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ABSTRACT

Here we describe various experiments
that address the efficiency of loading extra-
cellular probesinto the cytoplasm of adher -
ent mammalian cells (normal rat kidney,
Madin-Darby canine kidney, and African
green monkey) by means of in situ electro-
poration. Subsequent cell recovery fromthe
electroporation pulse was monitored elec-
trically in real time for each condition. In
this study, small, gold-film electrodes (5 x
104 cn?) are used as culture substrates and
at the sametime as an electrode for both the
application of the electroporating voltage
pulse and the noninvasive electrical moni-
toring of cell recovery, using atechniquere-
ferred to as ECIS™. Electroporation has
been performed by using ac sinusoidal volt-
age pulses of varying frequency, amplitude,
and duration. Permeabilization and re-clo-
sure of the plasma membrane were evaluat-
ed by the uptake of the fluorescence probe,
Lucifer Yellow, from the extracellular fluid.
With the experimental setup described here,
efficient electroporation was achieved with
voltages lessthan 5 V. Using ECIS, we fol -
lowed the morphological response of the
cellstothe electric field-induced membrane
permeabilization. For optimized electropo-
ration conditions, cell recovery was com
pleted in less than 1 h. The introduction of
membrane-impermeable  substances by
electroporation and in situ monitoring of
the cellular response may find many appli-
cationsin cell biology.
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INTRODUCTION

The introduction of hydrophilic
probes capable of molecular recogni-
tion (peptides, antibodies, and nucleic
acids) into the cytoplasm of mam
malian cells has become a major issue
in many fields of cell biology and bio-
medical research. Typical and impor-
tant examples are, for instance, the in-
troduction of recombinant genes, gene
silencer (e.g., RNAI), and many more
within the huge field of functional pro-
teomics. Thus, several techniques to
introduce these probes into the cell in-
terior have been devel oped over recent
years, which all have their individual
merits and limitations (7). In some
cases, organic synthesis allows the
generation of membrane-permeable
analogs of a given bioactive species
that is capable of entering the cyto-
plasm by simple diffusion. However,
synthetic options are rather limited be-
cause of the need to preserve biologi-
cal activity, and they are generally not
applicable to biological macromole-
cules. The most direct but rather
difficult approach to get hydrophilic
macromolecules into the cells is mi-
croinjection. The compounds of inter-
est are directly injected into the cyto-
plasm or even the nucleus by means of
a microsyringe that is controlled by
micromanipulators. However, it is a
tedious and labor-intensive process to
load large numbers of cells by mi-
croinjection, and this cannot be done
simultaneously. Besides microinjec-
tion, fusion of loaded liposomes, or
virus shells, another group of alterna-
tive techniques supplies the bathing
fluid with the probes of interest and

then induces a short-term membrane
permeabilization to allow the diffusion
of these molecules from the extracel-
lular into the intracellular compart-
ment (7). Transient membrane perme-
abilization can be achieved chemically
(16) by applying acoustical shock
waves (sonoporation) (14), high-inten-
sSity laser pulses (optoinjection and op-
toporation) (23), or as most commonly
applied, by the exposure of cells to
strong electric fields for short timein-
tervals (electroporation) (16,26).
Electroporation is commonly per-
formed with suspended cellsthat are ex-
posed to the porating electric field in a
cuvette-like setup. However, trypsiniz-
ing adherent cells before electropora-
tion causes an additional and very se-
vere stress to the cells that may affect
both the electroporation efficiency and
the invasiveness of the operation (31).
Moreover, the cellular properties that
are addressed with the probes that have
been introduced into the cytoplasm can-
not be examined before the cells have
been re-plated, have attached, and
spread. These limitations can be over-
come by the electroporation of adherent
cells, and afew experimental approach-
es have been previously described
(6,18,19,24,31). In one of these tech-
niques, the cells are grown on conduct-
ing surfaces, and the substrate el ectrode
is used to deliver the permeabilizing
voltage pulse (6,18). We have applied
this electroporation approach to cells
that are adherently grown on small,
gold-film electrodes that are commonly
used for electric cell-substrate imped-
ance sensing (ECIS™) (Applied Bio-
Physics, Troy, NY, USA) and have
thereby combined both techniques.
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ECIS is a noninvasive electric device
that allows one to monitor the viability
and morphology of adherent cellswith a
time resolution that can be reduced to a
few seconds (1,9). The ECIS device
reads the electrica impedance of the
gold-film electrode with weak and non-
invasive ac fields (9). When cells attach
and spread on the electrode surface,
they behave essentialy like insulating
particles that block the current flow
from the electrode and thereby alter the
electrode impedance. When a confluent
cell layer is established on the ECIS
electrodes, most of the current isforced
to bypass the cells so that impedance
readings as afunction of time mirror the
dynamics of cell shape and cell mor-
phology, with a sensitivity that is be-
yond the resolution of an optical micro-
scope (3). In recent years, ECIS has
found many applicationsin cell biology
related to following the behavior of
mammalian cellsin general (11,12,28)
or the response of the cells to chemical,
mechanical, or electric stimuli in partic-

ular (2,5,6,10,20,25,27,29).

By combining the technical require-
ments for the electroporation of adher-
ent cells on a conductive substrate with
the noninvasive monitoring of the asso-
ciated changes in cell morphology by
using ECIS, we could study the recov-
ery of mammalian cells after in situ
electroporation online and in a quanti-
tative fashion. Whereas a lot of work
has been done to optimize dc el ectropo-
ration parameters with respect to the
loading efficiency and viability of the
cells (13,21,22), little is known about
optimized electroporation conditions
using ac voltage pulses (4,30). Howev-
er, to minimize the electrochemical
generation of reactive and cytotoxic
molecular species at the electrode sur-
face during pulse application, we made
use of ac instead of dc voltage pulses.
Pulsing parameters (frequency, ampli-
tude, and pulse duration) were opti-
mized for loading efficiency as probed
by dye-uptake assays and the invasive-
ness of the operation.
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Figurel. Design and characteristicsof the ECI S-electr opor ation setup. (A) Schematic of the exper-
imental setup to perform noninvasive ECIS measurements with the option to electroporate the cells on
the electrode; the series resistance of 1 MQ (ECIS) is switched to 1 kQ for electroporation. Details are
given in the Materials and M ethods section. (B) Frequency-dependent impedance of an ECIS electrode
covered with a confluent layer of NRK cells (open circles) compared to the impedance spectrum of the
identical but cell-free electrode (filled circles). (C) Frequency-dependent voltage drop acrossthe cell lay-
er (filled circles), the electrode/el ectrolyte interface (open circles), and the bulk electrolyte (up triangles)
when avoltage of 1V amplitudeis applied to the entire system. (D) Time profile of an ac voltage pulse,
astypically applied for electroporation. The frequency is set to 40 kHz, the amplitudeis setto 3V, and
the pulse duration is set to 100 ps. Electroporation pulsesweretypically applied for several hundred mil-
liseconds. In this scheme, the duration of the pulseislimited to 100 s for smplicity. Gray shadingsin-
dicate those fractions of the voltage profile in which the voltage magnitude exceeds a certain threshold

vauethat isset to 2.5 V. EP, eectroporation.
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MATERIALSAND METHODS

Instrumentation and Electrode
Arrays

All electrical measurements in this
study were based on the well-estal-
lished ECIS device. The measurement
system consists of an 8-well cell culture
dish with electrodes deposited on the
bottom of each well, alock-in amplifier
with an internal oscillator, relays to
switch between the different wells, and
a personal computer that controls the
measurement and stores the data. The
entire system is schematically depicted
in Figure 1A. Each well of the 8-well
electrode array contains a small work-
ing electrode (area = 5 x 104 cn?) and
a large counter electrode (area = 0.15
cnd). Because of the difference in sur-
face area, the total impedance of this
two-€electrode system is governed by the
impedance of the small electrode. The
active electrode area of the small elec-
trode is delineated by circular openings
(@ =250 um) in aphotoresist overlayer
that insulates the rest of the deposited
gold film from the bulk electrolyte
(magnified schemein Figure 1A).

To acquire ECIS data, the oscillator
applies an ac signal at a defined fre-
guency and 1V amplitude through a 1-
MQ load resistor to the electrodes that
provide a constant current of roughly 1
UA for most frequencies (Figure 1A).
The in-phase and out-of-phase voltages
across the system are measured by the
lock-in amplifier and converted to the
complex impedance of the system or its
resistance and reactance, respectively.
To monitor the morphological response
of the cells to the electroporation pulse
as afunction of time, we followed the
impedance of the system at three fre-
guencies, namely 400 Hz, 4 kHz, and
40 kHz (3f-ECIS mode).

To apply electroporation pulses at a
given time of the experiment, ECIS
data acquisition (3f-ECIS) was paused,
and the load resistance was switched
from 1 MQ to 1 kQ (Figure 1A). Sub-
sequently, ac pulses of defined ampli-
tude, frequency, and duration were ap-
plied to the selected electrodes. Figure
1D illustrates the time course of an ac
voltage pulse of 40 kHz frequency (25-
us period), 3 V amplitude, and 100 us
duration, asit was used for electropora-
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tion in this study (the pulse duration in
this graph was limited to 100 us for
simplicity). Immediately after electro-
poration, the load resistance was re-
turned to 1 MQ, and the ECIS data ac-
quisition was continued as before.
Switching the load resistance before
electroporation became necessary to in-
duce a sufficiently strong electric field
across the cell layer, with the output of
the oscillator being limited to ac volt-
ages of 5V amplitude. Dueto the small
size of the active ECIS electrode, the
electric field only extends over a small
distance, which allows the generation
of electric fields sufficient for electro-
poration with such low voltages. Be-
cause the time of the experiment was
kept running even while the ECI S read-
ings were paused, the electroporation
pulse was integrated into each experi-
ment in awell-defined manner.

Cell Culture

This study comprises experiments
with normal rat kidney (NRK) cells,
African green monkey cells (BSC-1),
and strains | and Il of the epithelial
cell line Madin-Darby canine kidney
(MDCK). All cells were maintained in
ahumidified cell-culture incubator [5%
(viv) CO)J at 37°C and treated identi-
cally (unless noted otherwise). We used
DMEM with 1 g/L glucose (Sigma, St.
Louis, MO, USA) as basal medium,
supplemented with 10% FCS (Sigma)
and 50 pg/mL gentamicin. The medi-
um was exchanged every three days.
The routine subculturing of confluent
cell layers was performed using stan-
dard trypsinization techniques [0.25%
(w/v) trypsin plus1 mM EDTA].

Electroporation and Dye-Uptake
Studies

To probe electroporation efficiency,
we applied defined voltage pulses to
confluent cell layersin the presence of
the fluorescence probe Lucifer Yellow
(4.5 mM). The associated dye uptake
into the cytoplasm was evaluated by
subsequent fluorescence microscopy.
The establishment of a confluent cell
layer before an electroporation experi-
ment was routinely monitored by ECIS
measurements and verified by phase
contrast microscopy. Before electropo-
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ration, the confluent cell layers on the
ECIS electrodes were incubated with
Earle’'s balanced salt solution (EBSS)
(used here without phenol red or calci-
um, but with 0.9 mM MgCl,) supple-
mented with 2 mg/mL Lucifer Yellow.
After the cells had been re-equilibrated
to incubator conditions, which was fol-
lowed online by ECIS readings, the ac
electroporation pulse of the defined fre-
guency, amplitude, and duration was
applied to the cell-covered electrodes.
The cells were left in the incubator for
an additional 10 min and were then
thoroughly washed three times with
EBSS. The chamber of the electrode ar-
ray was then removed, and the cells
were inspected and photographed using
an epifluorescence microscope (Al-
phaphot2 with episcopic fluorescence
attachment; Nikon, Melville, NY,
USA). The color micrographs were
digitized and are presented here as
grayscaleimages.

Electroporation and Mor phological-
Response Studies

To address the morphological re-
sponse of the cells after exposure to an
el ectroporation pulse, we pretreated the
cells as described previously, except
that during the experiment, the cells
were incubated in EBSS without Lu-
cifer Yellow. After the equilibration to
incubator conditions (followed by
ECIS), data acquisition was paused, the
defined ac electroporation pulse was

applied, and the instrument was then
immediately switched back to follow
the cell response in the 3f-ECIS mode.
It is important to emphasize that all
electroporation experiments were per-
formed entirely under sterile conditions
at 37°Cina5% CQ atmosphere, using
buffered salt solutions with an ionic
composition that is routinely used in
tissue culture (no ionic substitution was
employed to decrease conductivity).

RESULTSAND DISCUSSION

Electroporation and Dye-Uptake
Efficiency

The electroporation of adherent cells
using a conductive growth substrate to
apply the electric field is a rather new
approach to introduce membrane-im
permeable molecul es from the extracel-
[ular fluid into the cytoplasm (6,18,19).
With the deposited gold-films used here
being close to an idealy polarizable
electrode whose interface impedance is
dominated by its capacitive properties,
it seemed reasonable to use ac instead
of dc pulses to achieve electroporation
without both, major impairments of the
electrodes and generation of reactive
chemical species. Thus, we first ad-
dressed the impact of the various puls-
ing parameters of the ac pulses, includ-
ing frequency, amplitude, and duration
on electroporation efficiency. The latter
was experimentally probed by the cellu-

400 Hz

4kHz |

Figure2. Uptakeof Lucifer Yelow (2mg/mL) for two different voltagesasa function of frequency
upon electropor ation of confluent NRK cells. The frequency, amplitude, and duration of the electro-
poration pulses were asfollows: (A) 40 Hz, 3V, 100 ms; (B) 400 Hz, 3V, 100 ms; (C) 4 kHz, 3V, 100
ms; (D) 40kHz, 3V, 100 ms; (E) 40 Hz, 5V, 100 ms; (F) 400 Hz, 5V, 100 ms; (G) 4 kHz, 5V, 100 ms;
and (H) 40 kHz, 5V, 100 ms. The scae bar represents 50 um.
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lar uptake of Lucifer Yellow—a low
molecular weight (457 Da), membrane-
impermeable fluorophore with high
guantum yield—during electrically in-
duced membrane poration.

Variation of the Frequency of theac
Pulse

Figure 2 shows fluorescence micro-
graphs of ECIS electrodes covered with
confluent layers of NRK cells after the
electroporation pul ses had been applied
with Lucifer Yellow in the extracellular
fluid. Cells shown in the upper panel
(Figure 2, A-D) were exposed to volt-
age pulses of 100 ms duration and 3 V
amplitude [the given amplitude (rms)
corresponds to the total voltage deliv-
ered to the system and is not the voltage
that actually drops across the cell lay-
er]. Thecellsin thelower panel also ex-
perienced pulses of 100 ms duration but
with 5V amplitude (Figure 2, E-H). In
both panels, the frequency of the ac
pulse was increased from left to right as
indicated in the figure. It is apparent
from panels E and F that the gold-film
electrodes cracked for amplitudes of 5
V when the frequency of the pulse was
set to 40 (Figure 2E) or 400 Hz (Figure
2F). When pulses of 3V amplitude (up-
per panel) were applied, the electrodes
again cracked for the lowest pulsing
frequency of 40 (Figure 2A) but not
400 Hz (Figure 2B). In al other cases,
the gold film remained intact, but only
the cells pulsed at the highest frequen-

cy of 40 kHz and an amplitude of 5V
(Figure 2H) show aclear dye uptakein
more than 50% of the cells. These find-
ings become plausible when the fre-
guency-dependent impedance of the
ECIS electrodes covered with a conflu-
ent layer of NRK cells is inspected in
closer detail. Figure 1B compares the
impedance spectrum of a cell-covered
ECIS electrode (open circles) to that of
the same but cell-free electrode (filled
circles). Apparently, the cell layer only
contributes significantly to the overal
impedance of the system above a
threshold frequency of roughly 1 kHz.
Below 1 kHz, theimpedance of the sys-
tem is dominated by the impedance of
the electrode/electrolyte interface, re-
gardless of whether the cells are at-
tached to the electrode surface or not.
From the impedance readings of both
cell-covered and cell-free electrodes
and the total voltage applied to the sys-
tem, it is possible to calculate the volt-
age that actually drops across the cell
layer (4). Figure 1C presents the indi-
vidual voltage drops across the cell lay-
er (filled circles), the electrode/elec-
trolyte interface (open circles), and the
bulk electrolyte (triangles) along the
entire frequency range when a total
voltage of 1V is delivered to the sys-
tem at each particular frequency. Figure
1C shows that the predominant fraction
of the total voltageisactualy delivered
to the cell layer only for sufficiently
high frequencies, whereas in the |ow-
frequency regime, the voltage drops al-

40 kH=
0.1s

40 kHz B
0.2s

Figure 3. Uptakeof Lucifer Yelow (2mg/mL) for two different pulse durationsasa function of ap-
plied voltage upon eectroporation of NRK cdls. Thefrequency, amplitude, and duration of the elec-
troporation pulses were asfollows: (A) 40 kHz, 2V, 100 ms;, (B) 40 kHz, 3V, 100 ms, (C) 40kHz, 4V,
100 ms; (D) 40kHz, 5V, 100 ms, (E) 40 kHz, 2V, 200 ms; (F) 40kHz, 3V, 200 ms; (G) 40kHz, 4V, 200
ms; and (H) 40 kHz, 5V, 200 ms. The scale bar represents 50 pum.
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most exclusively across the electrode/
electrolyte interface. Thus, only for ac
pulses with frequencies higher than 10
kHz do the cells experience a signifi-
cant fraction of the applied voltage,
which apparently creates a sufficiently
strong electric field to induce mem
brane permeabilization. For lower fre-
guencies, the applied voltage is mainly
delivered to the electrode/electrolyte
interface and induces electrochemical
reactions that eventually lead to elec-
trode rupture. Thus, these rather simple
considerations explain the experimental
observations that efficient electropora-
tion is only achieved with high-fre-
guency ac voltages. It is important to
note in this context that the threshold
frequency above which efficient elec-
troporation can be achieved is depen-
dent on the electrical properties of the
cells. The curve for the cell-covered
electrode as shown in Figure 1B has a
somewhat different shape when, for in-
stance, epithelial cells with tight inter-
cellular junctions are cultured on the
ECIS electrodes. Nevertheless, the cell-
type-specific optimum of the pulsing
frequency can be conveniently inferred
from impedance spectra of the cell-cov-
ered and the cell-free electrode.

The frequency dependency of the
voltage drop that is imposed on the ad-
herent cells by the externally applied
electric field was simply derived from
the measured electrical properties of
the different constituents of the system
(cell layer, bulk electrolyte, and elec-
trode/electrolyte interface). Holzapfel
et al. (8) and most recently Gimsa and
Wachner (4) have calculated the in-
duced membrane potential difference
as a function of frequency for cells ex-
posed to external acfields. These calcu-
lationsreveal that for ac fields with fre-
guencies higher than a few hundred
kilohertz, the voltage drop that is in-
duced across the cellular plasma mem
branes may strongly decline and even
vanish (4). Thus, under these high-fre-
guency conditions, electroporation may
no longer be possible, even with high-
voltage pulses.

Variation of the Pulse Amplitude

Figure 3 shows fluorescence micro-
graphs of confluent NRK cells after an
electroporation/dye-uptake assay, in
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which the influence of increasing pulse
amplitudes was studied. According to
the considerations discussed earlier, the
pulse frequency was set to 40 kHz, and
pulse durations of 100 ms (Figure 3,
A-D) and 200 ms (Figure 3, E-H) were
employed while the voltage amplitude
was varied. Following micrographs
A-D, it is obvious that the number of
stained cells increases with increasing
voltage amplitude. Grayscale analysis
of Figure 3D reveals that for the puls-
ing conditions applied, more than 85%
of the cells on the electrode have taken
up the fluorophore. The brightness of
cells, indicative for the amount of fluo-
rophore that has been incorporated,
also increases with increasing ampli-
tude. However, note that when we used
the highest amplitude of 5 V (Figure
3D), some cells close to the center of
the electrode are almost unstained, al-
though their direct neighbors show
bright fluorescence. The same phenom
enon is apparent in the lower panel that
shows NRK cells electroporated with
the same amplitudes as in the upper
panel, but with 200 ms pulse duration.
The number of stained cells and their
individual brightnessincreases with in-
creasing voltage up to 4 V amplitude
(Figure 3, E-G). When the highest am
plitude of 5V was applied (Figure 3H),
a considerable spot of unstained cells
was visible. Comparing Figure 3, D
and H, further reveals that the number
of unstained cells increases when the
pulse duration is doubled from 100 to
200 ms. Thus, we conclude that un-
stained cells within both populations
were irreversibly damaged by the elec-
troporation pulse and could not hold
the fluorescence dye in the cytoplasm
during the washing cycles that preced-
ed microscopic inspection. Phase-con-
trast micrographs (data not shown) con-
firmed this conclusion becausethe cells
that were unstained by the fluorophor
appear irregular in morphology. Thus,
the dependence of electroporation effi-
ciency on the voltage amplitude shows,
as expected, amaximum beyond which
membrane permeabilization is no
longer reversible.

In dc electroporation studies using
suspended cells, the electric field
strength (E) has often been used to cor-
relate electroporation efficiency with a
characteristic quantity of the applied
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electric field. To make our data compa-
rable, we calculated E from the volt-
ages across the cell layers (Uy) and the
average cell height (d) using E = U,/d.
Uy was computed for each electrode
shown in Figure 3 from the recorded
impedance data for the cell-covered
and the cell-free electrode, following
the considerations given by Gosh et al.
(5). The average cell height for the
NRK cells is reported to be d = 4 um
(17). The values for U range 1-3 V
for the experiments shown in Figure 3,
A-D and E-H, which can be translated
into an E between 2.5 and 7.5 kV/cm
withinthecell layer. Thesevaluescom
pare favorably with field strengths that
were reported to be effective for elec-
troporation in suspension (15,21,22).

Variation of Pulse Duration

Figure 4 showstheresults of aseries
of dye-uptake experiments with the
ECIS setup, in which the duration of
the pulse was varied while the pulse
frequency was kept at 40 kHz, and am
plitudes were set to 3 V (upper panel)
and 4 V (lower panel), respectively.
Following panels A-D, the number of
stained cells gradually increases with
increasing pulse duration, but only for
the longest pulse duration of 500 ms
were morethan 50% of the cellsclearly
stained. With a voltage amplitude of 4
V, the dye uptake increases gradually
for pulse durations from 50 to 200 ms.
However, when the pulses last for 500

ms, the staining pattern again becomes
irregular, with several clusters of cells
that are unstained and presumably irre-
versibly damaged. Thus, under the ex-
perimental conditions applied here us-
ing ac voltages for electroporation, the
pulses must last between 100 and 500
ms to achieve efficient electroporation
and probe uptake.

In recent el ectroporation studies that
use dc voltage pulses for membrane
permeabilization, the electric field is
only applied for a few microseconds
(32). In our setup, ac voltage pulses
have to be applied three orders of mag-
nitude longer to achieve efficient elec-
troporation. Initialy, this seems to be
controversial. However, asillustrated in
Figure 1D, two features associated with
the sinusoidal nature of the voltage
pulses are important to recognize: (i)
the polarity of the voltage drop induced
across the plasma membranes alters
continuously, and all polarization phe-
nomena are thus reversed within half
the period of one oscillation, and (ii)
the high-voltage magnitudes are only
present for a small fraction of the total
pulse length. In Figure 1D, thetimesin
which the amplitude exceeds a certain
threshold value necessary for mem
brane permeabilization are indicated by
gray shading. Thus, the ac pulses ap-
plied here may also be regarded as a
fast sequence of dc voltage shots of al-
ternating polarity. Each of these dc
shotsisthen only effective for less than
approximately 10 us, since the time for

| 50 ms |

40 kHz
4V

500 ms

Figure 4. Uptake of Lucifer Yelow (2 mg/mL) for two different voltages asa function of pulse du-
ration upon electroporation of NRK cells. The frequency, amplitude, and duration of the electropora-
tion pulseswere asfollows: (A) 40 kHz, 3V, 50 ms; (B) 40 kHz, 3V, 100 ms; (C) 40kHz, 3V, 200 ms;
(D) 40kHz, 3V, 500 ms, (E) 40kHz, 4V, 50 ms; (F) 40kHz, 4V, 100 ms, (G) 40kHz, 4V, 200 ms, and
(H) 40 kHz, 4V, 500 ms. The scale bar represents 50 um.
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one period with a frequency of 40 kHz
equals 25 us. Examining our ac voltage
profiles from this viewpoint means that
the reduction of the frequency of the ac
signal corresponds to an extension of
the individual dc componentsin the se-
guence of dc voltage shots. Consistent
with previous studies (32), the data in
Figure 2 indicate that the reduction of
the ac frequency—or extension of the
dc components—is paraleled by a
clear reduction of electroporation effi-
ciency and cell survival.

Electroporation and Cell Recovery-
ECIS Studies

The data presented in Figures 3 and
4 have already indicated that the cell
membranes can be damaged irre-
versibly (on the time scale studied)
when the parameters of the electropo-
ration pulses are improperly selected.
In these cases, we presume that the

cells could not hold the dye in the cyto-
plasm during the wash cycles after the
pulse. Because it is our long-term ob-
jective to monitor the morphological
response of adherent cells to the elec-
troporative introduction of a foreign
molecule into the cytoplasm, we stud-
ied cell recovery from the electropora-
tion pulses in detail. To do this, NRK
cells were equilibrated to incubator
conditionsin the same buffer asused in
the dye-uptake studies, except that no
dye was added. After recording base-
line data in the 3f-ECIS mode, electro-
poration pulses were applied, and the
cell response was subsequently fol-
lowed using the 3f-ECIS mode. Figure
5A shows the time course of the elec-
trode resistance (real part of the com
plex impedance) at the intermediate
sampling frequency of 4 kHz before
and after electroporation pulses (arrow)
of 5 V/100 ms, but with varying fre-
guencies applied to the cells. Theresis-

tance of the electrodes at this frequen-
cy is the most sensitive measure for
changes in cell shape and motility
(9,11). The curves of Figure 5 clearly
show that for voltage pulses consisting
of 40 Hz, 400 Hz, or 4 kHz ac signals,
the resistances do not recover to its pre-
pulse values but instead drop to values
that we typically recorded for cell-free
electrodes. This observation supports
our concept of an irreversible and in-
tense membrane permeabilization.
When the cells are electroporated with
a 40 kHz voltage pulse, it takes only
3040 min until the resistance has re-
turned to its pre-pulse value. We con-
clude that changes in cell morphology
induced by electroporation are fully re-
covered within this time range. When
we studied the micromotion of the
cells, which refers to the vertical mo-
tions of the cells relative to the sub-
strate that is revealed in fluctuations of
the resistance signal (11), only the
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motility of cells electroporated with
high frequency recovered to normal ac-
tivity. Cells pulsed with 40 Hz, 400 Hz,
or even 4 kHz showed greatly reduced
resistance fluctuations after the pulse
had been applied. Since it has been
shown previously (11) that the cellular
micromotion as measured with ECISis
adirect indicator for the cell metabo-
lism, we conclude that the high-fre-
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Figure 5. Time course of the electrode resis-
tance at a sampling frequency of 4 kHz, when
ac voltage pulses of the specified characteris-
ticswere applied to confluent NRK cell layers
grown on ECIS electrodes. (A) Frequency as
giveninthefigure, 5V, 100 ms; (B) amplitude as
giveninthefigure, 100 ms, 40 kHz; (C) duration
as given in the figure, 4 V, 40 kHz. Data were
recorded in the 3f-ECIS mode, but only the4 kHz
resistance readings are presented.
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guency voltage pulses do not disturb
the latter significantly. Thus, these
measurements support our finding that
the cells on the ECI S electrode can ful -
ly recover in rather short time frames.

Figure 5B shows the results of a 3f-
ECIS experiment in which the pulse
amplitude was systematically altered,
while the frequency of the pulse was set
to 40 kHz and pulse duration was kept
at 100 ms. Times necessary to recover
to pre-pul se resistance values obviously
correlate with the voltage applied. With
a 2-V signal, the cells are fully recov-
ered within 20 min. However, it takes
roughly 45 min for the cells pulsed with
5V to regain their origina shape, and
they do not show any sign of irre-
versible damage. Figure 5C presents
ECIS measurements of NRK cells after
they were electroporated with pulses of
40 kHz frequency, 4 V amplitude, and
increasing pulse duration. The curves
do not show significant differences for
pulse durations from 50 to 200 ms.
Only the longest-lasting electroporation
pulse of 500 ms duration impairs the
cells such that recovery times are ex-
tended to about 60 min. It is important
to note in this context that the resistance
measurements presented here do not
mirror the resealing of the plasma
membrane but the recovery of cell mor-
phology. Recent studies have reported
that membrane resealing occurs on the
time scale of afew seconds (6).

Electroporation and Dye-Uptake for
Different Mammalian Cell Lines

Summarizing the results shown in
Figures 2-5, we observed that high-fre-

guency ac voltage pul ses of several hun-

dred millisecond duration are most suit-

ed to electroporate cells cultured on
gold-film electrodes. For the NRK cells,

we achieved the most efficient but still

reversible permeabilization of the plas-

ma membranes and the corresponding
probe uptake when 40 kHz ac pulses of

4 V amplitude and 200 ms duration
were applied. Under these conditions,

we can introduce not only low molecu-

lar weight probes like Lucifer Yellow
(457 g/mal) into the cell interior but also
fluorescently label ed dextrans with mol-

ecular weights up to 250 kDa (data not
shown). Neverthel ess, the cells recover

from these electroporation pulses in
45-60 min. When other cell types such
asthe epithelia cell line MDCK strains
I and Il or BSC-1 cells were examined
in similar experiments, we found cell-

type-dependent differences for the opti-

mum electroporation parameters. How

ever, these were only dlightly different
from those found for NRK cells. Figure
6 shows typical fluorescence micro-

graphs of confluent cell layers of the
specified kind after electroporation and
Lucifer Yellow uptake. The observed
differences with respect to the optimum
electroporation parameters are given in
the legend and can be readily explained
by the cell-type-specific contribution to
the overall impedance of the cell-cov-

ered ECIS electrodes.

CONCLUSION

Combining the technical merits of
the ECIS biosensor to monitor mam
malian cells with the option to intro-

MDCEK-II

MDCK-1

Figure 6. Uptake of Lucifer Yellow (2 mg/mL) upon electroporation of different mammalian cell
lines after they had been grown to confluence on the ECI S electrodes. (A) NRK cells; (B) BSC-1
cells; (C) MDCK-II cells; and (D) MDCK-I cells. The electroporation parameters that provided the most
efficient dye uptake were to some degree dependent on the cell type. Results given in A-D were record-
ed with pulse parameters asfollows: (A) 40 kHz, 4V, 200 ms; (B) 40 kHz, 4V, 200 ms; (C) 40 kHz, 3V,
200 ms; and (D) 40 kHz, 3V, 200 ms. The scale bar represents 50 um.
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duce biologically active probesinto the
cytoplasm by means of in situ electro-
poration provides a new and versatile
tool with value in many areas of cell bi-
ology. Based on the experiments pre-
sented here, it should be possibleto in-
troduce metabolic key substrates,
peptides, antibodies, or even nucleic
acids into the cells and to follow their
immediate response by noninvasive
ECIS readings. The entire experiment
is highly automated and can be per-
formed on several samples in parallel.
With this combined technique and the
powerful capabilities of molecular biol-
ogy available today, certain subcellular
structures can be specifically addressed
and probed for their particular contribu-
tionto cell morphology, differentiation,
or motility. The ECIS electroporation
technique may thus make significant
contributions in the emerging field of
functional proteomics.
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