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1. Introduction

The exposure of biological membranes to electric fields can
lead to a variety of responses. The interest towards under-
standing these responses is motivated by both applications
and mechanistic aspects.' Studies of cell deformation in
alternating electric (AC) fields have been carried out by many
groups and effects on the cell shape and motility have been
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reported.*® Strong electric fields (DC pulses) can cause a
significant increase in the electric conductivity and perme-
ability of the cell-plasma membrane. This phenomenon, also
referred to as electroporation or electropermeabilization, can
be used for introducing various molecules, to which the cell
membrane is otherwise impermeable. Due to its efficiency, this
method is rapidly becoming an established approach for
treatment of carcinoma and melanoma cancer,”® but it also
holds great promise for gene therapy.'®!!

Giant vesicles provide biomembrane models suitable for
systematic measurements of the interaction between electric
fields and lipid bilayers. The membrane response to various
external factors can be directly visualized under the micro-
scope.'> AC fields induce stationary deformation of the vesicles,
while the response to short DC pulses is very dynamic and
difficult to resolve with standard video recording. Recently, using
a fast-imaging digital camera, we were able to capture the
immediate response of giant lipid vesicles to electric fields.'>'®
The vesicle response and relaxation dynamics were recorded with
a high temporal resolution using phase-contrast microscopy.

In this review, we summarize our observations on electro-
deformation, -poration and -fusion of giant vesicles. We first
introduce some basic relations describing the interaction
between electric fields and membranes. Then, we consider the
shape transitions observed when vesicles are subjected to AC
fields for different frequencies and/or media conductivities.
The response of vesicles to DC pulses is considered in terms of
vesicle deformation and poration. Both, membranes in the
fluid and in the gel state, are discussed. At the end,
observations on vesicle electrofusion are presented and the
application of vesicle electrofusion for creating multidomain
membranes is introduced.

2. Membranes in electric fields: state of the art

Lipid membranes are essentially impermeable to ions. Thus,
in the presence of an electric field, charges accumulate on
both sides of the bilayer. For a spherical vesicle of radius R
and tilt angle 6 between the electric field and the surface
normal, the charge accumulation gives rise to the trans-
membrane potential'’

Vim = 1.5R|cosO|E[1 — exp(—t/Tcharg)] (1)

as a function of time 7. Here, E is the amplitude of the applied
electric field and Tehare is the membrane charging-time
given by!”

Tcharg = RCm[]M-m + 1/(2/16)()]7 (2)

where C,, is the membrane capacitance, of the order of
1 uF cm 2 for fluid lipid membranes, ¥ 2 and J;, and Jo, are
the conductivities of the internal and external vesicle solution,
respectively. For the limiting case of salt-free solutions (the
conductivities are a few pS cm™ ') and for a typical vesicle
radius R = 15 pm, the charging time iS Tcharg ~ 415 ps. When
the inner and/or outer conductivities are higher, the charging
time is shorter. For example, the presence of as little as 5 mM
salt in the solution shortens the charging time by about
50 times. For the same vesicle size but at physiological
conditions (~200 mM salt concentration), Tcharge ~ 0.5 ps.

Eqn (1) and (2) are valid only for a nonconductive
membrane. Above some electroporation threshold, the mem-
brane porates, thus becoming conductive and permeable.
Beyond this threshold, the transmembrane potential V,
cannot be further increased, and can even decrease due to
transport of ions across the membrane.'”?!

The electroporation phenomenon can also be understood in
terms of a stress in the bilayer created by the electric field. The
transmembrane potential, V;,, induces an effective electrical
tension o, as defined by the Maxwell stress tensor.'>'$%? This

tension is given by membrane permittivity |
dar = ol (2h) Vi, (3)

where ¢ is the dieleetrie-constant-of-the-aqueous-selation, ¢ the

vacuum permittivity, / is the total bilayer thickness, (~4 nm),
and /. the dielectric thickness (~2.8 nm for lecithin bilayers>?).
For vesicles with some initial tension o, the total tension
reached during the pulse is

G =00t 0 4)

The total membrane tension cannot exceed the tension of
rupture. For lipid membranes, the tension of rupture is in the
range 5-10 dyn cm ™! also known as lysis tension, gy, see e.g.
ref. 18 and 24. For membranes made of diblock copolymers,
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the lysis tension is higher and typically exceeds
20 dyn cm~'.?>?® The lysis tension can be reached either by
applying an overall mechanical tension to the vesicle, for
example using micropipettes or osmotic pressure, and/or by
locally building-up an electric tension. Thus, electroporation
occurs when the membrane tension reaches the lysis tension.
This corresponds to building-up a certain critical transmem-
brane potential, ¥, = V.. According to eqn (3) and (4), this
poration potential V. depends on the initial membrane tension
a0, as previously reported.'*!'®7 The critical transmembrane
potential for cell membranes is V. ~ 1V, see e.g. ref. 28 and
29. Similarly, for tension-free vesicles, the critical potential V.
~ 1.1 V, (this value was measured for 1-stearoyl-2-oleoyl
phosphatidylcholine and dioleoyl phosphatidylglycerol).'® The
value of the critical poration potential decreases when the
initial membrane tension increases. Thus, for a particular
vesicle, the electroporation threshold 7, depends on the initial
tension of this vesicle. In agreement with this expectation,
nonfluctuating vesicles that exhibit an appreciable tension,
readily porate at V. < 1V, ie. the fields are weaker than those
needed to porate deflated vesicles (with visibly undulating
membranes).

Vesicle electroporation is usually induced by applying strong
electric fields for a short time interval. Another experimental
approach for membrane electroporation involves the usage of
much weaker but alternating electric fields. Among experi-
mentalists, working with AC fields is sometimes referred to as
“working in the frequency domain” while the usage of DC
pulses corresponds to “working in the time domain”. Even
though AC fields can also be used to induce vesicle poration
(see e.g. ref. 30), more studies have focused on vesicle-shape
changes induced in the presence of AC fields. In the next two
sections, we discuss the deformation of vesicles when subjected
to AC fields and when subjected to DC pulses, respectively. As
we will find out, the solution conductivities have a strong
influence on the vesicle morphology.

3. Vesicle deformation in AC fields

When exposed to AC fields, spherical vesicles assume
ellipsoidal shapes.*! The type and degree of deformation
depends on several parameters, including the field strength, E,
and frequency, w, and the conductivities of the media. The
tension imposed by the AC field is usually relatively weak
(<0.1 dyn cm™") and results mainly in pulling out the
membrane undulations. The latter depends on the membrane
stiffness. Thus, shape analysis of vesicles deformed in AC fields
can be used to measure the bending rigidity of membranes.>>?
The tension acting on the membrane can be obtained from:*?

oac = O18)eeoE[(c1 + c)pote — (1 + €2)eg) s ()

where ¢ is the dielectric constant of the aqueous solution as
before, and c¢; and ¢, are the principal curvatures of the
membrane taken either at the equator (indicated by ‘eq’ as
subscript) or at the pole (indicated by ‘pole’ as subscript). The
vesicle curvatures can be estimated from the optical micro-
scopy images of the vesicle, and thus the tension can be
calculated. On the other hand, one can measure the relative

increase in the vesicle projected area 04/4y. For low
membrane tensions (also known as ‘“the entropic regime”),

the latter depends logarithmically on the tension:**3°

8414y = (keT/8Ti)In(o/ap). (6)

Here, A, is the initial area for which the tension is o, the
membrane tension due to the AC field is ¢ ~ oac, kg is the
Boltzmann constant, 7 is temperature, and « is the bending
rigidity of the membrane. Let us note here, that, for a certain
field-frequency interval, the tension gac acts homogeneously
over the whole vesicle, while the electric tension expressed in
eqn (3) is local and varies along the vesicle surface and with
time (note the angular and temporal dependence of V7, in
eqn (1)). From measurements on the vesicle-shape deformation
as a function of the field strength (i.e. at different membrane
tensions), one can deduce the bending stiffness of the
membrane. >33

The shape deformation of vesicles in AC fields has been
previously studied, but the dependence of the vesicle morpho-
logy on both field frequency and media conductivity has not
been determined so far. At low field frequencies (few kHz),
vesicles in water deform into prolates with the longer axis
oriented along the field direction.*® At intermediate frequen-
cies (several kHz), again for vesicles in water medium, prolate—
oblate transitions were observed,**® as theoretically predicted
carlier.** This behavior was observed also when the
conductivity of the external vesicle solution, A, was higher
than the internal conductivity /;,. Interestingly, when the
conductivity of the internal solution is raised so that it exceeds
the external conductivity, i.e. at A, > A, the prolate—oblate
transition is suppressed. With increasing field frequency, the
vesicles undergo only the prolate-to-sphere transition. Two
examples for the shape evolution of vesicles at different
conductivity conditions are provided in Fig. 1.

It is worth mentioning that non-spherical cells have been
observed to orient parallel or perpendicular to the field,*!
whereas, in a shape-analogous way, vesicles in water solutions
deform with their largest cross-section also being parallel or

5 KHz

100 KHz 10 Mhz

15 um

Fig. 1 Two giant vesicles (phase-contrast microscopy) in different
conductivity conditions subjected to AC field of 0.2 kV ¢cm ™' and
various field frequencies as indicated above the images. The vesicle
radii are 21.5 pm for the vesicle in (a—c), and 15.2 pm for the vesicle in
(d-f). The field direction is indicated with an arrow in (a) and (d). The
conductivity conditions are 4;, > ., for (a—c), where only prolate-to-
sphere transformation is observed, and 4, < A for (d-f), where
prolate-to-oblate and oblate-to-sphere transitions are detected.

This journal is © The Royal Society of Chemistry 2007

Soft Matter, 2007, 3, 817-827 | 819



G 7
1
P ®
Q
~ I
5] b spheres|
. I
§e] o0, o
B, M-_--O
\
£ ©
'6 \O
3 3
c 3
8 O p c \\0
A
prolates oblates \
0.1 L A . : 2,
10°  10° 10* 10° 10° 100 10°
Field frequency, o ( Hz )

Fig. 2 Morphological diagram of the shape transformations of
vesicles in different conductivity conditions and various field
frequencies. When the conductivity of the solution inside the vesicles
is larger than the one outside, 4, > Z.x (upper part of the diagram),
transition from prolate to spherical vesicle (1) is observed with
increasing the frequency. For internal conductivities lower than the
external one, 4, < /. (lower part of the diagram), the vesicle
undergoes prolate-to-oblate transition (3) at lower frequencies and
oblate-to-sphere transition at higher frequencies. The open circles are
experimentally determined. The dashed lines are guides to the eye for
the various region boundaries. The area surrounded by the dotted line
shows the region previously explored in the literature.

perpendicular to the field. The cell behavior was found to
depend on the medium conductivity conditions and field
frequency. >

The frequency dependence of vesicle deformation has been
studied in detail 33 #4445 put the influence of solution
conductivities has not been well explored. Note that in contrast
to cells, one may vary both the external and the internal
conductivity for vesicles.

By systematically varying the salt concentrations in the
solutions internal and external to the vesicles, as well as the
field frequency, we have constructed a morphological diagram
of the vesicle-shape transitions occurring at different solution-
conductivity ratios /;,/A.x and various field frequencies ®,% see
Fig. 2. The observations were limited to frequencies above
1 KHz because, around and below this frequency, the field
starts to displace the whole vesicle on a micrometre-length
scale. The reason for this is charging of the membrane, which
induces a net dielecrophoretic force.*!

Three types of transitions can be distinguished in the
morphology diagram (Fig. 2). At high frequency and for
arbitrary conductivity condition, the vesicles assume spherical
shapes (the transition line is indicated with (1) in Fig. 2), see
also Fig. lcf. A simple reasoning explaining the spherical
morphology is that at this high frequency (several MHz) the
ions in the solution can no longer follow the field oscillations
and thus, the vesicles are no longer deformed. It is easy to see
that such frequencies correspond to travel distances of the ions
of the order of nanometres, which is not enough to induce
detectable deflection of the membrane. This transition is not

Fig. 3 Coexistence of vesicle shape deformations at the prolate—
oblate transition line defined by the condition Zj,/4.x = 1. The field
direction is indicated with an arrow. The conductivity conditions for
this vesicle solution are such that A4;,/4ex = 1.05. The field strength is
0.2 kV cm ™! and the field frequency is @ = 1 MHz.

abrupt, but occurs within a frequency interval between 1 MHz
and 10 MHz.

The second type of transition occurs as one changes the
conductivity conditions (the transition line is indicated with (2)
in Fig. 2). At intermediate frequencies, between a few KHz and
several MHz, the vesicles assume prolate shapes when the
conductivity inside is higher than the external one, see Fig. 1b.
The long axis of the vesicles is oriented parallel to the field.
With optical microscopy, only a two-dimensional projection of
the vesicle shape can be detected (see Fig. 1). However, the
deformation of the vesicles is axially symmetric around
the electric field direction. In the opposite case, for A;,/Ae < 1,
the vesicles become oblate, see Fig. le. At the border
conductivity range, Zi,/Aex = 1, coexistence of the two shapes
can be observed, see Fig. 3. Again, a simple interpretation for
this type of transition can be given by considering the effect of
the ions acting on the membrane. For higher internal
conductivities (4, > Aey), the pressure inside the vesicle
exerted by the ions when the field is on, is higher than the
external one, because the ion concentration inside is higher.
This leads to a force elongating the vesicle along the direction
of the field. In the opposite case, the higher ion concentration
in the external media causes compression of the vesicle from
the outside along the direction of the field, thus leading to an
oblate deformation.

The third type of transition is observed only for the
conductivity condition Aj,/Aex < 1 (indicated with (3) in
Fig. 2). At low frequencies (below a few MHz) the vesicles are
prolate, and at higher frequency the shape changes to oblate
(see Fig. 1d,e). This frequency-induced shape transformation
has been investigated by several groups.’®¥%4%47 Mainly
vesicles in water solution were studied, where the conductivity
condition was such that 1;,//.x = 1. The transition has been
interpreted as an effect due to anisotropy of the membrane
dielectric-permittivity*” or a transition of the water media from
the conductive regime (low frequencies) to the dielectric regime
(high frequencies).>® Another interpretation involved finding
the steady-state solutions of the dynamical equations deter-
mined by the electric field inside and around a vesicle.*’

4. Vesicle response to DC pulses

While the discussion of vesicles exposed to AC fields was
limited to stationary shapes, DC pulses induce short-lived
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shape deformations. The pulse duration is usually varied
between several microseconds to milliseconds, while studies on
cells have investigated a much wider range of pulse durations —
from tens of nanoseconds to milliseconds and even seconds.’
Because the application of both AC fields and DC pulses
creates a transmembrane potential, vesicle deformations of
similar nature are to be expected in both cases. Indeed the AC
field frequency, w, should be compared to the inverse duration
of the DC pulse, 1/1,,. This correspondence should be valid for
a certain shape of the AC field signal (whether sinusoidal,
rectangular or other shape) and of the DC pulse (square,
triangular, etc.). For example, applying a square-wave AC
field is analogous to applying a sequence of square-wave DC
pulses with alternating electrode polarity. At equivalent
conductivity conditions, a DC pulse of duration #, = 100 us
should induce a deformation similar to the one obtained for
a square-wave AC field of frequency w = 5 MHz, ie a
correspondence between w and 1/(21,) is to bé\expected.
However, the working field strength for the D{ pulses is
usually higher by several orders of magnitude. |Thus, the
degree of deformation can be different. Note that in theoretical
works, very often an angular field frequency, ', if used, ie.
o' = 2nw. The latter is preferred because it simjplifies the
mathematical treatment of the problem.

Vesicle deformation induced by DC pulses has been studied
theoretically.**° The direct experimental visualization of the
vesicle response was achieved from observations on giant
vesicles.'>!* A few other experiments have been performed but
mainly with small vesicles, which are hundreds of nanometres
in size.*>>2 Poration of small vesicles induced by DC pulses
has attracted stronger interest.”> > Because of the small size
of the vesicles, direct observation of the deformation and
poration is not feasible. In addition, membrane tension and
curvature may play a significant role. The vesicle response has
been detected using turbidity, absorbance, and conductivity
measurements where microsecond resolution can be achieved.

Experiments on giant vesicles made of lipids and polymers
are of special relevance because their size is comparable to cells
and, in addition, it allows for direct observation using optical
microscopy.”>>*>° However, microscopy observation of
effects caused by electric pulses on lipid giant vesicles is
difficult because of the short duration of the pulse. A typical
video frequency of 30 frames per second would provide a
snapshot every 33 milliseconds. Keeping in mind that the pulse
duration is about 3 orders of magnitude shorter, the immediate
dynamics of the vesicle response would be indiscernible at such
acquisition speed. A partial solution to this problem is to use
pulsed laser fluorescence microscopy for the visualization of
the vesicle response,” but appropriate fluorescent labeling of
the membrane is needed. Another approach involves slowing
down the processes by using a highly viscous fluid, e.g
glycerin, as the medium instead of water.”” However, such an
approach can set physically different limitations on the
response dynamics of the membrane. In addition, it may lead
to a change in the hydration of the lipid bilayer and,
correspondingly, alter the membrane properties.

To deal with this time-resolution challenge, recently in our
lab, we have used a fast-imaging digital camera to record the
giant vesicle response with a high temporal resolution, up to

30 000 frames per second (fps), i.e. acquiring 1 image every
33 ps.!*1¢ This unprecedented time resolution overcomes the
observation limits imposed by video frequency. In this setup
no labeling whatsoever is necessary and there is no need for
using viscous solvents as working medium. Using the fast
digital camera, we were able to resolve the dynamics of the
vesicle response during and after the applied DC pulse.

The following sections introduce some characteristic fea-
tures of the deformation of spherical vesicles when subjected to
square-wave pulses. We first consider the vesicle response in
the absence of salt. To enhance the microscopy imaging, the
external medium of the vesicles was glucose solution. Inside,
the vesicles contained isotonic sucrose solution. In this case,
the conductivity ratio was 4;,/Ax & 1.3. The pulse duration
was varied between 50 ps and 300 ps, thus similar responses as
in AC fields in the frequency region 1.5-10 KHz are to be
expected. Indeed, similarly to the behavior in AC fields, as
classified in the morphological diagram in Fig. 2, the vesicles
subjected to DC pulses assume prolate shapes with the long
axis parallel to the field direction. However, the degree of
deformation induced by AC fields is much smaller because the
fields are much weaker compared to those of the DC pulses.

We also discuss the dynamics of the vesicle relaxation in the
absence and presence of pores in salt-free solutions. Then, we
consider vesicles in the presence of salt, for which surprising
cylindrical deformations are observed. At the end of this
section, we introduce some observations on the electropora-
tion of vesicles in the gel phase.

4.1. Dynamics of vesicle deformation in the absence of salt

Spherical vesicles subjected to electric pulses assume ellipsoidal
shapes, which relax back to the initial vesicle shapes after the
end of the pulse. The degree of deformation of an ellipsoidal
vesicle can be characterized by the aspect ratio of the two
principal radii, @ and b (see sketch in Fig. 4). For a/b = 1 the
vesicle is a sphere. The relaxation dynamics of this aspect ratio
depends on whether the vesicle has been porated or not. In the
absence of poration, the relaxation can be described by a single
exponential with a characteristic decay time, t;. Fig. 4 gives
one example of the response of a giant vesicle, which is initially
spherical. The pulse conditions in this case build-up a
transmembrane potential, which is below the poration limit.
The maximum deformation of this vesicle corresponds to
about 10% change in the vesicle aspect ratio. The degree of
vesicle deformation depends on the initial tension of the vesicle
as well as on the excess area. The latter is defined as an excess
compared to the area of a spherical vesicle of the same volume.

The typical decay time for the relaxation of non-porated
vesicles, 7y, is of the order of 100 ps. It is defined by the
relaxation of the total membrane tension achieved at the end
of the pulse, which is the sum of the electrotension o, and
the initial tension gy, see eqn (4). Thus, 7, relates mainly to the
relaxation of membrane stretching, t; ~ 1,,/0, where 7, is the
surface viscosity of the membrane (the surface viscosity of a
membrane has units [bulk viscosity] x [bilayer thickness], i.e.
dyn s ecm™'). The shear-surface viscosity of the membrane
is s & 3 x 107% dyn s em™1,%%®! corresponding to values
reported for the diffusion constant of molecular probes in lipid

This journal is © The Royal Society of Chemistry 2007
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Fig. 4 Response of a vesicle subjected to a square-wave pulse E=
1kVem™', 1, =250 ps (V, < Vo). Three snapshots of the vesicle before
and after the pulse are given above (the time is indicated at the lower
right corner of each micrograph). The direction of the field is indicated
with an arrow. Time 7 = 0 was set as the beginning of the pulse. The
image acquisition rate was 30 000 fps. The degree of deformation (a/b)
attained by the vesicle is plotted. The dashed line indicates the end of
the pulse. The solid line is an exponential fit with a decay time 7.

bilayers D ~ 10731072 m? s7!'.°> Some other measurements
of the dilatational-surface viscosity®® determined by following
the dynamics of macropores on giant vesicles suggest a value,
which is two orders of magnitude higher, ng ~ 3.5 x
107% dyn s cm™'. This is probably because the reported
experiments are related to dilation rather than to shearing the
membrane. Thus, choosing for the membrane viscosity the
value of n4 given in ref. 63 is more appropriate since it has been
measured for membrane poration. Coming back to 7, for
membrane tensions of the order of 5 dyn cm™' (which
should be around the maximum tension before the membrane
ruptures) one obtains 7; ~ ng/a ~ 100 us, which corresponds
to the experimentally measured value.

4.2. Electroporation dynamics

Electroporation is often used to introduce molecules like
proteins, foreign genes (plasmids), antibodies, drugs, etc. into
cells. Several studies in this area have already been conducted

in an attempt to optimize and model the influence of the
parameters, like the intensity and duration of the electric
field.**%° The pores formed during electroporation can reach
various sizes depending on the location on the vesicle or cell
surface, see e.g. ref. 29 and 70 and work cited therein. For the
case of plane-parallel electrodes, the poration occurs predo-
minantly in the area at the poles of the vesicle facing the
electrodes. This is because the transmembrane potential attains
its maximal values at the two poles as expressed by the angular
dependence in eqn (1). With optical microscopy, only pores
that are of diameter larger than about half a micron can be
resolved. We refer to them as macropores since they are much
larger than the average ones. With fast camera observation on
giant vesicles, macropores can be visualized in the following
way. If the vesicles are prepared in sucrose solution and then
diluted in isotonic glucose solution, the refractive indices of the
internal and external vesicle media are different. Thus, vesicles
appear as dark objects on a light gray background, see e.g. the
snapshots in Fig. 1. When macropores are formed, there is an
efflux of the darker sucrose solution. Fig. 5 shows an example
of an electroporated vesicle.

The lifetime of macropores, Tpore, Observed in vesicles in the
fluid state, varies with pore diameter, dpore,57 and depends on
the membrane-edge tension, y, and the membrane dilatational-
VISCOSity, Tpore ~ pomnd/y.13 For vesicles with low tension, the
lifetime Tpore is typically shorter than 30 ms, see ref. 13.

The relaxation dynamics of porated vesicles is significantly
different from the one of non-porated vesicles.'* Indeed, two
different types of dynamics can be distinguished for porated
vesicles. The relaxation of vesicles with no excess area is
described by a single exponential decay, while vesicles with
excess area exhibit two characteristic decay times. These two
cases for vesicles above the poration limit are illustrated in
Fig. 6. The maximum deformation achieved in both cases is
much higher than the one observed for non-porated vesicles
(compare the maximum values of a/b in Fig. 4 and in Fig. 6).
Naturally, vesicles with excess area deform much more than
those without (compare the two curves in Fig. 6). The
relaxation of porated vesicles completes over a much longer
time than that of nonporated ones (compare the values on
the abscissa in Fig. 4 and in Fig. 6; note that the abscissa in
Fig. 6 is in logarithmic scale and the one in Fig. 4 is in linear
scale). For vesicles with no excess area, the relaxation time
is 7, = 7 + 3 ms. When the vesicles have some excess area,
the relaxation proceeds in two steps, fast relaxation charac-
terized by 75, and a second, longer, relaxation with decay time,
73, 0.5 <13 <3s.

\/
50 ps 150 ps 1ms 50 ms

Fig. 5 Poration of a vesicle (phase-contrast microscopy; the internal solution is sucrose and the external one is glucose; acquisition rate 20 000 fps).
The DC pulse duration is 200 ps and the field strength is 1.4 kV cm™!. The direction of the field is indicated by the arrow on the left. The time
period in the lower right corner of each snapshot is the time after the beginning of the pulse. The arrows in the second and third snapshots indicate
pores at the vesicle poles visualized by dark eruptions of sucrose solution leaking out of the vesicle. The pores reach a size up to 4 um in diameter.
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Fig. 6 Data from the response and relaxation of two vesicles, in
which macropores were observed. One of the vesicles (crosses) did
not have excess area and the relaxation is described by a single
exponential fit (solid curve) with a decay time 7,. The other vesicle
(open circles) had excess area and its relaxation is described by a
double exponential fit (solid curve) with decay times 7, and 73 as
described in the text. In both cases, the pulse strength was E =
2 kV ecm ™! and the pulse duration was t, = 200 ps (the end of the
pulse is indicated with a vertical dashed line). The time 7 = 0 was set
as the beginning of the pulse. The shaded area indicates the time
interval when macropores were optically detected. The radii of the
vesicles were around 10 um.

The relaxation process associated with t,, takes place during
the time interval when pores are present (see shaded region in
Fig. 6). Thus, 7, is determined by the closing of the pores, 7, ~
Nalporel (27). Here, rpore is the pore radius and y is the line
energy per unit length. The latter is y ~ (x/2)h, where « is the
bending stiffness of the bilayer and /& is the membrane
thickness ~4 nm, thus yielding for y a value of the order of
107% dyn (107" J m™1).3° For a typical pore radius of 1 pm
one obtains 7, ~ 10 ms.

The relaxation time 73 is related to the presence of some
excess area available for shape changes. The latter can
be characterized by a dimensionless volume-to-area ratio
v = (3V/4n)(4n/A)*?, where V is the vesicle volume, V =
(4n/3)ab’. This reduced volume v is 1 when the vesicle is a
sphere and smaller than 1 in the rest of the cases. The
relaxation described by 73 is associated with the process of
pushing-away the volume of fluid involved in the ellipsoidal
vesicle deformation compared to a relaxed spherical shape.
The restoring force is related to the bending elasticity of
the lipid bilayer. Then, the decay time can be presented as
73 ~ (@R 3r)(1/v — 1), where 5 is the bulk viscosity
of sucrose/glucose solution, as above, and x is the bending
elasticity modulus of the membrane. For egg-PC k =
107'% erg.”"™* Thus, for typical values of v between 0.99

Table 1 Characteristic times of vesicle relaxation and poration

tubes

".s-quares”[j

lin/)"ex <1 ;"m/)"ex &1

;\'inn"ex >1

Fig. 7 Deformation of vesicles at different conductivity conditions
subjected to DC pulses. Schematic illustrations of the cross-sections of
the vesicles are given above every snapshot. The field direction is
indicated with an arrow on the left. The presence of salt in the vesicle
exterior causes flattening of the vesicle membrane into disc-like,
“square”’-like, and tube-like shapes, whereby the overall vesicle shape
depends on the conductivity ratio. The scale bars correspond to 15 pm.

and 0.94, one obtains 13 between approximately 0.5 and 3 s,
which corresponds excellently to the measured data. All
characteristic decay times for vesicle relaxation and the
macropore lifetime are summarized in Table 1.

4.3. Cylindrical deformations of vesicles

In the presence of salt in the vesicle exterior (e.g. NaCl solution
with concentration above 0.1 mM), unusual shape changes are
observed.'* The vesicles assume cylindrical shapes during the
pulse. These deformations are short-lived (their lifetime is
about 1 ms) and occur only in the presence of salt outside the
vesicles, irrespective of their inner content. When the solution
conductivities inside and outside are the same, A, = Ao,
vesicles with square cross-section are observed. For the case
where i, < Zex, the vesicles assume disc-like shapes, while in
the opposite case, 4, > Aoy they deform into long cylinders
with rounded caps, see Fig. 7. The transition from tubes to
discs is analogous to transition (2) (from prolates to oblates) in
Fig. 2 observed in AC fields.

The detected cylindrical deformations are non-equilibrium
shapes and have a very short lifetime, which is why they have
not been observed for standard video acquisition speed. The
flattening of the vesicle walls starts during the applied pulse
and is observed throughout a period of about one millisecond.
The formation of these shapes is not well understood. One
possible hypothesis is related to electrophoretic forces exerted
by the ions in the external solution, for details see ref. 14.
Another interpretation might be an electrohydrodynamic
instability caused by electric fields interacting with flat
membranes, which was predicted to increase the membrane
roughness.”

Decay times Specification Typical values Dependence on membrane material properties”
Ty Decay time for conditions of no poration ~100 ps T ~ nalo

Ty Decay time for conditions of poration 3-10 ms Ty ~ Nalporel (27)

73 Relaxation time of vesicles with excess area 0.5-3s 73 ~ (AR Bi)(1/v— 1)

Tpore Lifetime of macropores <30 ms Tpore ~ dporellaly

“In the expressions here, 74 is the membrane dilational viscosity, ¢ is the total membrane tension, o is the pore radius, y is the line energy
per unit length,  is the bulk viscosity of the media, x is the bending elasticity modulus of the membrane, R is the vesicle radius, v is the

reduced volume, and dq,. is the pore diameter.
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Fig. 8 Electroporation of a fluorescently-labeled DPPC vesicle in the gel phase as imaged with confocal microscopy. (a) A 3-D projection
averaged image of a vesicle in the fluid phase. (b—e) Images of a vesicle in the gel phase: equatorial sections of the vesicle before (b) and after
poration (c) caused by an electric pulse of 6 kV cm ™! and duration 300 ps. The electrode polarity is indicated with plus (+) and minus (—) signs in
(b). The arrows in (c) show the ruptured zones at the vesicle poles. A stripe from the equatorial area of the vesicle which is 30 micrometres wide and
slightly rotated around the horizontal axis, shows the ruptured places in the membrane at the north and south poles (d) as indicated with arrows. A
complete 3-D projection average image of the same vesicle (again rotated around the x-axis) shows better the crack on the southern pole of the
vesicle (e) pointed by the arrow. Contrary to vesicles in the fluid phase (a), pores formed on vesicles in the gel phase (e) do not reseal over a period

of at least ten minutes.

4.4. Electrodeformation and —poration of membranes in the gel
phase

When lipid bilayers undergo a fluid-to-gel transition, the
shear-surface viscosity and the bending stiffness of the
membrane increase drastically.®’ Thus, it is to be expected
that the dynamics of electrodeformation and poration of
vesicles in the gel and in the fluid phase would differ
significantly. Presumably, the lifetime of pores formed on
vesicles in the gel phase would be much longer. We attempted
to visualize such pores using confocal microscopy on giant
vesicles porated while being in the gel phase. The vesicles were
prepared from dipalmitoyl phosphatidylcholine (DPPC). At
room temperature, this lipid is in the gel phase. The main
phase-transition temperature of DPPC is 41.5 °C.*
Electroporation studies on large unilamellar DPPC vesicles
(about 100 nm in diameter) in the gel phase suggested the
formation of transient pores.>® These pores were presumably
much smaller than 100 nm, and the poration was reported not
to induce a global damage of the vesicles. In contrast, the pores
observed here for giant unilamellar vesicles induced by strong
DC pulses are very stable, they are several micrometres in size,
and resemble cracks on a rough solid shell, see Fig. 8. It was
believed that the electroporation of small vesicles in the gel
state i1s a reversible process.53 However, our observations
suggest that the formation of cracks on giant vesicles in the gel
phase appear to be an irreversible process on a laboratory
timescale. Within a period of more than ten minutes, we did
not observe resealing of these cracks. In some cases, the
vesicles collapsed at a later stage.

Compared to the macropores in fluid membranes, which
have a lifetime shorter than about 30 ms, the pore resealing in
vesicles in the gel state seems to be arrested. This is to be
expected, considering the dependence of the pore lifetime,
Tpore» ON the membrane viscosity, see Table 1. The shear-
surface viscosity diverges when the membrane crosses the
fluid-to-gel transition® and thus the resealing process for
pores formed on membranes in the gel phase is suppressed.

An additional difference from the behavior of membranes in
the fluid phase is the poration condition for membranes in the
gel phase. The latter is characterized by the critical transmem-
brane potential V.. For cell membranes and tension-free lipid

bilayers in the fluid phase, V. ~ 1 V'82%% (note that large
unilamellar vesicles electroporate at lower field strength
because they are usually under tension). We attempted to
estimate the critical transmembrane potential for DPPC in the
gel phase in the following way. Giant vesicles were subjected to
DC pulses of fixed duration and increasing field strength. The
vesicles were inspected for pores before and after the applied
pulse. From the field strength at which pores were detected, we
calculated the critical poration potential using eqn (1) and (2)
(for the time 7 in eqn (1), we take the pulse duration which was
kept constant). To estimate the membrane capacitance per
surface area, Cp,, of the bilayer, we used the expression41

Co = eméolh, 7

where ¢, is the dielectric permittivity of the membrane, &, ~
5,7 and h is the membrane thickness as before. The parameter
that can differ depending on the state of the membrane, fluid
or gel, is the membrane thickness 4. For example, for DPPC in
the fluid state # ~ 4.7 nm, while in the gel phase # ~ 5.2 nm.”®
This corresponds to an overall decrease of the membrane
capacitance of bilayers that undergo the fluid-to-gel transition.
This decrease was experimentally confirmed to be between 10
and 15%, corresponding well to the change in the membrane
thickness.”” Thus, the characteristic charging time for mem-
branes in the gel phase as determined from eqn (2) should be
shorter. Following this approach, the estimated -critical
transmembrane potential for poration of membranes in the
gel state is V. = 1.5 + 0.2 V. This value is higher than V
measured for fluid membranes. This implies that the mem-
brane in the gel state is more difficult to porate, presumably
indicating a higher lysis tension.

5. Vesicle electrofusion

When a DC pulse is applied to a couple of vesicles in the fluid
state, which are in contact and oriented in the direction of the
field, electrofusion can be observed. The application of the AC
field to a vesicle suspension leads to their orientation and
alignment of the vesicles in the field, forming pearl chains. This
phenomenon is also observed with cells*’® and is due to
dielectric screening of the field. When the suspension is dilute,
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Fig. 9 (upper panel) Schematic illustration of the possible steps of the
electrofusion process: two lipid vesicles are brought into contact (only
the membranes in the contact zone of the vesicles are sketched),
followed by electroporation and formation of a fusion neck of
diameter L. (lower panel) Micrographs from electrofusion of a vesicle
couple. Only segments of the vesicles are visible. The external solution
contains | mM NaCl, which causes flattening of the vesicle walls (see
second snapshot). The amplitude of the DC pulse was 2.4 kV cm ™!,
and its duration was 120 ps. The starting time ¢ = 0 corresponds to the
beginning of the DC pulse. The image acquisition rate was 20 000 fps.

vesicle 2

vesicle 1

two vesicles can be brought together via the AC field and
aligned. A subsequent application of a DC pulse to such a
vesicle couple can lead to fusion. The necessary condition is
that poration is induced in the contact area between the
two vesicles. The possible steps of the electrofusion of two
membranes are schematically illustrated in Fig. 9.

Membrane fusion is a fast process. The time needed for the
formation of a fusion neck can be rather short as follows from
electrophysiological methods applied to the fusion of small
vesicles with cell membranes.”” 8! The time evolution of the
observed membrane capacitance indicates that the formation
of the fusion neck is presumably faster than 100 ps.

Previously, the limits of direct observation with optical
microscopy were in the range of milliseconds. The usage of fast
digital imaging, shifted the resolution limit by about two
orders of magnitude and allowed studying of the fusion
dynamics with microsecond resolution.'>'® An example of a
few snapshots taken from the electrofusion of two vesicles in
the presence of salt is given in Fig. 9. Note that in this case,
the overall deformation of each vesicle corresponds to the
cylindrical shapes as observed with individual vesicles in the
presence of salt (see section 4.3).

From such micrographs, one can measure the fusion-neck
diameter, denoted by L in Fig. 9, and follow the dynamics of
its expansion. In Fig. 10, the time evolution of the fusion neck
of one vesicle couple is given. The data spans more than 5
orders of magnitude in time. A first inspection of Fig. 10 shows
that two stages of the fusion process can be distinguished, first
a very fast one, followed by a slower one (see the inset in
Fig. 10, where the same data is plotted in linear timescale).

The initial stage of the fusion process is surprisingly fast.
Detailed image analysis of the fusion zone demonstrates that
the opening of the fusion neck with a radius larger than
~10 pm takes place within several frames after the applied
pulse, e.g. within approximately 500 ps, see the early time data
points in Fig. 10. This implies an average expansion velocity of
about 2 cm s '. Intuitively, one would relate this to fast
relaxation of the membrane tension, whereby the dissipation

2

Fusion neck diameter, L [um]
N
=]

Time [s]

o

10 10° 1107 100 10° 10

fast bilayer ! hydrodynamics of
reorganization 1 vesicle content mixing

Fig. 10 Time evolution of the fusion neck, L formed between two
vesicles about 15 um in radius. The solid curve is a guide to the eye.
The vertical dashed line indicates the border between the two stages in
the fusion dynamics. The early stage of fusion is characterized by an
average expansion velocity of 2 cm s~ '. The inset displays the same
data set in linear timescale. The later stage of fusion is characterized by
slow opening of the fusion neck with velocity of 2.4 pm s~ ! (which is
the slope of the solid line in the inset).

occurs in the bilayer. Essentially, the driving forces here are the
same as those responsible for the relaxation dynamics of
nonporated vesicles (as charactarized by t;). Thus, the
characteristic time for this early stage of fusion, e,y can be
expressed as Tearny ~ 1a/o, Where ng4 is the surface-dilatational
viscosity of the bilayer as before, g ~ 3.5 x 10 *dynscm ™.
The membrane tension ¢ should be close to the tension of
rupture, ie. of the order of 5 dyn em™!. Thus, for Tearly
one obtains 100 ps, which is in agreement with the experi-
mental observations for the time needed to complete the early
stage of fusion.

Linear extrapolation of the data in the early stage predicts
that the formation of the fusion neck with a diameter of about
10 nm should occur within a time period of about 250 ns, see
ref. 15 for details. It is quite remarkable that this timescale
of the order of 200 ns was also obtained from computer
simulations of a 28 nm vesicle fusing with a 50 nm tense
membrane segment.?

In the later stage of fusion, the neck-expansion velocity
slows down by two orders of magnitude. Here, the dynamics is
mainly governed by the displacement of the volume AV of
fluid around the fusion neck between the fused vesicles. The
restoring force is related to the bending elasticity of the lipid
bilayer. The parameters that determine this late relaxation are
those that govern the relaxation of porated vesicles with excess
area, as characterized by 13, see Table 1 (note that after the two
vesicles fuse, the resulting vesicle has a relatively small reduced
volume and, thus, some excess area). The corresponding decay
time in this later stage can be presented as 7, ~ nAV/k, where
5 is the bulk viscosity of the media as before, AV ~ R®, and «
is the bending elasticity modulus of the membrane. Thus, for a
typical vesicle size of R =20 um, we obtain ty,. ~ 100 s, which
is the timescale that we measure for complete opening of the
fusion neck.

The phenomenon of electrofusion is of particular interest,
because of its vast use in cell biology and biotechnology, see
ref. 2, 3 and 83 and studies cited therein. The application of
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Fig. 11 Creating a multidomain vesicle by electrofusion of two
vesicles of different composition as observed with fluorescence
microscopy. The images (a, b) are acquired with confocal microscopy
with scans nearly at the equatorial plane of the fusing vesicles. (a)
Vesicle 1 is made of sphingomyelin and cholesterol (7 : 3) and
labeled with perylene (green). Vesicle 2 is composed of dioleoyl
phosphatidylcholine and cholesterol (8 : 2) and labeled with Dil-C18
(red). (b) The two vesicles were subjected to an electric pulse
(2.2 kV cm ™!, duration 300 ps) and fused to form vesicle 3. (c) A
three-dimensional image projection of vesicle 3 with the two domains
formed from vesicles 1 and 2.

electrofusion to cells can lead to the creation of multinucleated
viable cells with new properties (this phenomenon is also
known as hybridization), see e.g. ref. 3. In addition, electro-
poration and -fusion is often used to introduce molecules
like proteins, foreign genes (plasmids), antibodies, drugs, efc.
into cells.

Out of the biological context, vesicle fusion can be employed
to scale-down the interaction volumes of chemical reactions
and reduce it to a few picolitres or less. Thus, fusion of
two vesicles of different content is an illustration for the
realization of a tiny microreactor.®*%> On the other hand,
fusing two vesicles, differing not in their internal content but
in the composition of their membranes, provides a promising
tool for studying raft-like domains in membranes.5®*°
Thus, vesicle electrofusion is a very attractive experimental
approach for producing multicomponent vesicles of well-
defined composition.

One example for the fusion of two vesicles of different
composition is given in Fig. 11. To distinguish the vesicles
according to their composition, different fluorescent markers
have been used. In this particular example, one of the vesicles
(green) is composed of sphingomyelin and cholesterol in 7 : 3
molar ratio. The other vesicle is composed of dioleoyl
phosphatidylcholine and cholesterol in 8 : 2 molar ratio.
Thus, the membrane of the fused vesicle is a three-component
one. At room temperature, this mixture separates into two
phases, liquid ordered (rich in sphingomyelin and cholesterol)
and liquid disordered (rich in dioleoyl phosphatidylcholine),
which is why the final vesicle exhibits immiscible domains. The
exact composition of each of these domains is not well known.
However, from the domain area and the area of the initial
vesicles before fusion, one can judge whether there is
redistribution of the cholesterol between the domains, and
eventually calculate the actual domain composition.

6. Conclusions

Giant vesicles as cell-size systems provide a very useful model
system for resolving the effect of electric fields on lipid mem-
branes. They allow for direct optical microscopy observation

of membrane deformations in the micrometre range. We
examined the behavior of giant vesicles subjected to AC fields
of various frequencies. The solution conductivity appeared to
be a major factor determining the overall deformation of the
vesicles. A systematic study of the vesicle behavior allowed us
to construct a morphology diagram of vesicle shapes as a
function of field frequency and conductivity conditions. It
remains to be seen whether similar behavior is found for cells.
In many cases, the cell deformation will be mainly determined
by the cytoskeleton flexibility rather than the membrane
stiffness. However, for cells like leukocytes, it would be
interesting to explore the influence of solution conductivity
and field frequency on the cell shape.

Until recently, the temporal limit of optical microscopy
observations with analogue video technology was in the range
of milliseconds. Using fast digital imaging revealed the
dynamics of electrodeformation and electroporation of vesicles
subjected to DC pulses, as well as electrofusion events with
microsecond resolution. Due to this high temporal resolution,
new shape deformations, such as cylindrical ones with square
cross-section have been detected. The observations on vesicle
fusion revealed the presence of two stages of the fusion
process. The expansion of the fusion neck is extremely fast in
the beginning and is characterized by rates of the order of a
couple of cm s”!'. For membranes whose thickness is only
several nanometres, such a velocity is tremendous and implies
that the formation of a fusion neck with a diameter of ~10 nm
should occur within a time period of ~250 ns. The later stage
of fusion is a few orders of magnitude slower and is governed
mainly by hydrodynamics. Finally, electrofusion of vesicles
with different composition has been demonstrated to be a
feasible method for creating multidomain vesicles and provides
new opportunities for studying the dynamics of domain
formation and stability.
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