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ABSTRACT Electroporation is believed to involve a temporary structural rearrangement of lipid bilayer membranes, which
results in ion and molecular transport across the membrane. The results of a quantitative study of molecular transport due to
electroporation caused by a single exponential pulse are presented; transport of four molecules of different physical charac-
teristics across erythrocyte ghost membranes is examined as a function of applied field strength. Flow cytometry is used to
quantitatively measure the number of molecules transported for 10* to 105 individual ghosts for each condition.

This study has four major findings: 1) Net transport first increases with field strength, but reaches a plateau at higher field
strengths. Significant transport is found at or below 1 kV/cm, and transport plateaus begin at field strengths between 2 and 5
kV/em depending on the molecule transported. 2) A single population of ghosts generally exists, but exhibits a wide distribution
in the amount of molecular transport. 3) Under the conditions used, the direction of transport across the ghost membrane does
not appear to affect molecular transport significantly. 4) Large numbers of ghosts may be destroyed by the electroporation

procedure.

INTRODUCTION

Electroporation has rapidly progressed from an intriguing
biophysical phenomenon to a method with wide-spread use
in DNA transfection and other biological protocols (Neu-
mann et al., 1989; Chang et al., 1992). Although the structure
of the “pores” created by electroporation is not actually
known, it is generally believed that they are transient aqueous
pathways that perforate the membrane. While most pores are
believed to close rapidly, some may remain open orders of
magnitude longer than the duration of the pulse. Diffusion
and movement directly due to the electric field (e.g., elec-
trical drift and electro-osmosis) are likely mechanisms of
molecular transport across cell membranes due to electropo-
ration. While the mechanism of electroporation is not com-
pletely understood, numerous experiments show that elec-
troporation occurs for short pulses when the transmembrane
voltage reaches approximately 1 V. Characteristic electric
field pulses causing electroporation of cells are 1-20 kV/cm
(depending on cell size and orientation) and have durations
of 10 us to 10 ms.

Relatively few studies have made quantitative measure-
ments of molecular transport (Mir et al., 1988; Chakrabarti
etal., 1989; Lambert et al., 1990), particularly on a “transport
per cell” basis (Bartoletti et al., 1989; Poddevin et al., 1991).
However, if electroporation is to be better understood, more
comprehensive, quantitative studies which determine the ef-
fects of basic parameters on molecular transport will be nec-
essary. More specifically, quantitative determinations at the
individual cell level will be needed to: 1) suggest and test
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theoretical models, 2) provide a basis for comparing data for
different molecules and experimental conditions, and 3)
guide applications of electroporation in research, biotech-
nology, and medicine.

Most electroporation studies have used one of the follow-
ing four methods of analysis: (A) expression of an introduced
gene, (B) total population methods, (C) image analysis, or
(D) flow cytometry.

(A) Studies focusing on the uptake and expression of ex-
ogenous DNA by a living cell are relevant to transfection
applications, but are inherently coupled to other processes.
For example, whether a cell grows into a colony which ex-
presses the introduced gene depends on many more factors
than just transport of DNA across the cell membrane.

(B) Total population methods, such as turbidity changes in
cell suspensions and radioactivity measurements of cell pop-
ulations pulsed in the presence of radiolabeled molecules,
better isolate electroporative transport, but are responsive
only to the average electroporative behavior of cells. There
are, however, fundamental physical and biological reasons
for expecting a heterogeneous electroporation response
within a cell population (Weaver and Barnett, 1992), and
indeed heterogeneity is observed experimentally (Weaver et
al., 1988; Liang et al., 1988; Mir et al., 1988; Lambert et al.,
1990; Rosemberg and Korenstein, 1990; Tekle et al., 1991).
Although the average transport per cell is of interest, it is
important to determine whether the average reflects behavior
of a single population with similar responses, or of two or
more distinct subpopulations with significantly different re-
sponses.

(C) Image analysis of individual cells provides the power
of spatial and temporal resolution. However, limitations in-
clude: 1) restricted ability to measure kinetics on the mi-
crosecond level, the time scale during which electroporation
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phenomena are believed to occur, based on experimental ob-
servations (Benz et al., 1979; Benz and Zimmermann, 1980;
Hibino et al., 1991) and on theoretical grounds (Barnett and
Weaver, 1991; Weaver and Barnett, 1992); 2) difficulty in
observing molecules entering cells (as opposed to those ex-
iting), even though it is uptake which is relevant to most ap-
plications (Weaver and Barnett, 1992); and 3) restriction to
measuring only a few cells at a time, with the consequence
that population distributions of behavior are difficult to
obtain.

(D) Flow cytometry provides large numbers of quantita-
tive optical measurements on individual cells at rates of 10?
to 10* cells/s (Shapiro, 1988; Melamed et al., 1990). Al-
though flow cytometry is not attractive for measuring rapid
kinetics, it provides quantitative and statistically significant
end point measurements on large numbers of individual cells.
Molecular uptake and cell damage can be independently as-
sessed. Light scatter is responsive to morphology and cali-
brated fluorescence provides a quantitative measurement of
the number of fluorescent molecules. At their present per-
formance levels, image analysis and flow cytometry are com-
plementary, with neither able to provide all of the important
types of measurements.

In this study we have used flow cytometry because of its
quantitative nature at the single cell level, to conduct a sys-
tematic study of the effects of electric field strength (single
exponential pulse) on molecular transport due to electropo-
ration of four molecules with different physical character-
istics. We have chosen erythrocyte ghosts as model cells be-
cause of the following advantages: 1) large, consistent supply
from which ghosts are easily prepared, 2) relatively simple
spherical geometry for most ghosts, and 3) existence of many
previous electroporation studies (Sale and Hamilton, 1968;
Auer et al., 1976; Zimmermann et al., 1976; Kinosita and
Tsong, 1977; Chang and Reese, 1990; Dimitrov and Sowers,
1990). Because electroporation has been shown to occur uni-
versally in lipid bilayers, irrespective of the details of their
composition (Neumann et al., 1989; Chang et al., 1992), re-
sults from red blood cell ghosts are expected to be repre-
sentative of cells in general. However, disadvantages in-
clude: 1) heterogeneity of red blood cell ghost size, shape,
and age in usual preparations (including ours) and 2) likely
existence of a single, persistent defect (pore) in each ghost
as the result of ghost formation (Lange et al., 1982; Lieber
and Steck, 1982a; Lieber and Steck, 1982b).

EXPERIMENTAL METHODS
Red blood cell ghost preparation

Human blood is obtained from healthy adult volunteers and heparinized
(Vacutaner tube; Becton Dickinson, Franklin Lake, NJ); red blood cells are
separated and washed at least three times with Dulbecco’s phosphate-
buffered saline (PBS; pH 7.4; 149 mM total salts: 8.0 g/liter NaCl, 1.15
g/liter Na,HPO,, 0.2 g/liter KCl, 0.2 g/liter KH,PO,) (centrifugation at 450
&, 12 min, 4°C). Red blood cells are then immediately converted into eryth-
rocyte ghosts by hypotonic lysis (5 mM PBS, pH 8.5, 20 min; washed four
times with 20 mM PBS, pH 8.5, centrifuge at 10,000 g, 20 min, 4°C (Dodge
et al., 1963). Ghosts are stored as a pellet at 4°C and used within 4 days.
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To preload ghosts with calcein, after lysis and one wash, ghosts are placed
in lysis buffer (5 mM PBS, pH 8.5) containing 10~ M calcein at 4°C for
1 h. Then, an equal volume of resealing buffer (40 mM PBS, pH 8.5) con-
taining 10~3 M calcein is added, and the mixture is stored at 22-24°C for
2 h. Ghosts are then washed four times and stored as above.

Electroporation protocol

About 107 ghosts/ml were suspended in PBS (20 mM, pH 8.2 * 3) con-
taining 10~* M calcein (lot 10A-3; Molecular Probes, Eugene, OR) or
1075 M of one of the following fluorescent macromolecules: 1) fluorescein-
labeled lactalbumin (lot 9A; Molecular Probes), 2) fluorescein-labeled bo-
vine serum albumin (BSA; lot 10C, Molecular Probes), or 3) fluorescein
isothiocyanate-dextran (average molecular mass = 71 kDa, lots 105F-5029
and 118F-0821, Sigma Chemical Co., St. Louis, MO). Unlike proteins, with
known molecular weight and structure, dextrans have distributions in size.
One therefore does not know if uptake of dextran molecules represents
transport of dextrans of all molecular weights or of, for example, only the
dextrans of low molecular weight. In spite of this disadvantage, many in-
vestigators have used them (Sowers and Lieber, 1986; Weaver et al., 1988;
Liang et al., 1988; Bartoletti et al., 1989; Dimitrov and Sowers, 1990;
Rosemberg and Korenstein, 1990).

Pulsing is performed either at room temperature (22-24°C) or at 0—4°C
with a Gene Pulser (Bio-Rad, Richmond, CA) or an Electro Cell Manip-
ulator 600 (Biotechnologies and Experimental Research, San Diego, CA)
and with 2-mm gap cuvettes with parallel-plate aluminum electrodes (Bio-
Rad). Cuvettes are reused up to 10 times each. Exponentially decaying
electric field pulses (exponential decay time constant, 7, between 1 and 2 -
ms) of various magnitudes are used. 5 min after the pulse, ghosts are washed
twice with PBS (20 mM, pH 8.2 =+ 3; centrifuge at 10,000 g, 3 min, room
temperature), suspended in PBS (20 mM, pH 8.2 * 3) containing fluorescent
latex microspheres (“beads”; ~10%ml; d = 5.8 um; Polysciences,
Warrington, PA) and stored at 0—4°C until analysis the same day.

The nominal electric field is determined by dividing the voltage (dis-
played by the pulsing device) by the electrode gap: Enominal = Voutpu
deecirode- However, if significant potential drops exist outside the ghost sus-
pension (e.g., at the electrode/electrolyte interfaces), the field to which the
ghosts are exposed will be lower. In this study, we determine the actual field
within the ghost suspension using a method described previously (Bliss et
al., 1988): we measure the ghost suspension electrical conductivity, measure
the current through the cell suspension by placing a 5-ohm resistor in series
with the cuvette, and then compute the electric field pulse magnitude within
the ghost suspension. We have found no significant potential drops outside
the ghost suspension, which demonstrates that in this study the nominal field
is the same as the actual field.

After most experiments had been performed, it was brought to our at-
tention that pulsing with standard cuvettes can cause pH shifts. Since our
system is only weakly buffered, pH changes occurred (final range between
pH 8 and 9), which increased with pulse voltage. To assess the effect of pH,
we performed additional studies of BSA uptake at different voltages using
7.4 < pH < 10. In each case the uptake versus voltage graph (i.e., see Fig.
6) was of the same form (plateau observed), and the absolute values of
molecular transport between pH 8 and 9 were within 20% of each other. We
therefore conclude that pH has only a weak effect on uptake under the
conditions of our experiments.

In summary, upon electroporation resulting in sufficiently large pores in
the ghost membrane, fluorescent molecules are able to enter the ghosts. After
waiting 5 min and then washing the ghosts, fluorescent molecules inside the
ghosts can be measured by the flow cytometer. Fluorescent beads are co-
suspended (at a fixed concentration) with the ghosts as an internal volu-
metric standard. This provides a basis for determining if ghosts are destroyed
by electroporation or otherwise lost during sample handling and washing:
determination of the ghost/bead ratio provides a relative ghost concentration
which can be compared to control samples.

Flow cytometry measurements

Individual measurements on ghosts and beads are performed by a FACStar
Plus flow cytometer (Becton Dickinson) using Consort 40 software (Becton
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Dickinson) on a microVAX computer (Digital Equipment Corp., Maynard,
MA). Fluorescence data are collected using a custom-modified three or
four-log decade amplifier; collection of scatter data is with a standard four-
log decade amplifier. Multiple optical measurements are made at a rate of
up to 3000 ghosts/s, which allows rapid collection of large amounts of
statistically meaningful data at the individual ghost level. Ghosts are diluted
into a carrier fluid (Isoton II balanced electrolyte solution; Coulter Diag-
nostics, Hialeah, FL) and passed through a 488-nm laser beam (Innova-90
argon ion laser; 5 W; Coherent, Palo Alto, CA). Measurements of light
scatter of the ghosts give an indication of object size and shape, allowing
discrimination between ghosts, microspheres, and debris. With calibration,
fluorescence measurements provide a quantitative determination of the
number of fluorescent molecules associated with each ghost. Microscopy of
electroporated ghosts generally shows uniformly fluorescent solid circles,
as opposed to fluorescent rings, supporting the interpretation that ghost
fluorescence is due to molecules inside the ghost rather than molecules
bound to the membrane.

In a typical experiment in this study, measurement of ghost fluorescence
proceeds as follows: as a ghost passes through the flow cytometer, it scatters
light from the laser. This triggers collection of light scatter and fluorescence
data (90° light scatter trigger used). Fluorescein is excited at 488 nm, and
the resulting fluorescence emission is collected through a 530-nm band pass
filter.

Quantitative fluorescence calibration

Quantitative calibration beads (Flow Cytometry Standards; Research Tri-
angle Park, NC) are used to convert fluorescein fluorescence measurements
into quantitative numbers of molecules contained inside each ghost (Bar-
toletti et al., 1989). These calibration beads provide the equivalent fluo-
rescence of specified numbers of fluorescein molecules free in solution. For
example, one bead may be as bright as 10° free fluorescein molecules.
However, our fluorescent tracer molecules may fluoresce differently from
free fluorescein, e.g., 10° lactalbumin molecules with multiple bound-
fluorescein labels may have a different fluorescence intensity than 10° free
fluoresceins. Therefore, the fluorescence of each type of fluorescent mole-
cule must be determined relative to that of free fluorescein before proper
calibration can be done. This is accomplished by comparing the fluorescence
intensities of known concentrations of each fluorescent molecule to that of
known concentrations of free fluorescein (lot 20H-3413; Sigma Chemical
Co.) in a spectrofluorimeter (Fluorolog-2, model F112AI; Spex Industries,
Edison, NJ), using the same filter for collection of fluorescent light as is used
in the flow cytometer. Sample excitation is performed at 488 nm with a
4.6-nm bandwidth. Under the conditions of this study, the ratios, R, of flu-
orescent molecule fluorescence to free fluorescein fluorescence are: Rcaicein
=0.65 = 028, Rlacmlbumin =051 = 026, RBSA =111 =x 0.39, Rdextran =
3.05 £ 0.61 (lot 105F-5029) and 1.63 * 0.62 (lot 118F-0821). The error
ranges are attributed to different degrees of fluorescent sample bleaching.

RESULTS

Flow cytometric measurements are displayed as two-
dimensional contour plots and one-dimensional histograms
for red blood cell ghost populations exposed to a single ex-
ponential electric pulse, of magnitude ranging from 0 to 8
kV/cm, and with a time constant between 1 and 2 ms. Fig.
1 is a typical log-log contour plot showing forward scatter
(which is sensitive to ghost morphology) versus fluorescence
(which provides a measure of the number of fluorescent mol-
ecules inside each ghost, after calibration). The lines on these
contour plots represent iso-frequency-of-occurrence values
for light scatter and fluorescence. Each plot represents data
from approximately 20,000 ghosts.

Fig. 1 A shows a control (unpulsed) population of ghosts
not subjected to an electric pulse. Some background fluo-
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FIGURE 1 Typical log contour plots of fluorescence versus forward scat-

ter. Obtained from flow cytometry data, A shows a population of control
(unpulsed) ghosts with low fluorescence; this is believed to be mainly due
to a combination of autofluorescence, “background” surface binding of
fluorescein-labeled BSA to ghosts, and flow cytometer noise. B shows a
population of ghosts exposed to a 6-kV/cm pulse with high fluorescence,
indicating uptake of fluorescein-labeled BSA molecules. Reference beads
comprise the population of events in the upper right corner; see Experi-
mental Methods for discussion.

rescence is evident (autofluorescence, BSA surface binding,
flow cytometer noise). Fig. 1 B shows a population of ghosts
with higher fluorescence, indicating uptake of BSA mole-
cules by ghosts due to electroporation. Also, in the upper
right corner is a small population of co-suspended reference
beads (large forward scatter and fluorescence), which are
used to measure the loss of any ghosts as a result of elec-
troporation or the washing procedure.

The distributions of net molecular transport per ghost are
presented as one-dimensional log histograms. Fig. 2 shows
representative histograms of ghost fluorescence (or molec-
ular uptake) from three individual samples pulsed at different
field strengths. While fluorescence/uptake increases at
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FIGURE 2 Fluorescence histograms showing uptake of fluorescein-
labeled BSA by control (unpulsed) ghosts (A4), and by ghosts exposed to a
small field (2 kV/cm) (B) and a large field (8 kV/cm) (C). The vertical axis
gives the number of events (ghosts only; beads and debris have been edited
out), and the horizontal axis gives fluorescein fluorescence (here arbitrary
units). The existence of a single population of ghosts is evident in each case,
although the amount of molecular transport varies widely within each pop-
ulation.
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higher field strengths, the existence of a single population of
ghosts is evident in each case. As expected for spherical
membranes with a range of sizes, all ghosts appear to respond
to a given pulse in a similar way: no subpopulations exist.

These distributions, however, exhibit a large range in flu-
orescence for both the control and pulsed ghosts (average
coefficients of variation for electroporated ghosts are ap-
proximately 100%); heterogeneity of response is evident.
Moreover, more pronounced heterogeneity is seen in other
samples, particularly at lower field strengths. For example,
sometimes (<1%) two subpopulations are seen: one at lower
fluorescence (similar to controls) and one at higher fluores-
cence. Broader distributions, including trailing edges at
lower fluorescence, are also sometimes present. While these
deviations are frequently observed, they are not consistent or
reproducible; they do not support any identifiable trend. We
interpret these data as meaning simply that there is hetero-
geneity in electroporation, both in the ghosts as well as in the
experimental conditions. Sources of heterogeneity are dis-
cussed below.

Individual ghost fluorescence can be converted to an
equivalent absolute number of fluorescent molecules in that
ghost. Fig. 3 shows the average uptake of calcein versus field
strength. The results of Fig. 3 indicate that significant calcein
transport first occurs at about 0.5-1 kV/cm, increases as field
strength increases, and plateaus at approximately 1.5-2 kV/
cm. The plateau uptake value of approximately 6 X 10* mol-
ecules per ghost remains up to 8 kV/cm.

Fig. 4 shows a complimentary result, in which ghosts are
each loaded with an average of about 8 X 10° calcein mol-
ecules before pulsing, so that release due to electroporation
can be observed. As in Fig. 3, net calcein transport first oc-
curs at approximately 1 kV/cm and achieves a maximum
efflux at and above approximately 2 kV/cm. In the plateau
region, where fluorescence corresponds to an average of less
than 4 X 10* calcein molecules, release is at least 95% com-
plete. The inability of progressively larger pulses to further
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FIGURE 3 Uptake of calcein by ghosts as a function of pulse magnitude.
Above approximately 0.5-1 kV/cm, uptake increases with field strength,
while above approximately 1.5-2 kV/cm, a plateau is observed. Graphs in
Figs. 3 through 8 each include data from on the order of 10° individual
ghosts; each point represents the average of between four and 30 samples
collected during at least three different experiments.
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FIGURE 4 Release of calcein from preloaded ghosts as a function of
pulse magnitude. Calcein transport out of ghosts increases and then plateaus
at approximately the same field strengths as calcein transport into ghosts
(Fig. 3).

reduce average ghost fluorescence is probably due to ghost
autofluorescence, calcein surface binding, and flow cytom-
eter noise.

Similar molecular transport behavior is found for fluo-
rescence-labeled lactalbumin, BSA, and dextran (Figs. 5, 6,
and 7). In these cases, however, the extracellular concen-
tration is 10-fold lower (10™* M for calcein, 10~> M other-
wise). Nevertheless, for all cases, an initial region exists
where uptake increases with field strength, which is followed

by a plateau region where transport appears independent of

field strength. However, there are significant quantitative dif-
ferences (Table 1).

Finally, Fig. 8 shows the number of ghosts “lost” by the
electroporation process. At field strengths greater than 1 kV/
cm, approximately 30% of ghosts are “lost,” determined as
follows. Ghosts have known light scatter characteristics; by
gating, only events which scatter like ghosts (or reference
beads) are used in the analysis. A constant concentration of
reference beads is present in each sample, so that the ratio
of ghosts per bead is proportional to the ghost concentration.
Since all samples have the same initial ghost concentration
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FIGURE 5 Uptake of fluorescein-labeled lactalbumin by ghosts as a func-
tion of pulse magnitude. Above approximately 1 kV/cm, uptake increases
with field strength, while above approximately 2-3 kV/cm a plateau is
observed.
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FIGURE 6 Uptake of fluorescein-labeled BSA by ghosts as a function of
pulse magnitude. Above approximately 1 kV/cm, uptake increases with field
strength, while above approximately 4 kV/cm a plateau is observed.
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FIGURE 7 Uptake of fluorescein-labeled dextran (71 kDa average mo-
lecular mass) by ghosts as a function of pulse magnitude. Above approx-
imately 1-2 kV/cm, uptake increases with field strength, while above ap-
proximately 5 kV/cm a plateau is observed.

(and therefore the same ghosts per bead ratio), it is possible
to identify what percent of ghosts are “lost” during the ex-
perimental protocol. Data for Fig. 8 come from the exper-
iments shown in Figs. 3-7 and other similar experiments
where fluorescent tracer molecules have been present.

DISCUSSION
Molecular transport plateau

For the single exponential pulse used, the uptake of four very
different molecules exhibits qualitatively similar behavior.
There appear to be two domains of transport: a sub-plateau
domain at lower field strengths and a plateau domain at
higher field strengths. In the sub-plateau domain, transport
increases with increasing field strength, indicating that elec-
trically driven phenomena (e.g., electrical drift, electro-
osmosis, pore population characteristics) control the trans-
port. In the plateau domain, transport occurs independent of
field strength, suggesting that electrically driven phenomena
may not control transport. The existence of such a plateau in
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TABLE 1 Summary of the basic features of molecular transport behavior

Transport Plateau “Equilibrium”
Molecule threshold characteristics at plateau
kV/cm %
Calcein (623 Da, —4 charge) 0.5-1 1.5-2 kV/cm; 6 X 10* molec/cell 0.7
Lactalbumin (14.5 kDa, —15 charge) <1 2-3 kV/cm; 6 X 10* molec/cell 7
BSA (68 kDa, ~-25 charge) <1 4 kV/cm; 6 X 10* molec/cell 7
Dextran (71 kDa average, —4 charge*) 1-2 5 kV/cm; 2 X 10° molec/cell 20

Plateau concentrations have been calculated by averaging the numbers of molecules per ghost in the plateau region and then subtracting the average number
of molecules per ghost in controls. Percent "equilibrium” is a measure of how close the probe concentration inside the ghosts is to the supplied external

concentration.
* Associated with fluorescein label.
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FIGURE 8 Normalized ghost concentration versus pulse magnitude
showing destruction or loss of ghosts because of electroporation. Significant
numbers of ghosts are destroyed at field strengths above 1 kV/cm. See
Results for calculation methods and discussion.

uptake has not been reported before. This is not surprising,
given that most previous studies have characterized transport
as either occurring or not occurring; absolute amounts of
transport have not been assessed.

We considered the possibility that artifact or error may
have caused this transport plateau. However, 1) we have ver-
ified that the actual electric fields which the ghosts experi-
ence are the fields selected on the pulser. Moreover, the pla-
teau occurs at different pulse magnitudes for different
molecules, also indicating that the pulser is not malfunc-
tioning. 2) We have observed this trend with four different
molecules. 3) Upon varying the time between pulsing and
washing up to 1 h, we find that the plateau still exists. This
suggests that molecules are not coming back out of ghosts
due to premature washing. 4) Finally, we continue to find
pulse-amplitude plateaus in uptake under other conditions
(e.g., multiple pulses, longer pulses, different external mol-
ecule concentrations), although the plateau transport value is
different (unpublished data). For these reasons we believe
that this plateau is real.

A plateau could be easily explained if the molecular con-
centration inside the ghost at the plateau were equal to its
concentration outside the ghost, as there would be no net
transport. However, plateau values of the intracellular
fluorescent-molecule concentration (e.g., 6 X 10* molecules/
ghost or 7 X 1077 M) correspond to between 0.7 and 20%

of the external concentration at the time of the pulse (Table
1). Since ghosts are believed to be essentially “empty” spher-
ical membranes, with negligible cytoplasmic residue, an
equilibrium altered by the content of the ghost’s interior, such
as a Donnan equilibrium associated with a negatively
charged cytoplasm, can be excluded. Moreover, microscopy
shows that in most cases ghosts appear as uniformly fluo-
rescing solid circles, not fluorescent rings. This suggests that
molecules are distributed within the interior of the ghosts and
not binding to the membrane. Finally, other studies indicate
that this uptake plateau can be exceeded by altering other
electrical parameters (e.g., number of pulses) (unpublished
data). Therefore, this plateau is not an absolute maximum in
uptake by the ghosts, but rather indicates a maximum effect
of increasing field strength.

Considering mechanisms by which transport occurs, Dim-
itrov and Sowers (1990) suggest that molecular efflux from
erythrocyte ghosts is controlled by electro-osmosis. Others,
however, argue that uptake of DNA by intact cells is con-
trolled by DNA electrophoresis (Klenchin et al., 1991). In
either case, transport is governed by the electric field, and
increasing pulse magnitude is expected to increase transport.
That a plateau in transport is observed at high field strengths
suggests that molecular uptake may be a multistep process:
at lower field strengths, an electric-field-dependent step,
such as electro-osmosis or electrophoresis, is rate-limiting.
However, when this step becomes very fast at higher field
strengths, a different step, which does not depend on electric
field strength, becomes rate-limiting. The exact nature of this
second step is unclear, but could involve diffusion. Obser-
vations presented by Abidor and Sowers (1992) on electro-
fusion, an electroporation-related phenomenon, also suggest
a two-step process. They find that, at lower electric field
strengths, fusion rate increases strongly with increasing field
magnitude, while at higher field strengths, fusion rate in-
creases only moderately with increasing fields. Although
they propose a single step mechanism, it would instead ap-
pear that at lower field strengths a single voltage-dependent
step is rate-limiting and, after a sharp transition, at higher
field strengths a different single weakly voltage-dependent
step is rate-limiting. Other possible hypotheses for the ob-
served plateau behavior include: 1) diffusion controls trans-
port, 2) increased field strength does not alter pore population
characteristics in ways which affect transport, 3) there is a



420 Biophysical Journal

limited effective volume inside the ghost available to enter-
ing molecules, and/or 4) there is no net effect generated by
the sum of a number of electrically governed parameters.

We have considered hypotheses which could explain our
results, but concluded that this data, even when combined
with other information in the literature, is insufficient to con-
clusively support any one mechanism by which a plateau in
transport is achieved. This plateau is probably a consequence
of the detailed, interactive behavior of a dynamic pore pop-
ulation, the transmembrane voltage, and one or more mo-
lecular transport mechanisms. Presently the microscopic
mechanisms by which molecules are transported across a cell
membrane due to electroporation are poorly understood; they
presumably include diffusion, electrophoresis of molecules
and cells, and electro-osmosis. Although some progress has
been made, the ability to make complete quantitative pre-
dictions of molecular transport which are consistent with
known electrical behavior of the cell membrane does not yet
exist. With this in mind, the present results present a chal-
lenge to the development of models of electroporation and
its associated molecular transport.

A final consideration concerns the quantitative differences
in uptake between the four molecules investigated. These
molecules can be ranked in order of decreasing charge den-
sity: calcein (-4 charge/623 Da = 6 X 1073 e/Da) > lac-
talbumin (-15 charge/14.5 kDa = 1 X 1073 ¢/Da) > BSA
(~=25 charge/68 kDa = 4 X 107 e/Da) > dextran (-4
charge/71 kDa = 6 X 10~ e/Da). Examination of the plateau
characteristics summarized in Table 1 shows that the plateaus
begin at higher field strengths for molecules with lower
charge densities; the field strength at which the plateau is
achieved correlates inversely with molecule charge density.
This suggests that the transition from electrically controlled
transport to field-independent transport occurs at a lower
field strength for a molecule with a higher charge density.

The different plateau concentrations of macromolecules
inside ghosts also correlate inversely with charge density (see
Table 1). Calcein was present at an external concentration of
10~* M. It has an internal plateau concentration ~ 6 X 10*
molecules/150 um? (erythrocyte ghost volume (Sowers and
Lieber, 1986)) ~ 7 X 107 M, or approximately 0.7% of the
external concentration. Lactalbumin and BSA, at external
concentrations of 10~ M, have internal plateaus at 7% of the
external concentration. Finally, dextran, at 10> M externally,
plateaus at 20% of the external concentration. There appears
to be a trend of increasing relative plateau concentration with
decreasing charge density.

Even though present externally at different concentrations,
the absolute number of molecules inside each cell is approx-
imately the same for calcein and lactalbumin or BSA. This
appears to be coincidental. Other studies indicate that inter-
nal plateau concentration is a function of external concen-
tration and indicate that, had calcein been present at 105 M,
its uptake would have been significantly lower (unpublished
data). Also, different transport plateau values have been
found under a variety of different conditions (unpublished
data). This argues against some sort of receptor binding lim-
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iting the plateau concentration to the order of 100,000
molecules/cell. Moreover, repeated examination under the
microscope shows fluorescence throughout electroporated
cells, indicating that uptake is not localized, for example,
within the membrane.

Population distributions

Fluorescence histograms, such as Fig. 2, show that no sig-
nificant subpopulations of ghosts exist; all ghosts respond to
a given electric-field pulse in a similar manner. This is not
surprising for spherically symmetric ghosts, since many of
the possible sources of variation in response are related to the
relative size and orientation of asymmetric cells (Weaver and
Barnett, 1992). Exceptions, however, are sometimes ob-
served where two subpopulations coexist and/or where pop-
ulation distributions become much broader. These are espe-
cially evident at field strengths where transport due to
electroporation begins (e.g., 1 or 2 kV/cm). Sources of this
heterogeneous behavior might include: 1) ghosts which are
not spherical and/or are not the same size (both are supported
by microscopy), and 2) possibly variable membrane prop-
erties due to ghost age (inherent to erythrocytes) and inter-
ghost variability.

Despite these inhomogeneities, in most cases only one
population of ghosts is found, consistent with the widely held
view that electroporation occurs universally in lipid bilayer
membranes if the transmembrane potential is raised to of
order 1 V; approximately 0.5-1 V for short pulses (~10 us)
and 0.2-0.5 V for longer pulses (>100 us) (Neumann, 1989).
The maximum change in transmembrane voltage, AU(¢),
across a spherical cell in an imposed uniform electric field,
E(t), is well known at small field strengths to be (Foster and
Schwann, 1986)

AU(’) =15 E(t) Rcell (l)

where R, is the cell radius. In this study, molecular trans-
port seems to first occur at less than 1 kV/cm. Using the
above equation (Rghose = 3.3 wm (Sowers and Lieber, 1986)),
a 1-kV/cm electric field corresponds to a transmembrane
voltage of approximately 0.5 V, in good agreement with the
“universal” breakdown voltage of 0.2-0.5 V for longer
pulses.

Direction of transport

Figs. 3 and 4 show transport of calcein into and out of ghosts.
The finding that transport begins and plateaus at approxi-
mately the same field strengths indicates that the direction
(influx/efflux) of transport across the membrane is not im-
portant in this case.

Destruction of ghosts

The results in Fig. 8 imply that approximately 30% of the
ghosts can be destroyed by electroporation. However, these
ghosts have experienced more than just exposure to an
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electric-field pulse which may contribute to their destruction.
First, as erythrocyte ghosts, they have been opened by os-
motic swelling, have released their hemoglobin, and have
then been allowed to reseal. Although this is a well estab-
lished procedure (Dodge et al., 1963; Sowers and Lieber,
1986), it is not a fully reversible process, leaving the mem-
brane permanently altered (Lange et al., 1982; Lieber and
Steck, 1982a; Lieber and Steck, 1982b). Moreover, after
electroporation, ghosts are washed, involving centrifugation
twice at 10,000 g, which subjects the ghosts to mechanical
stress. Nevertheless, the control preparations are subjected to
these same procedures, which indicates that the exposure to
the electric field pulse is responsible. From this study we
conclude that significant losses of ghosts were observed at
field strengths where electroporation occurs; further inves-
tigation is needed to establish whether these results showing
ghost destruction can be generalized to other systems.

CONCLUSIONS

A quantitative study of molecular uptake due to electropo-
ration is presented, including data on the transport of four
different molecules from measurements of more than 10°
individual ghosts. Under the conditions of this study, the
findings are: (a) A single population of ghosts generally ex-
ists, indicating that all ghosts respond to a given electric field
pulse in a similar manner. However, the amount of transport
per ghost within this population varies widely, indicated by
average coefficients of variation of approximately 100%.
The onset of transport due to electroporation occurs at less
than 1 kV/cm, corresponding to a transmembrane voltage of
approximately 0.5 V. (b) After the onset of electroporation,
average uptake increases with increasing field strength and
then plateaus at higher field strengths. Although a detailed
mechanism is not proposed, it appears that transport is con-
trolled by electric field-dependent processes at lower field
strengths, but may be controlled by electric field-
independent processes at higher field strengths. Both the
field strength at which the plateau is achieved and the relative
internal plateau concentration appear to correlate inversely
with the molecule’s charge density. (c¢) The direction of trans-
port (influx/efflux) does not appear to affect net molecular
transport significantly. This result is based only on calcein
transport data. (d) Approximately 30% of ghosts can be de-
stroyed by the electroporation procedure. However, it is un-
clear whether these results can be generalized to intact cells.
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