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METHOD -OF ELECTROPORATION USING
BIPOLAR OSCILLATING ELECTRIC FIELDS
Technical Field
The present invention relates to the field of
5 poration and fusion of biological cells. More
particularly, the present invention relates to a method
of electroporation and fusion which utilizes high
frequency bipolar oscillating electric fields to

permeabilize biological cells.
10 Background Art

Electric field induced permeabilization of cell
membranes is an important technique for gene transfection
and cell hydridization. Mechanistic studies of this
process revealed that the uptake of fluorescent indicator

15 by plant protoplasts occurs predominantly on the
hemisphere facing the positive electrode, while in
erythrocyte ghosts the probes exit through the hemisphere
facing the negative electrode. To reconcile these
observations symmetrical pore formation and a mechanism

20 of molecular exchange by electroosmosis has been
proposed.

Transfection of cells by DNA for studies of
gene expression and regulation has been by far the major
application of the electro-permeabilization technique.

25 Since the demonstration of the uptake of a
plasmid DNA containing the thymidine kinase gene and
subsequent expression of the gene in cultured mouse
fibroblast cells by electro-permeabilization (Newmann et
al, EMBOJ., 1, 841-845 (1982) and Wong et al, Biochem.

30 Biophys. Res. Commun., 107, 584-587 (1982), numerous
other works have reported similar success (using
different genes) in other mammalian, bacterial, yeast and
plant cells. In recent vears, however, attention has

focused on improving and optimizing the transfection
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efficiency by manipulating one or several experimental
parameters. Typical parameters reported to have improved
the efficiency of transfection in some cell types include
lowering of the temperature during and after the electric

5 pulse, use of linearized plasmids, adjustments of the
ionic strength of the pulsing medium, addition of carrier
DNA, use of actively growing cells, and post-pulse
chemical treatment. While some of these optimization
techniques have resulted in considerable improvements in

10 the cell 1lines used, others have, nevertheless, been
shown to have either no or the opposite effect when used
on other cell types.

Electric field of sufficient magnitude and
duration has been shown to create transient pores in

15 cellular membranes. This method has been widely used for
introducing DNAs, allosteric effectors, antibodies and
other macromolecules into 1living cells either by
molecular exchange between intra and extracellular media
or by cell to cell fusion. In many instances, these

20 field methods have proved to be superior to the more
conventional methods of chemical or viral-induced cell
transfection and fusion. Some studies further suggest
that electric fields could be used to modulate the
activities of membrane enzymes in transducing biological

25 signal and energy.

Besides the various parameters mentioned above,
manipulation of the electrical variables (i.e., field
strength, pulse width, frequency, waveform) to improve
gene transfections have not, as yet, been fully

30 exploited. 1In a recent report along these lines, a d.c.
shifted RF (radio frequency) a.c. pulse was shown to be
more efficient than a d.c. square pulse of similar
amplitude and duration (Chang, Biophys. J., 56, 641-652

SUBSTITUTE SHEET



WO 92/06185 ‘ PCT/US91/06884

(1989) .
The present invention is an improvement over

prior electro-permeabilizations which allows for a number
of advantages over prior methods.

5 Disclosure of the Invention
It is accordingly one object of the present

invention to provide an improved method of
electroporation and fusion of biological particles.

Another object of the present invention is to

10 provide a method of electroporation which increases cell
survival and transfection efficiency.

A further object of the present invention is to
provide a method of electroporation and fusion which
utilizes bipolar oscillating electric fields having

15 square bipolar waveform, or other bipolar periodic
waveforms.

A still further object of the present invention
is to provide a method of electroporation and fusion
which permeabilizes cell membranes symmetrically.

20 According to the present invention there is
provided a method of causing poration of biological
particles, comprising the steps of:

positioning a plurality of biological particles
between electrodes; and

25 applying a bipolar oscillating electric field
of sufficient strength to the plurality of biological
particles to cause poration, wherein the bipolar
oscillating electric field is either a square bipolar
waveform, or other bipolar periodic waveform.

30 The present invention further provides a method
of causing poration of biological particles, comprising
the steps of:

positioning a plurality of biological particles
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between electrodes; and

subjecting the plurality of biological
particles to an electric field having a sufficient
strength to cause fusion of at least a portion of the

5 cells.
Brief Description of Drawings

The present invention will be described in
reference to the annexed drawings which are given by way
of non-limiting examples only, in which:

10 Figure la is a block diagram illustrating an
electro-permeabilization apparatus according to one
embodiment of the present invention. Fig. la shows the
connections arranged to produce bipolar pulses.

Figure 1b shows oscilloscope traces of the

15 different waveforms used in the present study.

Figure 2 shows results of a typical electro-
permeabilization experiment of adherent cells on a
culture dish.

Figure 3 shows reversible electro-

20 permeabilization of cells utilizing different wave forms
including the preferred waveform of the present
invention.

Figure 4 shows the relationship between
transfection efficiency and percent survival for various

25 waveforms including the preferred waveform of the present
invention.

Figure 5 shows selected videoframes of electro-
permeabilized cells subjected to electric field of
various waveforms according to the present invention.

30 Best Mode for Carrving out the Invention

The electroporation method of the present
invention involves applying a bipolar oscillating
electric field of sufficient strength to biological
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particles including cells in suspension and cells

attached in a cell culture to cause poration of the

particles. The bipolar oscillating electric field is

unique in that it can easily permeabilize cells at
5 multiple positions and retain high survivability.

As discovered during the course of the present
invention the bipolar cscillating electric field may have
a frequency of about 10 kHz to about 1000 kHz. However,
a frequency of about 10 kHz to about 250 kHz is

10 preferred, with afrequency of about 10 kHz to about 100
kHz being more preferred, and a frequency of about 60 kHz
being most preferred for present applications.

The strength of the bipolar oscillating
electric field may be between about 0.8 kV/cm to about

15 12.5 kV/cm, with a strength of about 2.2 kV/cm being
preferred for present applications.

The square bipolar waveform may have a peak-to-
peak amplitude of up to 5kV and a pulse duration of about
50 ns to about 10ms, with a preferred pulse duration

20 being about 400 usec.

The electroporation method of the present
invention has been found to be particularly advantageous
in that the optimum transfection efficiency is obtained
at a relatively high cell survival when utilizing a

25 bipolar oscillating electric field having a square
bipolar waveform. Cell survival is increased probably
because the cell membranes are not polarized for extended
periods of time and hence are not susceptible to
irreversible damage. Transfection efficiency is

30 increased because it has been discovered that when
utilizing a bipolar oscillating electric field having a
square bipolar waveform poration occurs symmetrically at
the two hemispheres of the cells which face the
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electrodes.

Most biological membranes in vivo maintain a
resting membrane potential difference which may range
from about -30 to -180 mV. An applied field causes an
induced membrane potential which adds vectorially to
this. Because the lipid bilayer is several orders of
magnitude less conductive than the agqueous medium, ions
of opposite signs accumulate at the interior and exterior
surfaces. Consequently, an applied field is greatly
magnified (with the magnification proportional to the
radius of the cell) within the membrane. For an
oscillating electric field, the frequency dependence of
the induced membrane potential is given by’

3/2 R E
vm

cos(0) (1)

JQ + (2nft)2

where T is the relaxation time, f the frequency of the
applied field, R the radius of the cell, E the electric
field strength, and 8 is the angle between the field
direction and any point on the cell membrane. For d.c.
fields, f=0 so that the denominator of eq.(l) is reduced
to 1.

If the total imposed membrane potential (i.e.,
that due to the field coupled to the resting potential)
reaches some critical value, electrical breakdown occurs
and it becomes permeable to otherwise impermeable ions
and molecules. Equation (1) shows that the maximum
electrical effect would be at the twe pcles cf the cell
membrane facing the electrodes (i.e., cos(®) = 1 for 6

= 0, and -1 for & = ). In the course of the present
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invention it was discovered that membrane breakdown is
essentially asymmetric with unipolar a.c. or single d.c.
electric fields and that symmetrical permeabilization
occurs only with bipolar a.c. fields. This discovery
5 indicates that the resting membrane potential may play a
role in electro-permeabilization of the cell membrane and
electroosmosis is not the dominant mechanism in the
cellular uptake of molecules in electroporation. In
addition, taking the advantages of bipolar a.c. fields,
10 it has been shown that one can obtain a significant
improvement in the efficiency of DNA transfection using

a bipolar a.c. field electroporation technique.
For the purposes of the present invention an
electric pulse apparatus capable of producing several
15 types of waveforms with frequencies up to 1MHz was
developed. The block diagram of the instrument arranged
to deliver bipolar oscillating electric pulses is shown

in Fig. 1la. '

The electric pulses were produced by serially
20 gating several square wave generators as follows: The
total on-time of the bipolar a.c. burst is controlled by
a single square pulse generator (HP-8011A) of variable
pulse duration (amplitude 5V) whose output gates the
pulse frequency generator (Wavetek 183) equipped with a
25 frequency dial adjustable from d.c. to 1MHz. The rising
edge of each incoming single square pulse from the pulse
frequency generator (amplitude 10V) triggers the high
power positive pulse generator (amplitude 10V) triggers
the high power positive pulse generator (Cober 606P).
30 The amplitude and duration of the pulse from the Cober is
independently adjustable from 0 to +2.5 kV, and 50 ns to
10ms, respectively (for both unipolar and bipolar a.c.
pulses, however, the period is limited by the repetition
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rate selected on the pulse frequency generator). The
falling edge of a synchronous 10V square pulse from the
Cober is then allowed to trigger the second high power
pulse generator (Cober 606P) with similar adjustable
output (but with amplitude of 0 to -2.5kV). Combination
of these pulses finally produces the desired bipolar
waveform of peak-to-peak amplitude of up to S5kV. The
maximum delay in the trigger mechanism between the two
high power generators is less than 0.5us. The magnitude
of the electric pulses were measured across the
electrodes with a 1000:1 probe (Tektronix P6015) and
monitored on a storage oscilloscope (Tektronix 77043).

Single square pulses of either polarity were
produced by disabling the pulse frequency generator and
one of the high power pulse generators. Similarly,
unipolar oscillating pulses could be obtained by
disabling any one of the high power generators depending
on the polarity desired. Typical examples of the
waveforms obtained with the present instrument measured
across a 500 Ohm load resistor are shown in Fig. 1b.

The electrodes for the instrument were
constructed out of 50mm long stainless steel and were
held fixed on a Kel-F support in grooves with a
separation of either 1 or 2mm. A culture dish containing
cells grown in monolayer or suspended in droplets was
placed on a platform which could be moved vertically to
make contact with the electrodes. In addition,
horizontal movement of the platform allows for up to
twelve experiments (using 2mm electrode separation) to be
performed on the same culture dish (8cm diameter).

Another cell holding chamber was constructed
using a pair of stainless steel electrodes sandwiched
between two microscope slides (electrode separation
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0.75mm) with a capacity to hold 25ul of cell suspension.
The chamber was mounted on a ZEISS (ICM405) inverted low
light fluorescence microscope. The increase in
fluorescence intensity, monitored at 610nm (excited at

5 520), that results from the binding of ethidium bromide
(Sigma) to cytosolic DNA or RNA was used as indicator of
electro-permeabilization. Real time images of these
events were acquired with an image intensifier
(Videoscope International, KS-1381) attached to a CCD

10 camera (COHU, 4815) and recorded on a videotape (Sony,
VO-5600) . The time resolution of the videoscope
recordings was 33ms. The recorded images were later
transferred to a digital disk recorder (Panasonic,
TQ2028F) and analyzed with a digital image processor

15 (Recognition concepts, 55/48Q) using the RTIPS software
library from TAU Inc. Some of the video images in the
time series were then displayed on a color monitor and
photographed by transferring to a freeze frame recorder
(Polaroid Corp.) ,

20 In experiments conducted during the course of
the present invention to investigate electric field
effects, wild type NIH3T3 cells were grown to
approximately 50-70% confluency in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% calf serum at

25 37° in a 87% humidified, 5% CO? incubator (Forma).
Adherent cells were removed from the culture dish with
0.25% trypsin solution and washed three times with a
pulsing buffer which consisted of 250mM sucrose, 10mM
phosphate, 1mM MgCl,, pH 7.2. The number of harvested

30 cells was determined in at least three readings using a
hemocytometer chamber and the concentration was adjusted
by appropriate dilutions to be 10° cells/ml. Cells were
kept at ice-cold temperature just prior to both DNA
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transfection and permeabilization experiments (using
ethidium bromide). For experiments performed on cells
adherent to the culture dish, the growth medium was
substituted with 4ml of cold pulsing buffer. The
viability of cells suspended in the pulsing buffer was
not altered for up to two hours.

The circular plasmid DNA, pSV2-neo, (~8kb) was
kept frozen prior to use. Powdered antibiotic G-418
sulfate was obtained from GIBCO. Its specific activity
was 516.7ug per mg of powdered compound. A stock
solution of selection media was prepared by first
dissolving the antibiotic in serum free media which was
then filtered using 0.2 micron filter. The filtered
solution was later supplemented with 10% calf serum. The
final concentration of G-418 was 400ug of active
antibiotic per ml of medium.

All transfection experiments described herein
were performed typically within about 20 minutes of
freshly harvested cells. Appropriate volume of the
plasmid DNA (1ug/ni) was added to a suspension of cells
(10° cells/ml) in the pulsing buffer to give a final
concentration of 1loupl/ml of plasmid DNA. In other
experiments, 1, 5, and 20ug DNA per ml were used to test
the dependence of transfection efficiency on DNA
concentration. All solutions were thoroughly mixed and
allowed to stand on ice for 10 minutes before electric
pulse application.

An aliquot of the homogeneous cell suspension
(100ul) was carefully placed as a thin strip on an empty
culture dish mounted on the movable platform (see Fig.
la). After proper alignment, the platform was moved
vertically towards the fixed parallel electrodes and upon
contact the strip of cell suspension was evenly
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distributed between the electrodes (separation 2mm)

through capillary action. The electrodes were sterilized

with absolute alcohol and blow dried prior to each use.

After application of the electric pulse of

5 desired amplitude and duration, the platform was gently

jowered and the culture dish was immediately removed,

covered, and placed on ice-water temperature for 25-30

minutes. Cells were then diluted with 5ml of growth

medium on the same culture dish and distributed in a 96-

10 well flat bed chamber (Costar) at 10° cells per well and

kept in the incubator for 6-8 hours. After this

incubation period, the medium was aspirated off and

replaced with selection medium at 100ul per well. Every

2 days the selection medium was replaced with fresh

15 medium and after 14 days the number of G-418 resistant
colonies was counted in each well.

Permeabilized sites on the membrane were

identified using the increase in fluorescence intensity

resulting from the binding of ethidium bromide to

20 cytosolic DNA/RNA as described earlier. The
concentration of ethidium bromide ranged from 0.01% to
1%. Further studies on field induced transient

permeabilization were performed in the course of the

present invention using adherent cells grown in monolayer

25 on a culture dish. The reversibility of the

permeabilization was monitored using trypan blue stain

(GIBCO, final concentration = 0.04%) exclusion method as

a function of time. The survival of cells after the

electric pulses were assayed using trypan blue exclusion

30 and counting the number of stained cells in a

hemocytometer chamber. All counting was done at least
three times and averaged.

The relative efficiency of transfection of many
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cell types may depend on a multitude of parameters (i.e.,
temperature, form of DNA, ionic strength, etc.).
However, in most reported experiments involving
transfections, the critical parameters have generally
been the electric field strength and duration.
Therefore, comparative studies of transfection efficiency
obtainable between different waveforms were based on
these parameters.

Initial experiments focused on the electric
field strength dependence of permeabilization and its
reversibility as well as viability of cells after the
electric pulses as a function of different waveforms.

A typical representative example of electro-
permeabilization of cells grown in a culture dish as a
function of electric field is shown in Fig. 2. 1In Fig.
2 the dark stripes show cells that lay between the two
parallel electrodes that have been stained with trypan
blue. The dye was introduced 1 hour after the
termination of the electric pulse and labeling was
continued for 30 minutes after which the cells are washed
and photographed against a white backgfound. The
waveform utilized was a d.c. pulse having a pulse width
of 400us.

For qualitative identification of the
electrical parameters (e.g., critical membrane breakdown
voltage, pulse width dependence, etc.) this procedure
referred to in reference to Fig. 2 above was found to be
quick and simple with minimal disturbance to the adherent
cells prior to the electric field application. Moreover,
this procedure allows for single or multiple experiments
and the control to be performed on the same culture dish.

Utilizing the basic procedure discussed in
reference to Fig. 2 above, cell survival was examined as
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a function of electrical parameters. The results are
partially summarized in Table 1 below.
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Viability (% survival) was quantitated by
counting the percentage of cells excluding trypan blue
that was introduced 1 hour after the termination of the
electric pulses. In a separate experiment, it was found

5 that no further improvements in viability for cells
incubated for longer than 1 hour.

For all three waveforms the viability of cells
was found to decrease with increasing electric field.
Cells were, however, found to survive more in the

10 oscillating pulses than the d.c. pulse of the same peak
amplitude. For the bipolar a.c. pulse, the survivability
data shown in Table 1 corresponds to electric field
values computed from the peak-to-peak applied voltage.
If these field values are recalculated from the amplitude

15 of the half cycle, the survivability is found to be still
better than in the d.c. pulse and lower but comparable to
the unipolar a.c. pulse.

The effect of pulse width and frequency on the
survivability of cells was also examined at a fixed field

20 strength. For field strengths below about 1.6kV/cm and
a frequency of 60kHz, increasing the pulse width from
100us up to lms did not appreciably change the viability
of cells. Increasing the pulse width to S5ms and above
(field strength 1.6kV/cm), however, resulted in sharp

25 increases in cell death (Table 1).

The frequency dependence of cell viability
showed the opposite effect. At 1.6kV/cm, for example,
cells pulsed with the unipolar pulse recovered by about
20% when the frequency was raised from 60kHz to 1 MHz

30 (Table 1). Similar recovery was also obtained with the
bipolar pulse when the electric field was fixed at
2.5kV/cm. When other parameters are fairly constant,

increases in the frequency from 20kHz to 80kHz did not
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appreciably affect cell viability for the pulse width
(400us) used in the present experiments.

The transient behavior of electric field
induced permeabilization was monitored through time
course measurements. When the electric field is not
exceedingly high or the pulse width too 1long,
permeabilization of the cell membrane was found to be
reversible. This is demonstrated in Fig. 3 for the three
waveforms studied. 1In Fig. 3 cells were permeabilized
using the optimum field strength found for transfection
for each waveform shown. Pulse width: 400us.
Frequency: 60kHz. a) Bipolar a.c. field: 2.2kV/cm.
b) Unipolar a.c. field: 1.6kV/ecm. <¢) d.c. field:
1.2kvV/cm. Trypan blue was added after the electric field
application at the times shown. Permeabilized cells were
quantitated by counting the number of stained cells.

The recovery time course for both unipolar and
bipolar waveforms appeared to be similar if not
identical. They were fitted with the same exponential
function. When the two curves are extrapolated to the y-
axis, they suggest that almost 100% of the surviving
cells are permeabilized at these field strengths. The
time course for the bipolar and unipolar waveforms
extrapolation to = 110% permeabilization may indicate
that initially the recovery is proceeded with a lag time.
The data also show that maximal recovery is achieved
within 30-35 minutes.

One of the primary objectives of transfection
experiments is to obtain the optimum number of stable or
transient transformants for a given amount of plasmid
DNA. 1In most cases the availability of the plasmid is
usually limiting and comparative experiments are thus
conveniently expressed in terms of their efficiency of
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transfection which is defined as the number of
transformed cells obtainable per ug of DNA. The results
showing the dependence of the transfection efficiency as
a function of the electric field, waveform, frequency and
5 pulse width are summarized and shown in Table 1.

The optimum transfection were found at electric
field strength of 1.2, 1.6 and 2.2kV/cm for d.c.,
unipolar and bipolar pulses respectively. At these field
strengths, about 60% of the cells were viable for both

10 unipolar and bipolar pulses but only about 40% were
viable for the d.c. pulse. Under these optimal
conditions for each waveform, the transfection efficiency
with the bipolar a.c. pulse was 1.7 and 5.5 fold greater
than the unipolar and d.c. pulses respectively.

15 When the frequency (60KHz) and the pulse width
(400us) were held constant, the efficiency was found to
very low if either cell survival was above 80% or below
20% for all three waveforms. It is likely that at low
electric field strength (even though the membrane is

20 permeabilized (e.g{, at 0.8kV/cm)) the pore sizes may not
be large enough to allow passage of the plasmid thus
decreasing the efficiency. On the other hand, cell death
may be the factor for the decreased efficiency at higher
electric field strengths.

25 To ensure these comparative experiments were
not done at limiting or saturating levels of the plasmid
DNA, the transfection efficiency was tested as a function
of the plasmid concentration at a field strength of
1.6kV/cm with the frequency and pulse width set at 60KHz

30 and 400us, respectively (Table 1).

The number of transformants obtained was found
to increase linearly over a four fold range of plasmid
concentrations (5ug/ml to 20ug/ml). The efficiency,
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therefore, remained relatively constant over this
concentration range. At lpg/ml of DNA the efficiency
decreased sharply for all waveforms thus most of our
experiments were done with plasmid concentrations ranging
from 5ug/ml to 10ug/ml. The effect of cell density on
the efficiency was also examined and slight but random
variation was observed when the concentration was raised
from 1 x 10° cells/ml to 3 x 10° cells/ml.

Increases in the pulse width or frequency were
also found to affect the transfection efficiency. When
the pulse width was increased to lms, the efficiency was
only slightly lower compared to the efficiency with a
pulse width of 400us when the electric field and
frequency were fixed at 1.6kV/cm and 60KHz, respectively.
However, the efficiency dropped significantly when the
pulse width was increased to 5ms under the same
conditions. When the frequency was raised from 60KHz to
IMHz at a fixed field strength and pulse duration, the
efficiency was again found to decrease although cell
survival was found to increase.

The effectiveness of the three types of
waveforms studied here in permeabilizing the cell
membrane was examined using ethidium bromide as a
permeabilization indicator probe. In the absence of
electric field, ethidium bromide can diffuse into the
cells but only at a slow rate (typically complete
staining was observed in 20 to 30 minutes). Experiments
were thus performed within 5 minutes after the mixing of
the dye. In these experiments, distinct qualitative
differences between the bipolar and unipolar or d.c.
pulses in their ability to permeabilize the cell membrane
were discovered.

Fig. 5 depicts selected video frames of both
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the location and time course of electro-permeabilized
NIH3T3 cells subjected to various waveforms of different
amplitude and frequency. In Fig. 5 the positive
electrode is at the bottom and the negative electrode is
5 at the top of each frame displayed. The first row for
each waveform shows the prepulse image where the nucleus
is relatively bright due to the slow uptake of the
ethidium bromide during sample preparation. In
subsequent frames showing events after the pulse, the
10 prepulse image has been subtracted. The fluorescence is
color coded in increasing intensity in the following
order: blue, purple, gray, yellow, red, and white. For
each waveform displayed, time increases from top to
bottom. Pulse duration = 0.400 msec. From left to
15 right, i) Unipolar a.c. pulse: Electric field, E =
1.10kV/cm, Frequency = 250 KHz. Time series of frames:
0.528, 1.508, 2.730, 6.303, 8.745 seconds. ii) d.c,
square pulse: E = 4.95 kV/cm. Time series of frames:
0.297, 0.825, 1.419, 2.013, 8.948 seconds. iii) Bipolar
20 a.c. pulse: E = 2.25 kV/cm (peak to peak). Frequency =
250 KHz. Time series of frames: 0.132, 0.396, 0.891,
1.848, 3.267 seconds.
Although not expected from theory, the data
clearly show that the cell membrane is permeabilized at
25 either one hemisphere (that facing the positive
electrode) or asymmetrically when the applied electric
pulse is unipolar or d.c.
The left column in Fig. 5 shows results from an

unipolar a.c. field with a frequency of 250KHz and
30 electric field magnitude of 1.1kV/cm, which is near the

field strength required for membrane breakdown (about 0.8
- 1.0kV/cm). No qualitative difference was observed in

the experiments between unipolar a.c. and single d.c.

SUBSTITUTE SHEET




WO 92/06185 PCT/US91/06884

20

pulses. The data clearly show that only the hemisphere
of the cell membrane facing the positive electrode is
permeabilized.
When the applied electric field is gradually
5 increased. often by about 100 to 300V/cm, one also
observes the entry of the fluorescent probe, at a much
reduced quantity, from the hemisphere facing the negative
electrode. The additional voltage required to initiate
the second entry site can be attributed to the field
10 strength needed to overcome the resting membrane
potential, which is calculated from eq.(l) to be in the
range of -80 to -210nV.
Although the entry positions on the cell
surface remain wunchanged, the permeabilized area
15 increases with increasing electric field. For example,
when the applied electric field is greatly enhanced,
significant permeabilization 1is observed at both
hemispheres facing the electrodes. The permeabilization
however, remains asymmetric with the effect being more
20 pronounced at the site facing the positive electrode than
the other. This was demonstrated using either d.c. or
unipolar a.c. fields.
The results from a 0.400msec time window,
4.95kV/cm single d.c. field is shown in the middle column
25 of frames in Fig. 5. Under these conditions, the first
available frame after the pulse (33ms) show that the
asymmetric permeabilization occurs simultaneously on both
sides.
On the right column of frames in Fig. 5, it is
30 shown that, unlike those observed with either d.c. or
unipolar a.c. fields, the bipolar a.c. field induces
symmetric permeabilization of the cell membrane.
All experiments reported above were also
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performed using wild type Chinese Hamster Ovary (CHO)
cells and similar results were obtained.

The results reported here are consistent with
the hypothesis that the negative resting potential
interacts vectorially with the imposed electric
potential. A negative resting potential means that the
equilibrium electric field in the membrane is directed
inwards. When an external electric field is applied, the
sign of the imposed membrane potential is (+) inside and
(-) outside on the pole of the cell membrane facing the
negative electrode and the opposite is true on the other
pole facing the positive electrode. Thus, when the
applied electric field alone 1is nearly equal to or
slightly greater than that required for membrane
breakdown, the field vectors are addictive and greater
than V, at the membrane site facing the positive
electrode, while they cancel on the membrane site facing
the negative electrode and resulted with a net potential
being less than V.. Once the applied potential overcomes
this cancellation, a second permeabilized site |is
observed at the hemisphere facing the negative electrode.

The fact that ethidium bromide is able to enter
from both hemispheres at high electric fields suggests
that electrophoretic or electroosmotic mechanisms cannot
be the predominant factors since both processes are
fundamentally unidirectional.

Electro-permeabilization of cell membranes for
gene transfection is increasingly being preferred over
other chemical techniques partly because of its ease of
operation and increased yields. The present invention
provides a new and improved method of electro-
permeabilization wusing bipolar a.c. pulses. The
efficiency of transfection using the present method
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provided improvements of 1.7 and 5.5 fold over the
conventional unipolar a.c. and the d.c. square pulse

techniques, respectively under optimal conditions.
For all three waveforms studied here, the
5 electric field strength, and to a relatively lesser
extent the pulse width and frequency, were found to be
the critical factors with the greatest influence on the
transfection efficiency. When both the frequency and
pulse width were held fixed, the transfection efficiency
10 was sensitive in a narrow window of electric field
strength (about 1 to 1.6kV/cm; bipolar pulse expressed
from half height). Moreover, transfection data (60KHz
and 400us) at this critical electric field region appears
to correlate with cell survivability. This situation was

15 observed when the pulse width was increased to Sms.
Comparison of the efficiency at this survival
rates to the efficiency of those with comparable survival
rages under other conditions was markedly different.
When the survivability of cells as a function of
20 waveforms was —compared under similar electrical
parameters, d.c. pulse treated cells suffered more in
comparison to unipolar or bipolar a.c. pulses. This
could be due to the fact that with the d.c. method, the
membrane is polarized for extended period of time and
25 hence susceptible to irreversible damage. Similarly, the
increased survivability that was observed both unipolar
and bipolar pulses with increasing frequency may also be
partially explained by the same effect in addition to the
fact that the induced membrane potential responsible for

30 breakdown is inversely proportional to the frequency.

If it 1is assumed that the transfection
efficiency is proportional to the amount of plasmid DNA
introduced into the cell when comparable number of
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transfectable cells are available, then it is reasonable

to expect the bipolar a.c. pulse to be more effective

than the unipolar a.c. or d.c. method since it has been

shown that the present method permeabilizes the membrane

5 symmetrically. Together with the qualitative and

quantitative results presented in the course of the

present invention, it was concluded that permeabilization

of the membrane at multiple sites without affecting cell

viability may account for the observed improvements in

10 the transfection efficiency (i.e., the number of cells

transformed per ug of DNA used) of electro-permeabilized

NIH3T3 cells with bipolar a.c. fields compared to single
d.c. or unipolar a.c. fields or other waveforms.

Although the invention has been described with

15 reference to particular means, materials and embodiments,

from the foregoing description, one skilled in the art

can easily ascertain the essential characteristics of the

present invention and various changes and modifications

may be made to adapt the various uses and conditions

20 without departing from the spirit and scope of the

present invention as described by the claims which

follow.
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Claims

1. A method of causing poration of biological
particles, comprising the steps of:

positioning a plurality of biological particles

5 between electrodes; and

applying a bipolar oscillating electric field of
sufficient strength to said plurality of biological
particles to cause poration of said particles, said
bipolar oscillating electric field having a square

10 bipolar waveform or other bipolar periodic waveforms.

2. A method of causing poration of biological
particles according to claim 1, wherein said bipolar
oscillating electric field has a frequency of about 10
kHz to about 1000 kHz.

15 3. A method of causing poration of biological
particles according to claim 2, wherein said bipolar
oscillating electric field has a frequency of about 10
kHz to about 250 kHz.

4. A method of causing poration of bioclogical

20 particles according to claim 3, wherein said bipolar
oscillating electric field has a frequency of about 10
kHz to about 100 kHz.

5. A method of causing poration of biological
particles according to claim 4, wherein said bipolar

25 oscillating electric field has a frequency of about 60
kHz.

6. A method of causing poration of biological
particles according to claim 1, wherein said square
bipolar waveform has a peak-to-peak amplitude of up to

30 5kvV.

7. A method of causing poration of biological
particles according to claim 1, wherein the strength of
said bipolar oscillating electric field is about 0.8
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kV/cm to about 12.5 kV/cm.

8. A method of causing poration of biological
particles according to claim 7, wherein the strength of
said bipolar oscillating electric field is about 2.2

5 kvV/cnm.

9. A method of causing poration of biological
particles according to claim 1, wherein the pulse
duration of said square bipolar waveform is about 50 ns
to about 10 ms.

10 10. A method of causing poration of biological
particles according to claim 9, wherein the pulse
duration of said square bipolar waveform is about 400
usec.

11. A method of causing poration of biological

15 particles according to claim 1, wherein said biological
particles are biological cells suspended in solution.

12. A method of causing poration of biological
particles according to claim 11, wherein said biological
particles are biological cells attached in a cell

20 culture.

13. A method of causing poration of biological
particles, comprising the steps of:

positioning a plurality of biological particles
between electrodes; and

25 subjecting said plurality of biological particles to
an electric field having a sufficient strength to cause
poration of at least a portion of said cells at two
hemispheres which face the electrodes.

14. A method of causing poration of biological

30 particles according to claim 13, wherein said poration of
at least a portion of said cells at two hemispheres which
face the electrodes is symmetrical.
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15. A method of causing poration of biological
particles according to claim 13, wherein said electric
field comprises a bipolar oscillating electric field
having a square bipolar waveform or other bipolar

5 periodic waveforms.

16. A method of causing poration of biological
particles according to claim 15, wherein said bipolar
oscillating electric field has a frequency of about 10
kHz to about 100 kHz, a strength of about 1.2kV/cm to

10 about 3.0 kV/cm and a pulse width of about 200 usec to
about 400 usec.

17. A method of ciausing poration of biological
particles according to claim 16, wherein said bipolar
oscillating electric field has a frequency of about 60

15 KkHz, a strength of about 1.2 kV/cm to about 3.0 kV/cm,
and a pulse width of about 400 usec.

18. A method of causing poration of biological
particles according to claim 13, wherein said biological
particles are biological cells suspended in solution.

20 19. A method of causing poration of biological
particles according to claim 13, wherein said biological
particles are biological cells attached in a cell
culture.

20. A method according to c¢laim 1, further

25 including the step of fusing porated cells.
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