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Quantification of Electroporative Uptake Kinetics and Electric Field
Heterogeneity Effects in Cells
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ABSTRACT We have conducted experiments quantitatively investigating electroporative uptake kinetics of a fluorescent
plasma membrane integrity indicator, propidium iodide (Pl), in HL60 human leukemia cells resulting from exposure to 40 us
pulsed electric fields (PEFs). These experiments were possible through the use of calibrated, real-time fluorescence microscopy
and the development of a microcuvette: a specialized device designed for exposing cell cultures to intense PEFs while carrying
out real-time microscopy. A finite-element electrostatic simulation was carried out to assess the degree of electric field
heterogeneity between the microcuvette’s electrodes allowing us to correlate trends in electroporative response to electric field
distribution. Analysis of experimental data identified two distinctive electroporative uptake signatures: one characterized by low-
level, decelerating uptake beginning immediately after PEF exposure and the other by high-level, accelerating fluorescence that is
manifested sometimes hundreds of seconds after PEF exposure. The qualitative nature of these fluorescence signatures was
used to isolate the conditions required to induce exclusively transient electroporation and to discuss electropore stability and
persistence. A range of electric field strengths resulting in transient electroporation was identified for HL60s under our
experimental conditions existing between 1.6 and 2 kV/cm. Quantitative analysis was used to determine that HL60s experiencing
transient electroporation internalized between 50 and 125 million nucleic acid-bound Pl molecules per cell. Finally, we show that
electric field heterogeneity may be used to elicit asymmetric electroporative Pl uptake within cell cultures and within individual

cells.

INTRODUCTION

A cell membrane may become permeable to a variety of
normally membrane-impermeable molecules in the presence
of an externally applied pulsed electric field (PEF). This
permeability is attributed commonly to the development of
electrically-induced membrane pores, or electropores (1-4).
Electroporation may be used to damage or destroy unwanted
cells, for instance, through the induction of necrotic (5-7) and
apoptotic (8—11) death. Electroporation may also be used to
deliver a number of important, biologically-active molecules
to cells such as peptides, full-length proteins, siRNA, mRNA,
and DNA (4,12,13) providing great flexibility in modifying
cell behaviors. However, for these molecules to maintain
their biological and therapeutic potentials, the cell must re-
main viable after exposure to a potentially traumatic PEF.
This, in turn, requires that induced electropores exist only
temporarily (i.e., induction of transient electroporation).
Electroporation has been applied successfully for decades as
a gene and drug delivery technique (14—17). However, de-
spite its ubiquitous use, much remains unknown regarding
the underlying mechanisms of electroporation and the ensu-
ing molecular transport across the plasma membrane. Specif-
ically, the rate, duration, and total amount of uptake (i.e., the
uptake kinetics) need to be well characterized.

There have been a number of numerical investigations
focusing on the dynamics and mechanisms behind electro-
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poration and the ensuing uptake of exogenous molecules
(18-23). However, there are a limited number of experi-
mental investigations attempting to characterize electro-
porative uptake kinetics, particularly in a quantitative manner.
Such experimental studies remain a high priority in electro-
poration research (18). Experimental investigations examining
electroporative uptake kinetics require real-time observation
of cells during and after electric field exposure and use of
quantitatively calibrated microscopy. We carried out real-time,
quantitative experiments characterizing electroporatively in-
duced propidium iodide (PI) uptake in HL60 human leukemia
cells when exposed to 40 ws PEFs. The experimental data
obtained here are used to address a number of important issues
regarding the dynamics of electroporatively-induced molecu-
lar uptake. Specifically, these data are used to show the effects
of electric field heterogeneity within a suspended cell culture
and in individual cells, characterize the nature of molecular
uptake during transient and irreversible electroporation, iden-
tify a range of field strengths resulting in exclusively transient
electroporation (i.e., a transient electroporation window), and
estimate the number of molecules internalized during transient
electroporation. We also show the exploitation of field hetero-
geneity to spatially regulate electroporative uptake that may
be useful in a number of biomedical applications.

The experiments presented here provide data required to
validate and improve existing numerical simulation models
designed to describe electroporation and electroporative up-
take. This study also underscores the need for future exper-
imental studies designed to determine the influence of PEF
duration, PEF intensity, PEF shape (waveform characteris-
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tics), PEF number and separation time, molecular size, mo-
lecular structure, and environmental conditions on electro-
porative uptake kinetics, which are critical steps in optimizing
the efficacy of electroporation technology in biological re-
search and medicine.

MATERIALS AND METHODS
Microcuvette

A description of the microcuvette’s fabrication is provided in the Appendix.
An en face view of a completed microcuvette is provided in Fig. 1 a. The
edges of the electrodes are slightly rounded at each end of the electrode gap to
prevent electrical arcing when intense voltages are applied (Fig. 1 »). An
electrode spacing of 80 wm was achieved (Fig. 1 ¢) with 24 subsequent
reproductions yielding electrode separations of 80 = 4 um. Electrode heights
were 19 = 5 um. These microcuvettes have proven to be quite robust. A
single microcuvette with an 80-um electrode gap and an electrode height of
19 wm was used in (23) and in this current investigation. The same micro-
cuvette has remained completely viable after hundreds of experimental trials.

As described in the Appendix, nickel electrodes are used in the micro-
cuvette due to convenience in fabrication. The potential cytotoxic effect of
nickel molecules liberated from the electrodes during PEF exposure is not
addressed here. The focus of this work is to quantitatively characterize PEF-
induced molecular uptake of a membrane integrity indicator over a relatively
short period of time (hundreds of seconds). The time frame associated with
the toxicity of internalized nickel molecules having an effect on plasma
membrane integrity is likely longer than the hundreds of seconds post-
electroporation examined here. However, because it has been shown that i),
free nickel molecules have a cytotoxic effect on cells when internalized
endocytically (24); and ii), the cytotoxic effect of molecules normally in-
ternalized endocytically is amplified in electroporated cells (25), nickel
toxicity will be a concern moving forward when examining long-term
electroporative effects in cells. It should be noted that any metal capable of
electroplating may be used to construct the microcuvette’s electrodes. In
future studies, the microcuvette’s electrodes will be constructed using a
biologically inert metal such as gold.

Finite-element electrostatics simulation

We analyzed the electrical field distribution in the microcuvette’s electrode
gap using FEMLAB (COMSOL, Burlington, MA), a finite-element model
(FEM) software package, for the case of 1 V excitation across the electrodes.
This was done to assess the degree of electric field heterogeneity between the
microcuvette’s electrodes. The cell buffer was modeled using a dielectric
constant of 78, which may vary depending on the buffer’s ionic concentra-
tion, and the glass microscope slide was modeled using a dielectric constant
of 4.6. The total simulation area was set large enough compared to the
electrode gap area to obtain accurate electric field data in the microcuvette’s
electrode gap. The data obtained from this FEM simulation do not consider
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FIGURE 1 (@) Image of completed microcuvette. (b) Image under low
magnification detailing arc-preventing electrode curvature. (¢) Image under
40X magnification detailing HL60s resting between the microcuvettes.
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the overvoltages at the metal-electrolyte interface and therefore may be
overestimates of the actual electrolytic electric field intensities that would be
produced in the microcuvette’s electrode gap upon voltage excitation.
Nevertheless, the electric field patterns obtained from this simulation do
adequately characterize the electric field heterogeneity in the microcuvette’s
electrode gap and will be used to describe the distribution in cellular response
during PEF exposure experiments based on the location of cells within the
electrode gap. Future studies will either quantify the Ni-electrolyte over-
voltage to determine actual electrolytic electric fields or use electrode ma-
terials where overvoltage is known to be less of an issue (e.g., silver—silver
chloride).

PEF electronics and microscopy setup

PEFs were applied to the cells by applying voltage pulses across the mi-
crocuvette’s electrodes using a gated high-voltage system. The applied
voltage was set and supplied from a Glassman ER series 3200 W regulated
high-voltage DC power supply (Glassman High Voltage, High Bridge, NJ).
This DC voltage was gated using a DEI Model PVX-4150 high-speed switch
(Directed Energy, Fort Collins, CO) triggered by a Model 555 two-channel
pulse/delay generator (Berkeley Nucleonics, San Rafael, CA). This electrical
system was capable of creating square voltage pulses up to 1.5 kV with pulse
widths as short as 60 ns. Using a microcuvette loaded with cells suspended in
Hanks’ balanced salt solution (HBSS), the maximum nominal electric fields
within the 80-um electrode gap were on the order of 90 kV/cm. The pulse
rise and fall times (to reach 90% of final value) were 7. = 64 ns and 7 = 70
ns, respectively (see Fig. 2 for a representative waveform used in these
studies). The voltage applied across the electrodes was monitored using a
Tektronix 2221A digital storage oscilloscope (Tektronix, Richardson, TX)
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FIGURE 2 (a) PEF waveform (40 ws) taken from digital oscilloscope. (b)
A zoomed-in plot detailing PEF rise and fall times.
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and was used to determine the nominal electric field value between the mi-
crocuvette’s electrodes.

Real-time image acquisition during experimentation was achieved using a
Nikon Eclipse TE200 inverted microscope (Nikon USA, Melville, NY)
equipped with a Hamamatsu C4742-95 Digital charge-coupled device
(CCD) camera (Hamamatsu Photonics, Bridgewater, NJ). A schematic of the
electrical delivery and microscopy setup can be seen in Fig. 3. Fluorescence
microscopy was used to monitor the fluorescence of internalized, nucleic
acid-bound propidium iodide (PI). Filters were selected to excite nucleic
acid-bound PI at 535 nm using a Lambda DG-4 excitation lamp/high speed
wavelength switcher (Sutter Instrument, Novato, CA) and monitor its fluo-
rescence at 617 nm. Control and timing of the excitation lamp and CCD
camera were provided by PC software (Prairie Technologies, Madison, WI).
Data extraction from acquired images was carried out in MATLAB (The
MathWorks, Natick, MA). CCD camera exposure time and gain settings
were optimally set, establishing sensitivities appropriate for investigating
different levels of molecular uptake.

Cell maintenance, preparation, and
experimental protocol

All PEF exposure experiments examined the response of HL60 human
promyelocytic leukemia cells (American Type Culture Collection, Manassas,
VA). HL60s were cultured in RPMI-1640 containing 2% glutamine sup-
plemented with 10% fetal bovine serum and 2% penicillin and streptomycin
at 37°C and 5% CO,. Before experimentation, cells were resuspended in
HBSS without Phenol Red, Ca®" and Mg " via centrifugal washing (1000
rpm for 5 min at 27°C). Cell concentration was set between 1 million and
2 million cells/ml. The HBSS conductivity was measured as 1.424 S/m using
an Orion model 160 conductivity meter (Orion Research, Beverly, MA).
PI (Fisher Scientific International, Pittsburgh, PA), a fluorescent plasma
membrane integrity indicator, was added to the cell-HBSS mixture to form a
PI concentration of 30 uM in the experimental medium. PI is normally
membrane impermeable and will traverse cellular membranes only when
membrane integrity has been compromised. Once PI molecules have pene-
trated the plasma membrane they will bind to available intracellular nucleic
acids, dramatically increasing their fluorescence capacity.

A microcuvette was prepared for experiments by placing a nylon washer
over the electrode gap to provide a well for the HBSS/cell/PI experimental
medium; 12 uL of medium was then placed in the well and a microscope
coverslip was placed on top to limit evaporation during experimentation. The
two electrodes of the microcuvette were electrically connected to the gated
PEF electronics and an oscilloscope probe was connected across the two
connections. The cells were allowed to settle between the microcuvette’s
electrodes for 10 min. Fluorescence microscopy data acquisition was ini-
tialized 1 min before PEF application. One fluorescent image was acquired
every 5 s for 10 min.
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FIGURE 3 Schematic of gated high-voltage PEF delivery system, cell
exposure microcuvette, microscopy setup, and microscope image acquisi-
tion system.
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To obtain cellular PI fluorescence intensities associated with permanent
membrane permeability, cells were chemically lysed using saponin (Alfa
Aesar, Ward Hill, MA) at 0.2% with 30 uM of extracellular PI. These fluo-
rescence intensities were used in analyzing electropore persistence in a
similar manner to (26).

Fluorescence microscopy calibration

A calibration of the fluorescence microscopy system was carried out to
correlate an individual cell’s fluorescence intensity to an estimated number of
internalized, nucleic acid-bound PI molecules. A known quantity of cells
were chemically lysed in 0.2% saponin with known quantities of available PI
and examined under fluorescence microscopy. In individual experiments
with different known quantities of available PI, the mean arbitrary fluores-
cence intensity of ~30 cells was recorded. With the known number of cells,
the numbers of intercellular, bound PI molecules per cell were estimated by
dividing the number of available PI molecules by the total number of cells.
This method provides accurate results as long as the number of available PI
molecules is small compared with the number of intracellular PI binding
sites.

Using a 300-ms camera exposure time, the mean cellular fluorescence
intensity increased linearly as the amount of available PI increased (Fig. 4 a,
Region I). This is consistent with there being plenty of intracellular PI
binding sites. Therefore, the linear region of the calibration curve provides an
accurate estimate relating an individual cell’s fluorescence intensity to the
number of internalized, bound PI molecules. However, as the quantity of
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FIGURE 4 Fluorescence microscopy calibration curves. (a¢) The begin-
ning of the calibration curve corresponding to a 300 ms camera exposure
time for low values of estimated internalized PI molecules. Regions I and II
indicate linear versus exponential curve fitting, respectively. (b) The full 300
ms exposure time calibration curve that is mostly nonlinear. (¢) The
calibration curve corresponding to a 3000 ms exposure time for heightened
sensitivity.
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available PI was increased, mean cellular fluorescence intensity began sat-
urating (Fig. 4 a, Region II). This is consistent with a reduction in intracel-
lular PI binding sites due to an abundance of available PI. As these binding
sites become increasingly unavailable the calibration curve becomes in-
creasingly inaccurate (i.e., as the calibration curve asymptotes, it becomes
less accurate). However, as will be discussed later, the linear region of the
calibration curve will be useful in accurately estimating the limited number of
internalized PI molecules during transient electroporation. The complete
calibration curve for 300 ms camera exposure times is provided in Fig. 4 b.

To detect smaller quantities of internalized PI, the microscopy system is
also calibrated using a more sensitive setting: a camera exposure time of 3000
ms. Again, the mean cellular fluorescence intensity increased linearly as the
amount of available PI increased (Fig. 4 ¢). However, at this increased
sensitivity, the camera saturates before the calibration curve develops
asymptotic characteristics, providing a sensitive and accurate calibration.
The experiments described here will use this calibration curve (Fig. 4 ¢) to
correlate cellular fluorescence intensity to a number of internalized, bound PI
molecules.

RESULTS
FEM electrostatic simulation results

An FEM simulation was conducted to characterize the elec-
tric field heterogeneity within the microcuvette’s electrode
gap. The microcuvette used in these experiments had an
electrode spacing of 80 um and an electrode height of 19 um.
The result of this simulation is provided in Fig. 5 a in the form
of a contour plot that shows the electric field distribution
between the electrodes of the microcuvette in the case of 1 V
electrode excitation. The nominal electric field (E,) is the
electrode voltage divided by the electrode spacing and its
contour is plotted in bold. Contours other than E,, are spaced
2000 V/m (0.02 kV/cm) apart.

In Fig. 5 b, a cartoon of an HL60 is provided illustrating its
approximate size relative to electric field gradients between
the microcuvette’s electrodes. The E,, contours along with the
vertical dimension of an HL60 cell conveniently divides the
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microcuvette’s electrode gap into two regions: Region I in the
middle 56% of the electrode gap and Region II in the re-
maining part of the electrode gap near either electrode. In
Region I, the simulated electric field varies between 0.87 E,
and E,, whereas in Region II, the electric field varies between
E, and 1.27 E,.. Although the value of E, is not necessarily
the actual electrolytic electric field, it will nevertheless be
useful in characterizing observed HL60 electroporative re-
sponses. Specifically, this electrostatic simulation shows that
cells lying in Region I will be exposed to field intensities
slightly less than the nominal electric field value whereas,
cells lying in Region II will be exposed to slightly higher field
values.

Pl uptake experimental results

PEF-induced PI uptake was monitored in real-time using
fluorescence microscopy for HL60s exposed to 40 us PEFs
of varying amplitudes. Results from experiments using
nominal PEF intensities (E,) of 0, 1.60 and 2.05 kV/cm are
shown in Fig. 6, a—c, respectively. To monitor cellular fluo-
rescence at low levels, the data in Fig. 6 were taken using
high camera sensitivity (exposure time = 3000 ms). In-
creasing camera exposure time further provided no additional
insight regarding observation of low-level PI uptake (i.e., no
PI uptake was observed at lower PEF intensities). In Fig. 6,
a—c, individual curves represent PI fluorescence intensity
over time for individual cells. This fluorescence intensity is
shown in arbitrary units (a.u.) on the left vertical axis. On the
right vertical axis, an estimate of the number of internalized
PImolecules is provided using the calibration curve shown in
Fig. 4 c. In the included discussion, we will use these cali-
brated data under the assumption that they are accurate es-
timates of the number of internalized, bound PI molecules per
cell. Solid lines represent individual cells in the middle 56%
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FIGURE 5 (a) FEM simulation data describing the field
nonuniformity between the microcuvette’s electrodes. The
bold contour indicates the nominal electric field value E,

computed as the applied voltage divided by the electrode
separation distance. All other contours are 0.02 kV/cm
apart. (b) Image detailing how the location of the nominal
field contours and the average diameter of an HL60 con-
veniently divides the area between the electrodes into two
regions: Region I where field intensities are <E, and
Region II where intensities are >E,,. (Table) Summary of
the (nonelectrolytic) field intensities expected in the micro-
cuvette used in these electroporation experiments.

Electrode Gap Dimensions Electric Field Variation

Electric Field Variation

Width x Height (um) In Middle 56% of Electrode Near Electrodes
Gap (Region I) (Region IT)
80x19 087E, < |B| < B En<|B| <1275,
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FIGURE 6  PI fluorescence versus time for individual HL60s when
exposed to 40 wus PEFs with nominal intensities of (@) 0 kV/cm, (b) 1.60
kV/cm, and (c¢) 2.05 kV/cm under heightened camera sensitivity (3000 ms
exposure time). HL60s lying in Region I are presented with solid curves
whereas HL60s lying in Region II are presented with dashed curves. (d)
Zoomed-in plot of HL60 traces from ¢ showing uptake signatures consistent
with transient electroporation.

of the electrode gap (Region I of Fig. 5 b) and dashed lines
represent cells in the region near each electrode (Region II of
Fig. 5 b). Therefore, solid lines represent cells exposed to
slightly lower electric fields than those represented by dashed
lines.

In Fig. 6 ¢, four cells internalized greater amounts of PI
relative to the other cells shown in the figure (see cells labeled
1-4). A zoomed-in plot of the relatively lightly fluorescing
cells is provided in Fig. 6 d (i.e., the unlabeled cells from Fig.
6 ¢). Cells labeled 1 and 2 in Fig. 6 ¢ reached fluorescence
levels that saturated the camera and became untrackable
when using a sensitive camera exposure time of 3000 ms.
600 s after PEF exposure, camera sensitivity was reduced to
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300 ms to track the cells that saturated the camera. Fig. 7aisa
plot of these cells’ fluorescence versus time at this decreased
camera sensitivity. Cells originally labeled 14 in Fig. 6 ¢
remain labeled as such in Fig. 7 a. The cells exhibiting lower
levels of fluorescence remain unlabeled in Fig. 7 a and are
now buried within the camera noise floor.

For comparative purposes, the fluorescence intensity of
saponin-lysed cells was recorded using 30 uM of extracel-
lular PI at both camera sensitivities (300 and 3000 ms ex-
posure times). Using a 3000 ms exposure time, all cellular
fluorescence levels of saponin-lysed cells saturated the
camera (data not shown). These data show that the cells ex-
hibiting PI uptake characteristics such as the unlabeled cells
in Fig. 6, ¢ and d, internalize much smaller quantities of PI
than cells that have been permanently lysed. Using a 300 ms
exposure time, permanently lysed cells’ fluorescence levels
were similar to those labeled 1-4 in Fig. 7 a (Fig. 7 b).

When PEF exposures were increased beyond E,, = 2.05
kV/cm, larger percentages of cells fluoresced at levels satu-
rating the camera when using 3000 ms exposure times. To
prevent camera saturation, lower camera sensitivity was used
(300 ms exposure time) when more intense PEFs were used.
Cellular PI fluorescence intensity versus time is provided in
Fig. 8, a—d, for experiments using E,, = 2.05, 2.88, 3.21, and
3.55 kV/em, respectively. Again, arbitrary fluorescence units
are shown on the left whereas the estimated number of in-
ternalized, bound PI molecules is shown on the right vertical
axis. The correlation between cellular fluorescence level and
the estimated number of internalized, bound PI molecules for
Fig. 8 was taken from the 300 ms calibration curve (Fig. 4 b).
We expect the accuracy of this calibration to decrease as
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FIGURE 7 (a) Continued tracking of cells from Fig. 6 ¢ using reduced
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in a.
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FIGURE 8 PI fluorescence versus time for individual HL60s when ex-
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kV/cm, (¢) 3.21 kV/cm, and (d) 3.55 kV/cm under reduced camera
sensitivity (300 ms exposure time). Solid and dashed curves correspond to
HL60s lying in Region I and Region II, respectively.

fluorescence levels increase. However, only the qualitative
nature of these higher-level PI uptake curves will be impor-
tant in the ensuing discussion.

DISCUSSION

Influence of field heterogeneity on
electroporative cell response

From Figs. 6, a—c, and 8, a—d, cells lying in Region II gen-
erally respond more dramatically to the applied PEF com-
pared to cells lying in Region L. For instance, in Fig. 6 b, only
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cells lying in Region II exhibit detectable amounts of inter-
nalized and nucleic acid-bound PI molecules. In Fig. 6 ¢, cells
in Region II primarily exhibit higher rates of fluorescence
increase at higher fluorescence intensities. In fact, two cells
(labeled 1 and 2) fluoresce at intensities saturating the CCD
camera. In Fig. 8, where camera sensitivity has been reduced
to avoid camera saturation, this trend continues. In Fig. 8 a,
primarily cells in Region II exhibit fluorescence intensities
above the noise floor. In Fig. 8, ¢ and d, cells in Region II
generally fluoresce at greater intensities and reach those in-
tensities sooner. We attribute these trends in electroporative
response to the electric field heterogeneity between the mi-
crocuvette’s electrodes. That is, cells in Region II respond
more dramatically to given PEF exposures due to the fact that
they are exposed to higher electric field intensities.

The electroporative uptake signatures in a given experi-
ment at first appear inconsistent, exhibiting a broad and in-
consistent distribution of responses. However, they become
predictable, consistent, and directly correlated to specific
field strengths when field heterogeneity is taken into account
(analyzed in Fig. 5). Based on our field heterogeneity anal-
ysis, we know that HL60s lying in Region II of Fig. 6 b are
exposed to similar field intensities as HL60s lying in Region I
of Fig. 6 c. Neglecting overvoltages at the electrode—elec-
trolyte interface, HL60s in Region II of Fig. 6 b are exposed
to field intensities between 1.6 and 2.03 kV/cm whereas
HL60s in Region I of Fig. 6 ¢ are exposed to very similar field
intensities between 1.78 and 2.05 kV/cm. As a result, their
electroporative responses are very similar. Again, HL60s lying
in Region II of Fig. 8 b (where cells are exposed to between
2.88 and 3.66 kV/cm) respond similarly to those lying in
Region I of Fig. 8 d (where cells are exposed to similar field
intensities, ranging between 3.08 and 3.55 kV/cm).

Categorization and analysis of electroporative
uptake signatures

As the electric field intensity used to electroporate HL60s in-
creases, there is an observable progression in electroporative
uptake signatures. Starting at 0 kV/cm, in Fig. 6 a, HL60s
remain at baseline fluorescence levels. In Fig. 6 b, as the
nominal PEF intensity is increased to 1.60 kV/cm, a number of
cells begin to exhibit fluorescence signatures exceeding the
noise floor. These cells are exclusively those lying in Region II
where field intensities are slightly higher than the nominal field
value of 1.60 kV/cm. Therefore we can determine that the
threshold for detectible electroporative PI uptake under our
experimental conditions is associated with a nominal PEF
intensity of ~1.6 kV/cm. It is noted that experiments using
lower nominal PEF intensities at even greater camera sensi-
tivities showed no observable PI uptake (data not shown).
When the nominal PEF intensity is raised to 2.05 kV/cm, it
can be seen that two characteristically different uptake sig-
natures are produced (Fig. 6 ¢). One uptake signature appears
to begin immediately after the PEF and the fluorescence
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intensity increases with a decelerating pace, asymptotically
stabilizing with relatively low levels of PI uptake (see un-
numbered traces in Fig. 6 ¢). The cells exhibiting these uptake
signatures are highlighted in a zoomed-in plot of Fig. 6 ¢ in
Fig. 6 d. The kinetics of these uptake signatures are qualita-
tively similar to those exhibited by cells lying in Region II of
Fig. 6 a and consistent with the development of transient
aqueous pathways in the plasma membrane (i.e., transient
electroporation). That is, their decelerating fluorescence sig-
nature is consistent with initial electropore development fol-
lowed by a reduction in total electropore area and/or number
over time. Additionally, their relatively low levels of PI up-
take suggest a limitation in the duration and size of developed
electropores (transient electropores must remain recoverably
small (27,28)).

The other electroporative uptake signature observable in
Fig. 6 c is characterized by immediate but accelerating PI
uptake resulting in higher total amounts of PI internalization
(see traces labeled 1 through 4). Notice that only cells lying in
Region II (where the field intensity is slightly elevated) ex-
hibit this accelerating uptake signature. The kinetics of these
uptake signatures are consistent with initial electropore de-
velopment followed by an accelerating increase in total elec-
tropore area and/or number over time (at least during the
experimental timescales). By observing these same cells under
reduced camera sensitivity later in time (see traces labeled
1-4 in Fig. 7 a), it is shown that 600 s after PEF exposure,
they have internalized similar amounts of PI as do cells that
have been permanently lysed using saponin (Fig. 7 b). Taken
together, these uptake signatures are suggestive of irrevers-
ible electroporative. That is, 1), they are associated with higher
field intensities that may contribute to electropore expansion
beyond recoverability; ii), exhibit increased PI influx over
time indicating increased membrane permeability over time;
and iii), result in similar amounts of internalized PI as do cells
known to be permanently lysed. The design of these partic-
ular experiments using the microcuvettes did not allow the
study of post-PEF cell viability for a rigorous verification of
irreversible electroporation. However, the similarity in PI
uptake between the cells exposed to the higher PEF intensi-
ties and saponin-lysed cells strongly supports the inferred
conclusions.

Delayed onset of accelerated of Pl uptake

Inspection of Fig. 8, a—d, shows that a number of cells ex-
perience a delayed onset of accelerated PI uptake. Deng et al.
(29) reported similar responses in ~10 uM, round Jurkat
cells under similar environmental conditions (Jurkats sus-
pended in HBSS without Ca®* and Mg®" using a PI con-
centration of 30 uM) using square PEFs ranging from 60 ns
to 100 ws with 50 ns rise times. Delays in observable PI
uptake were reported at all experimental pulse widths (60 ns,
300 ns, 10 us, and 100 ws), although most prevalent when
using PEF pulse widths shorter than the predicted plasma
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membrane charging time constant (tens to hundreds of
nanoseconds (23,29)). Delays in observable PI uptake were
interpreted as resulting from an electroporative response
characterized by i), insufficient initial effect on plasma mem-
brane permeability for efficient PI uptake; and ii), eventual
but delayed plasma membrane permeability sufficient for
efficient PI uptake due to disruption of intracellular com-
partments. This organelle disruption may lead to delayed
apoptotic plasma membrane permeability, for instance, by
elevating cytosolic Ca®" levels through endoplasmic reticu-
lum rupture (9) that is known to be a key factor in triggering
apoptotic pathways (30). This interpretation is also consistent
with a number of theories on electroporative dynamics for
submicrosecond pulse widths (18,19,28), but does not ad-
dress the observation of delayed PI uptake when using 10 and
100 us PEFs.

We observed delayed responses using PEF pulse widths
longer than the plasma membrane charging time constant,
although only when exposed to a limited range of PEF in-
tensities (see for instance several traces in Fig. 8, a—d). These
delayed responses are not necessarily the result of an ex-
tended period of time after PEF exposure marked by PI im-
penetrability. Rather, we assert that the apparent delays
observed here are associated with the time required for a
sufficient amount of PI to diffusively transport across the
plasma membrane to reach detectible fluorescence levels. It is
striking that elevation of cellular fluorescence beyond the
noise floor is often associated with an abrupt acceleration in
PI uptake that is sometimes delayed, in some cases, by
hundreds of seconds after PEF exposure. Take for instance
the trace that is labeled ‘5’ in Fig. 8 a. At this reduced
camera sensitivity (300 ms exposure time), PI fluorescence of
that cell does not exceed the noise floor until ~480 s after
PEF exposure. This indicates an abrupt increase in membrane
permeability ~480 s post-PEF exposure. However, this cell
is likely internalizing low levels of PI (that are undetectable
when using a 300 ms camera exposure time) before this
abrupt change in Pl influx. To substantiate this point, it can be
seen from Fig. 6 ¢ that HL60s under identical experimental
conditions begin internalizing detectible amounts of PI when
a higher camera sensitivity is used (see traces labeled 1-4).
HL60s lying in Region II of Fig. 6 ¢ likely internalize PI in
similar manners to those in Region II of Fig. 8 @ and appear
differently due only to the change in camera sensitivity.
Therefore, we infer that there exists a set of conditions where
relatively small electropores may remain stable for hundreds
of seconds while facilitating relatively low levels of PI up-
take. These quasi-stable electropores may expand abruptly,
possibly beyond the point of recovery, manifesting as a rapid
increase in PI fluorescence. It is unclear what interplay of
membrane molecular dynamics, cytoskeletal dynamics, and/
or active physiological mechanisms might produce such
forms of PI uptake, although a sound explanation of these
delayed accelerative uptake signatures will likely necessitate
expanding beyond traditional electroporation theory.
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Identification of a transient
electroporation window

Although it is uncertain what underlying dynamics are re-
sponsible for delayed, accelerating PI uptake, the uptake sig-
nature characterized by low-level, decelerating uptake (e.g.,
those shown in Fig. 6 ¢) is likely associated with transient
electroporation. We observed this form of PI uptake under our
experimental conditions between PEF intensities of 1.6 and
2 kV/cm. Although it remains possible that PEF exposures
beyond 2 kV/cm result in transient plasma membrane PI
permeability, the range in PEF intensities between 1.6 and 2
kV/cm serves as a ‘‘window’’ providing a high probability of
inducing transient electroporation under our experimental
conditions. Based on our quantitative analysis, cells exhibiting
PI uptake signatures consistent with transient electroporation
fluoresce at levels indicating 88.3 = 20.9 million internalized
and nucleic acid-bound PI molecules per cell (N = 12). Future
studies will explore the influence of a number of experimental
factors on this quantity of PI uptake.

Analysis of transient electropore persistence

PI uptake signatures consistent with transient electroporation
appear to level off 500-600 s after PEF exposure (Fig. 6, b
and c). This leveling is associated with a number of factors
including electropore closure, intracellular PI diffusion, and
the equilibrium of PlI-nucleic acid associative dynamics.
However, based on this data, we are able to infer an estimated
upper bound on transient electropore persistence at S00—-600 s
under our experimental conditions.

Spatially regulated Pl uptake exploiting
field heterogeneity

A final PI uptake experiment was conducted to determine if
the spatial variability in field intensity between the micro-
cuvette’s electrodes was capable of preferentially affecting
the response of individual cells in suspension or even dif-
ferent portions of individual cells. Here, a 40 us, 1.92 kV/cm
PEF was applied to HL60s with camera settings set for in-
creased sensitivity. This PEF intensity was chosen in an at-
tempt to induce high levels of plasma membrane permeability
next to the nearest electrode. Results can be seen in Fig. 9. The
image in the top left is an optical image of the cells before PEF
exposure where the anode can be seen on the right and the
cathode can be seen on the left. In the remaining pictures,
fluorescent images of the cells between 5 and 35 s after PEF
exposure are presented. Arrows are provided to draw attention
toward two cells whose PI fluorescence distribution indicates
that the PI uptake was asymmetrical. That is, on these indi-
vidual cells, the data shows that PI uptake was accelerated in
the cells’ hemisphere adjacent to the nearest electrode where
the electric field gradient is the strongest.
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The possibility of using electric field heterogeneity to
spatially regulate electroporative responses is exciting in that
there are a number of potential applications (e.g., tumor ab-
lation and controlled gene and drug delivery). Our micro-
cuvette was not designed to provide heterogeneous electric
fields to cells, although electrode geometries can be designed
to provide better control over localized molecular delivery.
Additionally, investigators should be aware of how sensitive
electroporative response is to electric field gradients that are
often unavoidable in traditional electroporation apparatus.
This issue becomes particularly important if conclusions are
to be made from observation of preferential cathodic and/or
anodic plasma membrane effects. These have been discussed
frequently in previous studies (31-38).

CONCLUSIONS

We have obtained experimental data quantitatively charac-
terizing electroporative uptake kinetics in HL60 human leu-
kemia cells resulting from 40 s PEF exposures successfully.
Uptake kinetics were used to identify a range in PEF inten-
sities resulting in transient electroporation. Cells exposed to
PEFs between 1.6 and 2 kV/cm exhibited PI uptake signa-
tures consistent with transient electroporation and internal-
ized ~88 million PI (bound) molecules per cell. We have also
identified a high level, accelerating PI uptake signature that is
associated with field intensities between 2 and 3 kV/cm. This
accelerating uptake signature is unexplainable through tra-
ditional electroporation theory alone. Finally, we have ana-
lyzed the electric field heterogeneity between the electrodes
of our electroporation device and used this information to
correlate trends in PI uptake to the distribution in electric
field. Field heterogeneity was also used to spatially regulate
PI uptake.

This work will provide useful experimental data in vali-
dating and improving electroporation models. It also under-
scores the need to conduct more experiments with a number
of focuses. First, it will be important to catalog electro-
porative uptake kinetics for a wide variety of experimental
parameters: for instance, PEF duration, PEF intensity, PEF
shape (waveform characteristics), PEF number and separa-
tion time, molecular size, molecular structure, and environ-
mental conditions (e.g., suspension conductivity and
composition). The system developed to carry out the exper-
iments described here affords the capability of experimen-
tally examining a broad range of these electroporation topics.
Future work also will address electropore persistence ex-
plicitly.

APPENDIX: MICROCUVETTE FABRICATION

We used 1 inch X 3 inches X 0.040 inch microscope slides (Evaporated
Metal Films, Ithaca, NY) precoated with a 5 nm titanium (Ti) adhesion layer
and a 100 nm gold (Au) top layer as substrates for subsequent processing. AZ
P4620 photoresist (AZ Electronic Materials, Somerville, NJ) was spun onto
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the Au top layer of an individual substrate at 500 rpm for 45 s to yield a
photoresist layer thicker than 20 um (31) (Fig. 10 a). The photoresist-coated
substrate was then softbaked on a hotplate at 110°C for 2 min and 15 s to
slightly harden the photoresist. The photoresist coated substrate was then
exposed to ultraviolet (UV) light (at an intensity of Iy = 7.5 mW/cm? for a
duration of # = 50 s) using a Karl Suss MJB-3 contact aligner under a mask

/> 20 um pororesist
/" coating

-~ 100 nm Au coating

a
Glass Substrate
‘5nm Ti
UV photons adhesion layer
——mask
Glass Substrate
——————remaining
. - S photoresist
- —— electroplated Ni
d |
Glass Substrate
e
Glass Substrate
Precision
.............................. = Gap "7

Glass Substrate

FIGURE 10 Schematic illustrating microcuvette fabrication technique.
(a) Application of photoresist to glass-Ti-Au substrate. (b) Masked UV
exposure. (¢) Device after photoresist development. (d) Ni electroplating of
electrodes. (e) Elimination of photoresist using acetone. (f) Chemical etching
of Ti-Au coatings leaving a precision electrode gap.

Biophysical Journal 94(12) 5018-5027

Kennedy et al.

FIGURE 9 Images of HL60s during
an experiment designed to elicit asym-
metrical PI uptake by using the electric
field gradients near each electrode. (Top
left) Optical image of HL60s before PEF
application. Other images are fluores-
cent images of HL60s at the indicated
times after PEF exposure. Arrows indi-
cate hemispherical asymmetry in PI up-
take.

that allowed the positive photoresist to be exposed to UV only in the location
of the future electrodes (Fig. 10 b). This masked UV exposure ensured that
only the photoresist coating in the future electrode region would become
soluble in a developer solution. The device was then submerged in the
developer solution composed of AZ 400K developer (AZ Electronic Mate-
rials) mixed 2:5 with deionized water, until the last of the photoresist in the
electrode region vanished (Fig. 10 ¢). The device was then hardbaked in an
oven at 120°C for 15 min to fully harden the remaining photoresist.

Metal electrodes were then electroplated to the Au exposed areas on the
substrate (Fig. 10 d). Nickel (Ni) was chosen as the electrode metal due to
convenience, although any metal capable of electroplating may be used to
construct the microcuvette electrodes. A Ni plating thickness of ~20 um was
chosen to fully contain a variety of cell types. In principle, any electrode
thickness may be applied, as long as the developed photoresist pattern is
thicker than the desired electrode thickness. Ni electroplating was carried out
in a manner identical to that described in (39) where devices were submerged
in a 50°C MicroFab NI 100 sulfamate bath (Enthone, West Haven, CT). A
submerged nickel gauze was used as the nickel source and was connected to
the anode end of a power supply with a sufficient current rating. Electro-
plating current density was set to 0.517 mA/mm? to achieve plating rates of
1 pwm/min (40). It should be noted that Ni toxicological studies were not
carried out here. The question of Ni toxicity will be addressed in future
studies either by creating gold microcuvette electrodes or electroplating gold
over the current microcuvette’s Ni electrodes.

After electroplating, the remaining photoresist was removed by soaking
the device in an acetone bath until no trace of photoresist was observed (Fig.
10 ¢). The Au top layer between the Ni electrodes was removed by soaking
the device in Gold Etchant GE-8148 (Transene Company, Danvers, MA) that
does not etch glass or Ni (41). Typical soaking times required to remove the
entire Au layer were <5 min. The device was then rinsed for at least 10 min
in deionized water. The remaining 5 nm Ti adhesion layer between the
electrodes was dissolved in buffered hydrofluoric acid mixed 1:100 HF to
H,0. Although HF also etches glass, the Ti layer is so thin that the device
may be removed from the buffered HF with the Ti layer fully removed but
before any detectable damage has occurred to the glass. The typical buffered
HF soaking time was 4 min. Next, the device was rinsed for at least 10 min in
deionized water. With the Au and Ti layers fully removed from the region
between the Ni electrodes, microscope light may penetrate freely the region
between the electrodes (Fig. 10 f).
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