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Anja Blažič a, Manon Guinard a, Tomaž Leskovar a, Rodney P. O’Connor b, Lea Rems a,*

a University of Ljubljana, Faculty of Electrical Engineering, SI-1000 Ljubljana, Slovenia
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A B S T R A C T

Electroporation causes a temporal increase in cell membrane permeability and leads to prolonged changes in 
transmembrane voltage (TMV) in both excitable and non-excitable cells. However, the mechanisms of these TMV 
changes remain to be fully elucidated. To this end, we monitored TMV over 30 min after exposing two different 
cell lines to a single 100 µs electroporation pulse using the FLIPR Membrane Potential dye. In CHO-K1 cells, 
which express very low levels of endogenous ion channels, membrane depolarization following pulse exposure 
could be explained by nonselective leak current, which persists until the membrane reseals, enabling the cells to 
recover their resting TMV. In U-87 MG cells, which express many different ion channels, we unexpectedly 
observed membrane hyperpolarization following the initial depolarization phase, but only at 33 ◦C and not at 
25 ◦C. We developed a theoretical model, supported by experiments with ion channel inhibitors, which indicated 
that hyperpolarization could largely be attributed to the activation of calcium-activated potassium channels. Ion 
channel activation, coupled with changes in TMV and intracellular calcium, participates in various physiological 
processes, including cell proliferation, differentiation, migration, and apoptosis. Therefore, our study suggests 
that ion channels could present a potential target for influencing the biological response after electroporation.

1. Introduction

All cells maintain an electric potential difference across their plasma 
membranes, which results from the differences in membrane perme-
abilities for potassium, sodium, calcium and chloride ions. This potential 
difference is called the resting transmembrane voltage (TMV) and is 
maintained by a system of ion channels and pumps. In the normal 
physiological state, the resting TMV is negative, meaning that the cell 
interior is electrically more negative than its exterior. Changes in TMV 
have a fundamental biological function controlling the activity of 
various membrane proteins and act as an important biological signal 
closely associated with the cell cycle [1,2]. Furthermore, cells with less 
negative resting TMV (up to approximately − 5 mV) tend to proliferate 
more, as observed in developing and cancerous cells [3]. Conversely, 
hyperpolarization (more negative TMV values, down to − 90 mV) ac-
celerates the cell differentiation process [4]. Therefore, changes in TMV 
can be used as an external signal to control cell proliferation, differen-
tiation, and migration by continuous exposure (over hours) to low- 

intensity electric fields [1,5], a remarkable tool that is being actively 
explored for tissue engineering [6,7].

Long-term changes in TMV, persisting on the time scale of minutes, 
can also be observed after brief exposure to high-intensity pulsed elec-
tric field that result in electroporation. Electroporation is a phenomenon 
associated with increased plasma membrane permeability due to the 
creation of hydrophilic pores in the membrane lipid domains, lipid 
oxidation, and/or damage to certain membrane proteins, all promoted 
by the intense electric field [8]. Previous studies reported that electro-
poration is followed by prolonged membrane depolarization, lasting 
several minutes, both in excitable and non-excitable cells, as determined 
by potentiometric dyes [9] and electrophysiological measurements 
[10,11]. There is some evidence in the literature that these long-term 
changes in TMV might influence the progression of cells through the 
cell cycle. Electroporation with millisecond-duration electric pulses has 
been shown to initiate de-differentiation of cells in the limbs of newts, 
similar to that which occurs after limb amputation [12]. More recently, 
high-intensity nanosecond pulses have been shown to increase the 
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chondrogenic potential of mesenchymal stem cells and promote prolif-
eration and differentiation of osteoblasts and myoblasts [13–16].

To systematically study the biological implications of long-term 
changes in TMV, it is of crucial importance to understand the underly-
ing mechanisms by which electroporation alters the TMV. To this end, it 
is also important to establish or select an adequate methodology that 
allows one to monitor TMV after electroporation on a relevant time 
scale. While patch-clamp remains the golden standard for measuring the 
TMV [17], it has several limitations when it comes to electroporation 
research, including low throughput, perturbation of the gigaseal with 
high-voltage electroporation pulses and limitations on the pulse pa-
rameters that can be studied [18–20]. Another approach to measure 
changes in TMV is the use of voltage-sensitive fluorescent dyes. Based on 
their response mechanism, these dyes are divided into two classes: (i) 
slow-response dyes that translocate across the plasma membrane and 
consequently accumulate within the cells in a voltage-dependent 
manner, and (ii) fast-response dyes that incorporate into the mem-
brane and have a voltage-dependent change in fluorescence emission. 
Fast-response dyes, such as FluoVolt and ElectroFluor630 (fluorinated 
version of the well-known ANEP dyes), were already used to monitor 
changes in action potential generation upon electroporation [21,22]. 
Slow-response indicators, such as the FLIPR Membrane Potential (FMP) 
dye, were used to detect long-term changes in TMV in excitable and non- 
excitable cells after exposure of cells to high-intensity pulsed electric 
field [9,23].

The FMP dye was originally developed for high throughput screening 
of ion channel activity using a plate reader [24–28]. The dye consists of 
two components, an anionic fluorescent voltage sensor molecule that 
enters the cells upon membrane depolarization and increases the cell 
fluorescence, and a quencher molecule that remains in the cell exterior 
and absorbs the fluorescence of the voltage sensor thus minimizing 
background fluorescence [9]. The FMP dye was demonstrated to be 
extremely sensitive showing a 50 % change in fluorescence per 10 mV 
[29]) with a large signal-to-noise ratio [30] and response time in sec-
onds [29–31]. When compared with previously well-accepted dyes, like 
DiBAC4(3) [30,32–34] and dyes based on the FRET dye system [34], the 
FMP dye showed a greater sensitivity (response in fluorescence during 
membrane depolarization), a faster response time compared to DiBAC4 
(3) and similar signal stability. Furthermore, an excellent correlation 
was shown between fluorescence changes and measurements made with 
the traditional patch clamp technique [29,30,33]. One of the limitations 
of the dye is that it can respond not only to changes in TMV at the plasma 
membrane but also to changes in TMV on the membranes of inner or-
ganelles [32].

Using the FMP dye, Burke et al. [23] demonstrated that prolonged 
membrane depolarization following pulse exposure was not solely 
associated with a nonselective leak current through pores in the plasma 
membrane, as previously thought [18,35,36]. Instead, they found that 
the observed depolarization may result from a more complex response 
involving the activation of multiple types of voltage-gated ion channels 
[23]. Their study exposed U-87 MG glioblastoma cells to a single 10 ns, 
34 kV/cm pulse and monitored TMV changes over a 30-minute period. 
Inspired by this work, our primary objective was to further investigate 
mechanisms underlying long-term changes in TMV after exposing cells 
to 100 µs pulses. These longer pulses are more commonly employed in 
electroporation applications, including electrochemotherapy [37,38]
and irreversible electroporation [39]. Following [23], we utilized the 
FMP dye to monitor TMV changes in U-87 MG cells, which express many 
different ion channels, and CHO-K1 cells, which express very low levels 
of endogenous ion channels. Our study delivers new insights into the 
mechanisms of TMV regulation after electroporation and identifies 
several challenges related to measuring electroporation-mediated long- 
term changes in TMV.

2. Materials and methods

2.1. Cell culture

Chinese hamster ovary cells (CHO-K1, #85051005) and human 
glioblastoma cells (U-87 MG, #9081402) were obtained from the Eu-
ropean Collection of Authenticated Cell Cultures, Public Health En-
gland. They were grown in Ham-F12 (#N6658) and in EMEM 
(#51416C) medium, respectively. Both growth media were supple-
mented with 10 % fetal bovine serum (#F9665 for CHO-K1 and #F2442 
for U-87 MG), L-glutamine (#G7513) and antibiotics (Penicillin-Strep-
tomycin, #P0781, and Gentamicin, #G1397). All listed media and 
supplements were from Sigma-Aldrich, Germany. Cells were routinely 
passaged every 3 to 4 days, and passages between 5–30 were used for 
experiments. For experiments, cells were first trypsinized and counted. 
Afterwards 1.25 × 104 cells/3 days or 0.625 × 103 cells/4 days (CHO- 
K1) and 1 × 105 cells/3 days or 5 × 104 cells/4 days (U-87 MG) were 
seeded in Nunc Lab-Tek II chambered coverglass (Thermo ScientificTM, 
#154461) and were grown in a humidified environment at 37 ◦C and 5 
% CO2.

2.2. Electric pulses

The cells were exposed to a single 100 µs electric pulse of chosen 
amplitude (70− 630 V), delivered by a pulse generator B10 HV-LV 
(Leroy Biotech, France) or L-POR V0.1 (mPOR, Slovenia), through a 
pair of parallel Pt-Ir wire electrodes with wire diameter of 1 mm and the 
distance between inner edges of the electrodes of 2 mm. Delivered 
current and voltage were routinely monitored by the oscilloscope 
Wavesurfer 422, 200 MHz, the current probe CP030 and the differential 
probe ADP305 (all from LeCroy, USA), as per recommendations [40]. 
The electric field to which the cells were exposed was estimated as the 
ratio between the applied voltage and the interelectrode distance.

2.3. Electroporation buffer

Live Cell Imaging Solution (LCIS; Molecular Probes, #A14291DJ; 
composition: 140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 
20 mM HEPES, pH 7.4, 300 mOsm), supplemented with 200 g/ml D- 
glucose (Gibco, #A2494001) in final 5.5 mM concentration, was 
selected as the electroporation buffer based on previous studies [9,23]. 
We did not use the growth medium for electroporation, since U-87 MG 
cells showed morphological changes (cell rounding and detachment) 
after several minutes of exposure to their growth medium (EMEM) at 
ambient conditions, likely due to the poor pH buffering capacity of the 
bicarbonate buffer at ambient CO2 (Suppl. Material 1, Fig. S1.1a). 
Moreover, U-87 MG cells exhibited significantly lower cell survival 
when electroporated in EMEM compared with LCIS (Suppl. Material 1, 
Fig. S1.1b, c).

2.4. Temperature control

For experiments, the cells were first stained with selected dye (see 
sections 2.5-2.8), then the electrodes were positioned into the imaging 
chamber, and the chamber was placed on the microscope stage inside 
the microscope’s incubator i8 Black (PeCon, Germany), as presented in 
Fig. 1a. Before time-lapse imaging, the cells were left for 5 min to 
equilibrate within the microscope’s incubator. The incubator was either 
kept at room temperature, or at controlled temperature of 37 ◦C using 
the TempController 2000–2 (PeCon, Germany). The sample temperature 
was measured using a fiber optic temperature sensor (MPK-5, OpSens 
Solutions, Canada), see Suppl. Material 1, Fig. S1.3. At room tempera-
ture, the sample temperature was Troom = 25.3 ± 1.4 ◦C (mean ± s.d.). 
At controlled temperature, the sample temperature was lower than 37 ◦C 
due to water evaporation from the open imaging chamber (the chamber 
could not be closed due to the presence of the electrodes). However, the 
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sample temperature was stable and repeatable and equal to Tctrl = 33.3 
± 0.2 ◦C.

2.5. Monitoring changes in transmembrane voltage (TMV)

For monitoring changes in TMV we used the FMP dye. FMP dye stock 
solution was prepared by dissolving the Component A of the FLIPR 
Membrane Potential Assay Red (Molecular Devices, #R7291) by adding 
1 ml sterile distilled water (B.Braun, Germany) to the vial. The stock 
solution was mixed, aliquoted, and stored at − 20 ◦C. To prepare the 
staining solution, 0.5 μL of the stock solution was dissolved in LCIS. Cells 
grown in the imaging chamber were stained for 30 min at 37 ◦C and 5 % 
CO2.

Imaging was done on the Leica Thunder Imaging System with DMi8 
inverted epifluorescence microscope and LED8 illumination source 
controlled by Las X software (all from Leica Microsystems, Germany) 
under 40x objective magnification. Time-lapse recordings were 30 min 
long, with 1 frame captured each 30 s. When monitoring the response to 
an electric pulse, this pulse was applied at time 1.5 min after the start of 
time-lapse recording. Additional brightfield and fluorescence snapshots 
of cells were taken before and after the time-lapse. The FMP dye was 
excited with green LED (554/24 nm) and its fluorescence was passed 
through the Leica multiband filter DFT51010 and an additional band-
pass filter at 590/50 nm and detected with the Leica DFC9000 Gt 
camera.

The change in TMV was also measured in response to chemical de-
polarization by exposing cells to a mixture of 140 mM KCl and 2.5 mM 
NaCl, prepared by dissolving 1 M KCl (Sigma-Aldrich, #59222) and 5 M 

NaCl (Sigma-Aldrich, #58221) in sterile distilled water (B.Braun). After 
staining the cells with FMP dye, the staining solution was replaced by 
125 µL of 140 mM NaCl. The imaging chamber was placed on the mi-
croscope stage and the cells were imaged at 1 frame per 5 s for 5 min. 30 
s after the beginning of the time-lapse imaging, 875 µL of 160 mM KCl 
was added to the imaging chamber to a final concentration of 140 mM 
KCl. The NaCl and KCl solutions also contained the FMP dye (0.5 µL/1 
ml), which ensured a consistent dye concentration, despite the change of 
solution.

In some experiments we also used ion channel inhibitors including, 
tetraethylammonium – TEA (Sigma #T2265) prepared in the sterile 
distilled water (B.Braun, Germany), Penitrem A (Sigma, # SI-P3053) 
prepared in DMSO (Sigma, #D2650), and Verapamil (Sigma, 
#V4629). The final concentration of ion channel inhibitors (TEA – 50 
mM, Penitrem A – 2.5 µM, Verapamil – 2.2 µM) in the sample was 
selected following a previous study [23] and was added to the imaging 
chamber 5 min before commencing time-lapse imaging. The final con-
centration of DMSO in the sample did not exceed 1 %.

2.6. Monitoring propidium uptake

To detect changes in membrane permeability due to electroporation 
we used Propidium Iodide (PI; Molecular Probes, #P1304MP). To keep 
these experiments similar to those used for measuring the changes in 
TMV and intracellular calcium, which required ≥ 30 min staining steps 
(Sections 2.5 and 2.7, respectively), the cells were first incubated in 1 ml 
LCIS for 30 min at 37 ◦C and 5 % CO2. The last 5 min of this incubation, 
we stained the cells with Hoechst 33342 (Thermo Fisher, #62249) at a 

Fig. 1. Methodology. a) Experimental configuration – imaging chamber placed on the microscope stage (top) and side view of the position of electrodes within the 
chamber (bottom). b) Scheme of the theoretical model used to support experimental data. c) Image processing approach for determining the fluorescence of cells 
stained with FMP, Fluo4, and TMRE dye. An example is shown for U-87 MG cells stained with FMP dye. From left to right: brightfield image, baseline fluorescence, 
mask to determine the ROI corresponding to cells, maximum fluorescence reached after pulse application. d) Image processing approach for determining the 
fluorescence of cells stained with PI and Hoechst. Example is shown for CHO-K1 cells. From left to right: brightfield image, image of Hoechst-stained cell nuclei used 
to determine the ROI (yellow), baseline PI fluorescence, and PI fluorescence after pulse application at the end of 30 min time-lapse recording. Further details on the 
image analysis are given in Suppl. Material 2. Statistically significant differences (*: p < 0.05) were determined by t-test.
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final concentration of 4 µM. Cells were washed with 1 mL LCIS and PI 
was added to the cells in LCIS at a final concentration of 30 µM. The cells 
were then handled and imaged in the same way as used for measure-
ments with FMP dye (see Section 2.5), except for the following differ-
ences in the imaging settings: PI and Hoechst were respectively excited 
with green LED (554/24 nm) and violet LED (391/32 nm), and the 
fluorescence was passed through the DFT51010 filter with additional 
bandpass filter at 590/50 nm (for PI) and 460/80 nm (for Hoechst).

2.7. Monitoring intracellular calcium transients

To detect changes in intracellular calcium, cells were stained with 2 
µM Fluo4-AM (Life Technologies, #F14217) in 1 ml LCIS at 37 ◦C and 5 
% CO2 for 45 min. For CHO-K1 cells only, we also added 2 µM Pluronic 
(Molecular Probes, #P3000MP) to facilitate staining. The cells were 
then handled and imaged in the same way as for measurements with 
FMP dye (see Section 2.5), except for the following differences in the 
imaging settings: Fluo4 was excited with blue LED (479/33 nm) and its 
fluorescence was passed through the DFT51010 filter with additional 
bandpass filter at 535/70 nm. In addition to 30 min time-lapse imaging 
at 1 frame per 30 s, we also captured shorter 5 min time-lapse images 
with faster imaging rate of 1 frame per 3 s.

After the 30 min time-lapse recordings, short-term cell survival was 
assessed by PI uptake, where Triton X-100 (Fluke, #93420) was used as 
positive control (see Suppl. Material 1, Section 2 for further details).

2.8. Monitoring changes in mitochondrial transmembrane voltage

U-87 MG cells were stained with 50 nM TMRE (Molecular Probes, 
#T669) in LCIS at 37 ◦C and 5 % CO2 for 20 min. After staining, the cells 
were washed and imaged in LCIS with the same imaging settings as used 
with the FMP dye (see Section 2.5).

For a positive control, the proton ionophore uncoupler of oxidative 
respiration carbonyl cyanide 3-chlorophenylhydrazone (CCCP; Sigma- 
Aldrich, #C2759) was added to the TMRE-stained cells at 20 mM con-
centration for 5 min [41].

2.9. Image analysis

Fluorescence images were analyzed in ImageJ Fiji [42]. For FMP, 
Fluo4 and TMRE, the region of interest (ROI) corresponding to cells was 
determined based on automatic thresholding of the first image in the 
time-lapse sequence (Fig. 1c). For PI, the ROI corresponding to the cell 
nuclear area was determined based on Hoechst images captured before 
and after PI time-lapse, since the cells exhibited practically no baseline 
PI fluorescence (Fig. 1d). Further processing was the same for FMP, 
Fluo4, TMRE and PI. The determined ROI was applied to all images in 
the time-lapse to determine the mean fluorescence of the cells F(t). 
Another ROI outside the cell region was manually selected to determine 
the background intensity FB(t). The change in fluorescence with time 
was determined as ΔF(t) = (F(t) – FB(t)) – (F(t = 0) – FB(t = 0)). Further 
details on the image analysis with representative examples are provided 
in the Suppl. Material 2.

2.10. Statistical analysis

All results presented in the paper are based on at least three inde-
pendent experimental repetitions, performed on different days. Statis-
tical analysis was performed using SigmaPlot 11.0 (Systat Software, 
USA). Analysis was always carried out for each cell line separately. 
Baseline FMP fluorescence was compared between different tempera-
tures (Troom and Tctrl) using t-tests. Results of time-lapse recordings 
captured at different temperatures were analyzed using Two-way 
ANOVA (temperature and time as factors) with Holm-Sidak method 
for pairwise multiple comparison. Three to four time points after the 
start of the imaging were selected for comparison: for FMP signal at 1 

min (before pulse application), 7 min (peak value), 15 min (minimum 
value) and 30 min (last value); for PI at 1 min and 30 min; and for Fluo4 
at 1 min, 1.67 min (peak value), and 30 min (last value) for 30 min time- 
lapses or at 1 min, 1.65 min (peak value), and 5 min (last value) for 5 
min time-lapses. Results from monitoring TMV in response to pulses 
with different amplitudes were analyzed with One-way ANOVA. Spe-
cifically, the minimum value of the FMP fluorescence obtained for each 
pulse amplitude was compared to the control condition (0 V/cm). 
Similarly, the maximum value of FMP fluorescence obtained for each 
pulse amplitude was compared to that observed using chemical 
depolarization.

A normality test using the Shapiro-Wilk method and equal variance 
test were carried out prior to conducting any specific statistical analysis. 
If normality and/or equal variance tests failed, nonparametric tests were 
performed: Mann-Whitney Rank Sum test (instead of t-test) and ANOVA 
on ranks (instead of One-way ANOVA and Two-way ANOVA). Statisti-
cally significant difference was considered for p < 0.05.

2.11. Theoretical modeling

For modeling the change in TMV due to electroporation, we built 
upon the model of Catacuzzeno et al. [43], which was originally 
developed to describe the role of calcium-activated potassium channels 
in intracellular Ca2+ oscillations in non-excitable cells in response to 
hormone stimulation. Full details of the original model and our addi-
tions, together with all model equations and parameters, are given in the 
Suppl. Material 3. Briefly, the model includes four relevant fluxes 
contributing to the intracellular Ca2+ dynamics (all in units of 
mol⋅m− 2⋅s− 1): Jin describes the Ca2+ influx through ion channels in the 
plasma membrane; Jout describes the extrusion of Ca2+ by plasma 
membrane Ca2+-ATPases; Jrel describes the release of Ca2+ from the 
endoplasmic reticulum (ER); and Jserca describes the reuptake of Ca2+

into ER by the Ca2+-ATPase SERCA. The model also includes Ca2+

binding to Ca2+ buffers (B) present in the cytoplasm and ER (Fig. 1b). 
We added another Ca2+ flux across the plasma membrane through Npores 
with radius rp (m) formed due to electroporation, derived based on 
Nernst-Planck description of electro-diffusion [44,45]: 

Jep,Ca =
Nporesπrp

2

Apm
Dp,Ca

um + ln(χ)
dm

χ − 1
ln(χ)

[Ca]e − [Ca]iexp(um)

(1 − χexp(um) )
(1) 

Parameters Apm (m2) and dm (m) are the plasma membrane area and 
membrane thickness, respectively; [Ca]e, [Ca]i (mol⋅m− 3) are the 
extracellular and intracellular Ca2+ concentrations, Dp,Ca (m2⋅s− 1) is the 
diffusion coefficient of Ca2+ inside a pore, χ is the ratio between the 
extracellular and intracellular conductivity, and um is the non-
dimensionalized TMV. The dynamic changes in TMV, denoted by 
Um (V), were described by [43]

dUm

dt
= −

1
Cm

(
gCa0(Um − UCa)+ gK,Ca(Um − UK)+ gL(Um − UL)+ gepUm

)

(2) 

where Cm (F) is the plasma membrane capacitance; gCa0, gK,Ca, and gL (S) 
are the maximum conductances of calcium channels, calcium-activated 
potassium channels, and leak channels, respectively, whereas UCa, UK, 
and UL (V) are the reversal potentials for the corresponding ions. The last 
term gepUm describes the nonselective current due to electroporation, 
where gep (S) is the conductance of Npores that reseal with the resealing 
function fresealing(t): 

gep = Npores
2σpπrp

2

πrp + 2dm
fresealing(t) (3) 

where sp (S/m) is the effective conductivity inside the pore [46]. The 
resealing functions considered in the model are given later in Eqs. (4) 
and (5). The model was implemented and solved in Matlab R2021b 

A. Blažič et al.                                                                                                                                                                                                                                   Bioelectrochemistry 161 (2025) 108802 

4 



(MathWorks, USA).

3. Results and discussion

The aim of our study was to investigate the mechanisms of long-term 
changes in TMV after exposing CHO-K1 and U-87 MG cells to a con-
ventional 100-µs-long electroporation pulse using the FMP dye. As we 
discovered that temperature affected our measurements, we first 
examined the influence of temperature on the baseline FMP fluorescence 
(Section 3.1) and on the measured cell response to an electric pulse 
(Section 3.2). While CHO-K1 cells responded to pulse exposure with an 
increase in FMP fluorescence, indicating the expected prolonged depo-
larization [9], U-87 MG cells kept at 33 ◦C unexpectedly exhibited a 
decrease in FMP fluorescence below baseline following the initial in-
crease. We hypothesized that this decrease could be an artifact of FMP 
quencher uptake through the electroporated cell membranes. By con-
ducting additional experiments using pulses of increasing amplitudes 
(Section 3.3) and employing theoretical modeling combined with ex-
periments using ion channel inhibitors (Section 3.4), we concluded that 
the observed decrease in fluorescence signal is not an artifact but in-
dicates membrane hyperpolarization due to activation of calcium- 
activated potassium channels. In Section 3.5, we discuss the chal-
lenges of monitoring electroporation-mediated long-term changes in 
TMV using the FMP dye and other dyes tested in our experiments, and 
propose further research directions.

3.1. FMP dye baseline fluorescence spontaneously increases at room 
temperature

In our preliminary experiments at room temperature (Troom = 25.3 
± 1.4 ◦C), we observed that cells stained with the FMP dye often exhibit 
a spontaneous increase in fluorescence over time. We hypothesized that 
this might be associated with non-physiological temperature, since the 
activity of ion channels and pumps that control the TMV decrease their 
activities at lower (Troom) temperatures [47–49]. To test this hypothesis 
more systematically, we controlled the temperature of the air in the 
incubator that surrounds the microscope stage, which resulted in sample 
temperature of Tctrl = 33.3 ± 0.2 ◦C. At Tctrl, the FMP fluorescence signal 
was stable for at least 30 min in both CHO-K1 and U-87 MG cells (Fig. 2a, 
red lines). In contrast, when CHO-K1 cells were imaged at Troom, their 
fluorescence gradually increased over 30 min (Fig. 2a, gray lines). 
Interestingly, U-87 MG cells not only exhibited a gradual increase in 
fluorescence at Troom, but were also considerably brighter at the start of 
the imaging. Note that we started the imaging 5 min after placing the 

sample on the microscope stage, to allow the temperature to equilibrate 
within the microscope’s incubator; thus, the cells were already exposed 
to Troom (or Tctrl) during this time.

To further confirm the observed increased baseline fluorescence in 
U-87 MG cells at Troom, we analyzed a larger number of CHO-K1 and U- 
87 MG samples. All samples were first stained at 37 ◦C, positioned on the 
microscope stage and then imaged 5 min later on the microscope, at 
either Troom or Tctrl. The analysis demonstrated that the temperature 
significantly affected the baseline fluorescence in both CHO-K1 (t-test, p 
< 0.001) and U-87 MG (t-test, p < 0.001). In U-87 MG cells the baseline 
fluorescence was also considerably more scattered at Troom (Fig. 2b), 
reflecting greater deviations in Troom compared to Tctrl.

3.2. The effects of temperature on the cell response to 100 μs, 1.4 kV/cm 
pulse: TMV, propidium uptake, and Ca2+ transients

The spontaneous increase in FMP fluorescence, shown in Fig. 2a, 
could be due to the spontaneous depolarization of cells at Troom or other 
effects of temperature on the permeation of the FMP voltage sensor 
molecule across the cell membrane. We explored this further by studying 
the effect of temperature on the response of cells to a single 100 μs, 1.4 
kV/cm pulse. The chosen pulse amplitude was high enough to result in 
electroporation of ~40 % of both CHO-K1 and U-87 MG cells in sus-
pension, detected through PI uptake (see Suppl. Material 1, Fig. S1.1). 
Note that cells attached to surfaces, as used in these experiments, elec-
troporate at even lower electric fields than cells in suspension due to 
their elongated shape [50].

Changes in TMV were monitored for 30 min at Troom and Tctrl. For 
both cell lines we observed that the pulse exposure triggered prolonged 
membrane depolarization, lasting minutes after the pulse delivery, both 
at Troom and Tctrl. The maximum increase in FMP fluorescence was 
observed within 10 min after pulse application and was higher in both 
cell lines at Troom. The latter indicated that the FMP dye differentially 
stains cells at different temperatures since subsequent experiments with 
chemical depolarization demonstrated that both cell lines became fully 
depolarized at Tctrl under these pulsing conditions (see Section 3.3). 
Furthermore, the temperature greatly influenced the recovery of the 
FMP signal. At Troom, the observed signal did not fully recover to the 
baseline in either of the cell lines within 30 min. This can be largely 
attributed to the gradual increase in the baseline FMP fluorescence 
(Fig. 2a); however, it is also possible that the cells were not able to fully 
restore their resting TMV at Troom. In contrast, at Tctrl, the signal in CHO- 
K1 cells returned to its baseline ~20 min after the pulse. In U-87 MG 
cells, the signal even decreased below the baseline, reaching the lowest 

Fig. 2. Temperature-dependent stability of the baseline FMP fluorescence signal. a) Signal in CHO-K1 and U-87 MG cells on a 30-minute time scale at Troom (grey 
lines) and Tctrl (red lines). b) Boxplots showing the fluorescence of CHO-K1 and U-87 MG cells, captured 5 min after placing a sample on the microscope stage at Troom 
or Tctrl (this time corresponds to 0 min in panel a). Note that some of the curves for CHO-K1 in panel a) have small peaks; this was due to small spontaneous activity 
(small changes in TMV) of CHO-K1 cells that were not observed in U-87 MG (Suppl. Material 1, Section 4).
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value 15 min after the pulse, followed by a subsequent increase towards 
baseline. Faster recovery of TMV at Tctrl compared with Troom was ex-
pected due to a greater activity of ion channels and pumps that control 
and restore the resting TMV [47]. Nevertheless, the decrease below 
baseline in U-87 MG cells indicating transient membrane hyperpolar-
ization was not expected, since previous studies reported only mem-
brane depolarization following electroporation [9,10,10,11,23]. 
Statistical analysis confirmed significant differences between responses 
at Troom and Tctrl at 1 min (p = 0.010), 15 min (p = 0.001) and 30 min (p 
= 0.04) in U-87 MG cells. In contrast, in CHO cells we confirmed sta-
tistically significant differences only at 1 min (p = 0.007) and 30 min (p 
= 0.002).

To shed more light on the difference in TMV responses between Troom 
and Tctrl and between CHO-K1 and U-87 MG cells, we also monitored the 
time-dependent increase in membrane permeability due to electropo-
ration using PI and keeping other conditions the same as when moni-
toring the changes in TMV. PI is a nucleic acid stain that can only enter 
cells with permeabilized membranes. In both cell lines the PI uptake was 
somewhat higher at Troom than at Tctrl, but the difference was not sta-
tistically significant. U-87 MG became more brightly stained with PI 
than CHO-K1 at both temperatures; however, they also exhibited 
brighter fluorescence when permeabilized with the detergent Triton X- 
100 (Suppl. Material 1, Fig. S1.2), indicating a greater number of 
intracellular binding sites for PI (i.e. nucleic acids). To characterize the 
characteristic time constant of the PI uptake, we fitted the averaged data 
to an exponential curve, f = A(1 − exp( − t/τ)+kt ), using the function 
nlinfit in Matlab. For both cell lines, τ was roughly 50 % longer at Troom 
vs. Tctrl (CHO-K1: τ = 78.5 s vs. 53.0 s; U-87 MG: τ = 84.0 s vs. 54.1 s). In 
both cell lines the PI curves exhibited a small but persistent increase in PI 
fluorescence that continued beyond the 30 min observation time. The 

slope k of this increase was also greater at Troom vs. Tctrl (CHO-K1: k =
1.87⋅10− 4 s− 1 vs. 0.55⋅10− 4 s− 1; U-87 MG: k = 1.94⋅10− 4 s− 1 vs. 
1.64⋅10− 4 s− 1). Both fitted parameters thus indicate slower membrane 
resealing kinetics at lower temperature, consistent with previous find-
ings [51].

Since Ca2+ plays a crucial role in many cellular processes, we addi-
tionally monitored the changes in intracellular Ca2+ using the fluores-
cent indicator Fluo4 (Fig. 3c). Following pulse exposure, CHO-K1 cells 
exhibited a transient peak in intracellular Ca2+, followed by a return to 
baseline. The peak appeared higher at Troom in 30 min time-lapses 
captured at 1 frame per 30 s. However, additional experiments using a 
higher imaging frame rate (1 frame per 3 s) demonstrated that the peaks 
were not significantly different at both T, just that the Ca2+ transients 
were faster at Tctrl (Fig. 3c, inset). The full width at half maximum of the 
Ca2+ transient was ~53 s and ~34 s at Troom and Tctrl, respectively. At 
Tctrl, U-87 MG cells also exhibited a transient peak with full width at half 
maximum of ~20 s, after which the intracellular Ca2+ did not fully re-
turn to baseline but remained elevated almost until the end of obser-
vation time. In contrast, at Troom, the peak change in intracellular Ca2+

was much smaller. Additional experiments at higher imaging rate (1 
frame per 3 s) confirmed that the Ca2+ transients were significantly 
different (1.65 min; p = 0.05) between Troom and Tctrl in U-87 MG cells.

At the end of the Ca2+ imaging, PI was added to assess the plasma 
membrane integrity as an indicator of cell viability. There was no sig-
nificant difference in detected PI fluorescence between Troom and Tctrl 
compared to the negative control (sham-exposed cells). Moreover, the 
observed increase in PI fluorescence was much lower than the increase 
obtained after permeabilizing the cells with Triton X-100 as a positive 
control (Suppl. Material 1, Fig. S2.1). This confirms that most cells were 
able to restore their membrane integrity 30 min after pulse application. 

Fig. 3. The impact of temperature on the cell response after electroporation. A single 100 µs, 1.4 kV/cm pulse was delivered at 1.5 min (indicated with arrow), either 
at Troom (grey lines) or Tctrl (red lines). The presented curves show mean ± s.d. from 3 to 5 experiments. Error bars are shown in one direction only for clarity. a) 
Response in TMV determined with FMP dye. b) Kinetics of PI uptake. The dashed curves show best fit with the function f = A(1 − exp( − t/τ)+kt ). c) Calcium 
transients determined with Fluo4 dye. Insets show data from images captured on 5 min time scale using a higher frame rate.
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However, we cannot exclude that the cells could have lost their viability 
later due to delayed cell death mechanisms [52,53].

3.3. Hyperpolarization of U-87 cells is not an artifact of the FMP 
quencher uptake

The FMP dye contains a quencher molecule that absorbs the 

fluorescence of the voltage sensor molecule and under physiological 
conditions remains on the extracellular side. However, when cells 
become electroporated, the quencher could potentially enter the cells. 
The decrease in FMP fluorescence below baseline in U-87 MG cells could 
thus be an artifact of quencher entry instead of membrane hyperpolar-
ization. Furthermore, previous studies have shown that the FMP is able 
to indicate hyperpolarization [30] but not in all experimental conditions 

Fig. 4. Response to 100 µs pulse of different amplitudes. a) Time course of the change in FMP fluorescence in CHO-K1 cells after exposure to a pulse of a given 
amplitude (0 − 3.15 kV/cm). The time of pulse application is indicated with an arrow. Grey curves show responses from individual samples, obtained from at least 
three independent experiments; thick red curve shows their mean response. b) Same results as in a) but for U-87 MG cells. c-d) The minimum (blue lines) and 
maximum (green lines) values, extracted from each curve in panels a-b. Individual data points are presented together with their mean value ± standard deviation. 
Additionally, the bar presents the response to chemical depolarization (140 mM KCl). e) Relative change in mitochondrial TMV monitored with TMRE dye in U-87 
MG cells. As a positive control for depolarization of mitochondria, the cells were exposed to CCCP for 5 min. Statistically significant differences (*: p < 0.05) were 
determined by One-way ANOVA.
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[34]. To test this possibility, we exposed CHO-K1 and U-87 MG cells to a 
single 100 μs pulse of different amplitudes (0–3.15 kV/cm) and moni-
tored the change in TMV over 30 min, similarly as in Fig. 3a. All ex-
periments were performed at Tctrl, since we observed a decrease in FMP 
fluorescence below baseline in U-87 MG cells only at this temperature.

In CHO-K1 cells, a small increase in fluorescence was already 
observed at 0.35 kV/cm. Pulses with amplitudes of ≥ 0.70 kV/cm all 
evoked similar averaged responses; the FMP signal first increased and 
then returned to baseline, without decreasing below baseline. In U-87 
cells a small increase in fluorescence could also be observed at 0.35 kV/ 
cm, in agreement with a previous study [9]. For amplitudes between 
0.70 and 1.4 kV/cm we consistently observed an increase in fluores-
cence followed by a decrease below the baseline. With a further increase 
in pulse amplitude, this decrease below baseline became less and less 
profound. This indicates that the decrease below baseline is not a 
consequence of quencher entry since this entry should become greater 
with higher pulse amplitude due to a greater increase in membrane 
permeability.

We further extracted the minimum and maximum values from each 
curve in Fig. 4a, b and plotted them in Fig. 4c, d. Statistical analysis 
showed that the minimum values obtained after any of the pulse am-
plitudes applied to CHO-K1 cells were never significantly different from 
control. However, for U-87 MG cells, a significant difference was found 
at pulse amplitudes between 0.7 and 1.4 kV/cm and for 3.15 kV/cm (p 
< 0.05, shown in Fig. 4d). Additionally, we compared the extracted 
maximum values to chemical depolarization achieved by exposing the 
cells to 140 mM KCl. In CHO-K1 cells and U-87 MG cells, respectively, a 
significant difference (p < 0.05) was found compared to chemical de-
polarization for 0.35–1.05 kV/cm and 0.35 kV/cm. This indicates that 
1.4 kV/cm pulses used in experiments presented in Fig. 3 completely 
depolarized the cells.

The FMP dye nonselectively stains both the plasma membrane and 
the membranes of intracellular organelles. Thus we hypothesized that 
the decrease in FMP signal below baseline in U-87 MG cells could also be 
due to hyperpolarization of mitochondrial membranes [54]. To detect 
changes in mitochondrial TMV, we used tetramethylrhodamine ethyl 
ester (TMRE). TMRE is a cationic dye that accumulates in active mito-
chondria because of the large negative TMV that appears across normal 
mitochondrial membranes. When the mitochondrial TMV becomes less 
negative (depolarizes), the TMRE concentration in the mitochondria 
decreases resulting in a decrease in TMRE fluorescence (the opposite of 
the FMP dye behavior). However, additional experiments monitoring 
mitochondrial TMV with TMRE dye demonstrated that mitochondria 
somewhat depolarized during 30 min of imaging, with or without pulse 
application, and were not responsible for the transient hyperpolar-
ization observed in U-87 MG cells (Fig. 4e). To induce a depolarization 
of the mitochondrial TMV, CCCP was added to the cells stained with 
TMRE. A statistically significant difference was detected compared to 
the control (p = 0.01).

Overall, these results support the conclusion that after exposure to 
100 µs pulse of intermediate amplitudes (0.7–1.4 kV/cm), the plasma 
membrane of U-87 MG cells first depolarized and then hyperpolarized.

3.4. Transient hyperpolarization of U-87 cells is likely caused by 
activation of calcium-activated potassium (KCa) channels

U-87 MG cells endogenously express calcium-activated potassium 
(KCa) channels [55]. These are Ca2+ and voltage-gated ion channels 
whose activation tends to hyperpolarize the membrane through the 
leak-out of K+ ions along their electrochemical gradient [43]. To test the 
hypothesis that activation of KCa channels could be responsible for hy-
perpolarization, we first resorted to theoretical modeling. We used a 
minimal model that was originally developed to describe Ca2+ oscilla-
tions in hepatocytes [56] and later upgraded to include the contribution 
of KCa channels to these oscillations [43]. A recent review paper pro-
posed that KCa channels play a similar role in modulating Ca2+

oscillations during glioblastoma cell migration and invasion [57]. We 
further upgraded the model to include an increase in nonselective 
transmembrane ionic current and Ca2+ uptake due to electroporation. 
We considered that at tpulse = 1.5 min, when the pulse is applied, there is 
a certain number of pores Npores created in the membrane due to elec-
troporation. We assumed that, after the pulse exposure, the membrane 
reseals exponentially with a time constant τ = 54 s, as determined from 
the fit to PI uptake kinetics in U-87 MG at Tctrl: 

fresealing = exp
(
−

t − tpulse

τ

)
, t ≥ tpulse (4) 

The model was able to replicate the main experimental observations. 
Fig. 5a shows the time course of TMV and intracellular Ca2+ ([Ca2+]i) 
depending on the number of pores created in the plasma membrane due 
to electroporation. If there are no pores created (Npore = 0), the TMV 
stays at its resting value. If enough pores are created, the plasma 
membrane first depolarizes due to the nonselective leak current, and 
afterwards transiently hyperpolarizes. The simulated TMV and [Ca2+]i 
time courses resemble well our experiments with U-87 MG cells at Tctrl 
(see Fig. 3a,c). Note that the model shows an immediate depolarization 
at the time of pulse application (tpulse = 1.5 min), whereas experimen-
tally we see a more gradual increase in FMP fluorescence. This is because 
the FMP dye has a rather slow response time in seconds [29–31]. Studies 
using potentiometric dyes with fast response indeed demonstrate an 
immediate step-like depolarization following application of an electro-
porating pulse [21].

Membrane hyperpolarization in the model is due to activation of KCa 
channels, as demonstrated in Fig. 5b, which shows the TMV and [Ca2+]i, 
depending on the maximum conductance of KCa channels, when Npore =

1000. Without KCa channels (gKmax = 0 nS), the plasma membrane 
transiently depolarizes and returns to baseline without any hyperpo-
larization. This TMV time course resembles that of CHO-K1 cells that 
express very low levels of endogenous ion channels [58,59] (see Fig. 3a). 
With increasing levels of expressed KCa channels, transient hyperpolar-
ization becomes more profound. On the contrary, the time course of 
[Ca2+]i is not affected much by KCa channels, consistent with qualita-
tively similar Ca2+ transients in CHO-K1 and U-87 MG cells observed 
experimentally at Tctrl (see Fig. 3c).

It is important to emphasize that while the plasma membrane is 
highly permeable in the first few minutes after the pulse, the nonselec-
tive leak current is so high that activation of KCa channels does not affect 
the TMV very much. However, as the membrane mostly reseals and the 
leak current becomes very small, ion channel activation can have a large 
influence on the restoration of TMV. To illustrate this point, we assumed 
that a certain fraction δ of pores or permeable defects can persist in the 
membrane even after completion of the exponential resealing phase 
characterized by time τ. The presence of such pores can explain the small 
linear increase in the PI uptake that persisted until the end of observa-
tion time (Fig. 3b). The corresponding resealing function is: 

fresealing = (1 − δ)exp
(
−

t − tpulse

τ

)
+ δ, t ≥ tpulse (5) 

The parameter δ is related to the slope k, extracted from the fit to PI 
uptake curves in Fig. 3b (see Suppl. Material 3 for derivation): 

δ =
kτ

1 + kτ (6) 

For easier comparison with experiments, we thus varied the value of the 
slope k. The calculations are presented in Fig. 5c. If k is smaller than a 
certain value, the TMV response shows both the initial depolarization 
and the subsequent hyperpolarization. However, with increasing k, the 
membrane only depolarizes after the pulse. To further explore the 
conditions in which hyperpolarization can be observed, we made a 
parametric analysis in which we varied Npore and k, and for each 
parameter combination we determined the minimum TMV that was 
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achieved within 30 min after the pulse. We performed the parametric 
analysis for two values of the maximum conductance of KCa channels 
(gKmax = 5 nS and 15 nS), since we did not find an exact value of gKmax for 
U-87 MG cells in the literature. The results are presented in Fig. 5d. The 
white line separates the parameter space in which both depolarization 
and hyperpolarization can be observed, from the space where only de-
polarization can be observed after the pulse. The graphs clearly show 
that hyperpolarization occurs only when k is sufficiently small to be on 
the left side of the white line. When there are more KCa expressed in the 
cells (gKmax is larger), the white line shifts to larger k.

The parametric analysis additionally elucidates our experimental 
results. Experimentally, hyperpolarization in U-87 MG cells became less 
profound with increasing pulse amplitude. The model suggests this is not 
due to more pores created by a pulse with higher amplitude but to 
slower or incomplete membrane resealing. Furthermore, we found a 
greater slope k in PI uptake kinetics at Troom compared to Tctrl. Thus, the 
absence of hyperpolarization in U-87 MG cells at Troom could partially be 
due to a larger k. Even more importantly, at Troom, the increase in 
[Ca2+]i in U-87 MG cells was significantly lower than at Tctrl. The in-
crease in [Ca2+]i at Troom was likely too low to activate KCa channels (see 
the influence of [Ca2+]i peak amplitude on the extent of hyperpolar-
ization in Fig. 5a). However, the model in the current form was unable to 
represent the altered [Ca2+]i profile at Troom, thus further research is 
needed to fully understand the absence of hyperpolarization in U-87 MG 
cells at Troom. Overall, our model confirms that the observed hyperpo-
larization in U-87 MG cells can be due to the activation of KCa channels.

The modeling predictions were supported by experiments using ion 
channel inhibitors. A nonspecific inhibitor of potassium channels TEA, 
in concentrations high enough to inhibit both large conductance (BK) 
and intermediate conductance (IK) calcium-activated potassium 

channels, abrogated hyperpolarization (Fig. 5e). Additional experiments 
with the BK inhibitor Penitrem A resulted in similar responses as with 
TEA, suggesting that hyperpolarization is mainly governed by the acti-
vation of BK channels. The minimum FMP fluorescence values in the 
presence of both TEA and Penitrem A were significantly different from 
control without ion channel inhibitors (Two-way ANOVA, p ≤ 0.03). On 
the contrary, the inhibitor of voltage-gated calcium channels Verapamil 
did not have a significant effect on hyperpolarization. This is to some 
extent consistent with our assumption in the model that the increase in 
[Ca2+]i after the pulse is mainly due to influx of Ca2+ through pores in 
the membrane, rather than activation of Ca2+ channels. Nevertheless, 
while the maximum FMP fluorescence value with TEA and Penitrem A 
was not significantly different from control, it was significantly lower 
with Verapamil (Two-way ANOVA, p = 0.016). This indicates that cal-
cium channel activation can also contribute to the initial depolarization 
phase. It should be noted that U-87 MG cells express many different 
types of ion channels; addition of these channels to the model would 
likely further improve the agreement with experiment.

Overall, our model and experiments demonstrate that the observed 
long-term changes in TMV in U-87 MG cells can be explained by the 
dynamic interplay between the nonselective leak current due to elec-
troporation and ion channel activation. The nonselective leak current 
acts to depolarize the TMV towards 0 mV, whereas ion channel activa-
tion influences the TMV when the nonselective leak current becomes 
very small and comparable to the currents passing through ion channels. 
The previous study by Burke et al. on U-87 MG cells exposed cells to a 10 
ns, 34 kV/cm pulse demonstrated that immediately after the pulse 
application, the activation of Ca2+, BK and TRPM8 ion channels con-
tributes to membrane depolarization [23]. The pulse amplitude used in 
this study was just above the threshold for inducing membrane 

Fig. 5. The influence of KCa channels on TMV after electroporation. a-c) Time course of TMV and [Ca2+]i predicted from the theoretical model for different values of 
model parameters; a) Results for different number of pores Npore, when the maximum conductance of KCa channels equals gKmax = 5 nS and the parameter k = 0 s− 1. 
The pores are created when the pulse is applied at tpulse = 1.5 min. b) Similar results as in a), but for different values of gKmax when Npore = 1000 and k = 0 s− 1. c) 
Similar results as in a), but for different values of parameter k when gKmax = 5 nS and Npore = 1000. d) Parametric analysis showing the minimum TMV value obtained 
in the model within 30 min after the pulse, depending on parameters k and Npore. Calculations were performed for gKmax = 5 nS (left) and 50 nS (right). e) 
Experimental measurements of the change in TMV after exposure to 100 ms, 1.4 kV/cm at tpulse = 1.5 min in U-87 MG cells with the FMP dye in the presence of ion 
channel inhibitors TEA, Penitrem A, and Verapamil. Mean ± s.d. from 3 independent experiments. The thin black line shows the average response without ion 
channel inhibitors, taken from Fig. 4b at 1.4 kV/cm.
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depolarization and was thus probably associated with a very small in-
crease in membrane permeability and leak current – small enough to 
enable the ion channel currents to influence the TMV. Our results 
indicate that after exposing cells to 100 µs, 1.4 kV/cm pulse, membrane 
depolarization is mainly associated with the nonselective leak current 
due to increased membrane permeability. Nevertheless, the lower 
amplitude of depolarization detected in the presence of Verapamil 
suggests that activation of calcium channels can to some extent 
contribute to the initial depolarization phase as well.

3.5. Challenges associated with monitoring long-term TMV changes after 
electroporation

Both our model and experiments with ion channel inhibitors confirm 
that the decrease in FMP fluorescence below baseline, observed in U-87 
MG cells following pulse exposure, can be attributed to plasma mem-
brane hyperpolarization. We nevertheless wanted to additionally 
confirm this with two alternative voltage-sensitive dyes, Electro-
Fluor630 and FluoVolt. Both have already been used for monitoring 
TMV changes in response to high-voltage electric pulses; however, they 
were previously only used to detect short-term changes, i.e. in the range 
of seconds [21,22].

Our results, presented in Suppl. Material 1 Section 5, together with a 
detailed explanation of the dyes, reveal considerable limitations of both 
dyes. With ElectroFluor630 we observed the well-known gradual 
internalization of the dye. While this internalization is not necessarily 
problematic for monitoring rapid TMV changes (such as action poten-
tials) [21,60], it makes it very challenging to monitor long-term and 
small changes in TMV over a 30 min observation period, since the 
fluorescence signal continuously drifts. Further limitations of the dye are 
photobleaching and a rather low sensitivity (~15 % / 100 mV) [61], 
which for U-87 MG cells with a mean resting voltage of − 16 ± 4 mV 
[55] requires detection of fluorescence changes below 2.4 %. With 
FluoVolt, we observed morphological changes and cell rounding over 
the 30 min period, which we attributed to phototoxicity, as previously 
reported [62]. Therefore, we found ElectroFluor630 and FluoVolt un-
suitable for monitoring long-term changes in TMV after electroporation 
in our experimental setup. The FMP dye was considered superior for our 
experimental study.

Nevertheless, FMP dye also has limitations. It was designed for 
measurements of intact plasma membranes. During electroporation both 
parts of the dye (the anionic voltage sensor molecule and the quencher 
molecule) could potentially enter the cell due to increased membrane 
permeability and influence the fluorescence signal. Our experiments 
with pulses of different amplitudes (up to 3.15 kV/cm) showed that 
quencher entry was not critical under our specific pulsing conditions. 
However, we cannot exclude that other pulse parameters, associated 
with a greater increase in membrane permeability, would allow the 
quencher to enter the cells. Another problem impeding the interpreta-
tion of results is the unknown chemical structure of both the voltage 
sensor and quencher molecule, which is considered proprietary 
information.

It is further interesting to note that our results with the FMP dye 
became less reproducible for pulses with the highest tested amplitudes 
(Fig. 4a-b). For pulse amplitudes higher than 1.4 kV/cm, both CHO-K1 
and U87-MG cells started to fuse due to electroporation – a phenome-
non known as electrofusion [63] – which could be the one of the reasons 
for lower reproducibility. Moreover, higher pulse amplitude is associ-
ated with stronger electroporation and thus greater structural changes of 
the membrane, which could affect the translocation mechanism of the 
FMP voltage sensor molecule.

Overall, we find that measuring long-term changes in TMV remains 
challenging in electroporation research from the methodological point 
of view and that all the tested dyes (FMP, ElectroFluor630 and FluoVolt) 
have limitations. A promising alternative could be genetically encoded 
voltage indicators (GEVIs), which have not yet been experimentally 

tested when used for observations of the TMV following delivery of high- 
intensity electric pulses. Nevertheless, one of their limitations is a 
possible perturbation of the protein voltage sensor domain by a strong 
electric field, which was already shown in molecular dynamics simula-
tions of voltage-dependent calcium and sodium channels [64,65]. 
Moreover, all GEVIs require cell transfection, which can perturb the 
wild-type cell physiology [66].

4. Conclusions and outlook

In our study we investigated the mechanisms of long-term changes in 
TMV after exposing CHO-K1 and U-87 MG cells to a single 100 µs 
electroporation pulse. By monitoring changes in TMV over a period of 
30 min with the FMP dye, we observed that these changes are cell type 
and temperature dependent. In CHO-K1 cells, which express low levels 
of endogenous ion channels, membrane depolarization following pulse 
exposure could mainly be explained by the nonselective leak current 
through the permeabilized membrane, which persists until the mem-
brane reseals, enabling the cells to recover their resting TMV. Membrane 
resealing and TMV recovery was faster at higher (33 ◦C), more physio-
logical, temperature compared with experiments performed at room 
temperature (25 ◦C). U-87 MG cells, which express many endogenous 
ion channels, exhibited a different response in TMV than CHO-K1. 
Following the initial depolarization phase, the cells hyperpolarized, 
but only at 33 ◦C. Using a theoretical model, supported by experiments 
with ion channel inhibitors, we found that this hyperpolarization can 
largely be attributed to the activation of calcium-activated potassium 
(KCa) channels. However, since we were unable to completely abrogate 
hyperpolarization with selected KCa channel inhibitors, activation of 
other channels, such as chloride channels could contribute as well [67]. 
Based on the obtained experimental and theoretical results, we conclude 
that as long as the membrane is highly permeable, the nonselective leak 
current is responsible for membrane depolarization. However, when the 
leak current becomes comparable to the currents through ion channels 
(towards the end of the membrane resealing phase or when the mem-
brane is only gently electroporated), ion channel activation can signif-
icantly contribute to the changes in TMV.

TMV is known to change through the progression of the cell cycle 
[1]. The TMV controls the activation of voltage-gated ion channels and 
modulates the function of other membrane proteins exhibiting voltage 
sensitivity [68]. Since many of these channels conduct calcium ions, 
changes in TMV affect the intracellular calcium levels and calcium 
signaling. Ion channels are abundantly expressed in cancer cells 
including glioblastoma, from which the U-87 MG cell line derives [55]. 
It was demonstrated that ion channels have an important role in cancer 
cell proliferation, migration, invasion, and apoptosis, which led to 
proposition of classifying cancer as one of channelopathies [69,70]. 
Therefore, ion channels are considered as therapeutic targets for cancer 
treatment. A recent study in glioblastoma cell lines NG108-15 and U-87 
MG confirmed that certain combinations of ion channel modulating 
drugs significantly reduce proliferation, make the cells senescent, and 
promote differentiation [71]. Our study demonstrated that electropo-
ration provokes a dynamic change in TMV in U-87 MG cells, which 
modulates ion channel activation. It would therefore be interesting to 
study the functional consequences of such changes in TMV and how they 
affect cell behavior. Such studies would provide new insights into 
electroporation-based treatments of glioblastoma and other cancers 
[38,72,73]. Since we found that changes in TMV are temperature- 
dependent, such studies should ensure controlled temperature condi-
tions, ideally physiological conditions at 37 ◦C.

To further study long-terms changes in TMV following electropora-
tion, one needs to establish a reliable methodology. While the fast- 
response voltage-sensitive dyes FluoVolt and ElectroFluor630 were 
previously used to monitor short-term changes in TMV (time scale of a 
few seconds) following electroporation [21,22], we found them un-
suitable for monitoring long-term TMV changes. The slow-response FMP 
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dye was better suited for this purpose, although here we also identified 
several limitations when using the dye in combination with electropo-
ration. Voltage-sensitive dyes are generally designed and calibrated 
based on experiments made with intact membranes. However, when a 
cell is electroporated, both the increase in membrane permeability and 
the perturbations of the membrane structure could potentially interfere 
with the function of the dye and alter the fluorescence signal. Moreover, 
for electroporation research, it would be important to test voltage- 
sensitive dyes in electroporated cells using classical electrophysiolog-
ical (patch clamp) measurements. Further research should also be 
focused on developing better methods for monitoring long-term changes 
in TMV following electroporation. Novel genetically encoded voltage 
indicators (GEVIs) could present a promising tool [66], provided that 
the electric field used for electroporation does not damage the GEVI’s 
voltage-sensor domains [65].
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A. Blažič et al.                                                                                                                                                                                                                                   Bioelectrochemistry 161 (2025) 108802 

13 

https://doi.org/10.3390/cancers14061499
https://doi.org/10.3390/cancers14061499
https://doi.org/10.1002/advs.202100978
https://doi.org/10.1002/advs.202100978
https://doi.org/10.1016/0302-4598(93)80080-E

	Long-term changes in transmembrane voltage after electroporation are governed by the interplay between nonselective leak cu ...
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Electric pulses
	2.3 Electroporation buffer
	2.4 Temperature control
	2.5 Monitoring changes in transmembrane voltage (TMV)
	2.6 Monitoring propidium uptake
	2.7 Monitoring intracellular calcium transients
	2.8 Monitoring changes in mitochondrial transmembrane voltage
	2.9 Image analysis
	2.10 Statistical analysis
	2.11 Theoretical modeling

	3 Results and discussion
	3.1 FMP dye baseline fluorescence spontaneously increases at room temperature
	3.2 The effects of temperature on the cell response to 100 μs, 1.4 kV/cm pulse: TMV, propidium uptake, and Ca2+ transients
	3.3 Hyperpolarization of U-87 cells is not an artifact of the FMP quencher uptake
	3.4 Transient hyperpolarization of U-87 cells is likely caused by activation of calcium-activated potassium (KCa) channels
	3.5 Challenges associated with monitoring long-term TMV changes after electroporation

	4 Conclusions and outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


