fura-Red was encapsulated with the internal solution

(150 mM NaCl, 2 mM phosphate, pH ¼ 7.2) having

resistivity of ;1.17 3 102 V cm. The vesicles were then

extensively dialyzed against the iso-osmotic sucrose medium

to yield an external resistivity of;2.156 104 V cm. Fluo-3

and Fura-Red are known Ca12 indicators with well-separated

spectral profiles. Both dyes are excited at lex ¼ 488 nm and

upon binding to Ca12, Fluo-3 emission (lem ¼ 525 nm) is

enhanced whereas that of Fura-Red (lem ¼ 625 nm) is

quenched. Selective electroporation of one vesicle popula-

tion can therefore be monitored by the spectral change in one

of the dye emissions when a solution containing both vesicle

preparations is subjected to a field pulse in the presence of

external Ca12 ions. Based on the relative conductivities of

the vesicles’ inner and outer solutions and assuming the lipid

membrane capacitance is ;1 mF cm�2, the charging time

constants of;54 ns and;165 ns were estimated for the salt-

and the sucrose-filled vesicles, respectively.

Before field pulse experiments, stability of the vesicle

mixtures was checked and the results are shown in Fig. 1.

Fig. 1 A (dashed line) is the emission spectrum of Fluo-3

loaded vesicles. The middle trace (dotted line) was obtained
with the same sample measured ;2 min after addition of

50 mM Ca12 to the stirred sample cuvette. It shows little

spectral change, indicating that Ca12 ions did not leak into

the vesicles and that there was small amount of free dye

outside the vesicles. The top spectrum (solid line) was

obtained with the same sample containing Ca12 with the

addition of an excess amount of a Ca12 ionophore 4-bromo

A-23187. The uptake of Ca12 resulted in an approximately

fivefold increase in the fluorescence intensity. Fig. 1 B shows

the results obtained with the same set of experiments as those

shown in Fig. 1 A, using vesicles loaded with Fura-Red dye.

In this case binding of Ca12 resulted in quenching of the

emission spectrum of Fura-Red. Fig. 1 C shows the spectrum

of the mixed-vesicle samples (dotted line, see figure legend)
and the spectrum of the sample taken after the addition of

50 mM Ca12 and excess amounts of the Ca12 ionophore

(solid line). The spectrum shows the expected elevation at
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;525 nm and a decrease at;625 nm due to Ca12 binding to

Fluo-3 and Fura-Red, respectively.

Fig. 2 shows results of selective electroporation of a mixed

vesicle suspension using the 10-ns Blumlein pulse generator

at various field strengths. The spectra in Fig. 2 A show the

control reading obtained with addition of 5 mM of Ca12

ionophore to the vesicle solution containing 50 mM Ca12 to

reveal the maximal emission in these sample preparations. In

Fig. 2, B–D, the vesicles were subjected to a single 10-ns

pulse of ;80, 160, and 240 kV/cm field strengths, re-

spectively (see figure legend for the different spectral scans

on each panel). At ;80 kV/cm no spectral changes from

either population of vesicles were observed. However, at

;160 kV/cm (Fig. 2 C) the Fura-Red spectrum was

essentially fully quenched, indicating permeabilization of

the vesicles filled with salt whereas the Fluo-3 spectrum was

only partially affected. At higher field strengths, i.e., ;240

kV/cm (Fig. 2 D), both of the vesicle populations were

affected, as indicated by the relative increase in the Fluo-3

and loss of the Fura-Red emission signals. At the falling edge

of the 10-ns pulse, in the case when the salt-filled vesicles

were primarily affected, the computed induced membrane

potential was ;200 mV whereas that for the sucrose-filled

vesicle is;70mV. Since both vesicles were permeabilized at

;240 kV/cm (corresponding to ;105 mV for sucrose-filled

vesicles) and neither were affected at ;80 kV/cm, a reason-

able estimate of the critical potential value is;105 mV. This

induced potential difference is within close range of the

previously reported value of ;55 mV obtained in electro-

poration of similar vesicles by millisecond pulses (17,19,36).

Permeabilization of intracellular vacuoles
in COS-7 cells

Although selective permeabilization of intracellular organ-

elles with short nanosecond pulses has been shown in human

eosinophils (31) and recently in Jurkat T-lymphoblast cells

(37), it is worth noting that in these studies relatively large

fields in the order of ;25–60 kV/cm were used. This may

have been necessary due to the small size (�1 mm) of the

intracellular organelles that were found to have been

affected. Recent reports on the effects of high-intensity

fields have, nevertheless, revealed a number of other

biological effects in living cells, which may not necessarily

be associated with perforation of the cell membranes. In

Jurkat and HL-60 cells, for example, nsPEF in the order of

60–150 kV/cm (energy density of ;1.7J/cc/pulse) activated

the apoptotic pathway as indicated by activation of caspases,

annexin-V-FITC binding to phosphatidylserine, and release

of cytochrome c from mitochondria (38,39). A precise field-

dependent mechanism of activating programmed cell death

is not, however, clearly understood. Although the effects of

nsPEF are certainly important in the context of inducing

apoptosis and its subsequent implications, they need to be

FIGURE 1 Fluorescence emission spectra of vesicles loaded with

Calcium indicators, Fluo-3 and Fura Red. (A) Fluo-3 loaded vesicles:

Spectra of dye-loaded vesicles alone (dashed line); with 50 mM of Ca12

added (dotted line); and with 50 mM of Ca12 plus 5 mMCalcium ionophore,

4-bromo A-23187 (solid line). (B) Fura-Red loaded vesicles: Spectra of dye-

loaded vesicles alone (dashed line); with 50 mM of Ca12 (dotted line); and

with 50 mM of Ca12 plus 5 mM Calcium ionophore, 4-bromo A-23187

(solid line). (C) Spectra of a mixed solution of Fluo-3 and Fura-Red loaded

vesicles (dotted line); and with 50 mM of Ca12 and 5 mM Calcium

ionophore, 4-bromo A-23187 (solid line).
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avoided when high viability of selectively permeabilized

cells is the desired outcome.

The potential problems associated with high field

strengths mentioned above could, in part, be ameliorated if

larger intracellular structures are used as targets for the

selective electroporation. Fig. 3 shows a model scheme

representing a cell with an internalized vacuole (Fig. 3 A,
top), and its simplified equivalent circuit (Fig. 3 A, bottom).
We examined the effects of the relative sizes of these two

structures, taking into account the resistivity of their

environment (see the Appendix for details). Fig. 3 B shows

the development of membrane potential in the whole cell and

in the inner vacuole for various vacuole/cell size ratios.

These results show that when the difference in size is

relatively large (i.e., the vacuole is small), the maximal

membrane potential on the inner vacuole is relatively small

and the maximal difference between the inner and outer

membrane voltages is also small. Electroporation of this

vacuole will thus require higher external fields to achieve

selective intracellular effects. However, as the size of the

inner vacuole increases, the magnitude of induced voltage

across its membrane also increases, without any effect on the

magnitude of the voltages on the outer cell membrane. Thus,

lower external fields may now be sufficient to permeabilize

the vacuole membrane. These differential charging effects

progressively diminish as the size of the inner vacuole size

approaches that of the cell. Nevertheless, within a given time

window, selective intracellular delivery of exogenous

markers may be achieved at lower field strengths while

avoiding possible side effects associated with high-intensity

electric fields (.10 kV/cm).

To show the selective permeabilization of large in-

tracellular vacuoles we used COS-7 cells cotransfected

with Arf6-Q67L (a hydrolysis-resistant mutant of ADP

ribosylation factor 6, i.e., Arf6) and PH-GFP (a pleckstrin

homology, i.e., PH, domain of phospholipase-Cd, i.e., PLCd,

FIGURE 2 Fluorescence emission spectral changes of a mixed population of vesicles loaded with either Fluo-3 or Fura-Red, subject to an ;10-ns electric

pulse of varying amplitude. (A) Control: Spectra of a solution containing a mixture of Fluo-3 and Fura-Red loaded vesicles (dashed line). Maximum emission

obtained in the presence of 50 mM of Ca12 plus 5 mM Calcium ionophore, 4-bromo A-23187 (solid line). (B) Dye-loaded vesicles alone (solid line); with

50 mM of Ca12 (dashed line); with 50 mM of Ca12 and subject to electric pulse of ;80 kV/cm field strength (dotted line). (C) Dye-loaded vesicles alone

(solid line); with 50 mM of Ca12 (dashed line); with 50 mM of Ca12 and;160 kV/cm field strength (dotted line). (D) Dye-loaded vesicles alone (solid line);
with 50 mM of Ca12 (dashed line); and with 50 mM of Ca12 and ;240 kV/cm field strength (dotted line).

278 Tekle et al.

Biophysical Journal 89(1) 274–284














