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FLUORESCENCE METHOD FOR SINGLE CELL 
EVALUATION O1F ELECTROPORATION YIELD 

Andrada-Elena MIRESCU1, 2, , Alexandru-Florin NELEPCU3, , Tudor 
SAVOPOL4,5 , Violeta L. CALIN4, 5, *, Mihaela G. MOISESCU4, 5 

Cellular electroporation (EP) represents a physical procedure to increase 
membrane permeability by applying controlled electrical pulses. Although many 
applications of EP have been developed in medicine and industry, experimental 
methods useful for evaluation of the effects of cellular electroporation are still 
investigated. Here, we propose a fluorimetric method for a real-time evaluation of the 
electroporation yield at single cell level. The novelty introduced by our work lies in 
the fact that quantitative information is provided in real time at cellular level, through 
non-intrusive optical measurements. The method consisting of the measurement of 
intensity of the emitted fluorescence of Propidium Iodide incorporated in cells during 
EP was applied to study the effect of Dimethyl Sulfoxide as modulator for the 
electropermeabilization of cell membrane. The method is considered to be useful for 
the experimental investigation of biophysical processes that underlie the EP efficacy. 

  

Keywords: cellular electroporation, time-resolved fluorescence, propidium 
iodide, DMSO. 

1. Introduction 

Electroporation (EP) is a technique widely used in the biomedical field for 
molecules delivery (drugs, DNA/RNA, dyes, etc.) and non-thermal tissue ablation. 
EP is also employed in industrial applications for sterilization of food and water, 
non-thermal food processing, extraction of biofuels, recombinant protein 
production, etc. [1]. EP represents a physical procedure to increase membrane 
permeability to low and non-permeant molecules by applying high voltage 
electrical pulses for a short time. Depending on the number and characteristics of 
the pulses (amplitude, duration, repetition frequency, shape), at the end of EP, the 
cell can regain its initial selectivity of the transmembrane transport (reversible EP) 
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or can remain altered leading to cell’s destruction (irreversible EP) [2]. The general 
mechanism of permeabilization of the cellular membrane states that during the 
pulse application a re-arrangement of phospholipid bilayer creates “pores” in the 
cell membrane, which allow the passage of hydrophilic compounds. In short, strong 
electric field is applied to charge the cell membrane like a capacitor until it breaks 
down, creating transient, water-filled pores [2]. The aqueous “pores” are triggered 
when the total transmembrane electric potential is above a certain threshold 
(threshold value varying from one cell type to another) [3]. Once the voltage is off, 
the “pores” close but the membrane may remain permeable even for tens of minutes 
[4], period during which its phospholipids [5, 6] and proteins [7] modified due to 
chemical reactions triggered by the electric pulses [8] are replaced and the 
impermeability of the cell membrane restored. An electric-accelerated endocytosis 
process is considered the main ground of full membrane recovery, the more that 
endocytosis vesicles have been reported as main pathway for gene electrotransfer 
[9, 10], even there are reports debating their contribution to the transfection efficacy 
[11]. Some another mechanistic models argues that the high voltage applied to the 
cell membrane makes the phospholipid bilayer more mobile, enabling the 
extracellular molecule to slip by it into the cell [12]. Complexity of cell membrane 
structure and recovery process, and the fact that membrane permeabilization is 
obtained with pulses of different durations (from nanoseconds to milliseconds) 
makes the understanding of electroporation mechanisms a long running course. 

Computational and experimental methods have been developed during the 
last 30 years for the investigation of EP mechanisms and effects [13]. 
Computational methods were designed as a combination of finite-element 
continuum models and image-based realistic cell geometries to study the 
relationship between field distribution and pore formation. Time-dependent finite-
element models implemented in COMSOL were used to calculate induced 
transmembrane voltage and to simulate electroporation on irregular, image-derived 
cell shapes, showing how cell morphology, orientation and cell–cell packing alter 
local transmembrane voltage and predicted poration sites [14]. Recent works 
demonstrated how three-dimensional, realistic models of adherent cells 
reconstructed by quantitative phase microscopy, provide a more accurate estimation 
of local electric field heterogeneity and membrane polarization in electroporation 
simulations [15-17]. These approaches link imaging with modeling, allowing 
morphology and experimentally-quantified parameters to guide simulations of 
electric field distribution and effects at single-cell level. Computational models 
based on matrix optics have also been used in other contexts for the non-invasive 
assessment of oocyte maturity [18]. Regarding the experimental methods used for 
EP investigation, a first category relies on changes in electric conductivity of cell 
membrane and/or medium during and after pulses application (membrane 
conductance, impedance measurements) [19]. The second category is based on an 
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molecules exchange (fluorescent dyes, plasmids, radioactive compounds, etc.) 
across the membrane [20]. The characteristics of these molecules in terms of 
molecular weight, electric charge, fluorescence yield, chemical affinity, etc. are 
influencing the detection limit/monitoring power of the procedure. For example, 
propidium iodide (PI), a non-permeant dye whose fluorescence enhances 20− to 
30−fold when linked to nucleic acids [21], has been successfully used for 
quantifying the ratio of electroporated to not-electroporated cells or the resealing 
time, by fluorescence microscopy visualization. Fluorescence signal–based 
methods were useful to evaluate photosensitiser kinetics and treatment delivery in 
real time, offering the advantages of being non-invasive, quantitative, and capable 
of providing immediate feedback on treatment dynamics [22].  Methods adapted 
for a real time quantification of membrane EP outcome are still expected [23, 24], 
such a method could be used, for instance, to assess the effect of different 
modulators of EP process. 

It has been shown that cell EP is significantly influenced by various physical 
parameters related to the pulse sequences characteristics [25-27] and chemical 
modulators related to the composition of the environment in which the EP is 
performed. Optimized conditions for EP are often sought depending on the purpose 
of the experiment. For instance, osmotic agents and disaccharides such as trehalose, 
sucrose, or mannitol were found to help maintain the osmotic balance and stabilize 
the membranes during and after pulsing. Trehalose at concentrations between 100–
250 mM in the electroporation buffer was shown improving the viability of the cells 
after the pulse application and cryopreservation [28-30]. Membrane-stabilizing 
copolymers such as Poloxamer-188 (Pluronic F-68) (typically 0.05–1 %) were used 
during the pulse application or shortly after pulsing to assist membrane resealing 
and improve cell survival without substantially reducing uptake efficiency [31-33]. 

For a long period, calcium ions present in the exterior medium were 
considered the “enemy” of cell recovery after EP (the intracellular calcium 
concentration increased by membrane permeabilization is triggering cellular 
apoptosis which was diminishing the efficacy of gene electrotransfer [34]) and 
buffers commercially available for eukaryotic cells or bacteria transfections are at 
very low concentration of calcium. In recent years, the role of calcium has been 
reconsidered and a new procedure called “calcium electroporation” turned into a 
well-established approach in clinical settings. When extracellular Ca²⁺ is higher 
than physiological concentrations (typically 0.5–5 mM) during the application of 
short, high-voltage pulses, a calcium uptake occurs leading to acute and severe ATP 
depletion associated with cancer cell death [35]. 

Changes in membrane cholesterol content influence cell sensitivity to 
electroporation. Methyl-β-cyclodextrin (MβCD) and related compounds commonly 
used for cholesterol depletion increase membrane fluidity and lower the field 
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intensity needed for permeabilization. Short incubations with 1–10 mM MβCD are 
typically sufficient, although excessive depletion can reduce cell viability [36, 37]. 

Dimethyl Sulfoxide (DMSO) is an aprotic, polar solvent that can dissolve 
polar and non-polar compounds, being miscible in water and in a wide variety of 
solvents. It has rapid penetration, and it increases the penetration of other 
substances through biological membranes. DMSO is commonly used as 
cryoprotectant [38] and as solvent for various compounds (dyes, peptides in NMR 
studies, drugs with skin penetration) [39, 40]. New applications for DMSO are 
under study, like modulation of the electroporation threshold. It was found that 
DMSO effect depends on its concentration [41, 42] having described three main 
modes of action: i/at low concentration, the membrane gets thinner, more fluid and 
displays undulations without being permeable to calcium ions or Yo-Pro-1 dye; ii/at 
intermediate concentrations, transient water pores occur and the cell swells, an 
exchange of ions and penetration of fluorescence dyes into the cells are observed; 
iii/ at even higher concentrations, the membrane integrity is lost and a disintegration 
of lipid bilayer occur. In cryopreservation, concentrations between 5 % v. to 20 % 
v. of DMSO, which preserve a good level of cell viability, are used [43]. In 
transfection protocols, low concentrations (1–5 % mol.) often enhance DNA or drug 
uptake, whereas high concentrations (> 20 % mol.) increase membrane leakage and 
cytotoxicity [44]. 

Here we propose a method for real-time evaluation of the electroporation yield 
at single cell level by using the intensity of the emitted fluorescence of PI incorporated 
by attached cells exposed to electric pulses. Further, the method efficacy was evaluated 
in case of cells electroporated in the presence of various concentrations of DMSO. 

2. Materials and methods 

Cells and chemicals 
B16F10 murine melanoma cells (ATCC CRL-6475) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum and 1% L-glutamine (all produced by Sigma Aldrich), according to the 
American Type Culture Collection recommendations. 

For cell electroporation procedure a sucrose-based buffer (85.58 g/l 
Sucrose, 1.125 g/L Na2H2PO4, 0.283 g/L KH2PO4, 0.095 g/L MgCl2 prepared with 
ultrapure water, with 1224 µS/cm, pH = 7.3, 286 mOsm/L) containing 10 µM 
propidium iodide (PI) (Fluka Biochemica, USA) was used. The DMSO – EP 
solutions were prepared at different concentrations by adding the corresponding 
amount of DMSO to the sucrose buffer to obtain final DMSO concentrations of 0, 
0.15, 0.35, 0.50, 1.00, 1.50 % v/v. The effect of the DMSO addition on the buffer 
conductivity was negligible for all concentrations (aprox 0.5% for the maximum 
DMSO concentration), in good agreement with literature [45, 46]. 
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Cell electroporation 
Cells were grown for 24 h on round glass coverslips (2 cm diameter) (2 × 104 

cells/ml). Cells were washed twice with 0.9% NaCl solution. The coverslip was then 
mounted in a lab-made EP device consisting of two L-shaped stainless-steel electrodes 
embedded in the wall of a chamber. The chamber was made of two threaded parts 
between which the glass coverslip with attached cells on was sealed, while the 
electrodes were in contact with the chamber’s bottom (Fig. 1a). The sucrose-based 
buffer with 10 µM PI, without or with DMSO in different concentrations, was added 
(1 ml). Using the ELECTRO cell B10 pulse generator (Betatech, France) (Fig. 2), one 
rectangular bipolar pulse (800 V/cm amplitude), (a specific shape for 
electrochemotherapy procedures [47]) was applied (Fig. 1b). 

 

 
Fig. 1 (a) Lab-made EP chamber consisting of two threaded parts and two L-shaped stainless-steel 
electrodes positioned in contact with the coverslip of the bottom allows microscopic visualization 

of the cells attached to the coverslip simultaneously with application of electric pulses; (b) the 
parameters of electrochemotherapy-specific rectangular bipolar pulse applied to the cells 

 
The pulses amplitude was calculated using the formula: 
                                                n aV E d= ×                                                 (1) 
where Vn is the nominal value of electric potential delivered by the pulse 

generator, Ea is the desired value for electric field intensity (800 V/cm) and d is the 
distance between the electrodes (0.6 cm). The cellular density on the glass 
coverslips was low, allowing us to select a cell that was parallel to the electrodes. 
No other cells were in close vicinity; thus, one may consider the cell to be exposed 
to a uniform electric field. 

 
Real-time fluorescence recordings 
The kinetics of PI cellular incorporation was measured using a RatioMaster 

D-104 C microscope-based spectrofluorometer, produced by Photon Technology 
International (PTI, Horiba Scientific, Japan) with the monochromator mounted to an 
inverted AxioObserver D1 fluorescence microscope (Zeiss, Germany, equipped with 
Canon EOS R10 camera and AxioVision™ v.4.9 software) (Fig. 2). The system 
allows us to select a part of the optical field (i.e., a cell) and to acquire the fluorescent 
signal from that area only. Dedicated FelixGX™ 4.2.1 software allows analyzing the 
signal in real time. 
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Fig. 2 Main components of the experimental setup: RatioMaster D-104 C PTI system mounted on 
AxioObserver D1 fluorescence microscope, pulse generator ELECTRO cell B10, and EP chamber 
that allows pulse application, cell visualization in bright field and fluorescence signal acquisition 

from a cell of interest (inset) 
 

The main steps of the working protocol were the following: cells located 
between the electrodes were visualized in bright field with a 10× objective, a cell 
without any contact with other cells and orientated parallel to the electrodes was 
selected, then the magnification was changed to 100× and an image of the selected cell 
was acquired (Fig. 3). The fluorescence module of the microscope was initiated (λexitation 
= 540 nm, Flter Set 20 Zeiss) and without any modification of the cell position, the 
diaphragms of the RatioMaster system were positioned to delimit an area centered on 
the cell of interest. The Timebased function of fluorescence signal acquisition module 
of FelixGX™ was turned on. The fluorescence intensity (I) was recorded for 10 
minutes (one record per second). After 30 seconds, the electric pulse was delivered, 
without interrupting the fluorescence recording. The experiments were performed in a 
dark room to minimize the PI photo-bleaching. 

 

 
Fig. 3 Transmission image in bright field of a B16F10 cell (100× objective) oriented parallel to the 
electrodes and parameters: projected diameter (d) and area (S) of the cell body computed using the 

Measure function of AxioVision™ v.4.9 software 
 

Data processing 
For each DMSO concentration, 10 independent fluorescence recordings 

were acquired (using cells grown on 10 separate coverslips). The fluorescence 
signal was normalized using the equation: 
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where I(t) stand for the fluorescence intensity at a certain time t from the start recording 
moment (the indices indicate the seconds of recording). For each cell, the signal time 
course was fitted with a monoexponentially function, and the rate constant (k) was 
calculated (using R software v4.2.3). Each rate constant was normalized by division to 
a cell-related parameter obtained as follows: using the bright-field image of the cell 
(Fig. 3) the area (S) and the projected diameter with respect to the electrodes (d) of the 
cell body were computed using the Measure function of AxioVision™ v.4.9 software. 
The cell-related parameter consisted of multiplying S with d. Then, for each category 
of DMSO concentration, the k/Sd values were averaged and the standard deviation 
calculated. The statistical significance of the differences between the experimental 
categories was analyzed by one-way ANOVA test (R software v4.2.3). 

3. Results and discussion 

In Fig. 4, one may see examples of fluorescence intensities recordings for two 
cells, one electroporated in a buffer without DMSO (red line) and another electroporated 
in a buffer with 0.5 % v/v DMSO (black line) (no normalization of the signal was yet 
performed). Immediately after the EP pulse application (at 30 seconds), there is a fast 
signal increase. Once the cell membrane is permeabilized by the pulse, PI enters the cell, 
binds to nucleic acids (DNA, RNA) and emits a fluorescence signal. More molecules of 
PI bind to the nucleic acids, higher fluorescent signal. After about 250 seconds, the 
signal reaches a plateau, which is maintained until the end of the recording. 

 

 
Fig. 4 Example of fluorescence intensity records (before normalization) for two cells in different 

experimental situations: cell electroporated in the buffer without DMSO (red line) and cell 
electroporated in the buffer with 0.5 % v/v DMSO (black line) (in both situations the PI 

concentration was 10 µM) 
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Fig. 5 presents an example of the fitting with a monoexponentially function 
of the normalized fluorescence signal and the values of fitting constants, including k. 

 
Fig. 5 Example of a normalized fluorescence intensity record fitted with a monoexponentially 

function, and a table with fit function constants 
 

Fig. 6 presents the influence of the DMSO concentration on the k constant 
normalized to the cell body area (S) and diameter (d) projected on the electrode’s 
direction (thus, perpendicular to the electric field direction). Fig. 7 presents the 
statistical significance of the differences between the experimental categories. 

 
Fig. 6 Effect of DMSO concentration on the fitting k constant normalized to cell body area (S) and 

diameter (d) projected on the electrode’s direction 
 

As reported in the literature, the cellular EP effect depends to a great extent 
on the size of the cell and on the orientation of the membrane curvature toward the 
electric field lines [48]. Bigger cells are electroporated easier than smaller cells. [49]. 
The higher exposure of the membrane to the electric field, the higher values of 
transmembrane potential is induced, leading to a more efficient permeabilization 
process [27]. We mention here that attached murine melanoma cells have high 
variability in size (250 to 500 μm2) and, although it was quite impossible to find cells 
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in a perfect parallel position, in our experiments only single cells, with their longest 
axis parallel to the EP electrodes, were selected for fluorescence reading. In 
consequence, to increase the accuracy of our method in observing the variation of 
fluorescence intensity, we normalized the time constant k to cell size-related 
parameters: cell body area (S) and diameter (d) projected on a direction perpendicular 
to the EP field. In Fig. 6, one can observe that the addition of low concentrations of 
DMSO in the electroporation buffer leads to a decrease of normalized k. For DMSO 
concentrations of 0.15 and 0.35 % v/v, the decrease of k was not statistically 
significant with respect to the control. When the concentration of DMSO was higher 
than 0.5 % v/v, the inhibitory effect was significant with respect to 0% v/v DMSO 
and even with respect to low concentrations of DMSO (k for 1.5% v/v DMSO was 
significantly lower than 0.15 and 0.15 and 0.35 % v/v DMSO). 

 
Fig. 7 Statistical significance evaluated with one-way ANOVA non-parametric test (R software 

v4.2.3) of various experimental groups presented as concentrations of DMSO: 0, 0.15, 0.35, 0.50, 
1.00, and 1.50 % v/v; black squares - significant differences; open squares - non-significant 

differences 
Our finding suggests an inhibitory effect of DMSO on PI incorporation and 

is in agreement with [50]. Notman and col. found that at this range of concentrations, 
DMSO makes the membrane significantly floppy, enabling cells to accommodate 
stresses more readily. Moreover, DMSO may promote the resealing process, which 
was predominate in our experimental conditions. There are literature reports leading 
to the hypothesis that DMSO may enhance the membrane repair processes after 
electroporation through complex and context-dependent mechanisms. During 
electroporation, transient aqueous “pores” are created in the cell membrane, causing 
cellular stress that can compromise viability if not rapidly repaired [51, 52]. 
Membrane resealing is the complex, multi-stage process by which a cell restores its 
barrier function. The time required for a cell to reseal is highly variable and depends 
on the intensity of the electroporation pulse and the resulting damage, occurring 
rapid (miliseconds) for small pores and much slower (seconds to minutes) for large 
pores. Factors influencing resealing time include the pulse strength and duration 
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(which determine initial pore size), temperature (affecting lipid fluidity), and cell 
type (different cells have different repair capacities) [2]. The rate of membrane 
resealing is also critically influenced by membrane tension [53]. DMSO could 
directly target this mechanism by reducing membrane tension and, consequently, 
facilitating pore closing. DMSO's role in membrane repair may be also linked to its 
influence on the cytoskeleton. DMSO may indirectly support the resealing by 
fostering an environment favorable to actin reorganization as described in [54]. Some 
other compounds, like surfactants, are reported to enhance the resealing by modifying 
the membrane itself; DMSO may have a similar, direct effect on the membrane like 
poloxamers [55]. Moreover, DMSO could enhance resealing rates post-
electroporation not only by modulating membrane integrity, but acting on calcium 
signaling pathways [56]. Specifically, DMSO could facilitate the calcium influx 
required to trigger the membrane repairing processes [57]. 

In summary, DMSO appears to promote membrane resealing in our 
experimental conditions. These observations were possible due to the versatile method 
proposed for this study, method for studying membrane permeabilization at single-
cell level, by recording a fluorescence signaling before, during and after the pulse 
delivery. This method makes possible to analyze relevant phenomena for 
electroporation (i.e., membrane resealing) over extended time scales of several 
hundred seconds in various conditions (e.g., DMSO). Various modulators of 
membrane permeabilization may thus be analyzed in controlled single-cell conditions. 

4. Conclusion 

In this work, we proposed a real-time fluorimetric method to measure the 
electroporation yield at single cell level based on the kinetics of the PI incorporation 
after the pulse delivery. We validate this method by studying the effect of DMSO 
presence in the EP buffer. 

Membrane electro-permeabilization process may be modulated by addition 
of DMSO. Our work will continue with extended range of DMSO concentrations, 
reporter molecules with various molecular weights and electric pulse parameters 
(amplitudes, number of pulses, frequency of pulses, etc.) for unveiling details of 
DMSO effects on membrane structure when exposed to electric pulses. 
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