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ABSTRACT An electric field is focused on one cell in single-cell electroporation. This enables selective electroporation treat-
ment of the targeted cell without affecting its neighbors. While factors that lead to membrane permeation are the same as in bulk
electroporation, quantitative description of the single-cell experiments is more complicated. This is due to the fact that the
potential distribution cannot be solved analytically. We present single-cell electroporation with an electrolyte-filled capillary
modeled with a finite element method. Potential is calculated in the capillary, the solution surrounding the cell, and the cell. The
model enables calculation of the transmembrane potential and the fraction of the cell membrane that is above the critical
electroporation potential. Electroporation at several cell-to-tip distances of human lung carcinoma cells (A549) stained with
ThioGlo-1 demonstrated membrane permeation at distances shorter than ~7.0 um. This agrees well with the model’s prediction
that a critical transmembrane potential of 250 mV is achieved when the capillary is ~6.5 um or closer to the cell. Simulations
predict that at short cell-to-tip distances, the transmembrane potential increases significantly while the total area of the cell

above the critical potential increases only moderately.

INTRODUCTION

Bulk electroporation is a developed field, and reviews (1-5)
of its uses and future perspectives appear regularly. Numer-
ous articles have presented models to calculate the degree of
pore formation in a cell exposed to a uniform electric field.
The proposed models can be simple, based on, e.g., Schwan’s
equation (6) or a modified version of it (7,8), or more com-
plex and computationally demanding (9,10). While there are
certainly more opportunities for detailed understanding of
cell membranes interacting with strong external electric fields,
it is fair to say that for most practical purposes bulk electro-
poration can be understood with present knowledge, although
questions remain at a mechanistic level.

Pore formation in the cell membrane occurs when the trans-
membrane potential (TMP) is larger than some critical value
TMP... Without an external electric field, the resting membrane
potential TMP, is smaller than TMP,, and varies by cell type.
Some calculations suggest (11-14) that the resting potential
causes asymmetric cell electroporation. The analytical solution
for TMP of a spherical cell in a uniform electric field is given
in Eq. 1 (8),

AV, (1) = f.ERcos(8) {1 - e*‘/f} 7 (1)

where f; is a function that describes geometrical and elec-
trical properties, R is the radius of a cell, E is the external
electric field, and 6 is the polar angle measured from the
center of the cell with respect to the direction of the field. The
exponential term can be ignored if the pulse length is longer
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than a few microseconds because the TMP induction time
constant, 7, is typically <1 us. The most often used value of
/s 1s 3/2 corresponding to a completely insulating membrane
(14). Analytical solutions can also be found for spheroidal
cells (14), and for situations when the membrane conduc-
tance is not uniform across the cell (15).

Single-cell electroporation presents the capability to
stimulate an individual cell or a small group of cells while
neighboring cells remain unaffected. Electroporation of a
single cell with a locally applied electric field should not be
confused with bulk electroporation of cells cultured on
substrates and looked at individually (16—18). In the latter
case, the electric field is uniform or near uniform enabling
the use of the analytical solutions described above. In the
single-cell experiment, localized high electric fields are
created by placing microelectrodes (19,20) or electrolyte-
filled capillaries (21-23) (EFC) in the close vicinity of a cell.
Chip-based approaches have also been realized (24-30). For
most of these configurations, the electric field is not uniform
around the cell, and therefore analytical solutions for cal-
culation of TMP for single-cell electroporation are generally
not possible or are too complex (14). An analytical solution
of the electric field distribution at the tip of an electrolyte-
filled capillary exists based on approximating the tip as an
electrode with uniform current density (22). However, at best
it is suitable to illustrate field inhomogeneity. Numerical
calculations have been used for bulk electroporation (17,31)
as well as for potential distribution in tissue (32-34). An
immediate advantage of such a numerical method is its
suitability for experimental (nonidealized) geometries. Sev-
eral authors have presented numerical calculations for on-
chip electroporation of single cells. These calculations are
limited to field strength estimations (27-29) or are for
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illustrative purposes (35). A detailed numerical study of
the field between a cell and the pore in which it sits in a
microdevice shows the importance of temperature and mem-
brane tension on the nonelectroporation field around the cell
(36).

Olofsson et al. (37) performed simulations and experiments
for capillaries that had inner diameters and outer diameters
much greater than the cell size (e.g., mm dimensions). When
positioned above cultured, adherent cells, these capillaries
produce inhomogeneous electric fields that decrease from the
center to the outer edge of the capillary. The experimentally
observed electroporation patterns mimicked simulated elec-
tric field strength patterns.

Understanding single-cell electroporation requires a way
to quantitate the degree of cell electroporation in the in-
homogeneous electric fields created by small capillaries near
but not in contact with single, adherent cells. In this article,
we present for the first time a numerical calculation method
for determining the TMP for electroporation in highly
inhomogeneous electric fields that are used in single-cell
electroporation of adherent cells.

MATERIALS AND METHODS

Human lung cancer cells (A549 cell line) were cultured in-house as
described elsewhere (38). For experiments, cells were plated on cell culture
dishes (MatTek, Ashland, MA) where they were allowed to grow 1-2 days.
Before the electroporation, cells were stained with the membrane-permeable,
thiol-reactive dye ThioGlo-1 (Covalent Associates, Woburn, MA). The
reaction products of this dye with intracellular thiols are green-fluorescent,
cell-membrane-impermeant species. After staining, cells were covered with
~2.5 mm of cell-bathing buffer and the dish was installed on the stage of an
inverted microscope (Olympus IX 71, Center Valley, PA).

Approximately 40-cm-long 100 um ID fused silica capillaries (Poly-
micro Technology, Phoenix, AZ) were prepared for laser puller by burning a
2-cm center section of the protective coating in the center of the capillary and
then filling it with deionized water. Capillaries were pulled with a P-2000
laser puller (Sutter Instruments, Novato, CA). The program (heat 260;
filament 0; velocity 30; delay 128; pull 0) was adjusted to yield a short pulled
tip length, a small opening diameter, and a consistent shape. The capillaries
were cut after pulling to 15-cm total length. These capillaries were filled with
a buffered, conductive, cell-bathing solution and with the aid of a micro-
manipulator positioned at the desired distance from a cell. Capillaries were
positioned at an ~45° angle with respect to the dish normal a few mi-
crometers above the surface. The distant end of the capillary was placed in a
vial filled with the cell-bathing buffer. The height of the vial was adjusted
to avoid siphoning of the solution. A platinum electrode connected to the
electroporator (ECM 830, BTX Instruments, San Diego, CA) was placed in
this vial and the electrical circuit was completed with a platinum ground
electrode placed in the cell dish.

Imaging of cell electroporation was performed with an ORCA-285 digital
camera (Hamamatsu, Bridgewater, NJ) at binning setting of 4. A filter cube
with filters for excitation at 378 nm and emission at 480 nm was used
(Omega, Brattleboro, VT). Images were collected at a frequency of 1 frame/s.
An electric pulse (100 ms; 500 V) was applied 25 s after the start of the
acquisition. No corrections for bleaching or background were performed. Cell
fluorescence was analyzed in software (Simple PCI, Compix, Sewickley, PA)
by selecting the cell area as an object of fluorescence intensity higher than
a certain threshold intensity. An average intensity in this area was then
measured as function of time. A cell-tip distance was calculated from a
measured distance between cell edge closest to the tip and a projection of the
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tip in the horizontal plane. The tip was always raised slightly above the dish
surface. For more details on the implementation of the experiments, please
refer to our related article (38).

A commercial finite element method (FEM) program Comsol 3.2a
(Comsol, Burlington, MA) was used to perform calculations. For the
simulation geometries, the equation V(oVV) = 0 is solved with appropriate
boundary conditions; here V is potential and o is conductivity. We assumed
steady-state conditions for all studied systems. In single-cell electroporation
simulations, we used a realistic model of the capillary tip shape. Measuring
ID and OD of the capillary tip at many distances from the tip opening,
smoothing these data and then entering them in the geometry-building step
of the simulation accomplished this. In total, 120 points describe the tip
shape.

RESULTS AND DISCUSSION
FEM validity tests

To test the soundness of our model we chose the analytical
solution given by Kinosita et al. (15) for bulk electroporation
and implemented it in MathCad 2001 (MathSoft, Cambridge,
MA). The Comsol simulation geometry used to calculate
FEM data is shown in Fig. 1. Bulk electroporation is sim-
ulated by placing a spherical cell in a uniform electric field.
Such a geometry has an axial symmetry: the axis goes through
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FIGURE | Model of a cell in a uniform electric field. The model was
mirrored through a symmetry axis for visualization (the mirrored portion is
filled with a stripe pattern). The cell and the simulation region are not drawn
to scale. Solutions for the potential inside (V;) and outside (V,) the cell
determined using the Laplace equation subject to conditions on the
boundaries listed above. The transmembrane potential difference, TMP, is
the difference between V; and V, at the boundary.
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the center of the cell perpendicular to the electrode surfaces.
We used these symmetry properties of the system to reduce
calculations from three-dimensional space to two-dimensional
axial symmetry coordinates. Thus, the problem reduces to a
circle (cell) placed in a square with the boundary conditions
for the two opposing horizontal sides set to 100 V and ground
(0 V), respectively, and the vertical sides are insulating
(normal current density J, = 0). Because of large scale dif-
ferences between the cell diameter (several um) and mem-
brane thickness (7 nm), it is impractical to simulate the
membrane itself. Its influence is therefore modeled by a dis-
continuous boundary between the intracellular region and the
extracellular region. In practice, the inside of the cell and its
surrounding medium are modeled independently. For the
intracellular domain, we used V(o;VV;) = 0 and for the solu-
tion domain we used V(o VV,) = 0. Subscripts i and e com-
municate that variables belong to the intracellular and the
extracellular calculation domain, respectively. The cell mem-
brane is the border between these two regions. A boundary
condition is that the current density flowing across the bound-
ary must be proportional to the potential difference across the
boundary as shown in Egs. 2 and 3:

jo = V= Vow @
1)
J:l _ _Jri‘e _ (Vl _Bve )O'm (3)

Here, 0, and 6 are the membrane’s conductivity and
thickness, respectively; superscript m denotes that potentials
belong to the boundary (membrane); and J,, are current den-
sities for the cell domain (ie) and solution domain (ei). TMP
is calculated as the potential difference along the membrane:

TMP(0) = V™ — VP, )

In analytical calculations, Kinosita sets up a dimensionless
membrane conductance as

omR
$= 05 ®)

We used this expression to relate the membrane’s conduc-
tance in the analytical calculations to its conductivity in the
FEM model. Parameter definitions and values used in the sim-
ulation are summarized in Table 1. In the simulation, the walls
were sufficiently far away from the cell that their position did
not affect the calculation.

A comparison of normalized TMP values as a function of
polar angle for bulk electroporation conditions at three g
values is presented in Fig. 2. The TMP values calculated
analytically and numerically are essentially identical. Using
our simulation tool, we were also able to reproduce results
published by Miklavcic et al. (31) for om = f{#). We conclude
from these comparisons that our FEM models are set up cor-
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TABLE 1 Model parameters for simulation of a single-cell
in a uniform electric field

Parameter Designation Value Unit

Cell membrane* Om £0/1000 S/m

Conductance Cytoplasm a; 1 S/m

Call bathing solution [N 1 S/m

Cell radius R 10 um
Membrane thickness 1 10 nm
Applied potential Va 100 \%

Simulation region width w 0.5 mm

Simulation region height h 1 mm

*Conductivity calculated from g, values used in the comparison to
analytical solution.

rectly and the right boundary conditions have been chosen.
While the simulation geometry for a single cell will be dif-
ferent, the boundary conditions verified here will be the same.

Single-cell electroporation calculations

Simulation geometry for single-cell electroporation

Let us first examine the experimental setup for single-cell
electroporation with an EFC. Fig. 3 illustrates relative posi-
tions of the electroporated cell, the capillary, and the ground
electrode. The opening of the capillary near the cell will be
called the tip opening; the pulled portion of the capillary,
where its diameter decreases, the tip; and the portion of
the cell closest to the tip opening, the pole. The capillary is
simulated perpendicular to the dish surface (Fig. 4). The side
wall of the simulation region is grounded. If the cell is placed
in the center of the simulation region, this simplified geom-
etry has a symmetry axis that goes through the center of
the capillary and the cell and thus enables calculations to be
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FIGURE 2 Normalized TMP versus polar angle for a spherical cell in a
uniform electric field at three values of membrane conductance, go. (Solid
line) Finite element numerical solution, points (X) analytical solution
according to Hibino et al. (15). Conductance values equal g/1000 (S/m)
for the 10-nm thick membrane.
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(a

FIGURE 3 Schematic representation of single-cell electroporation geom-
etry. The pulled end of the capillary is close to the targeted cell and is
positioned at ~45° with respect to the dish normal. The full capillary is
much longer than shown. Its distal end is placed in a vial of buffer where
an electrode that delivers electrical pulse is found. The capillary is filled
with the same conducting buffer (not illustrated) that surrounds the cell.
The electrical circuit is completed with a ground electrode placed far away
from the targeted cell.

reduced to the axial-symmetry geometry shown in Fig. 4.
While the capillary-cell geometry undoubtedly influences
the outcome, there is likely to be only a small effect from
this in comparison to the effect of other uncertainties such as
cell size, membrane thickness, and critical transmembrane
potential.

The pulled portion of the capillary is very small compared
to its full length (see Fig. 5). In our experiments, the full
capillary length, Ly, is 15 cm. The length of the modeled
section of the unpulled capillary (inside diameter after pulling
equal to the inside diameter before pulling) is L (0.5 mm) and
the pulled (inside diameter after pulling less than inside
diameter before pulling) tip ¢ (2.0 mm). The full length of the
unpulled section of the capillary is L, (14.8 cm). Only 0.5
mm of the unpulled capillary was included in the simulation.
Thus, L + ¢ = 2.5 mm, which is approximately the thickness
of the solution covering the cells. Therefore, the experimen-
tal and simulated heights of the cell bathing solution are
approximately equal.

An adherent, hemispherical cell (R = 10 um) was posi-
tioned directly below the tip opening at a distance d. From
confocal fluorescence measurements (39), we know that the
cell shape is close to hemispherical and therefore this shape
was chosen in simulations. This simulated cell size is close to
observed experimental values and also agrees with many
theoretical electroporation studies in the literature (8,40).
Conductivities of all simulation domains were chosen based
on published data (41). All boundary conditions are dis-
played in Fig. 4 and other model parameters are summarized
in Table 2.
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FIGURE 4 Guide to the single-cell electroporation modeling geometry.
Boundary conditions, defined by line styles, are described in the figure. The
capillary is positioned perpendicular to the dish surface and is centered
above the cell. Rotational symmetry is used to simplify the simulation. The
actual shape of the capillary tip is shown in Fig. 5. In simulations, the actual
shape, not the idealized form shown in the figure, is used. Components are
not drawn to scale.

Calculations of potential drop in the capillary

In Fig. 6, we present a calculation of the potential along the
center of the capillary resulting from applying 500 V (V) at
the distal end of the 15 cm capillary. The cell was omitted

FIGURE 5 Optical microscope images of a typical pulled capillary tip.
100 wm (wide view) and 10 wm (zoomed region) scale bars are included.
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TABLE 2 Model parameters for simulation of
single-cell electroporation

Parameter Designation Value Unit
Conductance
Cell membrane O 53107  S/m
Cytoplasm o; 0.13 S/m
Cell bathing solution e 0.6 S/m
Other parameters
Cell radius R 10 pwm
Membrane thickness A 7 nm
Applied potential (model) Va 94.07 A%
Applied potential (extrapolated) Viot 500 \%
Critical transmembrane potential TMP. 0.25 A%

from this calculation and the capillary was placed 20 wm
away from the cell dish surface. V, is the voltage in the cap-
illary lumen a distance L + [ from the tip. This corresponds
to the “‘top”” of the simulation region shown in Fig. 4.
Setting the following boundary condition (Eq. 6) in Comsol
avoids the unnecessary calculation of the linear potential
drop in the unpulled section of the capillary:

ov

Va = Vtol + E

(Lt —L—1). (6)

Here, (0V/0z) is the electric field normal to the boundary
where V, exists, Vi, is the voltage applied experimentally
across Ly, and the lengths were defined above. For accurate
calculations, ‘‘weak boundary condition’’ in the model
needs to be enabled. In the general case, the value of V, can
change as conditions in the calculation change. In our par-
ticular case, however, because the resistance in the solution
outside the capillary is so small in comparison to the total
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FIGURE 6 Potential in the center of the capillary versus distance from
the tip opening: unpulled portion of the simulated capillary (dotted line),
the pulled tip region (dashed line), and the outside of the capillary (solid line).
V., is the value of the potential at a distance of 2.5 mm.
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resistance, the value of V, is insensitive to the tip-cell dis-
tance (smallest value checked is 0.25 wm) and insensitive to
the presence of the cell.

Three regions in the potential-distance curve (Fig. 6)
can be distinguished. A linear potential change with distance
(dotted line) is observed in the unpulled portion of the capil-
lary. The linear region gradually transitions into an increas-
ingly steeper potential gradient region as the curve approaches
the tip opening (dashed line). The potential change with dis-
tance outside the capillary (solid line, inset of Fig. 6) is still
very large in the immediate vicinity of the capillary tip but
becomes very small just a few tip ID distances away. For our
experimental configuration, the potential is only a few volts
at the capillary tip opening. Merely 10 um away from the tip
opening, the potential is to just a few hundred millivolts and
the potential gradient is so small at this point that it is un-
likely to cause electroporation of a cell. Electroporation with
an EFC can achieve very high spatial resolution because the
electric field changes dramatically just one tip distance away
from the tip opening (22).

From Fig. 5 it is apparent that the capillary ID is much
smaller in the tip than the original unpulled ID. Electrical
conductivity is proportional to the cross-sectional area of the
lumen and therefore a large potential drop is expected here
even though the total length of the tip is small. This is well
illustrated in Fig. 6: for a 15-cm-long capillary, ~20% of the
total potential drop occurs in the 0.2 cm capillary tip. The
total resistance strongly depends on capillary length. Fifteen
centimeters is an adequate length for relatively easy manip-
ulation and positioning of the ground electrode vial to avoid
siphoning while being sufficiently short to attain the critical
electric field necessary for electroporation at Vi, = 500 V,
the maximum potential obtainable with our instrument when
using long pulse times. The potential decay characteristics
for these particular experimental conditions are listed in
Table 3 and can be used to find other suitable L.y/V;,; com-
binations for similarly pulled 100-wm ID capillaries. For
electrolyte solutions, the potential distribution in the capil-
lary is independent of the solution’s conductivity—a o
increase would only cause the current flowing through the
capillary to increase. While the conductivity of electrolyte
solutions increases with temperature, the calculations as-
sume that Joule heating is negligible.

TABLE 3 Various values characterizing potential drop
in the capillary

Parameter Designation ~ Value Unit
Total applied potential Viot 500 A%
Simulated applied potential Va 94.07 \
Field in capillary (unpulled part) b 27.52 V/ecm
Total capillary length Lot 15.0 cm
Length of unpulled capillary Lyp 14.8 cm
Length of simulated unpulled capillary L 0.05 cm
Length of pulled tip / 0.2 cm
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Cell electroporation

In bulk electroporation, several factors determine the extent
of cell permeabilization (42), as measured by dye or toxin
uptake. For electroporation to occur, a critical transmem-
brane potential (TMP), TMP,, must be exceeded. In bulk
electroporation, the applied field and cell size determine
whether TMP, is exceeded. In single-cell electroporation
with an EFC, the local electric field depends not only on
the applied potential (as in bulk electroporation) but also on
the capillary-cell distance d. This is because the potential
distribution around the cell changes with d. Thus, we deter-
mined how both distance, d and applied potential affect the
fractional electroporated area (FEA) of a cell. Electropora-
tion calculations were performed with the model shown
in Fig. 4. The FEA was calculated as the fraction of the
membrane surface area where the absolute value of TMP is
greater than TMP...

It is important to note that FEA is not the fractional cell
area that exists as pores. It is effectively the area in which
pores might be found. The bottom portion of the cell should
not be electroporated if a cell has adhered well to the culture
dish and therefore an insulator boundary condition was set
here. This area was not included in FEA calculations. An
electroporation threshold of TMP, = 250 mV was chosen
from previous studies (3,7,43). The simulated variation of
FEA with the distance d and applied potential is presented
in Fig. 7. Data are presented as a contour plot of FEA in
d — log(V,o) coordinates with two cross-sections shown in
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the upper and right panels. At all distances, no electropora-
tion is observed at the lowest applied potential (Vo < 40 V)
as is indicated by the dark blue color of this region in the
figure. At small distances when very high potentials are ap-
plied, nearly 100% of the cell area should become permeable
and these regions are colored red. A sharp shift from blue to
green color is apparent corresponding to a sharp increase
from modest to large FEA transition. Another transition,
much less obvious in the contour plot, occurs when an
unaffected cell becomes modestly electroporated. To illus-
trate this transition we marked the contour of 1% FEA with
a solid line. The contour of 99% FEA is marked with a solid
line as well.

A closer look of FEA at a 4 um distance is shown in the
side panel of Fig. 7. The electroporation onset is observed
when log(Vy,) reaches 2.4. This is followed by a gradual
increase until log(Vy,) becomes 3.25. Let us call these
critical values of Vi, V! and V2, respectively. As Vi is
further raised above V2, the FEA increases very rapidly and
finally levels off while approaching 100%. A similar pattern
is observed at other distances except that critical values of
Viot shift to higher values with increasing distance.

It is of particular interest to examine electroporation at
Viet = 500 V as function of distance, because this potential
was used in our experiments discussed later. This cross-section
is marked with a dotted line in the contour plot. FEA values
for these conditions are shown in the upper panel of Fig. 7.
FEA is <1% at distances, d, >~6 um away from the cell

0os— " *e, 500 V .0 FEA
1 * 0.2
0.06 - .
< 4 L - 0.4
W 0.04 . M s
] ) Ve 08
0.02 . c .
i . / -,
000 I T T T T * e T ® o FIGURE 7 Fraction electroporated area of the cell
2 4 6 8 10 membrane as function of distance and applied potential
. (in volts). Contours that correspond to 1% and 99% FEA
» are shown with black solid lines. The upper panel shows a
VZ ] slice of the contour plot at Vi, = 500 (marked with the
c ! horizontal dotted line on the contour). The right panel
/ illustrates how FEA varies with log(Vio) at d = 4 um

log(Vier)

.

# (marked with the vertical dashed line in the contour plot).
Critical electroporation potentials that correspond to the
beginning of the electroporation (V!) and the electropor-
ation of the cell side walls (Vf) are marked. The electro-
poration threshold potential V! increases with increasing
cell-to-tip distance. The increase is the most pronounced
at short and becomes more gradual at large distances.
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(intersection of lower black curve and horizontal dotted line
in Fig. 7). As the capillary is brought even closer in simu-
lations, FEA gradually increases until it reaches a maximum
value of ~8%. At the shortest distance of 0.5 wm a very
slight decrease is observed. Unlike in electroporation at a
constant distance and varied potential, at these conditions
only V! is observed. At a higher V, (e.g., log(V) = 3.2) the
FEA change with distance resembles the FEA change with
log(V) and two critical values of V,, can be distinguished in
the curve (not shown).

To understand the origin of the two critical values of Vi,
let us examine the TMP dependence on the polar angle 6
under various conditions. Fig. 8 presents TMP at four Vi
values when the capillary is 4 um away from the cell. All
curves intersect at a point where the electric field is parallel to
the membrane surface (TMP = 0 V; 6 = 6)). At polar angles
smaller than 6, TMP is positive and at values larger than 6,
it is negative. At small Vi, values, the TMP does not exceed
the TMP. and no electroporation is expected. For our
experimental conditions of Vi, = 500 V, a portion of the cell
surface closest to the capillary opening is above TMP,.. At
higher V,, values, this portion of the membrane increases.
When a certain potential is reached (near Vi, = 2000 V),
the TMP becomes more negative than the (—)TMP, at angles
6 > 6. Under these conditions, the sides of the cell are
electroporated in addition to the pole. It can be shown that
the area corresponding to a range of polar angles is signifi-
cantly larger at the equator than at the pole, thus a very
dramatic FEA increase can be observed when V. exceeds
V2. In contrast, a relatively small cell area is permeated if
only V! is exceeded because only the pole of the cell is
electroporated. In cell suspension electroporation experi-
ments, 6| = 90° and therefore only the poles of the cell are
thought to be permeated. Due to these considerations only
Vc1 can be observed in bulk electroporation data. When
V>VC1, FEA increases in a continuous manner.

204 A ce-. 500V
\ - — - 1000V
\ —— 2000V
1.5 1 —-—- 4000V
>A 1.0 4
o
=
i_
0.5 1
0.0 1
0.5

FIGURE 8 TMP versus polar angle, 6, for cell-tip distance d = 4 um and
a range of V. Dashed parallel lines mark threshold electroporation
conditions [TMP,| = 250 mV. Angle 6, where the electric field is parallel
to the membrane surface, is marked.
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For Vo, = 500 V, TMP variations with polar angle at four
capillary distances are presented in Fig. 9. The capillary has
to be closer than some critical distance for TMP to exceed
TMP,. At close distances, a very large TMP is formed near
the pole. Yet, even at the closest distance of 0.5 wm, TMP
only exceeds the critical value for polar angles <~20°, and
only on the pole. This is consistent with the previous obser-
vation that only V! is observed under these conditions. While
decreasing cell-capillary distance does not have exactly the
same effect as increasing V., both of these parameters con-
trol electric field strength around the cell and therefore it is
not surprising that, at some conditions, FEA versus distance
curves look similar to FEA versus log(V) changes.

Comparison to experimental results

We electroporated cells that were stained with ThioGlo-1 (the
predominant product is the glutathione adduct, MW = 685)
at various cell-capillary tip distances. Vo, was 500 V in all
experiments, and a single unipolar pulse of 100 ms duration
was applied. At each distance, several cells (~10) with R =
10 = 1 wm were subjected to the pulse of potential. While we
cannot determine directly the FEA, we can easily determine
the average fluorescence intensity loss 35 s after pulsing. We
take this measurement to be related to the FEA. The results
are presented in Fig. 10. At 10 wm distance, the pulse caused
no noticeable effect on cells. Only some fluorescence inten-
sity loss due to bleaching can be observed. At 7.0 wm dis-
tance most of the cells were unaffected while some exhibited
mild electroporation. For 5.0 um and smaller distances, sig-
nificant electroporation could be observed. Membrane perme-
ation is clearly dependent on cell-capillary distance. There
appears to be a “‘critical’” capillary-cell distance of 5-7 wm.
At longer distances, membrane permeability is low or
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FIGURE 9 TMP versus polar angle 6 at various cell-tip distances.
Applied potential Vi, = 500 V. Dashed parallel lines mark threshold elec-
troporation conditions |[TMP.| = 250 mV.
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FIGURE 10 Fraction of the fluorescence lost 35 s after the electroporation
pulse versus cell-tip distance. Inset shows a typical fluorescence intensity
change with time after electroporation (d = 3.5 um, Vi, = 500 V). Error
bars for the intensity represent standard error of the mean. The values on the
distance axis corresponding to each point represent the length between cell
and the capillary as seen in microscope images. The range along the distance
axis corresponds to the best estimate of the range of true values of the
distance. Because the capillary tip opening (3.6 wm) is of comparable size to
the cell (10 wm radius), the distance measurement is somewhat subjective.
When the capillary is at 45° with respect to the dish surface normal and
beside the cell 5 um above the surface of the dish (as in Fig. 3), there
is actually a range of distances between the lumen and the cell membrane.
The bar to the left is the shortest distance between the cell and the capillary.
The bar to the right is the shortest distance between the cell and the center
of the capillary opening.

improbable after exposure to a single, 100 ms pulse of 500 V
through a 15-cm-long, 100 um-inside diameter capillary
pulled to a ~4 um tip. The computational results in Fig. 7
suggest a critical distance of 5.5-6.5 um under the same
conditions. Given that there are no adjustable parameters in
the computational model, the agreement between the two
““critical’’ distances is good.

Two parameters that are difficult to determine have a great
influence on the result, thus their uncertainties must be dis-
cussed. One is the tip-cell distance. We included an esti-
mated uncertainty in tip-cell distance measurements in Fig.
10. We believe that the best estimate of tip-cell distance is
represented by the closest distance between the tip and the
membrane. This corresponds to the minimum (/eff) of the
ranges shown in Fig. 10. Note that these values are close to
the experimentally observed values. It is also worth noting
that even a precise and accurate measurement of distance to a
hemispherical cell would suffer from uncertainties related to
variations in cell shape. The other parameter is the value of
TMP,. A smaller TMP, would make cell permeation easier
when cell-tip distances are large. Experimental evidence points
to longer pulses significantly reducing TMP,. (44,45). There
are numerous reports that longer pulses or repeated short
pulses lead to greater permeabilization. Yet, we have found
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no quantitative model for this. Karassowska et al. (9) the-
oretically modeled the creation and evolution of pores. This
study covered long pulse lengths but did not model pore size
changes during the experiment. A later model (46) included
pore size changes too, but was limited to short pulse lengths.
In our experiments electric pulses are long compared to most
bulk electroporation reports. It may therefore be that TMP,
is smaller under our conditions than is generally seen in
bulk electroporation with short (sub-millisecond) pulses.
There is a potential opportunity in single-cell electropor-
ation for future unraveling of mechanistic issues such as those
just discussed. We noticed that while the FEA is approxi-
mately the same for 0.5-um and 2-um distances, at 0.5 um
the TMP is significantly higher at the cell pole. Thus, in the
single-cell experiment, FEA and TMP are independent
variables under some conditions. Increasing TMP in bulk
electroporation is possible only by increasing the electric
field, which also increases FEA. Thus, in bulk electropor-
ation, FEA and TMP are correlated variables, complicating
the evaluation of the change in membrane permeability.
Single-cell experiments thus have a potential to give new
insights into the fundamental process of electroporation.

CONCLUSIONS

These TMP calculations for single-cell electroporation with
an EFC apply the principles governing bulk electroporation
and extend them to conditions for which analytical solutions
are impossible or are not practical. For bulk electroporation,
our numerical calculations completely agree with the ana-
Iytical solution so there is no disadvantage to this approach.
One can argue that with the analytical equations it is more
apparent how various conditions affect the monitored prop-
erty, be it FEA or some other parameter of interest. However,
analytical solutions are simple and short equations only for a
spherical cell with a uniform membrane conductance. When
om = f(0), these solutions are no simpler than finite element
simulations. The finite element approach is not limited to the
simulation of the electroporation by an EFC. It can be used
for chip-based geometries and electroporation with a micro-
electrode. The calculations of a TMP or a FEA for these
methods would be a big step forward from calculation of
electric field alone. Even more exciting is the finite element
method’s capability of expansion to calculate heat buildup
from joule heating or diffusion through permeated portions
of the cell membrane. The conductivity of the membrane
itself can be a function of the TMP, consequently making the
simulation even more realistic. Thus, the calculations pre-
sented here are informative in their own right, and act as a
foundation for future, more realistic and complex calcula-
tions.

It is noteworthy that single-cell electroporation, because of
its characteristic nonuniform electric field distribution, offers
possibilities to design experiments that are impossible in bulk
electroporation. In particular, in the single-cell experiment
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we predict that, under some conditions, the maximum TMP
and FEA can be varied independently. This allows, for ex-
ample, for testing the hypothesis that the value of the maxi-
mum TMP influences the membrane permeability.

The calculations presented here demonstrate that the
electric field at a cell, and thus, TMP, can be controlled by
controlling tip-cell distance. We have also found reasonable
agreement with experiment, supporting a value for TMP,
near 0.25 V. Two different critical values of V. have been
found. Creating conditions so that TMP > TMP, at the pole
results in permeabilization of the pole over a small fraction of
the surface area. At higher V,, or smaller d, the TMP at the
sides or equatorial region of the cell result in a large frac-
tional area electroporated.

This work was financially supported by the National Institutes of Health
(grant No. GM RO1 66018).
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