2624

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 9, SEPTEMBER 2013

Electroporation of Intracellular Liposomes Using
Nanosecond Electric Pulses—A Theoretical Study

Lea Retelj, Gorazd Pucihar, and Damijan Miklavcic*

Abstract—Nanosecond (ns) electric pulses of sufficient ampli-
tude can provoke electroporation of intracellular organelles. This
paper investigates whether such pulses could provide a method for
controlled intracellular release of a content of small internalized
artificial lipid vesicles (liposomes). To estimate the pulse parame-
ters needed to selectively electroporate liposomes while keeping the
plasma and nuclear membranes intact, we constructed a numeri-
cal model of a biological cell containing a nucleus and liposomes of
different sizes (with radii from 50 to 500 nm), which were placed in
various sites in the cytoplasm. Our results show that under physi-
ological conditions selective electroporation is only possible for the
largest liposomes and when using very short pulses (few ns). By in-
creasing the liposome interior conductivity and/or decreasing the
cytoplasmic conductivity, selective electroporation of even smaller
liposomes could be achieved. The location of the liposomes inside
the cell does not play a significant role, meaning that liposomes of
similar size could all be electroporated simultaneously. Our results
indicate the possibility of using ns pulse treatment for liposomal
drug release.

Index Terms—Electroporation, finite-element model, liposomes,
nanosecond (ns) electric pulses.

I. INTRODUCTION

XPOSING the cell to an external electric field causes accu-

mulation of charges on both sides of the plasma membrane
and consequently the formation of an induced transmembrane
voltage (ITV) [1], [2]. If ITV reaches a certain value (~0.2—
1 V), membrane permeability increases, allowing molecules
for which the plasma membrane is under physiological condi-
tions poorly permeable to enter or exit the cell [2]-[4]. Theo-
ries supported by molecular dynamics simulations suggest that
the observed increase in membrane permeability results from
the formation of hydrophilic pores in the lipid bilayer, which
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gives the phenomenon its name—electroporation [5]-[8]. When
the electric field is not too strong and the exposure is not too
long, the pores reseal in seconds to minutes after exposure and
the cells restore their normal activity. Today, electroporation
is commonly used in many fields of biology, biotechnology,
and medicine, for applications such as cell fusion [9], [10],
electrochemotherapy [11]-[14], gene electrotransfer [15]-[17],
food processing [18], [19], and others.

In “classical” electroporation, rectangular pulses of micro-
or milli-second duration with rise times in the order of us and
amplitudes in the range of kilovolt per centimeter are used. As
the charging time of a cell is typically much shorter than the
pulse duration (for a cell with radius of ~10 ym the charging
time in physiological medium is in the order of 100 ns), clas-
sical electroporation pulses primarily affect the plasma mem-
brane while the cell interior practically remains shielded from
the external electric field. However, if the cells are exposed to
pulses with duration in the nanosecond range and amplitudes
of several tens of kilovolts per centimeter, a high electric field
is also present in the cell interior and affects the membranes of
cell organelles [20]. Nanosecond (ns) pulses were reported to
permeabilize intracellular granules [21], large endocytosed vac-
uoles [22], endocytotic vesicles [23], the nuclear envelope [24],
the inner mitochondrial membrane [25], and also stimulate the
release of calcium from endoplasmic reticulum [26]-[28].

The effects of ns pulses are primarily nonthermal. When
pulses are applied in the moderate number, the overall increase
in the temperature of the pulsed sample is practically negligible
due to short pulse duration [29]. Yet, recent modeling results
suggest that considerable temperature increases could indeed
occur at local membrane sites and contribute to the observed
biophysical responses of cells [30].

The feasibility of intracellular organelle electroporation mo-
tivated us to study the possibility of using ns pulses for selec-
tive electroporation of intracellular artificial lipid vesicles (lipo-
somes). Liposomes present a convenient way to deliver various
solutions containing drugs, proteins, or nucleic acids into cells,
as they protect their content from the hostile environment (e.g.,
nucleic acids from endogenous nucleases in the blood plasma),
reduce the toxicity of the containing drug for the nontargeted
cells, increase the uptake of the drug into the targeted cells and
consequently increase the drug efficacy [31], [32]. We hypoth-
esize that when the liposomes reach the cell interior, ns pulses
could provide a method for a controlled release of their content
into the cytosol.

Recently, attention has been devoted to liposomes made of ar-
chaeal lipids (archacosomes). These liposomes have several ad-
vantages over conventional liposomes, made of phospholipids,
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regarding their preparation, storage conditions, and stability un-
der wide temperature and pH ranges. Archaeosomes can cross
the intact plasma membrane, and when administrated in mod-
erate dosages in vitro or in vivo, they generally do not affect
the cell viability or animal physiology. Extensive research has
focused on archaecosomes as vaccine delivery systems due to
their adjuvant properties, though the delivery of other drugs is
also considered [33]-[35]. When drug-carrying archaecosomes
enter the targeted cells, electroporation with ns pulses could be
used to release the drug.

On the contrary, ns pulses can also exhibit lethal effects on
cells and tissues, which could result from DNA and nuclear dam-
age, change in the mitochondrial membrane potential, and/or
plasma membrane permeabilization [36]. Namely, ns pulses
were reported to induce apoptosis or necrosis in cells in vitro and
tumors in vivo [28], [29], [36]—[44]. Whereas treatment with ns
pulses appears to be a promising drug-free nonthermal therapy
for treating cancer [40], [41], the detrimental effects of ns pulses
should be avoided, if we want to use the pulses for drug release
from liposomes. For this reason appropriate pulse parameters
need to be determined.

In our study, we employed numerical modeling to investigate
whether liposome electroporation could be achieved without
causing severe damage to the cell and its organelles. Such mod-
eling can also provide us with useful information on how to
design the experiments. There are several parameters on which
we can influence in experimental settings, such as electric pulse
parameters, size of the liposomes, liposome interior conduc-
tivity, extracellular medium conductivity, etc. We explored the
influence of all these and some other parameters on the ITV
and electroporation of the plasma membrane, the nuclear enve-
lope, and membranes of liposomes. By placing the liposomes in
various locations inside the cell, we also investigated whether
liposomes electroporate differently with respect to their posi-
tion. Potential risks of ns pulses are discussed and guidelines
that might help reduce damaging effects of ns pulses to the cell
and its organelles when electroporating liposomes are proposed.

II. METHODS
A. Construction of the Model

The finite-element model of a cell containing the nucleus
and intracellular liposomes was constructed in COMSOL Mul-
tiphysics 4.2a (COMSOL, Burlington, MA, USA). Most calcu-
lations were performed with a 2-D axisymmetric model, which
is presented in Fig. 1. The axial symmetry of the geometry
allowed us to perform calculations in two dimensions, which
considerably reduced the calculation time. However, since the
liposome position in this model was confined to the left verti-
cal axis of the model, we also constructed a 3-D model with
five differently positioned liposomes, shown in Fig. 2, which
allowed us to study the influence of liposome position on their
electroporation.

The 2-D model was constructed from a rectangle with dimen-
sions 50 pm x 100 pm representing the extracellular medium,
in which a semicircle with radius of 10 um (the cell) was placed.
The cell contained a smaller concentric semicircle with radius of
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Fig. 1. 2-D axisymmetric model of a cell containing a nucleus and a liposome.
The radii of the cell and the nucleus were 10 and 3 m, respectively. The radius
of the liposome was varied from 50 to 500 nm, with the center of the liposome
always positioned in the middle between the nuclear envelope and the plasma
membrane. The inset shows enlarged view of the cell, nucleus, and liposome.

liposome 4

liposome 2

liposome 5

Fig. 2. 3-D model of a cell containing a nucleus and five liposomes. The
dimensions of the cell and the nucleus were identical as in Fig. 1. Bottom: The
cell was placed in the center of a block representing the extracellular medium.
Two opposite sides of the block were modeled as electrodes. Top: Enlarged view
of the intracellular position of the liposomes. The distance from the center of
the cell to the center of the liposomes is 4 pm for liposomes 1 and 3, 9 zm for
liposomes 2 and 4, and 6.5 pm for liposome 5.

3 pm representing the nucleus. Another semicircle representing
a liposome was positioned in the middle between the plasma
membrane and the nuclear envelope with its radius varying
between 50 and 500 nm. The boundary condition for the left
side of the rectangle was set to Axial Symmetry, the right side
was modeled as electrically insulated, whereas the upper and
the lower sides of the rectangle were modeled as electrodes
by assigning them an electric potential. One electrode was set
to ground and the other was excited by a single ns pulse. The
pulse was obtained by subtracting two Heaviside functions, one
being delayed from the other for 4, 10, 20 or 50 ns, using the
COMSOL function flclhs. The pulse rise and fall times were
set to 1 ns, which is close to the characteristic rise time of some
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nanosecond pulse generators [45], [46]. The pulse duration, to
which we refer in this paper, is defined as the pulse width at
half maximum amplitude. The pulse amplitude was set to a
value resulting in a desired electric field between the electrodes,
calculated as the potential difference between the electrodes
divided by the electrode distance.

For construction of the 3-D model, spheres, and boxes were
used instead of circles and rectangles. Also, the cell contained
five differently positioned liposomes with radii of 250 nm. Due
to the symmetry of the geometry only a quarter of the complete
model was used in calculations (see Fig. 2).

Electric potential V' in both the 2-D and 3-D model was cal-
culated in the Electric Currents application mode of the AC/DC
module (Time Dependent Study) by

0 (E-ILVV)

V(@) - V=g

=0 ey
where o; and ¢; denote the conductivity and dielectric permit-
tivity of a given subdomain, respectively. For each subdomain
(extracellular medium, cell, nucleus, and liposomes), a separate
application mode of the same type was used, and in each appli-
cation mode only the corresponding subdomain was activated
to calculate V' [47], [48].

Plasma membrane, nuclear envelope, and liposome mem-
branes were modeled as the boundary conditions of each of the
corresponding application modes by assigning a current den-
sity J through the thin shell representing the membrane using
Distributed Impedance boundary condition [47], [48]
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Here, n is the unit vector normal to the surface, V is the
electric potential on the interior side of the boundary, V.. is
the potential on the exterior side of the boundary, and o,,,, €, ,
and d,,,, are the membrane conductivity, membrane dielectric
permittivity, and membrane thickness, respectively. The ITV is
then calculated as the difference between the electric potentials
on each side of the boundary.

Cells also have an intrinsic (resting) membrane voltage of
few 10 mV, with the cell interior being negative relative to its
exterior. The ITV superimposes onto this voltage, so that the
transmembrane voltage at the anodic pole of the cell is slightly
higher compared to the voltage at the opposite pole in its ab-
solute value. A slight asymmetry in membrane electroporation
across the two poles can, therefore, appear. However, in our cal-
culations, we neglected the influence of the resting potential, as
significant electroporation is expected to occur at considerably
higher values (~1 V) compared to the resting voltage and thus
the expected asymmetry in electroporation is small [49].

To model membrane electroporation, we included the asymp-
totic model of electroporation proposed by DeBruin and Kras-
sowska [49]. Although the model in its basic form does not
account for pore expansion, it was found to be particularly ap-
propriate for studies of ns pulses, since it is not expected for the
pores to expand significantly on such a short time scale [6]. The
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dynamics of pore formation is described by differential equation

7 2 / 2
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dt 0

where N is the membrane pore density, Ny the pore density in
the nonelectroporated membrane, and «, ¢, and V;,, are elec-
troporation parameters. This equation was incorporated in the
model with the Weak Form Boundary PDE application mode on
all surfaces corresponding to the membranes [48].

The increase in the membrane conductivity due to electropo-
ration was determined as follows:

. eVm — 1
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Parameters r, and o, are the radius and internal conduc-
tivity of a single pore, respectively, and v, is the nondi-
mensional transmembrane voltage, given by expression v,, =
ITV-F/(R-T), where F is the Faraday constant, R is the uni-
versal gas constant, and 7" is the temperature. The expression
at the end of (4) accounts for the pore shape and the interac-
tions between the pore wall and ions that are passing through the
pore [49], [50]. Assuming a toroidal pore, n is the length of pore
entrance area, relative to the membrane thickness. Parameter w
is the energy cost for moving an ion from a region of high di-
electric constant (water) to a small pore in the lipid bilayer with
low dielectric constant. The foundation of the electroporation
model is described in detail in [49] and references therein.

The total membrane conductivity o,, was calculated at each
time step as the sum of the passive membrane conductivity
and the conductivity due to electroporation o.;,. Equations (1)—
(4) were solved simultaneously with a linear system solver
MUMPS.

B. Parameters of the Model

In experiments concerning liposome electroporation, some
parameters can be varied. Liposomes can be made of different
sizes [51], [52] and can be loaded with a medium of arbitrary
conductivity. When performing experiments in vitro, the extra-
cellular medium conductivity can also be adjusted. Furthermore,
by electroporating the cells with microsecond pulses the con-
ductivity of the plasma membrane can be increased by several
orders of magnitude [1], [49] without affecting the membranes
of the organelles. If electroporation is performed in a low con-
ductivity medium, the efflux of cytosolic ions reduces the cy-
toplasmic conductivity [53], [54]. In order to explore, how a
change in these parameters could influence the results, we per-
formed calculations for a range of parameter values, given in
Table 1.

In our calculations, however, we neglected the changes in
the extracellular, cytoplasmic, and nucleoplasmic conductivity,
which could arise due to electroporation during the pulse appli-
cation. This is justified since it is not expected for significant
transport of ions to occur during an ns pulse because of its ex-
tremely short duration [55]. Our results are namely based only
on exposure during a single pulse.
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TABLE I
PARAMETERS OF THE MODEL

Parameter Symbol Default Range of
value values

Cell radius R. (um) 10°

Nuclear radius R, (um) 3

Liposome radius Rijp (nm) 50-500
Plasma membrane thickness dpm (nm) 5°

Nuclear envelope thickness dye (nm) 10°

Liposome membrane thickness dj (nm) 5¢

Extracellular medium 0. (S'm™) 12° 0.01-1.67
conductivity

Extracellular medium € 72.3%

permittivity

Cytoplasmic conductivity Gep (Sm") 0.59 0.1-1.3°¢
Cytoplasmic permittivity Ecp 72.3*°

Plasma membrane conductivity g, (S'm™)  3-107° 10"%-10*¢
Plasma membrane permittivity  &m 5°

Nucleoplasmic conductivity [ (S'm™) 1°¢ 20, ¢
Nucleoplasmic permittivity Enp 72.3°¢

Nuclear envelope conductivity Ope (Sm’") 1-10*f

Nuclear envelope permittivity Ene 108

Liposome interior conductivity — ay;, (S'm™) 05°¢ 0.01-2*
Liposome interior permittivity Eiip 72.3°¢

Liposome membrane Oim (S'm™) 3107 ¢

conductivity

Liposome membrane permittivity &, 21"t 2-5%
Conductivity of aqueous solution g, (S'm™) 134

in pores

Pore radius r, (nm) 0.76 ¢

Relative entrance length of pores » 0.15¢

Electroporation constant q 246¢

Electroporation parameter a(m?s™) 10°¢

Characteristic voltage of Vep (V) 0.258 ¢

electroporation

Equilibrium pore density Ny (m?) 1.5-10°¢

Energy barrier within pore w 2.65¢

Temperature T (K) 295 ¢
“From [58].

"Set to 2+dyn.

“Set equal to the cytoplasm or the plasma membrane.
From [49].

‘From [54] and [56].

From [57].

Set between values reported in [56] and [59].
"From [6] and [52].

From [51] and [52].

JFrom [60] and [61].

*Arbitrary.

According to dielectric spectroscopy measurements of cell
electric properties by Polevaya et al. [56] and Garner et al. [54],
the ratio between the nucleoplasmic conductivity oy, and the
cytoplasmic conductivity o, is ~2, even if the cytoplasmic
conductivity reduces due to electroporation in a low conductivity
medium [54]. The same ratio was thus kept when o, was varied.
Although the nuclear envelope is covered with large nuclear
pore complexes, experiments have confirmed that the nuclear
envelope can actively transport ions [57].

We modeled the nuclear envelope as a boundary condition
similarly as the plasma membrane and the liposome membrane.
However, the nuclear envelope consists of two membranes sepa-
rated by a thin perinuclear space filled with electrolyte [57]. For
simplicity, we assumed that both membranes have equal elec-
tric properties, and that the voltage drop across the perinuclear
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space is negligible. In this case the voltage equally distributes
between both membranes. This allowed us to calculate the ITV
across one of the nuclear membranes as half of the ITV across
the whole nuclear envelope and apply this value to (3). In short,
twice the value of ITV was required for electroporation of the
nuclear envelope compared to the plasma membrane or the lipo-
some membrane. Still, in Figs. 3(a) and 5(a), we show only the
ITV across one nuclear membrane. The above principle is sim-
ilar to the one used in [20], where calculations were performed
based on a transport lattice approach. The authors modeled the
nuclear envelope with three impedances in series; two repre-
senting each nuclear membrane and one representing the space
between nuclear membranes (we neglected the contribution of
the latter).

C. Comparison of Plasma Membrane, Nuclear Envelope,
and Liposome Membrane Electroporation

The objective of the parametric study was to find such param-
eters for electroporation of liposomes that would not result in
significant electroporation of the plasma membrane or the nu-
clear envelope. We varied the pulse amplitude at constant pulse
duration and calculated the pore density induced over the mem-
branes at the end of the pulse. If a pore density of N = 10
m~2 was reached at the pole of a membrane (the point where it
was the highest), the membrane was considered to be electropo-
rated (threshold of significant, i.e., observable electroporation).
This value was taken from the model of DeBruin and Kras-
sowska [49], which compared simulations with the experiments
of Hibino et al. [1]. The pore density of 10'* m~2 and higher
was also used for presenting the areas of significant membrane
electroporation in a similar modeling study [62].

D. Model Validation

The time course and spatial distribution of the ITV on the
cell membrane and the organelle membrane, if the organelle is
positioned in the center of the cell, can be analytically derived
using the Laplace equation [58]. The model was validated by
comparing the analytical solution for the ITV with numerical
calculations obtained in COMSOL Multiphysics. The maximum
error for the ITV on the plasma membrane and the organelle
membrane (in our case the nuclear envelope or the liposome
membranes) was less than 1% for the 2-D and 3-D model.
Therefore, we considered our numerical model to be sufficiently
accurate for the calculations performed in our study.

III. RESULTS

The model was used to calculate the ITV and the pore density
N on the plasma membrane, the nuclear envelope, and the li-
posome membrane, when the cell is exposed to a single electric
pulse of different durations and different amplitudes. A typical
example of the time course of ITVs during and shortly after
exposure to a 10 ns, 50 kV/cm pulse, as observed at the pole
of each membrane, is presented in Fig. 3(a). The first 11 ns in
the figure refer to the time during the pulse (including the pulse
rise and fall times) and the next 9 ns to the time after the pulse.
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(a) Time courses of the ITV on the plasma membrane (red dashed line), nuclear envelope (blue dotted line), and liposome membrane (radius 250 nm)

(black solid line) for a cell exposed to a 10 ns, 50 kV/cm pulse. The first 11 ns in the figure refer to the time during the pulse (including the pulse rise and fall
times) and the next 9 ns to the time after the pulse. (b) Pore density NV, calculated at the membrane poles (the points where the normal to the membrane surface is
parallel to the direction of the electric field) at the end of a 10 ns pulse for a range of amplitudes from 10 to 100 kV/cm. The color code is the same as in (a). The
black horizontal line indicates a pore density of 10'* m~2 referred to as significant electroporation. (c) Time courses of the ITV for liposomes with radii of 50,
100, 250, and 500 nm. (d) Amplitudes for which the pore density at the liposome pole, depending on the liposome size, reaches significant electroporation at the
end of a 10 ns pulse. The red dashed and blue dotted horizontal lines indicate the pulse amplitudes for significant electroporation of the plasma membrane and the

nuclear envelope, respectively.

At the beginning of the pulse, the ITV on the plasma membrane
[red dashed line in Fig. 3(a)] and the liposome membrane (black
solid line) rise to approximately 1.6 V in few ns and afterward
decrease to a lower value. The decrease in the ITV is due to
increase in the pore density in the membranes (electroporation),
which considerably increases the membrane conductivity and
consequently reduces the voltage drop across the membranes.
Similar behavior is observed on the nuclear envelope (blue dot-
ted line).

Fig. 3(b) shows the pore density /N at the membrane poles at
the end of a 10 ns pulse for pulse amplitudes in the range from
10 to 100 kV/cm. To obtain this figure, a series of time courses
of ITV for pulse amplitudes in steps of 2 kV/cm were calculated
and the values of the pore density at the end of the pulse were
extracted. The figure shows that the plasma membrane becomes
significantly electroporated (pore density N higher than 10'4
m~2, see Methods) at 20 kV/cm, whereas higher amplitudes, 31
and 34 kV/cm, are needed to electroporate the nucleus and the
liposome, respectively.

While Fig. 3(a) and (b) show calculations for a liposome
with 250 nm radius, Fig. 3(c) presents the time courses of the
ITV for liposomes with radii of 50, 100, 250, and 500 nm,
again for a 10 ns, 50 kV/cm pulse. The ITV on the liposome
is strongly affected by its size, namely, the ITV on smaller
liposomes is significantly lower than on larger liposomes. As a
consequence, higher amplitudes are required for electroporation

of smaller liposomes, as demonstrated in Fig. 3(d). The red
dashed and blue dotted horizontal lines in Fig. 3(d) indicate
the amplitudes for significant plasma membrane and nuclear
envelope electroporation, respectively.

We then performed a parametric analysis, where we investi-
gated the influence of the pulse duration and electric properties
of the cell and the liposomes on the pulse amplitudes required
to obtain electroporation. These amplitudes are presented in
Fig. 4 as dots. The range of the parameters was taken from the
literature and is also presented in Table .

A brief look at Fig. 4 shows that the pulse duration mostly
affects the amplitudes for the plasma membrane and nuclear
envelope electroporation, which are shifted toward lower val-
ues with longer pulses, whereas the amplitudes for liposome
electroporation are less affected regardless of the liposome size.
However, liposomes of different size electroporate at differ-
ent amplitudes. While the amplitude needed to electroporate a
50 nm liposome is usually close to or higher than 150 kV/cm, the
amplitude for electroporation of a 500 nm liposome is generally
lower than 30 kV/cm.

The amplitudes for plasma membrane, nuclear envelope,
and liposome electroporation can, nevertheless, significantly
change when varying the values of specific electric parameters.
Fig. 4(a)—(d) present the results of calculations for different val-
ues of extracellular medium conductivity (o, = 0.01-1.6 S/m).
In low conductivity medium, higher amplitudes are required to
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Fig. 4. Amplitudes required for electroporation of the plasma membrane (red dashed line), nuclear envelope (blue dotted line), and liposome membranes (black

solid lines). The results are presented for liposomes with radii of 50, 100, 250, and 500 nm. Smaller liposomes are always electroporated at higher amplitudes;
thus, the top black solid line refers to the 50 nm liposome and the bottom line to the 500 nm liposome. The pulse duration, for which the results were calculated,
is indicated on the top of each column (e.g. Fig. (a), (e), (i), (m), and (q) present results for a 4 ns pulse). In each row an individual parameter was varied, while

other parameters were kept at their default values (see Table I).

also proportionally reduced to obtain a o, ,/0., ratio of 2, as ex-
plained in Methods. An increase in o, considerably decreases
the amplitude needed for electroporation of the plasma mem-
brane and the nuclear envelope, and this is more pronounced
with shorter pulses. The amplitudes for liposome electroporation

achieve significant electroporation of all membranes, and this is
more pronounced for conductivities below 0.7 S/m.

Fig. 4(e)—(h) show the influence of the cytoplasmic conduc-
tivity (op = 0.1-1.3 S/m) on the amplitude for electroporation.
We should note that the nucleoplasmic conductivity (c,;,) was
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of the plasma membrane and the nuclear envelope, respectively.

take the opposite direction and increase, though to a smaller
extent, with the increase of o.,. This leads to an important
observation, namely, that at certain o, it is possible to se-
lectively electroporate only liposomes, while the plasma and
nuclear membranes remain intact. For example, with 4 ns pulse
and with o, = 0.1 S/m, 50 kV/cm pulse would be enough to
electroporate 250 and 500 nm liposomes, while 50 and 100 nm
liposomes, as well as the plasma and nuclear membranes, would
remain nonelectroporated.

Fig. 4(1)-(1) present the influence of the plasma membrane
conductivity (o, = 1071°~10~* S/m). The calculated ampli-
tudes for electroporation are not affected by oy, . Similar can
be observed also when changing the liposome membrane con-
ductivity (data not shown). However, the sole effect of the pulse
duration on the electroporation amplitudes can be clearly seen.
With longer pulses, lower pulse amplitudes are needed to obtain
electroporation, but this effect is much more pronounced for the
plasma and nuclear membranes.

Fig. 4(m)—(p) show the calculations for different values of
the liposome interior conductivity (oy;, = 0.01-2 S/m). This
parameter does not impact the amplitude for electroporation
of the plasma membrane or the nuclear envelope. In contrast,
if liposomes are filled with a more conductive medium, they
electroporate at lower amplitudes. The effect of oy;,, is greater
for shorter pulses (4 and 10 ns).

Fig. 4(q)—(t) show the influence of the liposome membrane
permittivity (ej, = 2-5). Similar to liposome interior conduc-
tivity, this parameter also influences only the amplitudes for
electroporation of the liposomes. Liposomes with lower mem-
brane permittivity electroporate at lower amplitudes. Again, the
effect of ey, is greater for shorter pulses (4 and 10 ns), whereas
for longer pulses (20 and 50 ns) it becomes diminished.

The aforementioned parametric analysis demonstrated that
some parameters have a considerable impact on plasma mem-
brane, nuclear envelope, and liposome electroporation. There-
fore, we performed calculations combining parameter values
that are in favor for selective liposome electroporation. These
are pulse duration 4 ns, oo, = 0.1 S/m, oy, = 2 S/m, op
= 3-10"" S/m (parameter was left unchanged as it was shown

not to affect the results), and €, = 2.1 (parameter was left
unchanged as it was already optimal). We also decreased the
extracellular medium conductivity to 0.1 S/m as incubation of
cells in a medium of low ionic strength could result in a de-
crease of the cytoplasmic conductivity. Results are shown in
Fig. 5. Fig. 5(a) presents the time courses of the ITV on the
plasma membrane, the nuclear envelope, and liposomes of dif-
ferent sizes for a4 ns, 70 kV/cm pulse, and Fig. 5(b) presents the
amplitudes required for their electroporation. The dots present
the amplitudes for electroporation of liposomes, depending on
their radius, while the horizontal lines present the amplitudes for
electroporation of the plasma membrane (red dashed line) and
the nuclear envelope (blue dotted line). Under such conditions,
100 nm liposomes and larger electroporate at lower amplitudes
than the plasma membrane and the nuclear envelope, in contrast
toresults in Fig. 3(d) where none of the liposomes electroporated
below the amplitude for plasma membrane electroporation.

Finally, Fig. 6 presents the influence of the liposome intracel-
lular position on the time courses of the ITV, and pore densities
on the plasma membrane and membranes of differently posi-
tioned liposomes, when the cell is exposed to a 10 ns, 50 kV/cm
pulse. The liposome positioned close to the nuclear pole (lipo-
some 1, see Fig. 2) electroporates at somewhat lower amplitude
(31 kV/cm), while other liposomes electroporate between 34
and 37 kV/cm. Although this indicates that the charging of
other larger organelles could affect electroporation of nearby
liposomes, most of the liposomes would be electroporated at
similar amplitudes.

IV. DISCUSSION

A. Appropriate Choice of Pulse Parameters
for Electroporation of Liposomes (Avoiding the Cytotoxic
Effects of Nanosecond Pulses)

The effects of ns pulses on mammalian cells have been ex-
tensively studied in the past decade, since the first experiments
performed on human eosinophils showed that ns pulses could
electroporate intracellular granules [21]. Subsequent studies
further confirmed the initial hypothesis that ns pulses breach
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Influence of the liposome position on liposome electroporation. The arrangement of the liposomes is given in Fig. 2. (a) Time courses of the ITV at the

cell and liposome poles for exposure to a 10 ns, 50 kV/cm pulse. (b) Pore density, reached at the cell and liposome poles at the end of a 10 ns pulse for a range of
amplitudes from 10 to 100 kV/cm. The color code is the same as in (a). Horizontal line indicates the pore density for significant electroporation (1014 m=2).

the plasma membrane, providing a tool for intracellular ma-
nipulation [39]. Beside organelle membrane permeabilization
[21]-[28], ns pulses were also shown to cause DNA damage,
caspase activation, and induction of apoptosis [28], [36]—-[41],
[63], [64], or profound plasma membrane damage, following
long pulse trains, that eventually lead to cell death by necro-
sis [29], [42]-[44].

The purpose of our study was to explore the possibility of us-
ing ns pulses for electroporation of liposomes preloaded with a
specific drug for intracellular drug delivery. Liposomes as a drug
delivery system provide protection to its content from degrada-
tion and increase the uptake of the drug into the targeted cells.
However, when the liposomes enter the cells, their cargo must
be released for the drug to become effective. Electroporation of
liposomes could present a way to control this release. The main
objective of such application is to use pulses that effectively
electroporate liposomes but cause as little damage as possible
to the cell and other cell organelles. For example, is the lipo-
somes are loaded with specific genes, the cell must remain alive
after transfection in order to express these genes. Appropriate
choice of pulse parameters is thus of high importance.

Using numerical modeling, we found that it takes about 10
to 20 ns to fully charge the liposomes considered in our study,
which is the reason why the amplitudes for liposome electro-
poration do not significantly change when the pulses are longer
than 10 ns. On the contrary, the cell and the nucleus need more
time to charge (since they are larger than liposomes), so they
electroporate at considerably lower amplitudes when exposed
to a 50 ns pulse compared to a 10 ns pulse.

Experimental data indicate that the cytotoxic effects of ns
pulses increase with increasing pulse duration and pulse am-
plitude [28], [29], [36]-[44]. As liposomes would electropo-
rate at similar amplitudes for pulse durations, longer than the
charging time of liposomes, pulses with duration equal to or
shorter than this charging time (~10 ns) should be used for
their electroporation. It is also important to note that the ampli-
tude needed for liposome electroporation strongly depends on
their size. According to our calculations, liposomes with radius
of 500 nm could be electroporated at ~20 kV/cm, while 50 nm

liposomes require rather high amplitudes, exceeding 150 kV/cm
[see Fig. 3(d) and 4]. When using 10 ns pulses, electroporation
of liposomes, larger than 100 nm, does not seem challenging
with respect to retaining the cell viability. This is in agreement
with the results of Ibey and coworkers [44], who demonstrated
that exposure of cells to a moderate number of 10 ns pulses with
amplitudes of up to 105 kV/cm does not significantly affect the
cell survival. Our results indicate that such liposomes would
electroporate below 80 kV/cm. Electroporation of 50 nm lipo-
somes, however, appears to be more difficult, as these liposomes
would electroporate at ~150 kV/cm, which could impact the cell
survival more profoundly. Ten pulses with such parameters were
already shown to decrease the cell survival to ~50% in Jurkat
cells [43], [44]. Nevertheless, the cytotoxic effects of ns pulses
vary between different cell lines [29], [42]-[44], [63], [64]
with some indications that adherent cell lines are more resis-
tant compared to cells grown in suspension [63], possibly due
to a more complex cytoskeleton network [64]. While 10 ns,
150 kV/cm pulses were damaging to Jurkat cells, they only
negligibly affected the survival of HeLa cells [44]. Therefore,
applying 150 kV/cm pulses may not be detrimental to all cell
types [29], [44].

Nevertheless, electroporation with pulses of such high ampli-
tudes would probably also electroporate other larger organelles
in the cell interior. We only included the nucleus in our model;
however, the endoplasmic reticulum (ER) was also demon-
strated as a target of ns pulses. Numerical modeling suggested
that observed increases in intracellular calcium levels after ns
pulse exposure is due to ER electroporation [20], [65]. Cell
death, caused by ns pulse exposure, is dependent on the pres-
ence of intracellular calcium, but an increase in the intracel-
lular calcium level itself is not sufficient enough to cause cell
death [37]. Namely, intracellular calcium release was detected
at pulse amplitudes below observable effect on the cell viabil-
ity [26]-[28], [37]. The processes, which lead to cell apoptosis,
are complex, and it is difficult to predict whether a cell would
survive the exposure only based on plasma and organelle mem-
brane electroporation. For this reason, we decided to compare
our predicted pulse parameters for liposome electroporation
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with experimental data on cell survival after exposure to pulses
of similar parameters, in order to evaluate the possibility of
the damaging effects on cells, which could arise from liposome
electroporation.

B. Selective Electroporation of Liposomes

Some early experimental reports on ns pulses implied that
cells organelles could be electroporated without disrupting the
plasma membrane. Schoenbach et al. [21] reported permeabi-
lization of intracellular granules in human eosinophils after ex-
posure to 3-5 pulses of 60 ns, 36 and 53 kV/cm, while the plasma
membrane remained impermeable to fluorescent dye calcein.
Chen et al. [24] showed nuclear membrane permeabilization
in HL-60 cells after a single 10 ns, 65 kV/cm pulse, without
detectable uptake of propidium iodide (PI) into the cells. Tekle
et al. [22] electroporated endocytosed vacuoles in COS-7 cells
with one hundred 50 ns, 6.7 kV/cm pulses, while leaving the
plasma membrane impermeable to ethidium homodimer.

Although in these experiments plasma membrane electropo-
ration was not detected, modeling studies suggested that pores
indeed can form in the plasma membrane, however, they are
smaller and appear in larger numbers compared to pores in-
duced by conventional microsecond pulses [6], [20], [58], [62].
This was also confirmed experimentally by showing an increase
in plasma membrane conductance using patch-clamp measure-
ments [42], [66], by introducing smaller molecules into the cell
(e.g. YO-PRO-1 and TI") while plasma membrane remained
impermeable to larger molecules (e.g. PI) [67], [68], and by
measuring cell volume changes after exposure to ns pulses in
the presence of polyethylene glycol and sugar molecules of dif-
ferent sizes [69]. Indeed, two recent studies by Batista Napotnik
et al. [23], [25] showed that electroporation of endocytotic vesi-
cles in B16-F1 cells with ten 60 ns, 50 kV/cm pulses, and mito-
chondrial membrane permeabilization in Jurkat cells with five
4 ns, 100 kV/cm pulses was accompanied by plasma membrane
electroporation, detected with PI and YO-PRO-1, respectively.

Nevertheless, a theoretical study by Kotnik and Miklav¢i¢
[58] demonstrated that the ITV on the organelle membrane can
exceed the ITV on the plasma membrane for some time after the
onset of a ns pulse, when the organelle interior conductivity is
higher than the cytoplasmic and when the organelle membrane
has a lower permittivity or is thicker than the plasma mem-
brane, suggesting that selective electroporation of organelles is
possible. If we consider that liposomes are made of pure lipids
(membrane permittivity ~2) and that they can be filled with
a medium with conductivity substantially higher than the cyto-
plasmic, liposomes can have the properties required for selective
electroporation.

Our results are consistent with these predictions. The model
showed that under physiological conditions, selective electro-
poration is possible for the largest, 500 nm liposomes, but only
when using the shortest, 4 ns pulses. Despite the fact that li-
posomes are an order of magnitude smaller than the cell, they
charge considerably faster than the plasma membrane due to
smaller liposome size and lower liposome membrane permittiv-
ity. The size of the 500 nm liposomes is just enough for their
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ITV to notably exceed the ITV on the plasma membrane [see
Fig. 3(c)]. Therefore, when applying a sufficiently short pulse,
they can be electroporated selectively with respect to the plasma
membrane. We must note, though, that the pulse rise time plays
and important role. For considerably longer pulse rise times than
used in our study (1 ns), exceeding of the liposome ITV above
the ITV on the plasma membrane would not be observed.

Our calculations further demonstrated that the selectivity for
liposome electroporation could be increased by modifying some
of the parameters in the model. When liposomes would be filled
with a conductive medium (above 1 S/m), 4 ns pulses could
also selectively electroporate 250 nm liposomes. Adjusting the
liposome interior conductivity is not a difficult task, as lipo-
somes can be filled with a medium of arbitrary conductivity in
the process of the liposome preparation. Furthermore, a higher
liposome interior conductivity might favor electroporation of
liposomes before other vesicles, naturally present in the cell
(lysosomes, peroxisomes and endosomes), that are compara-
ble in size. We can assume that most of these vesicles have
an internal conductivity similar to the cytoplasmic as they are
formed in this space. Still, since the size of the liposome/vesicle
is an important factor determining the pulse amplitude for elec-
troporation, vesicles considerably larger than liposomes would
probably be always electroporated as well.

Furthermore, a reduction in the cytoplasmic conductivity
would lower the threshold for electroporation of the liposomes
and increase the threshold for electroporation of the plasma
membrane and the nuclear envelope, extending the possibility
to selectively electroporate even smaller liposomes with even
longer pulses (10 ns). In contrast to liposome interior conductiv-
ity, the cytoplasmic conductivity is more difficult to manipulate.
One option would be incubating the cells in the presence of a low
conductivity medium or even moderately electroporate them us-
ing classical electroporation protocols, as this causes efflux of
ions from the cytoplasm [53]. Similarly, efflux of cytosolic ions
could also occur between application of several ns pulses. In this
study, we only considered exposure to a single pulse, whereas
in practice usually more than one pulse is applied. Although
the transport of ions through electroporated membrane during
a ns pulse is not expected to be significant due to extremely
short pulse duration [55], notable changes in the conductivity
could occur between pulses, when ions would have enough time
to diffuse through pores. However, since prolonged incubation
of cells in a low conductivity medium is not well tolerated by
cells [60], the exposure time of the cells outside their growth
medium should be minimized.

Liposomes can also be made from different lipids and some
can even have protein molecules incorporated into the liposome
membrane. This could affect the effective liposome membrane
permittivity, which is the reason why we also investigated this
parameter. A lower membrane permittivity decreases the charg-
ing time, therefore, a liposome composed of pure lipids might
be electroporated at lower amplitudes than a similar sized intra-
cellular organelle, which has proteins incorporated in its mem-
brane, but only when 4 or 10 ns pulses are employed.

Nonetheless, the significant variation in results for differ-
ent values of the cytoplasmic conductivity, liposome interior



RETELJ et al.: ELECTROPORATION OF INTRACELLULAR LIPOSOMES USING NANOSECOND ELECTRIC PULSES—A THEORETICAL STUDY

conductivity and liposome membrane permittivity indicate that
these parameters should be carefully selected also in numerical
modeling.

In addition, we explored the influence of the intracellular li-
posome position on liposome electroporation. The electric field
inside the cell can be locally deformed due to charging of other
intracellular organelles. We included the nucleus in our model,
which is the largest organelle and could influence the local
electric field most profoundly. Indeed, liposome 1, which is
positioned close to the nuclear pore, is exposed to somewhat
higher electric field compared to other liposomes, and is thus
electroporated at lower amplitude. Nevertheless, all liposomes
are electroporated in a range of amplitudes from 31 to 37 kV/cm,
meaning that their position does not play a major role in elec-
troporation. Consequently, most liposomes of similar size are
expected to be electroporated simultaneously and to a similar
extent regardless of their position inside the cell.

C. Validity of the Predicted Thresholds for Electroporation

The model, which we used in our study, does account for
electroporation, but is still very simplistic compared to the com-
plexity of biological cells. It predicts that detectable electro-
poration occurs when the ITV reaches ~1 V; however, it was
found that the electroporation threshold can vary between dif-
ferent cell lines when either microsecond or nanosecond pulses
are applied [42], [70]. Still, it was experimentally confirmed
that electroporation of the plasma membrane depends on the
membrane charging characteristics also with ns pulses [67].
Therefore, the model gives at least important qualitative in-
formation on the plasma membrane and organelle membrane
electroporation.

We predicted that significant electroporation occurs when a
pore density of 10'* m~2 is reached in the membrane. One
should note, though, that even if we used an order of magnitude
lower or higher threshold pore density, in most cases this would
not significantly alter the calculated pulse amplitude for elec-
troporation E due to the steep slope of the curve E(N) around
10'* m~2 [see Fig. 3(b)].

We assumed that the threshold voltage for liposome elec-
troporation is the same as for the plasma membrane. We cal-
culated the amplitude for electroporation of 50 nm liposomes
to be ~150 kV/cm when the liposomes are filled with a con-
ductive medium, and ~190 kV/cm, when they are filled with
a medium with conductivity of 0.01 S/m [exposure to a 10 ns
pulse, Fig. 4(n)]. Tekle et al. [22] exposed salt-filled and sucrose-
filled liposomes of similar size (median diameter 103 nm) to a
single 10 ns pulse of either 80, 160 or 240 kV/cm. They observed
that none of the liposomes electroporated at 80 kV/cm, only salt-
filled liposomes electroporated at 160 kV/cm, and both salt- and
sucrose-filled liposomes electroporated at 240 kV/cm. The li-
posomes were exposed outside the cell in a low-conductivity
sucrose medium, therefore, we cannot directly compare the am-
plitudes from the experiment with the predicted ones from the
model. However, these data qualitatively agree with our calcu-
lations and suggest that the predicted amplitudes are not exag-
gerated.
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The parameters, which govern the electroporation process
(o, g, Ny, Vi) were assumed to be equal for all membranes,
although in practice they can differ for membranes of differ-
ent composition. Considering that the plasma and the organelle
membranes are mostly constituted of phospholipids, it can be
expected that these parameters are similar for the plasma mem-
brane and the nuclear envelope. On the contrary, liposomes
can also be made of archaeal lipids, which have a different
structure compared to phospholipids [33], [34], [51]. This dif-
ference in structure might affect pore formation. The threshold
voltage for electroporation of such archaeosomes has, to our
knowledge, not yet been determined, but some preliminary re-
sults from planar lipid bilayer experiments and molecular dy-
namics simulations indicate, that they require a higher ITV for
electroporation (unpublished data). In this case, the amplitudes
predicted for electroporation by the model would be an under-
estimate. Furthermore, the liposomes usually enter the cells by
endocytosis [31], [32]. This also appears to be true for archaeo-
somes [35]. If the plasma membrane was still present around
the liposome membrane when exposing the cells to ns pulses,
the voltage drop across the liposome membrane would be lower,
and again, the calculated amplitudes would be an underestimate.
Similarly, higher amplitude would also be required to electro-
porate multilamellar liposomes. All the above indicate that it is
important to carefully optimize the experimental protocol in or-
der to avoid the damaging effects of ns pulses, especially when
the drug delivery with very small liposomes (up to 200 nm
in diameter) would be unavoidable, e.g., in the case of intra-
venous administration of liposomes, when liposomes need to be
sufficiently small to be able to cross the vascular endothelium
wall [32].

V. CONCLUSION

Overall, our model suggests two important factors for suc-
cessful optimization of liposome drug delivery with ns pulses.
The first is the pulse duration and the second is the liposome size.
Using both shorter pulses and larger liposomes would increase
the possibility of selective electroporation of liposomes with
respect to other intracellular organelles and the cell itself, and
consequently present a smaller risk for compromising the cell
viability after the treatment. Liposomes that have a higher inter-
nal conductivity and lower membrane permittivity compared to
other similar-sized organelles could be favorably electroporated,
but only when the pulses are few nanoseconds long.

There is, however, one drawback of using very short pulses
for drug delivery. The small size of pores induced by ns pulses
(~1 nm [69]), which allows the permeation of only small ions
and molecules, could prevent the release of larger molecules
or macromolecules (e.g., siRNA) from the liposomes. Never-
theless, a recent experimental study on Chinese hamster lung
cells showed that a small population of larger pores may also
form in the plasma membrane during exposure to a single
10 ns, 40 kV/cm pulse, which allowed the passage of at least
500 molecules of bleomycin [71]. Furthermore, a single 10 ns
pulse was efficient enough to translocate siRNA into giant unil-
amellar vesicles [72]. The accompanying molecular dynamics
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simulations demonstrated how a complete translocation of the
siRNA molecule can occur on such short time scales.

Based on our calculations and other experimental data, we
can conclude that with appropriately adjusted pulse parameters,
nanosecond pulses have the potential to be used as a tool for
controlled drug release from intracellular liposomes. This study
should serve as a guideline for further experiments in this area.
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