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Abstract

Traditionally, microsecond pulsed electric field was widely used in cell electrofusion technol-
ogy. However, it was difficult to fuse the cells with different sizes. Because the effect of elec-
troporation based on microsecond pulses was greatly influenced by cell sizes. It had been
reported that the differences between cell sizes can be ignored when cells were exposed to
nanosecond pulses. However, pores induced by those short nanosecond pulses tended to
be very small (0.9 nm) and the pores were more easy to recover. In this work, a finite ele-
ment method was used to simulate the distribution, radius and density of the pores. The
innovative idea of “cell electrofusion based on nanosecond/microsecond pulses” was pro-
posed in order to combine the advantages of nanosecond pulses and microsecond pulses.
The model consisted of two contact cells with different sizes. Three kinds of pulsed electric
fields were made up of two 100-ns, 10-kV/cm pulses; two 10-ps, 1-kV/cm pulses; and a
sequence of a 100-ns, 10-kV/cm pulse, followed by a 10-ys, 1-kV/cm pulse. Some obvious
advantageous can be found when nanosecond/microsecond pulses were considered. The
pore radius was large enough (70nm) and density was high (5x10"®m) in the cell junction
area. Moreover, pores in the non-contact area of the cell membrane were small (1-10 nm)
and sparse (10°-10'?m™). Areas where the transmembrane voltage was higher than 1V
were only concentrated in the cell junction. The transmembrane voltage of other areas were
at most 0.6V when we tested the rest of the cell membrane. Cell fusion efficiency can be
improved remarkably because electroporation was concentrated in the cell contact area.

Introduction

Cell fusion was defined as the process of combining two or more cells to form a combined cell.
This process can occur naturally or be induced through biological, physical, or chemical
means [1-5]. Cell fusion was a core technology of biological preparation (such as monoclonal
antibody production)——Immune responses were induced in mice, after mice were injected
with specific antigen proteins. The murine myeloma cells were fused with B lymphocytes and
screened by a specific selection medium. On this medium, the unfused cells and the fusion of
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homologous cells will die. Only the fused hybrid cells can grow up normally. Finally, hybrid-
oma cells were cultured in vitro or injected into the abdominal cavity of mice, so that a large
number of monoclonal antibodies could be extracted from cell culture medium or mouse
ascites.

According to the basic theory of electroporation, the transmembrane voltage (TMV) can be
expressed as U, = AY = 1.5aE,cos0(1 — e */*) where a was the cell radius, E, was the electric
field, and 0 was the angle between the electric field direction and the specified point. Accord-
ing to the formula of transmembrane potential, the TMV was positively correlated with the
cell radius [6]. Under the same electric field condition, the TMV of large cells was higher than
that of small ones. In other words, with the increasing of the electric field, the large cells will be
electroporated prior to small cells [7-11].

Many simulations and experimental studies had shown that large numbers of nanoscale
electroporation can be created on the cell membrane by using nanosecond pulses [12-20].
Electroporation degree was not affected by cell size when nanosecond pulses were used [21].
However, under the condition of nanosecond pulses, the pore sizes were small (1~10nm).
Electroporation will recover rapidly before cell fusion occurred, owing to the small size of
pores [22-26].

In this paper, a novel view of “cell electrofusion based on nano/microsecond-pulse” was
studied through simulation. This method combined the advantages of nanosecond pulse about
cell size insensitivity and the ability of microsecond pulse concerning pores expansion and
maintenance. Small pores of 0.7-1nm were created in the contact area of the cell membrane by
using nanosecond pulse (100 ns). Then the ps pulse (10 ps) was applied to increase the size of
the small pores to 50-70 nm and maintain the opening time of the pores. The schematic dia-
gram of the nano/microsecond pulsed electrofusion was shown in Fig 1.

Tiny hole
Tiny hole . enlargement
Tiny hole Vi Tiny hole

Nanosecond pulse .
microsecond pulse

No hole Supra electroporation Expanded hole

Fig 1. Schematic diagram of cell fusion using a sequential nanosecond/microsecond electric field pulse combination. 100-ns-long strong field pulse induced many
tiny pores in the cell membrane, particularly in the junction region. After a brief delay, fusion process was followed by a low-field 10-microsecond pulse, which enlarged
the pores.

https://doi.org/10.1371/journal.pone.0197167.9001
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Methods

To represent cell fusion in the production of monoclonal antibodies, cells of different sizes
were simulated.

Two different sizes cells contacted with each other was established in COMSOL 5.2a soft-
ware. The contact region was perpendicular to the electric field lines. The cell model was
placed in a 200-pm-long, 100-pm-wide rectangle. The left boundary was high potential and
the right boundary was ground. As illustrated in Fig 2B, length of the contact area was set to
2 um (two dimensional model). In the figure, the large cell represented a myeloma cell with a
7.75-um cell radius and a 6.54-um nuclear radius. The small cell was the B lymphocyte with a
3.35-um cell radius and a 3.25-um nuclear radius. The extracellular region represented cell cul-
ture medium. The Electric Currents Interface of COMSOL was used to solve the transient cur-
rents and field distribution in the model domain of Fig 2B. The left boundary potentials shown
in Fig 2A were input voltage. The average field strengths were 10 kV/cm for the two-100ns
pulses, and 1 kV/cm for the two-10ps pulses. For the combined pulses, fields were 10 kV/cm
for 100 ns followed by 1 kV/cm-10ps. The formula with equal dose was used in this paper.

Dose = E:’:] V2 x Tn[V?s].[27], where V,, was the voltage of the nth pulse, T, was the dura-
tion of the nth pulse, and N was the total number of pulses. Fig 2A showed the pulse waveform
diagram.

200Vx200Vx100nsx2=20Vx20V x10usx2=200Vx200Vx100nsx1+20Vx20V x10usx1=8000
[Vus]

The electric field distribution was set up throughout the model region. To determine the
field distribution inside the cells, electrodynamical equations of the cells must be solved.
Assuming that the potential at any point on the spherical cell membrane was v, according to
the electromagnetic field theory, the potential inside and outside the cell membrane obeyed
the formula.

=0 (1)

~V(0,9¥) - e,V (‘9(V‘I’))

ot

In Eq (1), o; represented the conductivity of the given location (including intracellular
media, membrane, and external media), £, was the permittivity of the vacuum, £, was the rela-
tive dielectric constant, t was time, and V was the spatial gradient operator. The Ay (TMV)

—
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Fig 2. (a) Modeled electrical pulse shapes, magnitudes, and pulse width. (b) Geometry of the simulation. The two cells
were contacted to each other in a rectangular 200-pum-long by 100-um-wide frame. The inset was magnifying part of
the cell junction area.

https://doi.org/10.1371/journal.pone.0197167.9002
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was the difference between the membrane’s internal and external voltage

AY =W (1) — W, (1) (2)

The subscript i stood for internal and o stood for external. Under the action of the electric
field, electroporation of a membrane can be described as the formation of hydrophilic micro-
pores in lipid bilayers. Under certain electric field conditions, with the pore density increasing,
membrane conductivity and permeability would be increased. The formation of the pores pro-
vided new channels for transmembrane current. The transmembrane current density can be
expressed by Jgp. The overall transmembrane current density can be expressed as

jioy = T80 B OBY) ®)

m m

where 0,0 was the conductivity of an unelectroporated membrane and d,,, was the membrane
thickness. De Bruin and Krassowska [28] proposed the formula for Jzp:

]EP(t) = iEP(t)N(t) (4)
. A
igp(t) = A‘Papnrig (5)
em —1
A= 6
evm (w0 m _py, ) . (WOeWU+”Vm +nvm) ( )
Wo— NV, wotnvy,

0, was the conductivity of the solution inside the pores, r,, was the pore radius, igp was the cur-
rent flowing through a single pore, and N was the pore density. v, = AY = (F/RT), where F
was the Faraday constant, R was the gas constant, and T was the absolute temperature, all these
parameters were shown in Table 1. The dynamic change of the pore density N was Smolu-
chowsky equation [29]:

2 2
an) () (| N ()
at N,

(7)

N(t) indicated pore density on the membrane, N was the equilibrium pore density, and , q
and V., were constants (whose specific values were in Table 1). V., determined the TMV
threshold AW . The relationship between V,, and A was given in [30]. In most studies,
AY was between 500 and 1000 mV. In this work, A¥_ = 1000 mV (V,, = 258 mV) was
selected.

Put Eq (5), (6), (7) into Eq (4), get (8)

Jut) = 0, () 4 e SR ®

The size of the membrane conductivity o,,, was related to the degree of pores. As the mem-
brane was electroporated, both its permeability and conductivity would change. The conduc-
tivity was

7,(t) = o, +N(t)o,nr A 9)

From Eq (3), 0,,,¢ represented the initial value of conductivity (5x10~” S/m). Therefore, the
total conductivity o,,, was obtained by the sum of its dynamic conductivities. The above
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Table 1. Model parameters.

Parameter Symbol Value

cell membrane thickness diem 5nm [28]

Equilibrium pore density No 1.5x10°/m* [28]

characteristic voltage of electroporation Vep 258mV [28]

energy barrier within pore Wo 2.65 [28]

relative entrance length of pore n 0.15 [28]

Large cell radius I, 7.75um [31]

Large nuclear radius I'n 6.54um [31]

Small cell radius T'er 3.85um [31]

Small nuclear radius I'n2 3.25um [31]

Extracellular fluid conductivity g, 0.01S/m [31]

Faraday’s constant F 9.65x10* C/mol [32]

gas constant R 8314 J/Kmol [32]

absolute temperature T 295 K [32]

Cytoplasmic conductivity o, 0.25 S/m [33]

Cytoplasmic permittivity £, 70 [33]

Nucleoplasmic conductivity o, 0.5S/m [34]

Cell membrane conductivity G o 5x1077 $/m [35]

Cell membrane permittivity €, om 4.5 [35]

Nuclear membrane conductivity O, 1x107* S/m [36]

Extracellular medium permittivity £, 80 [37]

Nuclear membrane permittivity £, 7 [38]

minimum radius of hydrophilic pores rr 0.51nm [39]
Nucleoplasmic permittivity £, 70 Set equal to €,

formula reflected the relationship between the dynamic change of the membrane conductivity
and the TMV and pore density. N(t) was the pore density, o, was the conductivity of the solu-
tion inside the pore, and r, was pore radius. The pore radius dynamics [30] were given by

dr; D( AY’E,,

rAtl
kT )+4ﬁ<7) ;—2n/+2naeﬂrr) (10)

1+r/(r+r,

It had been reported that the lower the cell culture medium conductivity was, the better
the fusion effect would be. Some reports had changed the extracellular fluid conductivity to
0.001 S/m to control the effect of cell fusion [40]. In practice, there was a non-ignorable flaw
in this method. When the extracellular solution conductivity was too small, the volume of
cell would change, likely resulting in loss of cell vitality even cell death. Therefore, conduc-
tivity of 0.01S/m was selected in our simulation, which was commonly used in cell fusion
experiments. The efficacy of electroporation on cell fusion was judged by two criteria. First,
larger size pores should be concentrated at the cell junction, with few or none pores in other
areas of the membrane. Second, the pore density should be high enough at the cell junction,
and low elsewhere.

Based on the above two standards, the cell membrane pore radius, pore density, and TMV
were simulated. The effects of the three different pulse forms described in Fig 2A were
compared.
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Results

I. Cell electroporation radius

The model with three different pulses were simulated respectively, according to the cell model
in Fig 2B [31]. Each of the pulse shapes was showed in Fig 2A. The distributions of pore radius
along the cell membranes were shown in Fig 3A-3C. The color bar of Fig 3A-3C indicated
numerical value of pore radius. The pore size induced by nanosecond pulses in Fig 3A was
much smaller than the other two results (Fig 3B and 3C).

From Figs 3A, 3D and 4B, the pore radii along the surface of the cell membrane were almost
in the same level (0.9nm) by only applying the nanosecond pulses. This result substantiated
the viewpoint that effects under nanosecond pulses were insensitive to cell size, which was of
benefit to fusing the cells with different sizes. However, pores produced by nanosecond pulses
were around 0.9 nm, and it was difficult for DNA and other macromolecules to pass through
these channels.

The study [22] found that only nanometer-size pores could be created by nanosecond
pulses, and the size of pores were small which were apt to recover easily. Identical conclusions
can be obtained by using multi cell dielectric simulation based on Gowrishankar’s Transport
Lattice Model [41-43].

By using microsecond pulses, distribution of the pore radius was showed in Figs 3B, 3D
and 4C. The pores at cell junction area were large (nearly 180 nm), but large size pores had
also been found in other parts of the cell membrane. 70-110 nm pores could be found near the
poles of large cells and 45° point. Besides, pores at the large cell pole (100~110nm) were much
larger than the small cell pole (10~20nm), which supported the point that the degree of electro-
poration was related to size of cells when applied microsecond pulses. Additionally, percentage
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Fig 3. Distribution of pore radius along the two-cell membrane. (a) Results of the nanosecond pulses, (b) the
microsecond pulses, and (c) the nanosecond/microsecond pulses. (d) Graphical overlay of the results of the three
pulses.

https://doi.org/10.1371/journal.pone.0197167.9003
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Fig 4. Time evolution of the pore radius at three locations selected along the two-cell membrane was shown. In
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represented the small cell pole. (b) Results of the nanosecond pulses, (c) the microsecond pulses, and (d) the combined
nanosecond/microsecond pulses.

https://doi.org/10.1371/journal.pone.0197167.9004

of pores which were above 20-nm radius accounted for 50%. Such a severe electroporation
rate of membrane would result in a high mortality before the cells were fused.

By using nanosecond/microsecond pulses, a large number of pores can be created, which
can be enlarged during the longer us pulse. The distributions of cell membrane pore radius
were showed in Figs 3C, 3D and 4D. Large pores were mainly located in the junction areas.
The pore radius was about 60-70nm, which was large enough to promote cell fusion. Outside
the area, pore radius remained small (1-10nm), which can be regarded as no obvious
electroporation.

In Fig 3D, the pore radii, along the cell membrane applied by three kinds of pulses, were
compared. The cell junction area was labelled by a pair of dashed vertical lines. The red curve
represented the result for the nanosecond pulses. Although pores were mainly concentrated in
the contact area, the average value of pore radius was extremely small, around 0.9 nm. The
black curve stood for the microsecond pulses. The green curve showed the result of the nano-
second/microsecond pulses. All the large pores (60~70nm) were concentrated in the cell junc-
tion area.

Time evolution of the pore radius was shown in Fig 4, and three locations were selected
along the two-cell membrane.

II. Analysis of pore density

It was not sufficient to evaluate the efficiency of cell electrofusion merely through the pore
radius results. Small pore density may exist in the cell membrane accompanied with large
radius pores. Alternatively, areas with small pore radius may possess of large density of pores.
Both of these cases were not conducive to cell fusion. Therefore, the pore density was supposed
to be studied. The distribution of pore density along the cell membranes was showed in Fig 5,
and the time evolutions of pore density at the poles and junction center were expressed in Fig
6. Research Report [29,31,36,44] indicated that electroporation occurred when the pore den-
sity increased of four order of magnitude with respect to the initial value. 1.5x10°/m* was cho-
sen as the initial value of the pore density, so the value of pore density which was higher than
10" m™* can be regarded as pore density threshold of electroporation.
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pore densities along the surface of the two cell membranes. The dashed gray lines indicate the cell contact area.

https://doi.org/10.1371/journal.pone.0197167.9g005

Results of nanosecond pulses were shown in Figs 5A, 5D and 6A. Pores were concentrated
in the cell junctions, in where pore density was about 1x10'> m™. However, the value nearly
remained unchanged (10°m™), when considering the region outside the two-cell contact area.

Pore density induced by microsecond pulses was given in Figs 5B, 5D and 6B. In the cell
junction area, the pore density reached 6x10'’m™. Moreover, the value of the two cell poles
was also extremely large, around 3x10"°m . By using microsecond pulses, the trend that large
area electroporation was created on cells was consistent with the experimental results of Dami-
jan Miklav¢ic et al [31].
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Fig 6. Nanosecond pulse results were shown in (a), the microsecond pulse in (b), and the pulse combination in (c).
The dashed purple line represented a pore density of 10" m™.

https://doi.org/10.1371/journal.pone.0197167.9006

PLOS ONE | https://doi.org/10.1371/journal.pone.0197167 May 24,

2018

8/14


https://doi.org/10.1371/journal.pone.0197167.g005
https://doi.org/10.1371/journal.pone.0197167.g006
https://doi.org/10.1371/journal.pone.0197167

o ®
@ : PLOS | ONE Cell fusion based on ns/us pulsed electric fields

By using the nanosecond/microsecond pulses, Figs 5C, 5D and 6C showed that the density
in the contact area can reach 5x10"* m™. Other regions of the membrane perimeter such as
the equator, poles, and 45° point, reached only 10°~10"* m™?, which can be considered as no
obvious electroporation. As shown in Fig 6C, the pore density changing with time evolution
had a two-step character, the first stage: after nsPEF, pore density rose rapidly. Before usPEF
stimulation, the pore density remained unchanged. The second stage: after usPEF stimulation,
pore density continued to rise.——Nanosecond pulse created pores and microsecond
expanded the pores.

III. Transmembrane voltage analysis of the cell membrane

After the boundary of a phospholipid bilayer membrane was charged, the TMV will form on
the surface of the cell membrane. When the TMV reached a certain threshold (typically
around 1V), many nanometer sized pores would be created on the cell membrane. At this
point, the conductivity of the cell membrane would suddenly increase by several orders of
magnitude. With the pore density changing, the membrane conductivity would eventually
affect the TMV. Fig 7A showed the simulation area of TMV along the surface of the cell mem-
brane. In Fig 7B, the solid gray line represented the TMV threshold (1V), and the dotted gray
lines denoted the cell junction area. It can be regarded as electroporation if the TMV exceeded
1V, otherwise it was considered as no obvious electroporation. Results of the microsecond
pulse showed that TMV of both large cell pole and contact area were above 1V. However,
when the nanosecond pulse was applied, the TMV can reach only about 0.85-1V in the junc-
tion. The TMV of the connected area was higher than the threshold 1V and it was lower than
0.6V elsewhere by using the nanosecond/microsecond pulses.

Discussion

The purpose of this simulation was to propose and demonstrate a novel conjecture of cell elec-
trofusion method based on composite pulses. Small pores in the cell junction area can be cre-
ated by nanosecond pulses. Then the microsecond pulse was applied to enlarge the radius of
pores which were located in the cell junction area. According to the literature [27, 45], high
field intensity pulse (nanosecond pulses) were mainly contributed to increasing the number of
pores, but less contributed to enlarging the pore radius. However, wide pulse width pulse
(microsecond pulses) were mainly contributed to enlarging the pores, but less contributed to
increasing the pore density. The nanosecond pulse took advantages of the cell-size-insensitiv-
ity, and microsecond pulse possessed of the superiority about enlargement of the pores. So we
wanted to know whether we can combine nanosecond pulses with microsecond pulses and
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Fig 7. (a) represented the TMV simulation region. In 7(b), the red, black, and the green curves represented the TMV
under the nanosecond pulse, the microsecond pulse, and the nanosecond/microsecond pulse combination
respectively.

https://doi.org/10.1371/journal.pone.0197167.9007
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make use of the advantages of these two pulses. Therefore simulations were built to verify our
conjecture. Some research reports could verify our simulation. Through molecular dynamics
simulation, Hu et al. [12-14] found that the nanoscale micropores of cell membrane can be
produced by using nsPEF of the field intensity 100kV/cm and the pulse width 10ns. By using
field strength 40kV/cm, pulse width 10ns PEF, Silve et al. [15] found: pores can be created by
nsPEF, but the size of the micropores was too small to allow the large molecules to pass. The
dye molecule can not enter into the cell through the cell membrane as well. In other words,
nsPEF can actually produce a large number of tiny pores on the surface of the cell membrane.

Damijan Miklav¢ic et al [31] had proven cell fusion could be realized by nsPEF. However,
in his report, the fusion efficiency was low (8.4%). It was because the size of the pore on the
surface of the cell membrane produced by nsPEF was too small (nanoscale micropores), so
that the procedure of cell fusion was prevented.

Simulation results of Damijan Miklav¢i¢ et al [31] showed that the rate of cell fusion was in
the low level because of obvious difference in cell size when applying psPEF. Recently, Profes-
sor Richard Heller of Old Domonion University in the United States found [46]: After cells
were simulated with 32kV/cm, pulse width 60ns, repetition rate 1Hz nsPEF and then simu-
lated with 800V/cm, pulse width 5ms millisecond pulsed, and gene transfection efficiency can
be significantly improved compare with efficiency under high voltage nsPEF electric field.
However, the effect of improving efficiency can not be achieved if the order of the low voltage
pulse electric field and high voltage pulse electric field was exchanged. Significant difference in
gene transfection between ns/us and ps/ns proved our point— nsPEF can create a large num-
ber of nanoscale pores on the cell membrane, and the pore radius of the cell membrane can be
enlarged and maintained by psPEF [47]. At the same time, by using pulsed electric field to
exterminate bacteria, Zgalin et al [48] found sterilizing effect under field strength 80kV/cm,
pulse width 10ns PEF was not good. However, sterilizing effect can be significantly increased,
when combining ns PEF with us PEF. According to the above study, we fully believed ns/ys
can control the size of pores by proper selection of pulse parameters.

According to Damijan Miklav¢ic et al [31], range of nanosecond pulse electrofusion param-
eters: pulse length 100~200ns, number of pulses 1~20, electric field amplitude 5~10kV/cm.
Pulse length 100ns, amplitude 10kV/cm was selected in this simulation. Parameters of micro-
second electrofusion commonly used in the production of monoclonal antibodies: pulse length
10~40us, number of pulses: 1~2, electric field amplitude: 1~3kV/cm. Pulse length 10pus, ampli-
tude 1kV/cm was selected in this simulation, in order to save simulation time.

Electroporation was affected by cell size under microsecond pulse. Hence, as for different
size cells fusion, when the same electric field was applied, the TMV of the large cell membrane
was higher than the TMV of the small cell. In other words, the large cell may have died when
the small cell was electroporated. This would lead to low efficiency when only using microsec-
ond pulses to produce monoclonal antibodies.

The way by using 100-nanosecond pulses avoided this problem. The charging time constant
of the cell membrane was © = aC, (1/0, 4+ 1/0,), where a was the cell radius, C,, was the
membrane capacitance, and o, and o; were the conductivities of the intracellular fluid and
extracellular fluids respectively. According to Fig 8, the charge time constant of the cell mem-
brane can be calculated.

According to charging time constant of the cell membrane, we can figure out t of pole of
large cell, contact area and pole of small cell were 8.06ps, 0.46ys, 4.006us respectively. The time
constant of contact area was small (0.46ps far less than the time constant of cell poles), which
explained why the number of pores in contact area was much higher than poles of cell by using
nanosecond pulse. But if nanoscale pulse with a high field strength was used, there would
cause another problem——The pores created by ns pulse were too small to fuse. Nanosecond
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pulses were mainly contributed to increasing the number of pores, however, microsecond
pulses were mainly contributed to enlarging the pores. Therefore when using nanoscale/
microsecond pulse, nanoscale pores on the cell membrane were created by nanoscale pulse,
and then the pores could be enlarged by using low field strength microsecond pulse.

When the nanosecond/microsecond pulse was applied, the TMV was below the threshold
of TMV (1V) along most of the cell perimeter, while the nanometer-scale pores were generated
in the junction area. Studies had shown that using a lower voltage for sufficient time would
increase electroporation efficiency [49]. With appropriately selecting field strengths and pulse
delay to promote pore growth in the junction area, we can control the size of the pores in the
contact area to enhance cell fusion efficiency.

In order to verify this conjecture, In the future, we would have a lot of experiments to verify
our simulation.

Conclusion

Based on the complementary advantages of nanosecond and microsecond pulses in electropo-
ration, a novel idea of nanosecond/microsecond composite pulses to induce cell electrofusion
was proposed. Numerical simulations results about cell fusion were showed in this work.

A large number of pores can be generated at the cell junctions (10'°m™) by using 100-nano-
second pulses, but the size of pores were too small (around 0.9nm). This was not conducive to
cell fusion, because macromolecules such as DNA was difficult to pass through nanoscale
micropores.

Many pores (6x10'* m2) with large radius (180 nm) can be created in the cell contact area
by using microsecond pulses. However, the pore density (3x10"> m™*) and pore radius (110
nm) were also extremely high when we simulated the non-contact area of two cells. This phe-
nomenon may lead to excessive mortality by microsecond pulses.

Pores, pore density 5x10"> m™ and pore radius 60-70 nm, were created in the contact area
of the cells by using the nanosecond/microsecond pulses. What’s more, there was no obvious
electroporation elsewhere along the two cell membranes. The nanosecond/microsecond com-
posite pulses technique not only retained advantages of the nanosecond pulse in the cell-size-
insensitivity, but also made use of the ability of microsecond pulses in expansion of pores. This
method can greatly improve the efficiency of cell electrofusion, and provide an effective means
to carry out cell fusion.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197167 May 24,2018 11/14


https://doi.org/10.1371/journal.pone.0197167.g008
https://doi.org/10.1371/journal.pone.0197167

@° PLOS | ONE

Cell fusion based on ns/us pulsed electric fields

Acknowledgments

We thank the reviewers of this work for their valuable contributions.
Financial Support: Project supported by the National Natural Science Foundation of China
(51677017)

Author Contributions

Conceptualization: Chengxiang Li, Qiang Ke.

Data curation: Chenguo Yao, Yanpeng Lv.

Formal analysis: Qiang Ke, Cheng Yao.

Funding acquisition: Chengxiang Li.

Investigation: Chengxiang Li, Qiang Ke, Yanpeng Lv.
Methodology: Chengxiang Li.

Project administration: Chengxiang Li.

Resources: Chengxiang Li.

Software: Qiang Ke, Hongmei Liu, Cheng Yao.
Supervision: Chengxiang Li.

Validation: Qiang Ke, Yan Mi, Hongmei Liu.
Writing - original draft: Chengxiang Li, Qiang Ke.
Writing - review & editing: Chengxiang Li, Qiang Ke.

References
1.  LuoLX. (2003) Cell fusion technology and Application [M]. Beijing: Chemical Industry Press.

2. Katja T, Marko U, & Damijan M (2010). Cell electrofusion visualized with fluorescence microscopy.
Journal of Visualized Experiments Jove (41), e1991-e1991.

3. ChangD.C, HuntJ. R, Zheng Q, Gao P. Q, Chang D. C, & Chassy B. M, et al. (1992). Electroporation
and electrofusion using a pulsed radio-frequency electric field. Plant Physiology, 99(2), 365-367

4. Zimmermann U, Bichner KH, Arnold WM. (1984) Electrofusion of cells: Recent developments and rele-
vance for evolution [M]. In Allen M J, Usherwood P N R(eds.) Charge and Field Effects in Biosystems,
Abacus Press, 293-318.

5. Zimmermann U, Vienken J, Pilwat G, & Arnold W. M (1984). Electro-fusion of cells: principles and
potential for the future. Ciba Found Symp, 103(12), 60-85.

6. Krassowska W, & Filev P (2007). Modeling electroporation in a single cell. Biophysical Journal, 92(2),
404. https://doi.org/10.1529/biophysj. 106.094235 PMID: 17056739

7. Trontelj, Katja. (2010) Cell fusion in vitro by means of electropermeabilization, PhD thesis.University of
Ljubljana

8. Sixou S, & Teissia J (1990). Specific electropermeabilization of leucocytes in a blood sample and appli-
cation to large volumes of cells. Biochimica Et Biophysica Acta, 1028(2), 154—160. PMID: 2223789

9. YuX,Mcgraw P. A, House F. S, & Jr, J. E. C. (2008). An optimized electrofusion-based protocol for gen-
erating virus-specific human monoclonal antibodies. Journal of Immunological Methods, 336(2), 142.
https://doi.org/10.1016/j.jim.2008.04.008 PMID: 18514220

10. Usaj M, Trontelj K, Miklav¢i¢ D, & Kanduser M (2010). Cell—cell electrofusion: optimization of electric
field amplitude and hypotonic treatment for mouse melanoma (b16-f1) and chinese hamster ovary (cho)
cells. Journal of Membrane Biology, 236(1), 107—116. https://doi.org/10.1007/s00232-010-9272-3
PMID: 20628737

11. Kato M, Sasamori E, Chiba T, & Hanyu Y (2011). Cell activation by cpg odn leads to improved electrofu-
sion in hybridoma production. Journal of Immunological Methods, 373(1-2), 102—110. https://doi.org/
10.1016/}.jim.2011.08.008 PMID: 21878337

PLOS ONE | https://doi.org/10.1371/journal.pone.0197167 May 24,2018 12/14


https://doi.org/10.1529/biophysj.106.094235
http://www.ncbi.nlm.nih.gov/pubmed/17056739
http://www.ncbi.nlm.nih.gov/pubmed/2223789
https://doi.org/10.1016/j.jim.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18514220
https://doi.org/10.1007/s00232-010-9272-3
http://www.ncbi.nlm.nih.gov/pubmed/20628737
https://doi.org/10.1016/j.jim.2011.08.008
https://doi.org/10.1016/j.jim.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21878337
https://doi.org/10.1371/journal.pone.0197167

@° PLOS | ONE

Cell fusion based on ns/us pulsed electric fields

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hu Q, Viswanadham S, Joshi R. P, Schoenbach K. H, Beebe S. J, & Blackmore P. F (2005). Simula-
tions of transient membrane behavior in cells subjected to a high-intensity ultrashort electric pulse.
Physical Review E Statistical Nonlinear & Soft Matter Physics, 71(1), 031914.

Delemotte L, & Tarek M (2012). Molecular dynamics simulations of lipid membrane electroporation.
Journal of Membrane Biology, 245(9), 531-543. https://doi.org/10.1007/s00232-012-9434-6 PMID:
22644388

Deminsky M, Eletskii A, Kniznik A, Odinokov A, Pentkovskii V, & Potapkin B (2013). Molecular dynamic
simulation of transmembrane pore growth. Journal of Membrane Biology, 246(11), 821-831. https:/
doi.org/10.1007/s00232-013-9552-9 PMID: 23660813

Silve A, Leray |, & Mir L. M (2012). Demonstration of cell membrane permeabilization to medium-sized
molecules caused by a single 10 ns electric pulse. Bioelectrochemistry, 87(10), 260—264.

Pakhomov A. G, Bowman A. M, Ibey B. L, Andre F. M, Pakhomova O. N, & Schoenbach K. H (2009).
Lipid nanopores can form a stable, ion channel-like conduction pathway in cell membrane. Biochemical
& Biophysical Research Communications, 385(2), 181—186.

Pakhomov A. G, Kolb J. F, White J. A, Joshi R. P, Xiao S, & Schoenbach K. H (2007). Long-lasting
plasma membrane permeabilization in mammalian cells by nanosecond pulsed electric field (nspef).
Bioelectromagnetics, 28(8), 655—-663. https://doi.org/10.1002/bem.20354 PMID: 17654532

Scarlett S. S, White J. A, Blackmore P. F, Schoenbach K. H, & Kolb J. F (2009). Regulation of intra-
cellular calcium concentration by nanosecond pulsed electric fields. Biochimica et Biophysica Acta
(BBA)—Biomembranes, 1788(5), 1168-1175.

Batista N. T, Wu Y. H, Gundersen M. A, Miklav¢i¢ D, & Vernier P. T (2012). Nanosecond electric pulses
cause mitochondrial membrane permeabilization in jurkat cells. Bioelectromagnetics, 33(3), 257-64.
https://doi.org/10.1002/bem.20707 PMID: 21953203

Chopinet L, Batistanapotnik T, Montigny A, Rebersek M, Teissié J, & Rols M. P, et al. (2013). Nanosec-
ond electric pulse effects on gene expression. Journal of Membrane Biology, 246(11), 851-859. https://
doi.org/10.1007/s00232-013-9579-y PMID: 23831956

Rems L, Usaj M, Kandu$er M, Rebersek M, Miklav¢i¢ D, & Pucihar G (2013). Cell electrofusion using
nanosecond electric pulses. Scientific Reports, 3(6162), 3382.

Vernier P. T, Sun 'Y, Marcu L, Salemi S, Craft C. M, & Gundersen M. A (2003). Calcium bursts induced
by nanosecond electric pulses. Biochem.biophys.res.commun, 310(2), 286-95. PMID: 14521908

Weaver J. C (2002). Understanding conditions for which biological effects of nonionizing electromag-
netic fields can be expected. Bioelectrochemistry, 56(1-2), 207—209. PMID: 12009476

Zimmermann V, Scheurich P. (1981) The cell fusion of method with electro-mechanical fusion [J].
Planta, 151: 26-32. https://doi.org/10.1007/BF00384233 PMID: 24301666

Teissie J, & Rols M. P (1986). Fusion of mammalian cells in culture is obtained by creating the contact
between cells after their electropermeabilization. Biochemical & Biophysical Research Communica-
tions, 140(1), 258.

Schnettler R, & Zimmermann U (1985). Influence of the composition of the fusion medium on the yield
of electrofused yeast hybrids. Fems Microbiology Letters, 27(2), 195-198.

YaoC, LvY,DongS, ZhaoY, & Liu H (2017). Irreversible electroporation ablation area enhanced by
synergistic high- and low-voltage pulses. Plos One, 12(3), e0173181. https://doi.org/10.1371/journal.
pone.0173181 PMID: 28253331

Debruin K. A., & Krassowska W. (1999). Modeling electroporation in a single cell. i. effects of field
strength and rest potential. Biophysical Journal, 77(3), 1213-24. https://doi.org/10.1016/S0006-3495
(99)76973-0 PMID: 10465736

Joshi R. P., Hu Q., & Schoenbach K. H. (2004). Modeling studies of cell response to ultrashort, high-
intensity electric fields-implications for intracellular manipulation. Plasma Science IEEE Transactions
on, 32(4), 1677—1686.

Krassowska W., & Filev P. (2007). Modeling electroporation in a single cell. Biophysical Journal, 92(2),
404. https://doi.org/10.1529/biophysj. 106.094235 PMID: 17056739

Rems L., Usaj M., Kandu$er M., Rebersek M., Miklav¢i¢ D., & Pucihar G. (2013). Cell electrofusion
using nanosecond electric pulses. Scientific Reports, 3(6162), 3382.

Pucihar G., Miklavcic D., & Kotnik T. (2009). A time-dependent numerical model of transmembrane volt-
age inducement and electroporation of irregularly shaped cells. IEEE Transactions on Biomedical Engi-
neering, 56(5), 1491-1501. https://doi.org/10.1109/TBME.2009.2014244 PMID: 19203876
Sukhorukov V. L., Reuss R., Endter J. M., Fehrmann S., Katsen-Globa A., & GeBner P., et al. (2006). A

biophysical approach to the optimisation of dendritic-tumour cell electrofusion. Biochemical & Biophysi-
cal Research Communications, 346(3), 829.

PLOS ONE | https://doi.org/10.1371/journal.pone.0197167 May 24,2018 13/14


https://doi.org/10.1007/s00232-012-9434-6
http://www.ncbi.nlm.nih.gov/pubmed/22644388
https://doi.org/10.1007/s00232-013-9552-9
https://doi.org/10.1007/s00232-013-9552-9
http://www.ncbi.nlm.nih.gov/pubmed/23660813
https://doi.org/10.1002/bem.20354
http://www.ncbi.nlm.nih.gov/pubmed/17654532
https://doi.org/10.1002/bem.20707
http://www.ncbi.nlm.nih.gov/pubmed/21953203
https://doi.org/10.1007/s00232-013-9579-y
https://doi.org/10.1007/s00232-013-9579-y
http://www.ncbi.nlm.nih.gov/pubmed/23831956
http://www.ncbi.nlm.nih.gov/pubmed/14521908
http://www.ncbi.nlm.nih.gov/pubmed/12009476
https://doi.org/10.1007/BF00384233
http://www.ncbi.nlm.nih.gov/pubmed/24301666
https://doi.org/10.1371/journal.pone.0173181
https://doi.org/10.1371/journal.pone.0173181
http://www.ncbi.nlm.nih.gov/pubmed/28253331
https://doi.org/10.1016/S0006-3495(99)76973-0
https://doi.org/10.1016/S0006-3495(99)76973-0
http://www.ncbi.nlm.nih.gov/pubmed/10465736
https://doi.org/10.1529/biophysj.106.094235
http://www.ncbi.nlm.nih.gov/pubmed/17056739
https://doi.org/10.1109/TBME.2009.2014244
http://www.ncbi.nlm.nih.gov/pubmed/19203876
https://doi.org/10.1371/journal.pone.0197167

@° PLOS | ONE

Cell fusion based on ns/us pulsed electric fields

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Garner A. L., Chen G., Chen N., Sridhara V., Kolb J. F., & Swanson R. J., et al. (2007). Ultrashort elec-
tric pulse induced changes in cellular dielectric properties. Biochemical & Biophysical Research Com-
munications, 362(1), 139—144.

Kiesel M., Reuss R., Endter J., Zimmermann D., Zimmermann H., & Shirakashi R., et al. (2006). Swell-
ing-activated pathways in human t-lymphocytes studied by cell volumetry and electrorotation. Biophysi-
cal Journal, 90(12), 4720—4729. https://doi.org/10.1529/biophysj.105.078725 PMID: 16565059

Mazzanti M., Bustamante J. O., & Oberleithner H. (2000). Electrical dimension of the nuclear envelope.
Physiological Reviews, 81(1), 1.

Gowrishankar T. R., Esser A. T., Vasilkoski Z., Smith K. C., & Weaver J. C. (2006). Microdosimetry for
conventional and supra-electroporation in cells with organelles. Biochemical & Biophysical Research
Communications, 341(4), 1266-76.

Asami K., Takahashi Y., & Takashima S. (1989). Dielectric properties of mouse lymphocytes and eryth-
rocytes. Biochimica Et Biophysica Acta, 1010(1), 49-55. PMID: 2909250

Glaser R. W., Leikin S. L., Chernomordik L. V., Pastushenko V. F., & Sokirko A. |. (1988). Reversible
electrical breakdown of lipid bilayers: formation and evolution of pores. Biochimica Et Biophysica Acta,
940(2), 275. PMID: 2453213

LiuL., Zheng M., Zhang J., Na L., & Liu Q. H. (2016). The influence of vesicle shape and medium con-
ductivity on possible electrofusion under a pulsed electric field. Plos One, 11(7), e0158739. https://doi.
org/10.1371/journal.pone.0158739 PMID: 27391692

Gowrishankar T. R., & Weaver J. C. (2006). Electrical behavior and pore accumulation in a multicellular
model for conventional and supra-electroporation. Biochemical & Biophysical Research Communica-
tions, 349(2), 643.

Gowrishankar T. R., & Weaver J. C. (2003). An approach to electrical modeling of single and multiple
cells. Proceedings of the National Academy of Sciences of the United States of America, 100(6), 3203.
https://doi.org/10.1073/pnas.0636434100 PMID: 12626744

Esser A. T., Smith K. C., Gowrishankar T. R., & Weaver J. C. (2009). Towards solid tumor treatment by
nanosecond pulsed electric fields. Technol Cancer Res Treat, 8(4), 289-306. https://doi.org/10.1177/
153303460900800406 PMID: 19645522

Lamberti P., Tucci V., Romeo S., Sannino A., Scarfi M. R., & Zeni O. (2013). Nspef-induced effects on
cell membranes: use of electrophysical model to optimize experimental design. IEEE Transactions on
Dielectrics & Electrical Insulation, 20(4), 1231-1238. https://doi.org/10.1103/PhysRevE.86.011912

Yao C., LiuH.,Zhao Y.,MiY.,Dong S., & Lv Y. (2017). Analysis of dynamic processes in single-cell
electroporation and their effects on parameter selection based on the finite-element model. IEEE Trans-
actions on Plasma Science, PP (99), 1—12.

Guo S., Jackson D. L., Burcus N. I., Chen Y. J., Xiao S., & Heller R. (2014). Gene electrotransfer
enhanced by nanosecond pulsed electric fields. Molecular Therapy—Methods & Clinical Development,
1, 14043.

Pakhomov A. G., Gianulis E., Vernier P. T., Semenov |., Xiao S., & Pakhomova O. N. (2015). Multiple
nanosecond electric pulses increase the number but not the size of long-lived nanopores in the cell
membrane. Biochim Biophys Acta, 1848(4), 958—966. https://doi.org/10.1016/j.bbamem.2014.12.026
PMID: 25585279

Zgalin MK, Hodzi¢ D, Rebersek e.M, Kanduser .M. (2012). Combination of microsecond and nanosec-
ond pulsed electric field treatments for inactivation of escherichia coli in water samples. Journal of Mem-
brane Biology, 245(10), 643—650. https://doi.org/10.1007/s00232-012-9481-z PMID: 22864453

Fukuda T., Kishi K., Ohnishi Y., & Shibata A. (1987). Bipotential cell differentiation of ku-812: evidence
of a hybrid cell line that differentiates into basophils and macrophage-like cells. Blood, 70(3), 612—619.
PMID: 3304457

PLOS ONE | https://doi.org/10.1371/journal.pone.0197167 May 24,2018 14/14


https://doi.org/10.1529/biophysj.105.078725
http://www.ncbi.nlm.nih.gov/pubmed/16565059
http://www.ncbi.nlm.nih.gov/pubmed/2909250
http://www.ncbi.nlm.nih.gov/pubmed/2453213
https://doi.org/10.1371/journal.pone.0158739
https://doi.org/10.1371/journal.pone.0158739
http://www.ncbi.nlm.nih.gov/pubmed/27391692
https://doi.org/10.1073/pnas.0636434100
http://www.ncbi.nlm.nih.gov/pubmed/12626744
https://doi.org/10.1177/153303460900800406
https://doi.org/10.1177/153303460900800406
http://www.ncbi.nlm.nih.gov/pubmed/19645522
https://doi.org/10.1103/PhysRevE.86.011912
https://doi.org/10.1016/j.bbamem.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25585279
https://doi.org/10.1007/s00232-012-9481-z
http://www.ncbi.nlm.nih.gov/pubmed/22864453
http://www.ncbi.nlm.nih.gov/pubmed/3304457
https://doi.org/10.1371/journal.pone.0197167

