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The design of effective electroporation protocols for molecular delivery applications requires the determination
of transport parameters including diffusion coefficient, membrane resealing, and critical electric field strength for
electroporation. The use of existing technologies to determine these parameters is time-consuming and labor-
intensive, and often results in large inconsistencies in parameter estimation due to variations in the protocols
and setups. In this work, we suggest using a set of concentric electrodes to screen a full range of electric field
strengths in a single test to determine the electroporation-induced transmembrane transport parameters.
Using Calcein as a fluorescent probe, we developed analytical methodology to determine the transport parame-
ters based on the electroporation-induced pattern of fluorescence loss from cells. A monolayer of normal human
dermal fibroblast (NHDF) cellswere pre-loadedwith Calcein and electroporatedwith an applied voltage of 750 V
with 10 and 50 square pulseswith 50 μs duration. Using our analyticalmodel, the critical electricfield strength for
electroporation was found for the 10 and 50 pulses experiments. An inverse correlation between the field
strength and the molecular transport time decay constant, and a direct correlation between field strength and
the membrane permeability were observed. The results of this work can simplify the development of
electroporation-assisted technologies for research and therapies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation (EP) is a commonly-used technique in biotechnolo-
gy and medicine in which an externally-applied, pulsed electric field is
used to increase cell membrane permeability [1]. If the resultant mem-
brane permeability is reversible, the procedure is called reversible elec-
troporation (RE). If the resultantmembrane permeability is irreversible,
the procedure is called irreversible electroporation (IRE). During IRE the
cell dies; in RE, however, cells could survive the exposure to the electric
fields. In the past decades, reversible and irreversible electroporation
have found diverse applications in food processing [2], the pharmaceu-
tical industry [3] and in medicine [4], [5].

The most widely considered theory to describe the electroporation
phenomena is the “aqueous pore” theory [6]. The aqueous pore theory
suggests that the application of a pulsed electric field causes the
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formation of nano-scale pores in the cell membrane [6]. Today, there
is no single definition for the aqueous pore. One definition includes a
regular static toroidal pore with smooth sides [7], an another one, in
contrast, includes an irregular pathway where there is a flow of phos-
pholipids [8]. Large pores that are probably derived from the primary
pores have been observed in cell electroporated in hypoosmotic condi-
tions [9]. In addition, researchers attempted to directly observe pores by
scanning electron microscopy using hepatocytes cells in irreversible
electroporation [10]. The recent molecular dynamics simulations sup-
port this hypothesis of the dynamic aqueous pore formation [11,12],
however, final experimental proof of the existence of primary electro-
poration pores has yet to be established [13].

This pulsed electric field inducedmembrane permeability change al-
lows for the transport of otherwise-impermeable molecules such as
mRNA, nanoparticles, proteins and sugars [14]. The minimum required
electrical field strength that results in increased membrane permeabili-
ty, pulse duration and frequency, the kinetics of pore closure, and the
maximum field strength, above which pore formation is irreversible,
are all important parameters that determine the yield of transport for
the desired molecules into and out of the cell. The electric field and
transport parameters are cell- and molecule-type specific and must be
optimized for a given experimental setup.
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One of the most important tasks in optimizing electroporation ex-
periments is to determine the electric fields on the interface between
IRE/RE (irreversible electroporation threshold, Eirrev) and RE/no-EP (re-
versible electroporation threshold, Erev) regions [15,16]. To determine
Erev and Eirrev, the current practice consists of a series of experiments
with increasing electric field strength tofind EP boundaries for a specific
cell/molecule system [17]. This is a time and labor-intensive task. It is,
moreover, cumbersome to estimate the local electric field distribution
for different systems because of changes in impedance/conductance
during electroporation protocols due to membrane resealing. To facili-
tate the optimization processes, a concentric electrodes electroporation
system that allows for determining IRE/RE electric field threshold for
bacteria inactivation in a single experiment has been previously intro-
duced [18]. There is still a need for an experimental system that can
offer a determination of the RE/no-EP and electroporation mediated
molecular transport parameters in a single experiment. Such a system
will enable rapid screening of electric field strength for optimization of
electroporation parameters for its application biotechnology and medi-
cal applications [4].

In this work, we developed a rapid and convenientmethod to deter-
mine the critical electroporation and transport parameters for adherent
cells in a single experiment. To this end, we used an electroporation sys-
tem with concentric electrodes, which generated a radial gradient of
electric field strength. We also developed a biophysical model of cell
membrane electroporation that allows for the determination of critical
electroporation parameters. Our method eliminates the need for multi-
ple experiments for the determination of critical electroporation and
mass transport parameters.

2. Theory

2.1. Electroporation-induced mass transport modeling

The application of electric field pulses could generate pores in the
cell membrane, which can reversibly seal or irreversibly expand.
These pores enable nonspecific, bidirectional transport across the cell
membrane. In our theoretical description of the transport, the mem-
brane pores are initially generated during the application of electric
field and the pores start resealing immediately following the removal
of electric field.

For the specific purpose of this paper, the experimental design was
as follows: the cellswere loadedwith afluorescent stain before the elec-
troporation procedure. After electroporation, the fluorescent material
left the cell through the pores created in the membrane until the size
of pore was larger than the size of the molecule. In the simplest form,
the transient flux of fluorescent molecules leaving the cells through
the available pore area is directly proportional to the concentration gra-
dient across the membrane [19]:

−
∂N
∂t

¼ PA Ci−Ceð Þ; ð1Þ

where N (moles) is the number of moles of the molecule of interest
within the cell, t (s) represents the elapsed time post-electroporation,
P (m s−1) is the proportionality constant also known as the permeabil-
ity coefficient through themembrane. In general, P may be described as
P= KD/Δx, where D (m2 s−1) is the diffusion coefficient, Δx (m), is the
membrane thickness, and K is a correlation coefficient, which may also
be physically interpreted as solubility of themolecule in themembrane
[20]. In the above equation, D and Δx are physical constants. Hence, the
only parameter that maybe affected by electroporation is K. The solubil-
ity of themolecule in themembrane reflects on thephysical interactions
between the membrane and the molecule such as polarity and charge
and size. Hence, electroporation assisted increase in P arguably incorpo-
rates the effect of all these parameters as P is a direct function of K.
A (m2) is the permeabilized area of the cell membrane, and Ci and
Ce (mol L−1) are intra- and extracellular concentrations of molecules
of interest, respectively.

In this formulation, we assumed intra- and extracellular distribu-
tions of the molecule of interest are uniform. In Eq. (1), A is a transient
property due to pore resealing, and may be described as a fraction of
the total cell surface area:

A ¼ φ tð ÞAcell; ð2Þ

where φ(t) is permeabilized area fraction, which be defined as the ratio
between the permeabilized membrane surface area (area of the mem-
branewhich contains pores large enough to facilitate specific molecular
transport, and is a function of elapsed post-electroporation time (t)) to
the total membrane surface area (Acell). It should be noted that our
model does not include possible interactions of the pore forming lipids
with electric field induced byproducts such reactive oxygen species.
These reactions could play an important role in transport dynamics,
yet very few information on them is currently available [7].

Assuming that the total cell volume does not change during pore
resealing, Eq. (1) can be written as a function of the concentration of
molecules, across the cell membrane:

−
∂Ci

∂t
¼ φ tð ÞP Acell

Vcell
Ci−Ceð Þ; ð3Þ

where Vcell (m3) is the volume of the cell, Ci is the internal concentration
of molecules and changes with time, Ci=Ci(t), and Ce is the external
concentration of molecules, which is assumed to be constant. The as-
sumption that the cell volume does not change during long term trans-
port process is valid, as previous experimental studies showed rapid cell
swelling in the first seconds after electroporation, and little further
change in the cell volume in the following minutes [21].

The equivalent permeable area fraction is a complex non-linear
function of elapsed post-electroporation time [22]. The rate of change
of φ(t) per given electrical strength can be approximated using kinetic
model with two time constants mimicking short term in scale of a frac-
tion of a second, and longer time changes in scale of few seconds up to a
minutes similar to [22]. The rate of change is given by:

∂φ tð Þ
∂t

¼ −
φ tð Þ
τ1

−
φ tð Þ
τ2

; ð4Þ

where τ1,and τ2, are time decay constants that represent short term and
long term scales, respectively.

These time constants model the different rates of decrease of the
concentration observed after the electric field has been removed [22].
The solution of Eq. (4) for φ with two exponents is:

φ tð Þ ¼ φ1e
− t

τ1 þ φ2e
− t

τ2 ; ð5Þ

The work in [22], and [23], have shown that, immediately after re-
moval of the electrical field, multiple exponential functions were re-
quired to closely describe the membrane resealing phenomenon at
very small time scales (1ms and smaller). However, the approximation
using one exponent, was shown in [22] and [24] to agree very well with
experimental data for times over 1 s and pulse voltage of 800 (V). Since
the main focus of this work, is to quantify the effect of the electropora-
tion in scale of fewminutes, we can neglect the shorter term decay con-
stants, and use only one decay exponent, related to longer scale changes
of the equivalent permeable area fraction:

φ tð Þ ¼ φ0e
−t

τ ð6Þ

where τ the equivalent (molecular transport) decay constant, that rep-
resent the changes in scale of minutes after electroporation. The
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approximation using one exponent, were shown to give good results for
time.

The initial fraction of electroporated membrane surface area, chang-
es with the electric field strength. Thus, in a system with concentric
electrodes, φ(t) depends on the radii:

φ t; rð Þ ¼ φ0 rð Þe− t
τ rð Þ ð7Þ

Eqs. (6) and (7) imply that the change of permeabilized fraction of
the cell membrane can be assumed to behave with the first order
kinetics.

After substituting Eq. (7) in Eq. (3), and rearranging the terms and
integrating both sides, and assuming that the extracellular concentra-
tion is very dilute, i.e. Ce ≅ 0 the equation to describe intracellular con-
centration is obtained:

ln
Ci

Ci0

� �
¼ −φ0Pτ

Acell

Vcell
e−

t
τ−1

� �
; ð8Þ

where Ci and Ci0 are the intracellular concentration of the molecule of
interest at time t and at time 0 respectively (time starts immediately
after the last electric pulse).

In Eq. (8), Acell, and Vcell can be approximated for the chosen cell type.
The parameters φ0, P, and τ are not known, and can be obtained by
fitting Eq. (8) to experimental data. Assuming a spherical cell, the total
electroporated area of themembrane at time zero, φ0, can be expressed
as:

φ0 ¼ 4πR R−R cosθ0ð Þ
4πR2 ¼ 1− cosθ0 ð9Þ

where R is the radius of the spherical cell, and θ0 is the opening angle
which limits the electroporated area of the membrane at time zero
(Schematic 1).

Induced transmembrane potential (V) for a single spherical cell with
a nonconductive plasma membrane can be determined analytically by
solving Laplace equation in the spherical coordinate system, yielding
the expression often referred to as the steady-state Schwan equation
[25]:

V ¼ 3
2
ErR cosθ; : ð10Þ

The Schwan equation inherently follows that the system is quasi-
electrostatic, meaning that the driving electric fields are applied at
speeds that are slow compared to thephenomenon observed (i.e. pulses
are delivered at sufficiently low frequencies). When the duration of
electric pulses is on μs scale, this gives significant time for the system
to come to the steady-state, justifying the use of Schwan equation
[26]. The induced transmembrane potential depends on the amplitude
of the local electric field (Er) and the size of the cell (R) (i.e. the same
Schematic 1. Biophysical model of cell membrane electroporation.
electric field induces larger potential in larger cells) and 3) location on
the membrane relative to the direction vector of the electric field (θ, is
the angle between the specific location of themembrane and the direc-
tion vector of the electric field). Even though this induced transmem-
brane potential can analytically be calculated for spheroids, it has to
be determined either numerically or measured experimentally for real-
istic cell shapes [27,28].

The minimum transmembrane potential that leads to cell mem-
brane permeabilzation (critical potential, Vc) defines θ0 as the opening
angle which limits the electroporated area of the membrane at time
zero for each cell. However, in the concentric electrode system, at the
border between RE/no-EP areas, θ0=0 and therefore: Vcr ¼ 3

2 EcrR. The
membrane opening angle at time zero, θ0, can be calculated by:

cosθ0 ¼ Ecr
Er

ð11Þ

where Er, is the localfield strength and is a function of the radial distance
r, from the central electrode, and Ecr is the minimum field strength (or
critical field strength) required for formation of pores.

In a concentric electrodes electroporation system used in this study,
the electrical field strength is a function of radius and applied voltage
(v) [18]:

E r;Vð Þ ¼ Δv

r ln
R2
R1

� � ð12Þ

where r is the radial distance from the center electrode,Δv is the poten-
tial difference between the electrodes, and R1 and R2 are the radii of the
center and circular electrodes, respectively.

The initial fraction of electroporated membrane surface area φ0 for
concentric electrodes is a function of r and V, and can be obtained as fol-
lows.

φ0 r;Vð Þ ¼ 1−
r
rcr

; for r b rcr ð13Þ

where rcr ¼ V
Ec logðR2R1Þ

is the radius of critical pore formation below which

(r b rcr) pores would be formed. The value of rc can be approximated
from the experimental data by measuring the radius after which there
is no drop in florescence of cells before and after application of electric
fields.

To further simplify themodel, Eq. (8) can be solved for the final con-
dition when t→∞:

ln
Ci∞ rð Þ
Cio rð Þ

 !
¼ −φ0Pτ

Acell

Vcell
ð14Þ

In the above equation, the values of Ci0(r) and Ci∞(r) can be experi-
mentally determined. The value of φ0 can be independently obtained
after experimental determination of rcr. Hence, Eq. (14) defines a rela-
tionship between P and τ.

By substituting Eq. (14) back into Eq. (8) and rearranging, we obtain
the following solution for the concentration:

Ci r; tð Þ ¼ Ci0 rð Þe ln
Ci0 rð Þ
Ci∞ rð Þ
� �

e−
t

τ rð Þ−1
� �� �

ð15Þ

The equivalent time decay τ, depends on the electrical strength (or
the radii), τ=τ(r) and can be found by fitting to experimental data
available for Ci to Eq. (15). This is equivalent to finding the time instance
for each radii where concentration losses 63.2% of its initial value. After
deriving the resealing constant, the cell permeability P can be found by
substituting τ into Eq. (14).
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3. Materials and methods

3.1. Cells and cell culture

Normal humandermal fibroblasts (NHDF)were obtained fromATCC
(Manassas, VA). The cells were cultured in 75 cm2 flasks in Dulbecco's
minimum essential medium (DMEM, Life Technologies, Grand Island,
NY) in 10% CO2 at 37 °C. For the experiments, the cells were detached
from the flasks by incubating with trypsin-EDTA (Life Technologies,
Grand Island, NY) for 10 min before addition of equal volume medium.
The cell suspensionwas centrifuges at 175 g for 5min and thepelletwas
re-suspended in warm DMEM and the density was adjusted to 1 × 105

cell/ml. A volume of 1 ml of cell suspension was added per 35 mm cell
culture dish and the dishes were left in the incubator at 37 °C and 10%
CO2.

3.2. Electroporation procedure

About 24–48 h after seeding when the cells became nearly 100%
confluent, the cells were incubated with 2 μM Calcein-AM in DMEM
for 30min at 37 °C. Before electroporation, the stainingmediumwas as-
pirated and the plates were washed twice with room-temperature Ca-
andMg-free PBS. 1mmof fresh PBSwas added to the dish for electropo-
ration. The dishes were placed on themicroscope stage and the concen-
tric electrodes (diameter of internal electrodewas1mmthe diameter of
the external electrode was 24 mm) were placed and fixed on the dish
bottom (Schematic 2A). The electrode material was stainless steel.
Pulses were delivered using a BTX 830 pulse generator (Harvard Appa-
ratus Inc., Holliston, MA, USA). The following electroporation settings
were used: applied voltage of 750 V; 50 μs pulse duration; 2 Hz pulse
frequency, 10 (n = 4) or 50 rectangular pulses (n = 3). These experi-
ments enable to evaluate model parameters for the given frequency
and pulse number values. Further validation, can be donewithmore ex-
perimental conditions and other sets of pulse frequencies.

3.3. Microscopic imaging

The initial set of overlapping imageswere acquired using a 5X objec-
tive in ~6–7 spots from the center electrode toward the edge of the cir-
cular electrode, to cover a full radial distancewith ~10–15% overlapping
(Schematic 2B). The spots were randomly chosen on the initial image
after electroporation. The observation timewas 90min,whichwas larg-
er than the reported full stabilization of the molecular transport of
around 20 min after electroporation [29,30]. To closely capture the
rate of fluorescence loss from the cells, the images were taken every
minute for the first 10 min, and every 5 min till the end of observation
(90 min post-electroporation). Using the pre-electroporation initial
Schematic 2. (A) A schematic of the electrode-cellmonolayer setup in this study. The central ele
a 35mm dish (B) A radial slice of the disk and the attached cells before start of experiment (C)
white rectangular in (B). The black dots represent the fluorescent molecules.
images, the exposure time was measured and set for the software to
avoid over-exposed imaging (600 μs).

3.4. Image processing and data analysis

The set of time-lapsed images were stitched together using ImageJ
software [31]. Schematic 2B shows a rectangular slice of one of the
disks and Calcein-loaded fibroblasts before electroporation. The cells
appear as bright dots, the black empty area on the left and the vertical
black curve on the right are the places where the central and circular
electrodes were placed on the bottom pf the dish and scraped the cells
off the surface. The area between the electrodeswas affected by electro-
poration. The region on the right side of the external electrode was un-
affected and was used as reference to correct for fluorescence loss over
time due to quenching and intrinsic membrane permeability.

The rectangular regions covering the radial distance between the
center and the circular electrodes in Schematic 2B were analyzed. The
fluorescence intensity, denoted by I, was directly translated to concen-
tration of intracellular fluorescent material, Ci. A schematic representa-
tion of diffusion of intracellularly-loaded dye molecules through the
pores after electroporation is presented in Schematic 2C. The stitched
images over each time stamp were analyzed using MATLAB(R) (2015a,
the MathWorks) software. Possible time-dependent fluorescent inten-
sity change over time due to changes in the experiment conditions
was corrected with the intensity in the non-affected areas (in the right
side of Schematic 2B), similar to [24]. To account for the differences in
intensity due to cell size, movement, deformation and discontinuities
in cell distribution between the electrodes, cell boundarieswere tracked
over time in square areas of ~165 μm×165 μmcontaining an average of
30 cells. The cell auto-fluorescence intensity level was subtracted from
the total intensity, and then the cell intensities were normalized to
their initial local intensities which were acquired immediately before
the start of the procedure. The average intensity of each box, after back-
ground subtraction, represented one data point. The normalized inten-
sity, which represent the relative concentration, was then expressed
in the scale of 0 (cell auto-fluorescence intensity) to 1 (cell initial inten-
sity) and is denoted as I/I0.

The solution in Eq. (15) is very sensitive to local changes in the value
of Ci∞. To filter out estimation noise, a sigmoid fitting was used. This
fitting includes a low pass filtering aggregated with empirical a-priori
statistical knowledge about the electroporation properties [32]. The
symmetrical sigmoid function to estimate thefinal condition concentra-
tion C∞ as a function of radial distance, r is:

C ̂i∞ rð Þ ¼ 1
1þ exp − r−rC50ð Þ=að Þ ð16Þ
ctrode (+) and circular electrode (−) position on the cellmonolayer loadedwith Calcein in
Illustration of the effect of electroporation on the cell from electroporated area marked by
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where C ̂i∞ðrÞ, is the fitted sigmoid, r is the radial distance, and rC50 is the
radius atwhich the concentration (intensity of thefluorescentmaterial)
dropped to 50% of its maximum value, and a is spatial decay factor that
is obtained by fitting Eq. (16) to Ci∞ using least-square error criterion.

By substituting Eq. (16) back to Eq. (15)we obtain the concentration
as a function of only unknown parameter τ. Then the problem becomes
a fitting of the experimental data to the model for τ using the least
square error criterion [24]. The estimated value of τ was used to esti-
mate the initial pore area, φ0, and the permeability, P, using Eq. (14).
4. Results

4.1. Single-experiment determination of critical electroporation parameters

Immediately upon electroporation, intracellularly-trapped Calcein
diffused toward the extracellular solution through the permeabilized
membrane and caused the fluorescence intensity of cells to be reduced
over time. Due to excess volume of the medium, the extracellular con-
centration of Calcein could be practically considered negligible. The
rate and the magnitude of fluorescence loss were affected mainly by
the available area for transport, which was a function of initial area
with a changed permeability (φ0), and by the kinetics of pore closure
(τ). In Fig. 1A, time-lapse images of one of the disks after the electropo-
ration with 10 pulses is presented. The intensity was normalized, arti-
facts were removed and corrected with the intensity in the non-
Fig. 1. (A, C) Reconstructed images of the entire plate at time t=0, 1, 5, 10 and 60min demonst
m= 50 pulses (BOTTOM image), respectively (B, D) Themeasured fluorescence intensity loss a
pulses, respectively.
affected areas similar to [24]. Fig. 1B shows the normalized fluorescence
intensity loss in the same disk. The sigmoid presented in Eq. (16) was
used to fit the data. The fitting result is presented by solid lines corre-
sponding to each time point, and R2 values are the coefficient of deter-
mination. Fig. 1C and D display similar data and results with another
disk electroporated with 50 pulses under similar conditions.

For both experimental conditions (m= 10, andm=50 pulses), the
loss offluorescence intensitywasmore evident in cells closer to the cen-
ter electrode,where the electricalfield is stronger. Thisfluorescence loss
wasmore pronounced and prolonged inm= 50 pulses than inm= 10
pulses. Nonetheless, at distances of rN2.9, and rN3.9 mm from the cen-
ter, for 10, and 50 pulses respectively, the change in the fluorescence in-
tensity of the cells is less significant (b10%). These values were used as
an approximation to the critical field strengths, Ecr and the critical radii
for electroporation, rcr, in Eq. (13) and are reported in Table 1. The
change in concentration, as measured by the normalized fluorescence
intensity, I/I0, occurred slower for m= 10, compared to m= 50 pulses.
For both conditions, after 10min, the concentration loss reached almost
its maximal value, which can be roughly estimated by the values at
60min [29], [30]. The loss rate for the higher pulse ratewas significantly
higher than the one of the low rate, as expected. The concentration loss
rate decreasewith distance, and reached a plateau at the critical radii for
both conditions.

As observed in Fig. 1, the proposed transport model (based on the
sigmoid approximation) fits the experimental data very closely
(R2 N 0.95 in average). With m = 50 pulses, the change in the
rated the transient loss of fluorescence in electroporated cells for m=10 (TOP image) and
nd the model fit to the data with two fitting parameter tau and P for m= 10 andm= 50



Table 1
Parameter estimated parameters and their estimation quality.

Number of pulses rcr
(mm)

Ecr
(V mm−1)

τcenter
(min)

τr=rcr
(min)

Pcenter
(m s−1)

Pr=rcr
(m s−1)

10 2.9 ± 0.3 72.8 ± 6.6 28.7 ± 7.6 76.7 ± 23.0 0.52 ± 0.2 × 10−9 1.56 ± 0.4 × 10−10

50 3.9 ± 0.1 52.9 ± 0.9 7.6 ± 0.6 335 ± 91.0 0.57 ± 0.1 × 10−8 0.35 ± 0.4 × 10−10

*rcr and Ecr are the critical radius andfield strength for pore formation, τcenter and τr=rcr are the time decay and Pcenter and Pr=rcr are the permeability coefficients at the center of the disk and
at the critical radius.
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fluorescence intensity was more rapid compared to 10 pulses, in partic-
ular closer to the center electrode. Though the overall fitting accuracy
was very high, though at earlier time points, close to the center after
electroporation, there is small discrepancy between the model and the
data. This can explained by sensitivity of the model to small estimation
errors in the estimation of rC50, or by non-linear effects. Furthermore,
since themain purpose of the use of the fitting is to exclude experimen-
tal errors in the value of Ci∞, and themodel is fitted to all the experimen-
tal data, the effect of this discrepancy on parameter fitting can be
considered negligible.

The change of model parameters, φ0 ,τ, and P, over the radial dis-
tance from the center electrode for the different number of pulses are
shown in Fig. 2. The data and the error bars in Fig. 2 represent the aver-
age values and standard error of themodel parameters per cell. The sta-
tistics was obtained by fitting themodel to the experimental data using
4 different disks (n= 4) for 10 pulses, and 2 (n= 3) for 50 pulses. Fig.
2A displays the calculated change in electrical field from the center to
the edge electrode. Since the same voltage was applied in both experi-
ments (10 and 50 pulses), the field gradients were identical in both ex-
periments. The small error bars are due to the error in the placement of
the center electrode. As calculated, the electrical field rapidly decreased
from center toward the circular electrode. In a radial distance 0.5
brb4 mm, the field decreased approximately two orders of magnitude.
The critical field strength, Ecr, for the two experiment conditions was
found bymatching thefield strengthwith thefinal distribution of inten-
sity (for NHDF cells in this study). The values were 72.8 ± 6.6, and
52.9 ± 0.9 V mm−1, for critical radii of rcr=2.9 and 3.9 mm, for m =
10, and m = 50 pulses, respectively. This field strength reflects on the
effective permeabilization of the cell membrane, and the results
shows an inverse correlation between the number of pulses and the Ec
(Table 1), which is corroborating to [33].

The value of φ0, is obtained by substituting the values of the critical
radii into Eq. (13). Fig. 2B shows the distribution of the values calculated
for φ0. The value of this parameter represents the initial pore fraction of
the cell surface area available for free transport immediately after termi-
nation of the electroporation and before the start of imaging. The initial
permeabilized area of themembrane decreases to zero at the critical ra-
dius (2.9 mmand 3.9mm form=10 andm=50 pulses, respectively),
linearly (R2 N 0.98). This supports the model assumptions as result in
Eq. (13). Interesting to observe, that in the area beyond the critical radi-
us, in particular for the case of the lower number of pulses, the decrease
in the pore area is not linear. This can be explained by the larger influ-
ence of reversible electroporation in these areas, which makes the
pores coincide fast after the electroporation pulses.

An important parameter affecting the outcome of electroporation in
terms of reversibility of the process is the time decay (τ). The value of τ
describes a characteristic time pertaining to 63.2% loss in fluorescence
intensity. Hence, a smaller value for τ corresponds to a more effective
electroporation. In Fig. 2C, the value of τ are plotted versus the radial
distance from the center electrode and the respective electric field.
The time decay constant for m = 10 and 50 pulses fluctuate along
their average value for small radii and when approaching the critical
area, where the electrical field is very low, the time decay constants in-
crease rapidly, which reflect the area of no effect on the cells. These re-
sults are consistent with previous observations in [29], [30], [34]. The
difference between the results for m = 10 and 50 pulses were
statistically significant (P value b 10−5), suggesting that the value of τ
directly correlated with increasing number of pulses, as was also
shown in [35] and [36]. The larger value of τm=10 indicates a longer
time for the cells to lose signal intensity compared to 50 pulses (30–
60 min vs. 3–8 min within the effective electroporation region, respec-
tively). In both conditions, the values of τm=10, and τm=50 exhibited a
clear dependence on radius, increasing with decreasing field strength.
The values of τ for both m = 10 and 50 pulses significantly increased
at the respective rc (Fig. 2D) implying a very long time for fluorescence
loss. This can be explained by the very small permeability of Calcein
through the intact membrane.

Another parameter in our model was the permeability P of Calcein
molecules through the collective pore area toward the solution. In this
study, we assumed that Calcein permeability through the intact cell
membrane is negligible, and is only enhanced when the pores form on
the cell membrane due to electroporation. Based on Eq. (7), it is expect-
ed that the permeability would be affected when the permeabilized
area changed over time. In Fig. 2D, the value of P exhibited a clear de-
pendence on the field strength, ranging from 10−7 mm s−1 close to
the center electrode (Pcenter) to 10−9 mm s−1 at the boundary of
electroporated region (Pr=rcr) for m = 50 pulses. In a similar distance,
the permeability for m = 10 pulses decreased from 10−9 to
10−11 mm s−1. The permeability withm= 50 pulses wasmuch higher
than with m = 10 pulses within the effective electroporation distance.
At farther distances toward the circular electrode, both permeabilities
converged to very small values (b10−11 mm s−1).

To evaluate the estimation quality and to validate themodel, the pa-
rameterswere estimated using a test dataset thatwas not used to fit the
data. For this a subset of the data which was non-inclusive to the other
(“leave oneout”)was used to deriveMinimalMean Square Root estima-
tions for each data set separately. The parameter estimation mean, and
their related average estimation error are given for τcenter ,τr=rcr ,Pcenter,
and Pr=rcr in Table 1.
5. Discussion

Electroporation-based technologies are very attractive media for the
application of novel therapies. Reversible electroporation has found ap-
plications in electro-chemotherapy and gene-electrotherapy for the de-
livery of small molecules and genes in tissues to improve health [4,37,
38]. Irreversible electroporation (IRE) is utilized for direct, non-thermal
ablation of solid tumors [39]. Electroporation is a common tool in genetic
engineering and manipulation of multiple cell types in medical and bio-
technology research studies. Specific protocols have been developed for
electroporation of hMSC [40], adipocytes [41], hESC [40], riPSC [10], neu-
ral precursor [42], Schwann cells [43] human umbilical blood [44], to
name a few. Recently, electroporation was used to generate human
iPSC from fibroblasts [45]. For cancer immunotherapy, electroporation
was used for RNA programming of T cells [46], D-cell activation [47],
and whole-tumor lysate expression [48]. There are different models for
electroporation-based mass transport, reviewed in [49]. Yet, some of
the electroporation-mediated transport mechanism of molecules into
cells is not fully known [33] and the major challenge in experimental
electroporation still is to rapidly optimize the protocols and derive critical
electroporation mediated molecular transport parameters.



Fig. 2. (A) The distribution of electric field strength from the center toward the circular electrode, (B) Distribution of initial pore fraction,ϕ0, atm=10 and 50 pulseswith linear regression
fitting till the critical radii, (C) Best-fit values for pores time decay vs. distance for the center electrode (D) Best-fit values for permeability coefficient of Calcein obtained form=10 and 50
pulses vs. radial distance from the center electrode.
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In this study, we introduced a simple single-step method to screen
the electrical field strengths for optimal electroporation. Ourmethod in-
cludes a transport model combined with an experimental setup for es-
timation of the major electroporation parameters, i.e. cell type-
dependentmembrane time decay τ, andmolecule type-dependent per-
meability, P. We used a transport model that incorporated the biophys-
ical description of the cell membrane-molecule system. Given the
description of our transport model, some limitations may be imposed
due to differences in the cell shape and how themembrane of adherent
cells may behave differently than a cell in suspension (derivation of
Eq. (9)) or cells in the native environment. More accurate description
than the used here spherical cell model could provide a more precise
description of local electric field distribution [50–52]. The membrane
resealing is a multi-step process, that not always can be approximated
with first order kinetics [53]. Yet, the fitting results for the model pa-
rameters match those available in the literature (permeability coeffi-
cient, P) or those that could be directly extracted from the data (τ for
m = 50 pulses [22]). These estimated model parameters could then
be used to predict the behavior of cells in different settings (cell culture
and tissues) and determination of effective electroporation boundaries.

Applying pulsed electric fields to cells may result in one of the fol-
lowing outcomes: irreversible electroporation, reversible electropora-
tion, and ineffective electroporation. The method to differentiate
between IRE/RE areas in a single experiment was previously shown in
[18]. In this work, we show how to identify the effective and ineffective
electroporation for a specific molecule and how to derive some of the
critical electroporation parameters of molecular transport. We demon-
strated this approach using the fluorescent molecule Calcein. In this
study we did not take into account the possible effects of Ca+2 ion on
Calcein florescence and future studies should incorporate these syner-
gistic impacts. The boundary between the electroporated and non-
electroporated regions in this setup can be precisely and easily distin-
guished using the introduced imaging processing tools. In amechanistic
description, the critical electric field strength creates pores that are larg-
er than the size of the molecule of interest thereby allowing the trans-
membrane movement of the molecule (permeabilization of the
membrane to the specific molecule). A limitation of this description is
that it does not take into account the steric hindrance, charge, polarity,
and other physical quantities that may affect the transport system.
Therefore, this model may not be appropriate for physical description
of the transport of DNA and polynucleotides where such interactions
would dominate the transport, and extra parameters need be added to
the model. Moreover, previous work on the membrane resealing kinet-
ics showed that under certain conditions, two or three exponential
functions best describe the resealing after electroporation instead of a
single exponential function used in this work [54]. Using a single func-
tion instead of three function can decrease the errors in the parameters
estimation.

For the system of NHDF cells and Calcein, the estimated Ecr required
for effective permeabilization and their standard deviation were 72.8 ±
6.6 and 52.9±0.9 V/mm−1 form=10andm=50pulses, respectively.
These values for Ecr corresponded to voltages of 0.78, and 0.97 V for 50
(n = 3 repeats) and 10 (n = 4 repeats) pulses respectively (assuming
a diameter of 10 μm for cells). These values are within the range of pre-
viously reported critical transmembrane voltages required for electro-
poration (0.2–1 V) [55].

Using these methods enable estimation of the membrane permeabil-
ity to Calcein. In this study, the value for the Calcein membrane
permeability ranged from the minimum of 10–12 mm s−1 in the non-
electroporated region (passive permeability) to a maximum of
0.5 × 10−7 mm s−1 close to the center electrode and corresponding to
the highest field strength. Permeabilization of the membrane by pulsed
electric field significantly increased the permeability, as high as 4 orders
of magnitude. In the non-EP region, the value of permeability
corresponded to the value of permeation through an intact membrane,
which was in close agreement with previously reported values for
Calcein-liposome system (~10−10 mm s−1) [56]. Therefore, within the
limitations of our physical description of the system, the approximated
values of fitted parameters closely matched previous results.

The value of time decay constant, τ, is a property of the cell mem-
brane and other environmental conditions such as temperature and
pH [29]. In our experiments, pH of the medium was regulated using
phosphate buffered saline buffer andwe assumed the change in the os-
molality of the solution due to evaporation during the course of the ex-
periments (90 min) to be negligible. However, the value of τ could be
different if the experiments were performed at 37 instead of room tem-
perature. Nonetheless, in our results, the value of τ did not exhibit a
strong dependence on initial pore fraction and electric field strength.
However, it was found to be decreasing with increase in the number
of pulses. This is consistent with previous reports that showed the
membrane resealing kinetics depend on the number of pulses. This ob-
servation can be explained by the electro-transport domain theory,
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reviewed elsewhere [57]. According to this theory, the strength of
externally-applied electric field controls the area of cell membrane
which is electroporated [36]. However, within the permeabilized area,
the extent of permeabilization is not a function of the field strength,
but it is controlled by the number and duration of pulses [19,57,36]. Ac-
cordingly, under the same electric field strength, 10 pulses led to the
lesser extent of the membrane permeabilization than 50 pulses.

6. Summary

Experimental determination of the parameters governing the
electroporation-facilitated transport is a resource intensive procedure. In
this work, we introduced a simple experimental setup combined with a
biophysicalmodel of transport that allowed estimation of the critical elec-
troporation parameters in a single experiment. The parameters that are
evaluated using this methodology are: 1) theminimum field strength re-
quired for effective electroporation of the given cell type; 2) effective
membrane permeability for a given cell-molecule system as a function
of the field strength; 3) time that the membrane remains permeable for
the concentration of the testedmolecule to change 63.2% after the electric
field is removed. Despite the idealistic assumptions incorporated in the
transport model proposed in this study, this method can facilitate the ex-
perimental investigation of theparameters that influence the electropora-
tion efficiency, including the effective range of electric field strength for
the delivery/release of different types of target molecules (sugars,
mRNA, cDNA, etc.). However, the fluorescent probe used for imaging
should be selected so to closely resemble the target molecule in size and
charge for amore accurate calculation of permeability coefficient. Further
experimentswill determine the dependence of pore closure constant τ on
thenumber of pulses, andwill allow for the analysis of the electroporation
phenomena at a single cell level. We envision that automation of the
introduced system will facilitate the application of electroporation-
assisted technologies in a variety of technologies in themedicine, biotech-
nology and food industry where electroporation procedures are
commonly utilized.
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