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Abstract—Electrofusion is a method for facilitating fusion of
cells in close contact by using microsecond-duration electric
pulses. Electric pulses induce a voltage across cell membranes,
which leads to membrane electroporation and brings the
membranes into fusogenic state. However, electrofusion effi-
ciency is very low when fusion partner cells considerably differ
in size, since the magnitude of the induced transmembrane
voltage (TMYV) depends proportionally on the cell size when
microsecond pulses are applied. Recently, we proposed that
the problem of fusing differently sized cells could be overcome
by simply reducing the pulse duration to nanoseconds (ns).
Namely, during ns pulse exposure the TMV depends less on
the cell size and more on the electric properties of the cells and
the surrounding medium. To further investigate the possibility
of fusing cells with ns pulses, we constructed a finite element
model of equally and differently sized cells in contact, mimick-
ing their arrangement during electrofusion. We calculated the
time course of TMV for fusion media with two different con-
ductivities (6. = 0.01 and 0.1 S/m), which are widely used in
existing electrofusion protocols. Our results demonstrate that
ns pulses provide the possibility to selectively electroporate the
contact areas between cells (i.e. the target areas for electrofu-
sion), regardless of the size of fusion partner cells, and for a
relatively wide range of pulse durations. In medium with
o.=0.01 S/m, selective contact area electroporation can be
achieved with pulses of up to few microsecond duration, whe-
reas in medium with o0.,=0.1S/m, shorter pulses
with duration below few hundred nanoseconds need to be
applied. Electrofusion by means of ns pulses could, therefore,
provide a method for improving fusion efficiency in cases
where cells of different size need to be fused, such as in hybri-
doma technology for monoclonal antibody production.
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I. INTRODUCTION

When a cell is exposed to an electric pulse, charges build
on both sides of the cell membrane causing an increase in
the transmembrane voltage (TMV). If TMV reaches a suffi-
ciently high value (~1 V), structural rearrangement of the
membrane lipid bilayer occurs (a phenomenon termed elec-
troporation), which leads to substantial increase in the
membrane permeability [1]. In the highly permeable, elec-
troporated state, cell membranes are also fusogenic; pro-
vided that electroporated cells are in close contact, they can

be fused [2]. Such method of cell fusion is known as elec-
trofusion and is for example used in hybridoma technology
for monoclonal antibody production [3] and in
immunotherapy for production of cell vaccines [4]. In con-
trast to other fusion methods, no viral or chemical additives
are required.

Conventionally, electrofusion is performed with 10—
100 pus duration pulses, which ensures that cell membranes
become fully charged during the exposure. Under such
conditions, the magnitude of TMV (and consequently the
extent of electroporation) is proportional to the cell size.
This presents a challenge for fusing cells, which considera-
ble differ in size, since large cells may not recover from
application of electrical pulses required for electroporation
of small cells. Ultimately, this leads to extremely low fusion
yields. One typical example is hybridoma technology where
small B lymphocytes are fused with large myeloma cells to
form antibody-producing hybridoma cell lines [5].

Recently, a numerical study by Pucihar and Miklav¢i¢
suggested that the problem of fusing differently sized cells
could be overcome by using shorter, nanosecond (ns) pulses
[6]. Namely, in the nanosecond range, cell membranes
are still in the charging phase and their TMV depends
less on the cell size. Indeed, experiments on different cell
lines demonstrated that cell size and shape play little role in
electroporation with ns pulses [7].

In this paper we further investigate the possibility of fus-
ing cells with ns pulses by performing calculations of TMV
on a numerical model of two equally and differently sized
cells in contact, during exposure to electric pulses. Since
TMV in the nanosecond range significantly depends on the
extracellular medium conductivity, we performed calcula-
tions for media with conductivities of 0.01 S/m and 0.1 S/m,
which correspond to conductivities of fusion media widely
used in existing electrofusion protocols [2,3,5]. Our results
reveal important advantages of fusing cells with ns pulses,
specifically in a low conductive medium (e.g. 0.01 S/m).

1. METHODS

Two-dimensional axisymmetric finite element model of
cells in contact, mimicking the arrangement of cells during
electrofusion, was constructed in Comsol Multiphysics 4.3
(Comsol, Burlington, MA, USA). Two spherical cells with
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either equal or different radii were placed in a rectangle
representing the extracellular medium (Fig. 1). Cell nuclei
were also included in the model, since during ns pulse ex-
posure high electric field is also present in the cell interior
and could potentially affect larger cell organelles [8].

The cells were exposed to electric field by assigning an
electric potential to two opposite sides of the rectangle. The
right side was grounded, whereas the left side was excited
by a Heaviside function (Comsol functions flc/hs) with 1 ns
rise time. Other boundary conditions are indicated in Fig. 1.

Electric potential in each subdomain of the model (extra-
cellular medium, cytoplasm, nucleoplasm) was determined
by equation:

—V(O'Z.VV)—V@=O, (1

where o; and ¢; denote the conductivity and dielectric per-
mittivity of a given subdomain, respectively. Membranes
were included in the model by assigning a current density J
through boundaries, representing the membranes [9]:
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Here, n is the unit vector normal to the boundary surface,
V'is the electric potential on the interior side of the boun-
dary, V. is the potential on the exterior side of the boun-
dary, and o, &,, d,, are the membrane conductivity, mem-
brane dielectric permittivity, and membrane thickness,
respectively. The TMV was then determined as the differ-
ence between electric potentials on each side of the boun-
dary. The values of the model parameters are given in Table
1.

Segments of cell membranes, that formed the contact
areas between cells, were assigned a thickness of two lipid
membranes, as they account for part of the membrane of the
left cell and part of the membrane of the right cell. We as-
sumed that the TMV distributes equally between both
membranes and that twice the TMV is required for electro-
poration of the contact area. For this reason, we present only
half of the TMV calculated over the entire contact area in
Fig. 2. The nuclear envelope was considered in the same
way, as it consists of two lipid membranes.

1. RESULTS AND DISCUSSION

The model was used to calculate the time course of TMV
on cells in contact after the onset of exposure to an external
electric field. The TMV is presented for a time window
ranging from 1 ns to 100 ps. Since the magnitude of TMV
correlates with the extent of membrane electroporation,
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Fig. 1 Model of two cells in contact, exposed to electric field. (a) Two
equally sized cells with radii of 9 um. (b) Two differently sized cells with
radii of 9 um and 3 um. The magnitude of the electric field was determined
as the voltage difference between the left and the right side of the rectangle
(the electrodes), divided by the electrode distance. The direction of the
electric field is indicated with an arrow.

Table 1 Parameters of the model

Parameter Symbol Value

Cell radius R. 9um, 3 pm?
Nuclear radius R, 7.6 um, 2.5 um *
Extracellular medium conductivity O, 0.01 S/m, 0.1 S/m
Extracellular medium permittivity Ee 80 &
Cytoplasmic conductivity [ 0.25 S/m
Cytoplasmic permittivity Ep 70 &

Cell membrane thickness dem 5 nm

Cell membrane conductivity Oem 5-107S/m

Cell membrane permittivity Eem 4.5 ¢
Nucleoplasmic conductivity Oy 0.5 S/m
Nucleoplasmic permittivity Emp 70 &

Nuclear envelope thickness e 10 nm

Nuclear envelope conductivity One 1-10*S/m
Nuclear envelope permittivity Ene 7 &

Vacuum permittivity & 8.85:10"? F/m
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$Chosen to cover the size range of myeloma cells and B lymphocytes.
Nucleus occupies 60% of the cytoplasmic volume, as considered typical for lympho-
cyte cells [10].

this approach can be used to identify “primary targets” for
electroporation with respect to the pulse duration. For ex-
ample, if the highest TMV at time 100 ns is established on
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Fig. 2 Calculations of TMV on membranes of two equally sized cells with radii of 9 um (a—c) and two differently sized cells with radii of 9 um and 3 um
(d—f) after the onset of exposure to an electric field of 1 kV/cm. (a,d) TMV along cell membranes at times 100 ns, 1 ps, and 100 ps, in medium with conduc-
tivity 0.01 S/m. The contact areas are marked with vertical lines. (b,c) Calculated time courses of the absolute value of TMV on the pole of the left cell
(black solid line), the point in the middle of the contact area (black dotted line) and the nuclear poles (grey solid line). The TMV on the nucleus was taken as
the maximum TMV on either nuclear pole. These points are indicated by arrows under the image of the cell model. Calculations were performed for differ-
ent extracellular medium conductivities, which are indicated in the top of graphs. (e,f) Calculated time courses of the absolute value of TMV on the pole of
the large cell (black solid line), the pole of the small cell (black dashed line), the point in the middle of the contact area (black dotted line), the pole of the
larger nucleus (grey solid line), and the pole of the smaller nucleus (grey dashed line). Calculations were performed in the same way as in (b,c).

the contact area between cells, this area can be selectively
electroporated by applying a 100 ns pulse.

Results in Figs. 2a—c were obtained for a model of two
equally sized cells with radii of 9 um. Fig. 2a shows an
example of the spatial distribution of TMV along the cell
membranes, starting from the pole of the left cell and end-
ing at the pole of the right cell, at times 100 ns, 1 us, and
100 ps. The vertical dotted lines mark the contact area. The
TMV on both cells is symmetrical (as cells are equal in
size), and reaches the highest value either on the cell poles
or on the contact area. The TMV along the nuclear mem-
branes is not shown, but has a similar spatial distribution;
the nuclear TMV is always the highest on the nuclear poles
(the points where the membrane normal is parallel to the
direction of the electric field).

Figs. 2b and ¢ show the time course of the absolute value
of TMV on the cell pole (black solid line), the point in the
middle of the contact area (black dotted line), and the high-
est TMV on the nuclear poles (gray solid line). Note that the
time is presented on a logarithmic scale as this allows one to
study the TMV in the nanosecond and microsecond range
simultaneously. Calculations were performed for media
with two different conductivities (c.); 0.01 and 0.1 S/m. In
medium with 6, =0.01 S/m (Fig. 2b) the TMV on the con-
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tact area exceeds the TMV on the cell pole during the first
4 ps. In medium with o, = 0.1 S/m (Fig. 2c¢) the TMV on the
contact area still exceeds the TMV on the cell pole, howev-
er, to a lesser extent and for a shorter period of time (up to
300 ns). The TMV on the nucleus remains below the TMV
on the contact area for the entire time considered.

Figs. 2d—f show similar calculations as Figs. 2a—c, how-
ever, they were performed for two differently sized cells
with radii of 9 pym and 3 pm. Fig. 2d demonstrates that the
TMV, which establishes in the steady state (100 ps), is
considerably higher on the large cell than on the small
cell and also on the contact area. This indicates the difficul-
ty of fusing differently sized cells with “classical” microse-
conds pulses; namely, applying pulses that would result in
electroporation of the contact area, would at the same time
cause extensive electroporation and possibly death of the
large cell.

Figs. 2e and f present the time course of TMV on the
pole of the large cell (black solid line), pole of the small cell
(black dashed line), point in the middle of the contact area
(black dotted line), larger nucleus (grey solid line), and
smaller nucleus (grey dashed line). In medium with
6. =0.01 S/m the TMV on the contact area again exceeds
the TMV on all other membranes for the first 1.5 ps of the
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exposure. The TMVs on both cell poles are quite similar
for times below 1 us; however, the TMV on the large cell
afterwards substantially increases above the TMV on the
small cell and also above the TMV on the contact area. In
medium with o, = 0.1 S/m, the TMV on the contact area
similarly exceeds the TMV on other membranes, but for a
shorter time (only up to 100 ns).

The above results suggest that for a certain range of pulse
durations selective electroporation of the contact areas be-
tween cells (i.e. the target areas for electrofusion) could be
achieved. Most importantly, selective contact electropora-
tion could be achieved regardless of the size of fusion part-
ner cells. This presents the possibility for effectively fusing
cells of different size without causing any damage to either
large or small cells, since it is not expected that other mem-
brane areas (apart from the contact area) would electropo-
rate at all.

The range of pulse durations for which selective electro-
poration can be observed depends, however, on the extracel-
lular medium conductivity. Our calculations demonstrate
that by using medium with o, = 0.01 S/m, selective contact
electroporation could be achieved with pulses of up to few
us duration, whereas by using medium with c.=0.1 S/m,
pulses would have to be approximately ten times shorter,
i.e. on the order of 100 ns.

The conductivity of the extracellular medium significant-
ly affects membrane charging dynamics, whereas its influ-
ence on the TMV becomes less important at steady state
(when TMV reaches a constant value). In medium with
lower conductivity, the charging of the cell membrane be-
comes slower. This can be used to explain why the TMV on
the contact area exceeds the TMV on other membranes
during the membrane charging process. The contact area is
surrounded from both sides by relatively highly conductive
cytoplasm (0.25 S/m), whereas the rest of the membrane is
surrounded from one side with low conductive extracellular
medium (0.01 or 0.1 S/m). Higher conductivity of the cy-
toplasm, therefore, causes charging of the contact area at a
faster rate. This effect becomes more pronounced when the
difference between the cytoplasmic and the extracellular
conductivity is very large, i.e. in the case of medium with
o.=0.01 S/m.

In summary, our study demonstrates significant advan-
tage of fusing cells with ns pulses, especially when fusion
partner cells considerably differ in size. In contrast to con-
ventionally used microseconds pulses, which primarily
target large cells, nanosecond pulses provide the possibility
to electroporate the contact areas between cells only. The
conductivity of the fusion medium plays an important role
in electrofusion with ns pulses, since it determines the range
of pulse durations for which selective electroporation can be
observed. In this aspect, using fusion medium with very low
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conductivity (0.01 S/m) could be potentially advantageous.
In such medium, selective contact electroporation could be
achieved even with pulses of up to few microseconds dura-
tion. Using longer pulses may additionally increase
the possibility for successful fusion after electroporation,
since both theoretical and experimental evidence suggest
that the fusion process may already be initiated during the
pulse [2], [11].

ACKNOWLEDGMENT

This work was supported by Slovenian Research Agency
(ARRS). Research was conducted within the scope of the
European Associated Laboratory for Pulsed Electric Field
Applications in Biology and Medicine (LEA EBAM).

REFERENCES

1. Kotnik T, Pucihar G, Miklav¢i¢ D (2010) Induced transmembrane
voltage and its correlation with electroporation-mediated molecular
transport. ] Membr Biol 236:3-13

2. Usaj M, Flisar K, Miklav¢i¢ D et al. (2013) Electrofusion of B16-F1
and CHO cells: the comparison of the pulse first and contact first
protocols. Bioelectrochemistry 89:34—41

3. Yu X, McGraw PA, House FS et al. (2008) An optimized electrofu-
sion-based protocol for generating virus-specific human monoclonal
antibodies. ] Immunol Methods 336:142-151

4. Guo W, Guo Y, Tang S et al. (2008) Dendritic cell-Ewing’s sarcoma
cell hybrids enhance antitumor immunity. Clin Orthop 466: 2176-2183

5. Schmitt JJ, Zimmermann U, Neil GA (1989) Efficient generation of
stable antibody forming hybridoma cells by electrofusion. Hybridoma
8:107-115

6. Pucihar G, Miklav¢i¢ D (2011) A numerical approach to investigate
electrofusion of cells of different sizes, IFBME Proc. vol. 37,
Budapest, Hungary, 2011, pp 1326-1329

7. Bowman AM, Nesin OM, Pakhomova ON et al. (2010) Analysis of
plasma membrane integrity by fluorescent detection of TI" uptake.
J Membr Biol 236:15-26

8. Joshi RP, Schoenbach KH (2010) Bioelectric effects of intense ultra-
short pulses. Crit Rev Biomed Eng 38:255-304

9. Pucihar G, Kotnik T, Vali¢ B et al. (2006) Numerical determination
of transmembrane voltage induced on irregularly shaped cells. Ann
Biomed Eng 34:642—652

10. Polevaya Y, Ermolina I, Schlesinger M et al. (1999) Time domain di-
electric spectroscopy study of human cells. II. Normal and
malignant white blood cells. Biochim Biophys Acta 1419:257-271

11. Sugar IP, Forster W, Neumann E (1987) Model of cell electrofusion.
Membrane electroporation, pore coalescence and percolation. Bio-
phys Chem 26:321-335

Author: Lea Rems

Institute: University of Ljubljana, Faculty of Electrical Engineering
Street:  Trzaska 25

City: SI-1000 Ljubljana

Country: Slovenia

Email:  lea.rems@fe.uni-lj.si




	Induced Transmembrane Voltage during Cell ElectrofusionUsing Nanosecond Electric Pulses
	I. INTRODUCTION
	II. METHODS
	III. RESULTS AND DISCUSSION
	REFERENCES




