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Intense nanosecond-duration electric pulses (nsEP) open stable nanopores in the cell membrane, followed by
cell volume changes due to water uptake or expulsion, as regulated by the osmolality balance of pore-
impermeable solutes inside and outside the cell. The size of pores opened by either fifty 60-ns EP (~13 kV/cm)
or five, 600-ns EP (~6 kV/cm) in GH3 cells was estimated by isoosmotic replacement of bath NaCl with
polyethylene glycols and sugars. Such replacement reduced cell swelling or resulted in transient or
sustained cell shrinking in response to EP. depending on the availability of pores permeable to the test solute.
Unexpectedly, solute substitutions showed that for the same integral area of pores opened by 60- and 600-ns
treatments (as estimated by cell volume changes), the pore sizes were similar. However, the 600-ns exposure
triggered significantly higher cell uptake of propidium. We concluded that 600-ns EP opened a greater
number of larger (propidium-permeable pores), but the fraction of the larger pores in the entire pore
population was insufficient to contribute to cell volume changes. For both the 60- and 600-ns exposures, cell
volume changes were determined by pores smaller than 0.9 nm in diameter; however, the diameter increased
with increasing the nsEP intensity.
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1. Introduction

The phenomenon of cell membrane permeabilization by intense
electric pulses, or electroporation, has been extensively studied
during recent decades [1–7]. Although most studies concur that
electropermeabilization results from formation of long-lived hydro-
philic pores in the lipid bilayer, the exact nature of such pores, their
structure andmechanisms that control pore size and resealing remain
poorly understood. Nonetheless, electropermeabilization is used
widely for intracellular delivery of substances and genes, as well as
for tissue and tumor destruction [8–12].

Membrane permeabilization can be conveniently visualized by
uptake of fluorescent dyes that do not pass through the intact
membrane, with propidium (Pr) iodide being by far the most popular
[13–16]. Pr uptake assay is simple, reliable, and exerts high sensitivity
due to profound enhancement of fluorescence upon Pr binding to
nucleic acids. In multiple electroporation studies, Pr uptake was
employed as a sole and self-sufficient criterion of pore formation and/
or of cell death. (Notably, propidium iodide (PI) dissociates in water,
and cell staining is determined by the passage of Pr2+ (not of the
entire PI molecule) through membrane pores. The traditional
terminology (e.g., “PI uptake” and “PI fluorescence”) becomes
misleading when talking about the size of the pores [17,18], so we
use the abbreviation “Pr” instead.)

Pore size and number are perhaps two major endpoints that
determine permeabilization efficiency, physiological effects, and
eventual cell survival after the treatment. In early studies, the pore
size estimates fell in a rather wide range, roughly from 1 to 100 nm
[19–21]. Despite such variability, it has been generally recognized that
longer and more intense pulses open larger pores. Specifically, the
shortest pulses tested at that time (0.5 μs) opened the smallest pores
permeable to Rb+, but not to any larger solutes [22].

It was not until mid-90s when ultra-short pulse exposure
technologies became available, and bioeffects of nanosecond electric
pulses (nsEP) received much attention. Equivalent circuit modeling
suggested that nsEP could potentially bypass the plasma membrane
and reach cell interior, thereby targeting organelles and porating
internal membranes [23,24]. This idea was corroborated by multiple
reports of nsEP bioeffects which were not accompanied by Pr entry
[15,25,26]; however, these studies overlooked the possibility that
nsEP-opened plasma membrane pores could be smaller than needed
for Pr cation passage (about 1.5 nm [17,18]).

Indeed, opening of small plasma membrane pores in nsEP-treated
cells has later been revealed by patch clamp [27–30] and by
fluorescent detection of Tl+ uptake and Yo-PRO-1 dye uptake
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[17,18,27,31]. Since both Yo-PRO-1 and Tl+ are smaller than Pr, the
exclusion of the latter by nsEP-treated cells has set an estimate of the
upper limit of pore size at 1–1.5 nm. These experimental data were
consistent with more advanced theoretical models that predicted
large quantities of small pores both in the plasma membrane and in
the internal membranes [32]. The term “nanopores” was introduced
to distinguish the smallest population of electropores from larger
pores that are produced by conventional electroporation with longer
pulses [17,18,27,31,33].

In actuality, nanopore size estimates based on differential uptake of
fluorescent dyes are limited by dye selections and confounded by
differences in the emissionefficiencyanddetector sensitivity. Increasing
nsEP intensity (either E-field or pulse number) and boosting fluores-
cence detector sensitivity far above the values needed for routine live/
dead cell distinction can reliably reveal nsEP-triggered Pr uptake, albeit
usually weak [17,18,27]. Although electropores are not rigid structures
and are likely to experience thermal and stochastic sizefluctuations, the
observations of Pr uptake have somewhat blurred the alleged difference
between the nano- and conventional pore categories. At present, no
experimental data are available to prove that reduction of pulse
duration from hundreds to tens of nanoseconds and even less would
produce still smaller pores. Alternatively, one can expect that there is a
certain minimum size limit required for stable nanopore formation (at
room temperature, the lifetime of nanopores is on the order of minutes
[1,17,18,27,29,33]).

The goal of the present study was to compare nanopore
populations created by 60- and 600-ns pulses. Instead of relying
solely on the fluorescent dye uptake, we employed a potentially more
accurate pore size estimation method based on cell volume
manipulation following plasma membrane permeabilization [17,19–
21,34–36].

The basis for this method is a well-documented phenomenon of
cell volume change (typically, cell swelling) following nsEP exposure
[17,28]. Presumably the principal driving force for nsEP-initiated
water uptake is a so-called colloid osmotic mechanism [17,21,37]. In
brief, small intra- and extracellular solutes will travel freely across the
plasma membrane of a porated cell, to approach the concentration,
electrochemical, and osmotic equilibrium. At the same time, larger
intracellular solutes (unable to pass throughmembrane pores) will be
trapped inside, creating additional osmotic pressure and attracting
water to cause cell swelling. However, swelling will be suppressed or
replaced by shrinking if the bath buffer contains a sufficient amount of
large (i.e., pore-impermeable) solutes to counterbalance the osmotic
pressure of large solutes inside the cell.

Hence, the pore size can be estimated by isoosmotic replacement
of small solutes in the bath (typically, Na+ and Cl) with various larger
solutes, like polyethylene glycols (PEGs) or neutral sugars. Once the
size of the test solute prohibits it from going through pores, nsEP-
induced cell swelling will be replaced with shrinking, so the pore size
can be estimated from the solute's molecular dimensions. PEGs have
been particularly popular as a test solute, as they form in water a
random-shaped coil with the radius proportional to their molecular
weight [34,35,38].

Notably, intermediate-sized solutes might be able to enter the cell
through pores, but this process takes significant time. As a result, such
solutes may cause transient cell shrinking, which eventually stops and
is followed by swelling when the test solute accumulates in the cell.
Such biphasic effects will be illustrated and discussed below in this
paper.

Earlier studies that utilized the colloid osmotic mechanism for
pore size estimation relied on “bulk” measurements of cell volume,
e.g., on light scattering by a cell suspension or on eventual lysis of
permeabilized cells [19–22,36]. While these studies produced
important estimations of the electropores size and lifetime, the
findings were somewhat ambiguous. Light scattering could be
profoundly affected by blebbing and cytoplasm granulation [17,28],
which would interfere with volume estimates. Eventual lysis of
electroporated cells could be conveniently measured in erythrocytes,
but not in most other cell lines that lack a colored pigment; this
method also assumes the lack of pore size changes or resealing during
the observation period of 10–20 h, and bears no information on the
time dynamics of volume changes. As a more rigorous alternative to
the “bulk” methods, in this study we measured cell volume in
individually electroporated cells using a multiple-plane, time-lapse
confocal imaging and subsequent 3D cell reconstruction. In addition,
we performed experiments both with different PEGs and different
sugars, in order to verify that their effects are related to the ability to
pass through the pores, rather than to specific chemical properties.

2. Materials and methods

2.1. Cell line and propagation

We used GH3 cells (rat pituitary) obtained from ATCC (Manassas,
VA). This cell line has been extensively used in nsEP studies
[17,27,29,30]; it has small size and nearly round shapewhich facilitate
the 3D volume reconstruction. Cells were propagated at 37°C with 5%
CO2 in air in Ham's F12K medium supplemented with 2.5% fetal
bovine serum, 15% horse serum, and 1% penicillin/streptomycin. The
cell culture components were obtained from Atlanta Biologicals
(Norcross, GA) or Mediatech Cellgro (Herndon, VA.) For the passage
immediately preceding the experiments, cells were transferred onto
glass coverslips pre-treated with poly-L-lysine (Sigma-Aldrich,
St. Louis, MO) to improve cell adhesion.

2.2. Cell imaging and volume measurements

To mark the cell volume for confocal imaging, cells were loaded
with a fluorescent indicator Cell TrackerTM Green CMFDA (5-
chloromethylfluorescein dictate, Invitrogen, Eugene, OR). Cell loading
and handling protocols were modified from [39]. A 10-mM DMSO
stock of Green CMFDA ester was diluted to 4.5 μM in the loading buffer
composed of (inmM): 130 NaCl, 5 KCl, 2MgCl2, 2 CaCl2, 10 HEPES, and
10 glucose (pH 7.4). Cells were loaded with the dye by incubation in
this buffer for 20–25 min at room temperature. After loading, cells
were returned into the growth medium and allowed to recover in the
incubator for 30–60 min prior to being used in experiments. The
loading buffer (without the dye) was also used to rinse the coverslip
between any changes of the media.

A coverslipwith dye-loaded cells was placed into a glass-bottomed
chamber (Warner Instruments, Hamden, CT)mounted on an Olympus
IX71 inverted microscope equipped with an FV 300 confocal laser
scanning system (Olympus America, Center Valley, PA).

The dye was excited at 488 nm and its emission was detected in the
band from510 to 530nm. Stacks of XY scans through the entire depth of
the cell (typically, 12–15Z-sections at1.4-μmsteps, starting fromwithin
the coverslip and going upward) were obtained repeatedly with 30-s
intervals; three stackswere recorded prior to nsEP exposure (baseline),
followed by 15–20 identical stacks after nsEP exposure or a sham
exposure. To minimize distortion due to fluorescence “bleeding” into
Z-planes above and below the confocal plane,we used a 60×, 1.42NAoil
objective and the smallest confocal aperture.

The time-lapse image acquisition and Z-direction stepping of the
objective were programmed in FluoView V. 5.0 software (Olympus).
3D reconstruction of Z-stacks and volume measurements were
accomplished with a SlideBook 5.0 (Olympus). The cells chosen for
experiments were round-shaped, free of visible defects, and had a cell
volume of 1916 +/ 62 μm3 (mean +/ S.E., based on n=50)
Quantitative data were corrected for dye bleaching and expressed as a
change (%) from the initial (pre-exposure) cell volume. Due to
multiple statistical comparisons made (exposures versus controls;
60-ns versus 600-ns treatments; pre-exposure versus post-exposure
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time points; different bath buffers to each other; etc.), we chose to let
the error bars in graphs speak for the statistical difference without
using asterisks or other special symbols. However, when it was critical
for data interpretation, we emphasized the significant differences (or
lack thereof) in the body text and figure captions.

2.3. Propidium uptake

Cell handling procedures were the same as described above,
except for the omission of the CellTracker dye loading. Propidium
iodide (Sigma-Aldrich) at 30 μg/ml was added to the reference buffer
(see below). Florescent images from a single Z-plane, presumably
half-way through the cell, were collected every 10 s using a large
confocal aperture (excitation: 488 nm; emission 605 nm). Photo-
multiplier tube settings were biased towards high sensitivity and
detection of even minimal Pr uptake. Images were quantified with
MetaMorph v. 7.5 (MDS, Foster City, CA).

2.4. Chemicals and buffers

A reference buffer for measuring nsEP effect on cell volume
contained (in mM): 135 NaCl, 5 KCl, 4 MgCl2, 3 HEPES, 10 glucose, and
2 Na-EGTA (pH 7.4). External Ca2+ was omitted in order to minimize
multiple physiological effects that could be triggered by Ca2+ entry
through electropores, including pore repair by endo- and exocytosis
[40,41] and active volume regulation [37]. Since the overall concen-
tration of bivalent cations is important for membrane stability [42],
Mg2+ concentration was raised to 4 mM to compensate for the lack of
Ca2+.

In experiments with different sugars, 100 mM of NaCl in the
reference buffer was isoosmotically replaced with a sugar (180 mM of
adonitol, methyl-α-D-glucoside, D-mannitol, or sucrose).

Buffers containing PEGs were formulated similarly; however,
isoosmotic PEGs’ concentrations had to be found by trial and error.
PEGs exhibit a peculiar dependence of their osmolality upon both
their molecular size and concentration [35,43]. When NaCl concen-
tration in the reference buffer was dropped to 35 mM, the overall
osmolality was brought back to ~300mOsm/kg by the addition of PEG
200 at 162 mM, PEG 300 at 152 mM, PEG 400 at 134 mM, PEG 600 at
105 mM, PEG 1000 at 83 mM, or PEG 4000 at 26 mM. Isolated
experiments that used PEGs at different concentrations and osmolal-
ities are identified as such below.

The osmolality of all solutions was between 290 and 310mOsm, as
measured with a freezing point microosmometer (Advanced Instru-
ments, Inc., Norwood, MA). Out of this number, about 190 mOsm/kg
was contributed by PEGs or sugars. This value was intended to
markedly exceed the osmolality of pore-impermeable intracellular
solutes, thereby resulting in cell shrinking if a particular PEG or sugar
was too large to enter the cell through electropores. In control
experiments without nsEP stimulation, none of the tested buffers had
a significant effect on the cell volume.

Chemicals were purchased from Sigma-Aldrich or Qiagen (Valencia,
CA). All buffers were used at a room temperature of 22–24 °C.

2.5. Nanosecond pulse stimulation and local electric field modeling

The method of nsEP exposure of individual cells on a coverslip was
the same as described recently [27,30]. Nearly rectangular 60- or 600-
ns pulses were generated in a transmission line-type circuit, by
closing a MOSFET switch upon a timed delivery of a TTL trigger pulse
from pClamp software via a Digidata 1322A output (MDS). The same
devices were employed to synchronize the acquisition of cell images
with nsEP exposure and buffer exchanges (when necessary).

NsEP were delivered to a selected cell with a pair of tungsten rod
electrodes (0.08-mm diameter, 0.15–0.23 mm gap). With a help of a
robotic manipulator (MP-225, Sutter, Novato, CA), these electrodes
were positioned precisely at 50 μm above the coverslip surface so that
the selected cell was in the middle of the gap between their tips. The
E-field at the cell location was determined by 3D simulations with a
finite element Maxwell equations solver Amaze 3D (Field Precision,
Albuquerque, NM). The exact nsEP shapes and amplitudes were
captured andmeasuredwith a 5-GHz TDS 3052 oscilloscope (Tektronix,
Beaverton, OR). In most experiments, we exposed cells either to a 1-Hz
train of five 600-ns pulses, or to a 10-Hz train of fifty 60-ns pulses;
therefore, the train durations were the same, whereas the pulse
amplitudes were adjusted to produce equal effects (see below).

2.6. Experiment strategy and protocols

The 60- and 600-ns treatment protocols were empirically estab-
lished in preliminary experiments. The goal was to make the treatment
intense enough to causewell-measurable cell swelling (in the reference
buffer), but not too severe to destroy the cells within a 10-min
observation period. The treatments were made similar in the overall
duration and the cumulative duration when the E-field was on (five
600-ns pulses at 1 Hz and fifty 60-ns pulses at 10 Hz). The E-field
amplitude was fine tuned, by trial and error, so that cells exposed to
either 600- or 60-ns trains exhibited a similar degree of swelling in the
reference buffer. Since this buffer contained mostly small (presumably
pore-permeable) solutes, the similarity of swelling indicated that the
integral area of all pores opened by 60- and 600-ns treatments was also
the same. However, the same integral area could result from opening of
either the samenumber of similarly sized pores, or of a larger number of
smaller pores. In case of the same number of similarly sized pores, PEGs
and sugars would inhibit cell swelling to the same extent after 600- and
60-ns pulses. However, in case of a pore size difference, e.g., in case of
smaller pores opening by 60-ns pulses, smaller PEGs and sugars will be
more efficient in blocking cell swelling caused by 60-ns pulses.

Within each series of experiments, different exposures were
randomized and accompanied by “sham” exposures (same proce-
dures, but excluding nsEP delivery). As a rule, each treatment was
independently tested in 4–10 individual cells from different batches.

2.7. Molecular dimensions

The radius of a PEG random coil is related to its molecular weight
through the so-called Kuga relation [38]. In this study, we used PEG
hydrodynamic diameter values as estimated by viscosity measure-
ments for buffer conditions similar to ours [34]: PEG 200, 0.91 nm;
PEG 400, 1.24 nm; PEG 600, 1.5 nm; PEG 1000, 1.9 nm. Although
different size PEGs have been often employed for pore sizing both in
artificial lipid bilayers and in living cells [34,35,44,45], one should
note that the hydrodynamic diameter is not necessarily an accurate
metric that defines their ability to pass through a pore.

For tested sugars, 3D atomic coordinates were calculated using
CORINA program [46] and linear codes in a SMILES format extracted
from PubChem database (http://pubchem.ncbi.nlm.nih.gov/search).
Molecular dimensions were calculated with MOLEMAN2 software
[47], http://xray.bmc.uu.se/usf/, and Van der Waals radii of singly
bonded hydrogens (1.17 A) were added at each end to determine the
impenetrable molecular volume [48]. Molecular views of the sugars
(Fig. 1) were obtained using Jmol open-source Java viewer for
chemical structures in 3D, http://www.jmol.org/.

The diameter of unhydrated molecules is often expressed as the
geometric mean of the three orthogonal dimensions [21,49,50]; these
numbers are provided in Fig. 1. However, for a molecule with
substantially different dimensions in different planes, the ability to
pass through a pore will likely be determined by the minimum
molecular cross-section, rather than by the largest dimension of that
molecule. Assuming round shape of an electropore, its diameter should
be large enough to accommodate the two smaller dimensions of any
(unhydrated)permeantmolecule (see [49] formore discussion). Tofind
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Fig. 1. Minimum molecular cross-sections of tested sugars and their molecular
structures. Gray areas in the cross-section views (left column) limit the impenetrable
molecular volume. The numbers following the names of the sugars correspond to the
geometric mean of the three orthogonal molecular dimensions; two values are given in
case of differently sized isomers. See text for more detail.
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this diameter, themolecular shapes of the tested sugars were rotated in
the Jmol viewer until finding themolecular projection corresponding to
the minimum cross-section of the molecule (Fig. 1, left column); gray
areas show van der Waals surface of the impenetrable molecular
volume [48]. When a tested sugar might be present in the buffer in
different isomeric forms, the smaller isomer was used for graphing. In
actuality, the effective size of sugar molecules could be somewhat
increased by hydration; however, the potential impact of hydration is
difficult to estimate [42] and was beyond the scope of this paper.

3. Results

3.1. Measurements of nsEP-induced cell volume change and the effect of
pore-impermeable solutes

As a first step, we selected nsEP parameters to cause well-
measurable cell swelling in the reference buffer. We also verified that
an isoosmotic replacement of the bath NaCl with a larger solute
reverts swelling into shrinking, consistently with what was expected
from the colloid osmotic mechanism.

Fig. 2A shows selected confocal fluorescent images of a cell before
nsEP exposure and at different time intervals after it. The cell was kept
in the reference buffer, and nsEP-induced swelling is seen as a gradual
enlargement of the fluorescence area in all Z-slices. Fig. 2B shows
another cell that developed a large bleb following nsEP exposure.
Blebbing would have unpredictable results on cell volume measure-
ments by indirect methods such as light scattering, but posed no
problem for 3D volume reconstruction. Finally, Fig. 2C illustrates that
the same nsEP exposure as in (A) caused shrinking instead of swelling
when a portion of NaCl in the bath buffer was isoosmotically replaced
with pore-impermeable PEG 4000.

Fig. 3 demonstrates that the inhibition of nsEP-induced cell
swelling by PEG 4000 increased with increasing PEG concentration
and osmolality. Cell swelling was unambiguously replaced with
shrinking when PEG osmolality reached 190 mOsm/kg, which was
therefore chosen for subsequent experiments.

3.2. Inhibition of cell swelling by PEGs of different molecular weight

Fig. 4 compares the effects of isoosmotic replacement of NaCl by
different PEGs on cell volume changes triggered by 600- and 60-ns
pulse exposures. Despite careful “tuning” of the pulse amplitude in
preliminary experiments, swelling induced by 60-ns EP in the
reference buffer happened to be slightly weaker than that of 600-ns
EP; this inaccuracy was taken into account when interpreting the
results.

As expected, swelling was gradually attenuated and replaced by
shrinking as the molecular weight of PEG increased. For either 60- or
600-ns exposures, PEG 200 only reduced the rate of swelling, as
compared with the reference NaCl buffer. With PEG 300, nsEP-
induced swelling was replaced by a modest and transient shrinking,
followed by cell volume increase at later time points. Same nsEP
exposures in the presence of still larger PEGs caused lasting shrinking
of exposed cells. The degree of shrinkingwas slightly higher after 600-
ns exposures. This difference, however, can be adequately explained
by the fact that the 60-ns exposure was slightly “weaker,” i.e., it
induced less volume change response in the reference buffer. Overall,
the experiments with different PEGs produced no evidence that pores
opened by 60-ns pulses are different from those opened by 600-ns
pulses.

3.3. Inhibition of cell swelling by sugars

The experiment presented in Fig. 5 is similar to the one in Fig. 4,
but different sugars were used instead of small PEGs. In additional
experiments that preceded that main series and were not included in
statistics, the amplitudes of 60- and 600-ns EP were further adjusted
for better matching of their swelling effects in the reference buffer.

Smaller sugars (adonitol, mannitol, and methyl-α-D-glucoside)
caused transient shrinking followed by swelling. Shrinking was more
profound and transition to swelling occurred later when larger
molecular weight sugars were used. This biphasic change of the cell
volume can be readily explained by a slow (compared to Na+ and Cl)
but nonetheless significant entry of these sugars into electropermea-
bilized cells. At the early time points after nsEP, the osmotic pressure
of sugars in the bath exceeded the osmotic pressure of pore-
impermeable components inside the cell, thereby causing water loss
and cell shrinking. With time, sugar molecules penetrated into the
cell, gradually reducing their osmotic imbalance. Eventually, a point
was reached when the osmotic pressure of pore-impermeable
substances inside the cell became the driving force for water uptake
and cell swelling. As one would expect, the transition from shrinking
to swelling occurred later for larger sugar molecules that had lower



Fig. 2. Time-lapse confocal imaging of nsEP-treated cells. A–C: three representative experiments in individual GH3 cells. Columns correspond to different time points (60-s interval),
and rows represent different Z-plane scans (2.8-μm distance). Scanning began from below the cell (within the coverslip) and continued upward until getting above the cell; for
clarity, only several selected scans through the cell body are shown. Left two columns are the images taken prior to nsEP exposure (vertical dashed line). The exposure parameters
and the pulsing buffer used are indicated next to the respective panels (“NaCl” is the reference buffer; “PEG 4000” is the same buffer with 100 mM of NaCl isoosmotically substituted
for PEG 4000). Panel (B) also includes 3D reconstruction of the cell showing a growing bleb. Scale bars: 10 μm.
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mobility and needed more time to enter the cell in appreciable
amounts.

The largest sugar tested (sucrose) and PEG 1000 caused sustained
cell shrinking that was not replaced by late swelling. This result
suggests that both sucrose and PEG 1000 did not penetrate into the
nsEP-exposed cells, or their uptake was too small for detection by the
volume change-based method.

In either case, the effects of 60- and 600-ns pulse exposures were
very similar. The magnitude and time dynamics of the cell volume
change showed no statistically significant difference between two
exposure conditions for any of the tested bath buffers. These data
provided strong evidence that the size “profiles” of pore populations
created by 60- and 600-ns pulses were essentially identical.

This unexpected finding was in contradiction both to the
theoretical model predictions that shorter pulses should open smaller
pores and to earlier observations using fluorescent dyes. Therefore,
we decided to compare Pr uptake specifically for the exposure
conditions that were used in cell volume change experiments.
3.4. Propidium uptake in nsEP-exposed cells

Pr uptake was quantified in GH3 cells exposed to 60- or 600-ns
pulses in the reference buffer supplemented with 30 uM of propidium
iodide (Fig. 6). Longer pulses induced significantly more Pr uptake;
assuming that the total area of pores opened by 60- and 600-ns pulses
was the same (see above), this finding indicates that the longer pulses
produced greater number of pores of larger diameter. The rate of Pr
uptake was the highest immediately after nsEP treatment and
gradually slowed down.

image of Fig.�2
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Thus, contrary to findings based on cell volume changes, Pr uptake
suggested opening of larger pores when applying 600-ns pulses.
Notably, Pr2+ is much larger than either sucrose or PEG 400, and the
minimum cross-section of Pr-permeable pores was estimated at about
1.5 nm [17,18].

This apparent contradiction of the dye uptake data with the solute
substitution experiments may imply (a) that larger, Pr-permeable
pores shrink rapidly (within seconds), so the contribution of the pore
size differences to cell volume changes is negligible, or (b) that the Pr-
permeable pores represent just a small fraction of the total pore
population opened by nsEP, so their impact on volume changes is
insignificant. Continued increase of the Pr signal during minutes after
exposure in Fig. 6 could be a sign of continued Pr uptake, but it could
also be a result of continuing Pr binding to nucleic acids and resultant
increase in its emission. Therefore the data presented in Fig. 6 provide
no evidence to distinguish between the interpretations (a) and (b).
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3.5. Effect of the E-field intensity on the pore size

Cell volume changes triggered by a 1-Hz train of five 600-ns pulses
at 4, 6.2, or 12.4 kV/cm were measured in the reference buffer and in
the same buffer containing 180 mM sucrose (NaCl was reduced to 35
mM to keep the overall osmolality unchanged). Sucrose was the
smallest of the tested solutes that showed no signs of entry into cells
under the exposure conditions employed above, and therefore was
expected to be the most likely candidate to enter the pores in case of
their enlargement by the higher E-field (Fig. 7).

Increasing of the E-field caused faster swelling in the reference
buffer (NaCl) and faster shrinking in the sucrose buffer. The rate of
early changes in the cell volume was quantified for the time interval
from 90 to 120 s of the experiment (i.e., from 25 to 55 s from the start
of exposure). In both buffers, the rate of the early changes increased
proportionally to the E-field (Fig. 7B).
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sham-exposed cells in the PEG buffers were small (within 3% to 4% interval) and not
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Cell volume kept changing at a gradually decreasing pace, with a
notably different behavior of cells exposed in the sucrose buffer at the
highest field intensity. In these cells, profound early shrinking has
stopped soon, and later on was replaced by a modest, but statistically
significant volume increase (Fig. 7C). Similarly to the data discussed
above (Figs. 4 and 5), such biphasic response was caused by slow
sucrose entry, thereby providing evidence for the formation of larger,
sucrose-permeable pores at the highest tested field intensity.
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Fig. 6. Propidium uptake by cells exposed to 60- and 600-ns EP. The exposure
parameters and the number of independent experiments per group are indicated next
to the plots. Other details same as in Figs. 3–5.
Importantly, these larger pores were sufficiently long-lived to allow
their detection by the cell volume change method. This observation
supports the item (b) above as a more accurate interpretation of the
experimental findings.
3.6. Effect of the pulsing buffer on membrane permeabilization

Multiple studies reported the enhancement of electroporation in
low-conductance media, e.g., when most of NaCl is substituted with
sucrose [16,51–53]. The reference buffer had about 3-fold higher
conductance than all sugar- and PEG-containing buffers, so different
exposure efficiency related to the pulsing buffer conductance could
potentially be a confounding factor in comparing the effects in the
reference buffer with the other buffers. At the same time, we did not
observe medium conductance-related effects in earlier experiments
with ns-duration EP which employed widely varied media
[17,18,28,29]; however, these studies focused primarily on other
topics. To reinforce this circumstantial evidence, now we specifically
explored if a different conductance of the buffers could have
contributed to studied nsEP effects.

For these experiments (Fig. 8), we used the reference buffer
(“NaCl”) and an isoosmotic buffer with 180 mM of sucrose (“sucrose”
buffer). Cells were treated with nsEP in one of these two buffers,
followed by post-exposure holding in the same buffer or in the other
buffer. More details of this protocol are given in the Fig. 8 caption.

Regardless of which buffer was used for the exposure, nsEP-
exposed cells displayed shrinking in the sucrose holding buffer, and
swelling in the NaCl holding buffer; the magnitude and rate of the
volume changes were similar. Thus, for our conditions, the extent of
nsEP-induced permeabilization did not depend on which buffer was
used for exposure.
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4. Discussion

We employed two different tests, namely (1) cell volume change
by the colloid osmotic mechanism and (2) propidium dye uptake, to
compare the populations of pores formed in cell membrane by 60-
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Fig. 8. Lack of the effect of the buffer composition at the time of the exposure on cell volume
of solution through the exposure bath with cells. Two different buffers were used: a reference
sucrose (“sucrose”). Cells were exposed to 5 pulses at 6.4 kV/cm, 600 ns, 1 Hz, from 70 to 75
exposure data. Left panel: at 75 s, bath perfusion was switched to a the sucrose buffer (in c
were used, in order to account for possible mechanical artifacts of the flow switching). Right p
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were determined by the buffer that was used for holding of cells after exposure.
and 600-ns EP. For the cell volume experiments, we “calibrated” pore
sizes by PEGs and sugars of different molecular dimensions.

The method of 3D cell volume reconstruction in individually
exposed cells enabled us to reveal biphasic volume changes due to
slow membrane permeation of tested solutes. The method showed
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amazingly high sensitivity, e.g., it readily distinguished between the
effects of adonitol and mannitol, although these molecules have same
cross-section and differ just by one carbon alcohol group (Figs. 1
and 5).

Notwithstanding its high sensitivity, the volume change method
established no difference in pore populations opened by 60- and
600-ns pulses. This finding was in apparent contradiction with higher
Pr uptake triggered by longer pulses (Fig. 6), which made us to
hypothesize that 600-ns pulses do open larger pores, but they shrink
rapidly, and therefore have little impact on the cell volume by the
time of volume measurements. However, this hypothesis was
challenged by finding that 600-ns pulses at 12.4 kV/cm opened larger
pores than at 6.2 or 4 kV/cm, and these larger pores existed long
enough to reveal sucrose uptake by biphasic volume changes (Fig. 7).

The only other way to reconcile the cell volume changes with dye
uptake findings was to conclude that the fraction of Pr-permeable
pores following 600-ns exposure is small when compared to the
entire pore population: Whereas this pore fraction lets Pr into the
cells, it has little impact on water uptake which involves all pores. In
other words, the population of Pr-permeable pores was larger after
the 600-ns exposure, but being just a small fraction of the entire pore
population, it had little impact on the overall water uptake and
volume changes. Overall, our data show that the effects of 60- and
600-ns pulses at the cellular level were qualitatively similar and even
indistinguishable when using such endpoints as cell volume change.

One question that has been extensively discussed in studies with
nsEP but still remains open is “what is the actual size of the nsEP-
opened pores?” We do not have a straightforward answer to this
question, as there is no fixed size of such pores. Instead, we can talk
about a pore population with a certain pore size distribution, which
depends both on the EP duration and amplitude. The data presented in
Figs. 4 and 5 can be used to estimate the “effective” upper limit for pore
size for the exposure conditions tested (by saying “effective,”weadmit
that a small fraction of poresmay exceed this limit, but theywouldplay
little role in cell volume changes). In Fig. 5, the ability of adonitol,
mannitol, andmethyl-α-D-glucoside to enter the cells is evidenced by
biphasic change in the cell volume. There was no such biphasic
response in sucrose and PEG 1000 buffers, indicating that these two
molecules did not enter cells in any appreciable amounts. Likewise,
PEG 200 and PEG 300 undoubtedly entered the nsEP-permeabilized
cells, whereas PEG 400, 600, and 1000 apparently did not (Fig. 4).
Hence themaximum “effective” diameter of nsEP-openedpores can be
estimated as b0.9 nm from the size of the sucrose molecule (Fig. 1) or
as b1.24 nm from the hydrodynamic diameter of PEG 400. Since one
can speculate that PEGmolecules can assume an ellipsoid shape to get
into pores of a smaller radius, the pore size estimate based on the rigid
structure of sugar molecules appears more accurate.

In general, findings reported in this paper using GH3 cells were
consistentwith our observations of cell volume changes in CHO-K1 cells
[17], NG108 neuroblastoma, and U-937monocytes (unpublished data).
These studies were limited in scale and did not specifically compare the
effects of 60- and 600-ns pulses, but they demonstrated nsEP-induced
cell swelling and its inhibition by sucrose and PEG 1000, and also by
gluconate and ascorbate anions. We infer, just as a first approximation,
thatwithin the studied limits nsEP effects onmembrane pore formation
in different cell lines were qualitatively similar.

As a final note, in this study we disregarded specific chemical
properties of PEGs and sugars, as well as possible active volume
regulation by nsEP-exposed cells. Both groups of chemicals were
treated simply as osmolates, and the cell response was assumed as
passive. Same as in earlier studies [7,19–21,35], we found that effects
of PEGs and sugars on cell volume are consistent with what is
expected based on the osmotic mechanism, whereas their specific
chemical properties appear to have little effect. Likewise, we do not
exclude active volume regulation by studied cells, but did not observe
any effects that would need to be explained by it. In addition, earlier
studies noted suppression of such regulation in electroporated cells
[54], making their response more predictable from the physico-
chemical point of view.
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