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A B S T R A C T   

Electroporation has become a powerful tool for nonviral delivery of various biomolecules such as nucleic acids, 
proteins, and chemotherapeutic drugs to virtually any living cell by exposing the cell membrane to an intense 
pulsed electric field. Different multiphysics and multiscale models have been developed to describe the phe
nomenon of electroporation and predict molecular transport through the electroporated membrane. In this 
paper, we critically examine the existing mechanistic, single-cell models which allow spatially and temporally 
resolved numerical simulations of electroporation-induced transmembrane transport of small molecules by 
confronting them with different experimental measurements. Furthermore, we assess whether any of the pro
posed models is universal enough to describe the associated transmembrane transport in general for all the 
different pulse parameters and small molecules used in electroporation applications. We show that none of the 
tested models can be universally applied to the full range of experimental measurements. Even more importantly, 
we show that none of the models has been compared to sufficient amount of experimental data to confirm the 
model validity. Finally, we provide guidelines and recommendations on how to design and report experiments 
that can be used to validate an electroporation model and how to improve the development of mechanistic 
models.   

1. Introduction 

The theoretical basis for phenomena observed when biological cells 
are exposed to external electric fields has made important contributions 
in biomedicine, ranging from electric-field-based cell manipulation and 
cell sorting [1,2] to non-viral gene and drug delivery [3,4]. Early studies 
from the beginning of the 20th century found that from an electrical 
point of view, a cell can be viewed as a conducting body (the cytoplasm) 
surrounded by a thin dielectric sheath (the cell membrane) [5]. Thus, 
when an external electric field is applied to a cell, an induced trans
membrane voltage (TMV) is formed across its membrane, which varies 
with position on the membrane and increases linearly with the strength 
of the applied electric field [6,7]. When the TMV exceeds a certain 
critical absolute value (typically reported on the order of several 100 
mV), it causes structural changes in the cell membrane that increase its 
permeability and conductivity. The phenomenon is called electropora
tion (also electropermeabilization) and allows the influx and efflux of 

ions and molecules that otherwise cannot readily pass through the cell 
membrane. 

Once the cell membrane is electroporated, the mechanisms 
contributing to the transmembrane transport are diffusion, electropho
resis, electroosmosis, and endocytosis [6,8–10]. Diffusive transport is 
due to a concentration gradient between the intracellular and extracel
lular sides of the membrane. Electrophoretic transport is due to the 
Coulomb force exerted on charged particles by the local electric field. 
Electroosmotic transport is the motion of intracellular and/or extracel
lular fluid (water and solutes) through pores in the membrane, which is 
induced by an electric field acting on charged ions at the membrane- 
water interface. Endocytosis is a process in which particles are inter
nalized through an area of the cell membrane that forms a vesicle. 
During pulse application, transport is mainly electrophoretic and 
possibly electroosmotic [9,11–13]. After pulse application, when no 
external electric field is present, the transport is governed by a combi
nation of diffusion, electrophoresis driven by the intrinsic (resting) 
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membrane voltage, and in some cases endocytosis [8,13,14]. The 
transport mechanisms that contribute most to the total amount of 
transported molecules depend on the pulse duration and/or amplitude, 
the charge and size of the molecule, and the time taken for the mem
brane to recover to its impermeable state (resealing time) [8,15]. A vi
sual schematic of the process of electroporation and the associated 
molecular transport is presented in Fig. 1. 

Electroporation is used for enhancing transmembrane transport in a 
broad range of applications, including medicine (e.g., electro
chemotherapy, gene electrotransfer, transdermal drug delivery) [3], 
biotechnology [16], food technology [17], and environmental science 
[18,19]. The parameters of electric pulses used in these applications 
vary greatly, largely as a consequence of historical development and the 
availability of pulse generators, but also because certain pulse wave
forms have been found better suited for specific applications [8,20–22]. 
Nowadays, the pulse durations span 9 orders of magnitude from hun
dreds of picoseconds to hundreds of milliseconds, and electric field 
amplitudes achieved during the applied pulses span 3 orders of magni
tude from hundreds of V/cm to hundreds of kV/cm. The electric field 
can be delivered in the form of individual electric pulses or bursts of 
pulses. The pulses can be monopolar or bipolar. The pulse shape can be 
rectangular, triangular, sinusoidal, or exponentially decaying. The 
number of pulses can vary from a single pulse to hundreds of pulses 
[3,23]. For each electroporation application, which aims to achieve 
transport of a sufficient amount of molecules through the membrane 
under conditions of reversible electroporation (cells survive), the pulse 
parameters must be carefully optimized. This optimization process is 
time-consuming, costly, and labor-intensive as it is based only on trial- 
and-error experimentation. In this context, models of electroporation 
can become an excellent tool to study the response of cells to different 
pulse parameters in various experimental configurations. 

Scientists have developed different multiphysics and multiscale 
models which allow spatially and temporally resolved numerical simu
lations of electroporation and molecular transport through the electro
porated membrane at the single-cell level. Many of these models have 
been compared qualitatively and/or quantitatively with experimental 
measurements of small molecule uptake into cells, as well as other 
measurements, such as an increase in membrane conductivity or time 
courses of the induced TMV [24–27]. Curiously, despite their differ
ences, models containing different theoretical descriptions of electro
poration and transmembrane molecular transport have generally 

reported good agreement with experimental results. Obviously, all these 
different models cannot simultaneously be valid. Is the electroporative 
molecular transport so insensitive to the details in the physical 
description of the electroporation process, or is there a general problem 
in how the models are developed and validated? In this paper, we 
investigate whether any of the existing single-cell models can be 
considered validated. Furthermore, we critically examine whether any 
of these models is universal enough to describe electroporation and 
associated molecular transport in general for all the different pulse pa
rameters used in electroporation applications. To this end, we provide 
an overview of existing mathematical models of electroporation- 
induced transmembrane transport of small molecules at the level of 
single animal cells. We divide the models into three groups based on 
how they theoretically describe the increase in membrane permeability: 
(i) pore states models; (ii) pore distribution models; (iii) other 
phenomenological models, and we select three representative models 
from the first two groups. We implement the selected models and 
compare them to a set of previously published experimental measure
ments of small molecule uptake obtained with a wide range of pulse 
parameters. In particular, we focus on comparing the models with 
experimental results to which the models were not compared in their 
original publications. Using various examples, we show that none of the 
tested models can be universally applied to the full range of experi
mental measurements. Importantly, we show that none of the models 
has been confronted with sufficient amount of experimental data to 
confirm the model validity. Finally, we provide guidelines/recommen
dations on how to design experiments to validate an electroporation 
model, as well as how to improve the development of mechanistic 
models. 

2. Literature survey 

To identify models that describe the phenomenon of electroporation 
and the transport of small molecules through the electroporated mem
brane we began our study with a literature survey. We used the research 
platform Web of Science using the keywords: electroporation OR elec
tropermeabili*ation AND mathematical OR numerical AND model OR 
simulation AND transport and searched for papers that were published 
up to the end of 2021. The search returned 91 papers. By assessing the 
content of all 91 papers (based on title, abstract, and additional infor
mation in the manuscripts), we selected 6 relevant papers 

Fig. 1. The process of cell electroporation and the associated transmembrane molecular transport. Exposure to an electric field induces a TMV that varies with 
position on the membrane. In the regions, where the TMV exceeds a certain threshold (reported on the order of several 100 mV), enhanced transmembrane transport 
of ions and molecules is observed. Transmembrane transport is bidirectional; the red dots in the figure shows only the molecular uptake into the cell. During the 
pulse, the transport is primarily electrophoretic and possibly electroosmotic, whereas after the pulse the transport is electrodiffusive and in some cases endocytotic. 
After exposure to an electric field, the transmembrane molar flux decreases with time due to cell membrane resealing. 
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[12,29,36,38,41,48] that met our first criterium: 1) The model describes 
electroporation-mediated uptake of ions or small molecules in animal 
cells at the single-cell level. We limited our study to models describing 
the transport of small molecules, since, in the case of large molecules like 
DNA, the transport mechanisms are considerably more complex, less 
understood, and thus also less addressed by theoretical studies [8,28]. 
We also decided to exclude studies on plant and bacterial cells, not to 
include the cell wall as a confounding factor. In addition, most of the 
quantitative measurements of molecular uptake have been carried out in 
animal cells. We then searched for additional papers meeting criterium 
1) by looking through the titles and abstracts of the cited and citing 
references of the selected 6 papers, which yielded 23 papers in total 
(Table 1). Based on the theoretical approach describing the increase in 
membrane permeability we divided the models into three groups: (i) 
pore states models; (ii) pore distribution models; (iii) other phenome
nological models. The first two groups attribute the increase in mem
brane permeability specifically to the creation of pores in the lipid 
domains of the cell membrane under the influence of the induced TMV. 

The pore states models are based on a kinetic scheme that describes the 
transition between distinct states of pores created in the cell membrane. 
The pore distribution models describe pores created in the membrane by 
a distribution function defined in a pore radius space, whereby the pore 
size can change to minimize the membrane free energy. The third group 
corresponds to other phenomenological models, which generally do not 
make specific assumptions on the molecular mechanisms of the increase 
in membrane permeability but describe the latter using a strong 
phenomenological component. We then assessed the models using 
additional criteria: 2) The model enables numerical simulations of the 
spatially-resolved time course of electroporation-mediated molecular 
transport. 3) The model is mechanistic, i.e., it needs to include the 
proposed mechanisms of electroporation and transport at the single-cell 
level that can be traced back to the molecular nature of the structural 
changes in the cell membrane. We focused on mechanistic instead of 
phenomenological models, as mechanistic models have the potential to 
be universally applied to different experimental conditions, provided 
that they correctly capture the physical mechanisms of electroporation 

Table 1 
Papers describing models of electroporation and molecular transport and meeting criterium 1). Highlighted bold are papers that meet all criteria.  

Model group Authors Year Spatio- 
temporal 

Mechanistic Comparison with experiment No. 
cit.** 

Pore states models Neumann et al.  
[25] 

1998 no yes Quantitative comparison with the percentage of mouse B cells stained with 
Serva Blue G dye [25] 

175 

Schmeer et al.  
[24] 

2004 no yes Quantitative comparison with measurements of the changes in the 
conductivity of CHO cell pellets due to transport of monovalent ions [24] 

82 

Miklavcic and 
Towhidi [29] 

2010 yes yes Qualitative comparison with lucifer yellow uptake in DC3F hamster fibroblasts 
at a fixed time point induced by pulses of different shapes [32] 

76 

Pore distribution 
models 

Li and Lin [12] 2011 yes yes Qualitative comparison with 2D profiles of calcium uptake measured in single 
CHO cells [33] 

97 

Li et al. [30] 2013 yes yes Qualitative comparison with the percentage of electroporated Sp2 mouse 
myeloma cells stained with propidium iodide [34] 

61 

Sadik et al. [35] 2014 yes yes Qualitative comparison with the total amount of fluorescein-dextran uptake in 
NIH-3T3 mouse fibroblasts induced by a double-pulse protocol [35] 

36 

Mahboubi et al.  
[36] 

2017 yes yes no 2 

Shil et al. [37] 2018 yes* yes no 3 
Goldberg et al.  
[38] 

2018 yes yes Qualitative comparison with 2D profiles of calcium uptake measured in single 
CHO cells [33]  

Quantitative comparison with electrodeformation measured in erythrocytes  
[39] and GUVs [40] 

32 

Goldberg et al.  
[41] 

2021 yes yes Quantitative comparison with cisplatin uptake in B16F1 mouse melanoma cells 
at a fixed time point induced by different numbers of 100 us pulses [42] 

3 

Yan et al. [43] 2021 yes yes no 2 
Guo et al. [44] 2021 yes yes no 2 
Smith [31] 2011 yes yes Quantitative comparison with lucifer yellow uptake in DC3F hamster 

fibroblasts and calcein uptake in DU 145 prostate cancer cells at a fixed time 
point induced by single pulses of different shape, duration and amplitude  
[10,45] 

25 

Son et al. [46] 2014 yes yes no 91 
Son et al. [47] 2016 yes yes no 31 
Mi et al. [48] 2019 yes yes no 14 
Mi et al. [49] 2021 yes yes Qualitative and quantitative comparison with the time course of propidium 

iodide uptake in A375 human melanoma cells [49] 
1 

Other 
phenomenological 
models 

Puc et al. [10] 2003 no no Quantitative comparison with lucifer yellow uptake in DC3F hamster 
fibroblasts at a fixed time point induced by 100 μs and 1 ms pulses of different 
amplitude [10]. 

153 

Pavlin et al. [50] 2007 no no Quantitative comparison with measurements of the changes in the 
conductivity of dense suspensions of B16F1 mouse melanoma cells due to 
transport of monovalent ions [50] 

101 
Pavlin et al. [51] 2008 no no 120 

Leguebe et al.  
[52] 

2014 yes no Qualitative comparison with 2D profiles of propidium iodide uptake in CHO 
cells and Jurkat T lymphocytes [53,54]. 
Qualitative interpretation of the effect of pulse repetition frequency on 
molecular uptake in potato tissue and mouse liver [55] 

75 

Dermol et al.  
[42] 

2018 no no Quantitative comparison with cisplatin uptake in B16F1 mouse melanoma cells 
at a fixed time point induced by different numbers of 100 μs pulses [42] 

10 

Sweeney et al.  
[56] 

2018 no no Quantitative comparison with the time course of propidium iodide uptake in 
CHO cells [57] 

13 

*The spatiotemporal resolution was limited since the cell was divided into 8 segments only. 
**The number of citations for the given paper on July 18, 2022, according to Google Scholar. Note that some of the papers [10,24,25,35,42,49–51] report also original 
experimental measurements and are not necessarily cited for the developed model. 
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and transmembrane transport. 4) The model has been compared to 
quantitative, or at least qualitative experimental data. 

All of our criteria were met by eight models (Table 1, highlighted 
bold), from which we selected three representatives for further testing: 
Miklavčič and Towhidi [29], Li et al. [12,30], and Smith [31] models. 
For brevity, we refer to these models as the MT2010 [29], LL2011 
[12,30], and S2011 [31]. The MT2010 was chosen as the only model 
from the group of pore state models meeting all our criteria. The S2011 
and LL2011 from the group of pore distribution models were selected 
because they formed the basis for all other published models. Moreover, 
S2011 and LL2011 models are hypothesized to be relatively universal, as 
they have already been used to simulate the uptake of different ions and 
molecules over a wide range of pulse parameters and experimental 
conditions (Table 2). Subsections 2.1–2.3 briefly describe the models 
from each of the groups, with emphasis on the MT2010, S2011, and 
LL2011 models. Table 2 shows, for each of the three selected models, the 
range of pulse parameters, for which the model was designed; the 
molecules, which were used to optimize/validate the model; the pro
posed dominant transport mechanism; and how the optimization/vali
dation of the model was performed. As listing all equations behind each 
model is extremely lengthy, we focus in the main paper on the model 
aspects, which are important to understand the differences between 
individual models and their effect on the results presented in the paper. 
Full details of the models together with their numerical implementation 
are provided in Supplementary Information. All models used in this 
study are also available at https://github. 
com/learems/EPmodels-Electroporation-MolTransport. 

2.1. Pore states models 

A kinetic scheme describes the rate of chemical reactions or transi
tions between distinct states as a step-by-step sequence. Pore states 
models are based on the kinetic scheme which describes the transitions 
of the cell membrane: from the initial state when the cell membrane is 
intact, to the porous state when a sufficiently high electric field is 
applied, and back to the initial state when there is no electric field 
applied. 

The first electroporation model based on a kinetic scheme was pro
posed by Neumann et al. in 1989 [58]. In 1998 the model was upgraded 
from one porous state [58] to three porous states to account for a second- 

order membrane resealing process observed experimentally [25]. Later 
on, Schmeer et al. [24] revised the model and proposed that there are 
two closed states (C and C1) and two porous states (P1 and P2). 

C →
k1

←
k− 1

C1 →
k2

←
k− 2

P1 →
k3

←
k− 3

P2 (1)  

where C is the intact membrane and C1 is the stage in which membrane 
lipids reorganize tilting their headgroups. States P1 and P2 correspond to 
the formation of prepores and final pores, respectively, whereby only 
pores P2 mediate the transmembrane transport of molecules. Molecular 
dynamics simulations of lipid bilayer electroporation corroborated the 
four-state model [59]. The forwards rates ki (i = 1, 2, 3) in eq. (1) depend 
exponentially on the transmembrane voltage (TMV), whereas the 
backward rates k-i are constant and independent of the TMV. Schmeer 
et al. [24] fitted the proposed model to the measurements of the change 
in the conductivity of Chinese hamster ovary (CHO) cell pellets. Un
fortunately, their model cannot be reconstructed completely, as they did 
not report the values of all parameters, specifically the values of the 
backward rates. 

The models described in [24,25,58] were based on analytical ap
proaches for obtaining a solution to a system of equations, which require 
many simplifying assumptions and are only suitable for spherical cells. 
Furthermore, the distribution of pores in the electroporated regions at 
which the transport took place was assumed uniform, and the dynamic 
behavior of other parameters such as TMV and membrane conductivity 
and permeability was not considered. Miklavčič and Towhidi [29] 
solved these shortcomings by performing numerical simulations of 
electroporation and associated molecular transport in whole cells using 
a finite-element approach. They built upon the earlier models 
[24,25,58] and added a description for long-term diffusive and 
endocytic-like molecular uptake [29]. The model was in qualitative 
agreement with measurements of lucifer yellow uptake induced by 
pulses of different shapes [32]. The MT2010 model is the only one based 
on the kinetic scheme that enables simulations of the entire spatiotem
poral dynamics of the electroporation and molecular transport process; 
therefore, it was chosen for testing in our study. 

The MT2010 model describes the electroporation dynamics with eq. 
(1) following previous models. Similarly, as in previous models 
[24,25,58], the forward rates depend exponentially on TMV. The 

Table 2 
Models selected for further testing. For each model, the table reports the range of pulse parameters and the molecules, for which the model was designed (and which 
were used to optimize/validate the model); the proposed dominant transport mechanism, and how the modeling results were compared to experimental 
measurements.    

Pulse parameters Molecules Transport mechanism Comparison with experiment 

Pore states 
model 

MT2010 
model 
[29] 

Electric field: 1 kV/cm 
No. pulses: 1 and 8 
Pulse shape: unipolar/bipolar 
rectangular, triangular, sinusoidal, 
sinusoidal modulated rectangular pulses 
with 10 % and 90 % modulation 
Pulse duration: 1 ms 
Pulse rise time: 2 µs, 10 µs,100 µs 
Pulse repetition rate: 1 Hz 

lucifer 
yellow 

diffusion and endocytosis Qualitative comparison with lucifer yellow uptake into 
DC3F spontaneously transformed Chinese hamster 
fibroblasts [32]. Cells were electroporated in 
suspension in the presence of lucifer yellow and 
incubated for 10 min. Afterward, the cells were washed 
by consecutive centrifugations, lysed by 
ultrasonication, and the fluorescence of the lysate was 
measured in arbitrary units on a spectrofluorometer. 

Pore 
distribution 
models 

S2011 
model 
[31] 

Electric field: 0–3.5 kV/cm [45]; 
0–2 kV/cm [10] 
No. pulses: 1 
Pulse shape: exponentially decaying  
[45]; 
rectangular pulses [10] 
Pulse duration: 50 µs to 21 ms [45]; 
100 µs and 1 ms [10] 

calcein [45] 
lucifer 
yellow [10] 

electrophoresis and 
diffusion 

Quantitative comparison with experimental 
measurements of calcein uptake into DU 145 prostate 
cancer cells exposed to exponentially decaying pulses  
[45] and lucifer yellow uptake into DC3F fibroblasts 
exposed to rectangular pulses [10]. 

LL2011 
model 
[12,30] 

Electric field: 1 kV/cm [12]; 
160 kV/cm [30] 
No. pulses: 1 
Pulse shape: rectangular [12,30] 
Pulse duration: 6 ms [12]; 
11–95 ns [30] 

calcium  
[12] 
propidium  
[30] 

electrophoresis and FASS 
(Field Amplified Sample 
Stacking) 

Qualitative comparison with single-cell fluorescence 
microscopy of calcium uptake in CHO cells detected by 
Fluo3 dye [12,33] and with measurements of the 
percentage of Sp2 mouse myeloma cells stained with 
propidium [30,34].  
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backward rates are constants chosen based on data from different 
experimental reports. Addition of the MT2010 model is that the mem
brane can transition from P2 further into memory state M, which rep
resents a state of enhanced membrane perturbation and is associated 
with diffusive and endocytotic-like uptake. The flux of molecules Jm 
through the membrane is thus calculated as. 

n⋅Jm = [P2] DX,m
[X]e − [X]i

dm⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Diffusion

+ [M] DX,r
[X]e − [X]i

dm⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Memory effect

(2)  

where n is the inward vector normal to the membrane surface, [X]e and 
[X]i are the extra- and intracellular concentration, respectively, and dm is 
the membrane thickness. P2 state is characterized by relatively fast 
relaxation (characteristic time of ~1 s), whereas the M state is charac
terized by slow relaxation (characteristic time of several minutes). DX,m, 
and DX,r are the diffusion coefficients for the diffusive and endocytotic- 
like transport, respectively. Note that MT2010 neglects electrophoretic 
and electroosmotic transmembrane transport. 

2.2. Pore distribution models 

Pore distribution models consider that pores can randomly fluctuate 
and change their size to minimize the membrane free energy. Pores are 
not described as distinct states but as a distribution function n, defined in 
the space of pore radius rp such that ndrp corresponds to the number of 
pores with a radius between rp and rp + drp. The pores can change their 
radius due to random thermal fluctuations and due to the act of a 
generalized force Fp, which corresponds to the negative gradient Fp =

− ∂Wp/∂rp of the pore energy Wp. The equation governing the dynamics 
of the pore distribution function is often called the Fokker-Planck 
equation or the Smoluchowski equation, and was first proposed for 
pores in planar lipid bilayers [60–62]: 

∂n
∂t

= −
∂Jp

∂rp
Jp = − Dp

∂n
∂rp

−
Dp

kT
n

∂Wp

∂rp
(3)  

where Jp is the flux of pores in the pore radius space with Dp denoting the 
pore diffusion coefficient, k the Boltzmann constant, and T the 
temperature. 

2.2.1. Models based on Krassowska and colleagues 
The partial differential equation (3) is analytically unsolvable and 

computationally demanding when applied to describe the electropora
tion of whole cells. Neu and Krassowska [63] simplified equation (3) to 
an asymptotic ordinary differential form, which essentially describes the 
creation and annihilation of pores with minimum radius rp, min. 

dN
dt

= ae

(
Um
Vep

)2

⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅⏟
Pore creation

− ae

(
Um
Vep

)2

N
N0

e− q

(

Um
Vep

)2

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Pore annihilation

(4)  

where N represents the pore density (number of pores per unit area), Um 
denotes the TMV, N0 is the pore density when Um = 0 V, and Vep, a, and q 
are model parameters. 

However, pores do expand in size under an electric field, as shown in 
molecular dynamics simulations and experiments on lipid bilayers 
[64–66]. Therefore, Krassowska and Filev [67] upgraded the asymptotic 
model by developing a numerical algorithm that tracks the expansion of 
individual pores, whereby each pore changes its radius according to the 
differential equation. 

dri

dt
= −

Dp

kT
∂Wp

∂rp
=

Dp

kT
Fp j = 1, 2,⋯.., k (5) 

Note that eq. (5) is directly related to the second term in eq. (3). The 
algorithm of Krassowska and Filev is thus a slightly simplified version of 

the full equation (3). Fp denotes the force that acts to expand the pore 
radius and is described by eq. (6): 

Fp = 4B
(

r*

rp

)4 1
rp
− 2πγ + 2πΓeff rp +

FmaxU2
m

1 + rh
rp+rt

(6) 

The first term of eq. (6) accounts for the steric repulsion between the 
lipid heads; the second for the force due to edge tension acting on the 
pore perimeter; the third for the force due to surface tension of the cell 
membrane; and the fourth for the electric force acting on the pore edge 
due to Maxwell stress. Parameter В is the steric repulsion energy, r* is the 
minimum radius of hydrophilic pores, γ is the pore edge tension, Γeff is 
the effective surface tension of the membrane, and Fmax, rt, and rh are 
parameters obtained as fits to numerical calculations for a toroidal pore. 

Li and Lin [12] (LL2011) were the first to couple the model of 
Krassowska and Filev with transmembrane molecular transport. In their 
first paper, they simulated the uptake of calcium into single cells and its 
binding to the intracellular calcium indicator Fluo-3 according to the 
kinetic scheme. 

Ca2+ + Fluo →
kass

←
kdis

CaFluo (7)  

where kass and kdis are the association and dissociation rate constants, 
respectively. They suggested electrophoresis and diffusion as the main 
mechanisms of transmembrane molecular transport, which they 
described with Nernst-Planck equations for each considered species: 

∂
[
Ca2+]

∂t
= ∇ •

(

DCa2+∇
[
Ca2+]+

zCa2+F
RT

DCa2+
[
Ca2+]∇V

)

− kass[Fluo]
[
Ca2+]+ kdis[CaFluo]

(8)  

∂[Fluo]
∂t

= ∇ •

(

DFluo∇[Fluo] +
zFluoF

RT
DFluo[Fluo]∇V

)

− kass[Fluo]
[
Ca2+]+ kdis[CaFluo]

∂[CaFluo]
∂t

= ∇ •

(

DCaFluo∇[CaFluo] +
zCaFluoF

RT
DCaFluo[CaFluo]∇V

)

+ kass[Fluo]
[
Ca2+] − kdis[CaFluo]

Constants Dx and zx are the diffusion coefficient and the valence of 
species X. The transmembrane flux of molecules through pores is derived 
from the one-dimensional Nernst-Planck equation [30]. 

n • Jm = ρDm,X
um + ln(χ)

dm

χ − 1
ln(χ)

[X]e − [X]iexp(um)

(1 − χexp(um) )
(9) 

where Dm, X is the diffusion coefficient of species X within the pore, 
χ = σi/σe is the ratio between the intracellular and extracellular con
ductivity, and dm is the membrane thickness. um is a nondimensionalized 
transmembrane voltage (also the Péclet number) um = (zXqe/kT)Um, 
where qe is the elementary charge. The scaling variable ρ is the pore area 
density, i.e. the local areal fraction of all pores. 

LL2011 model prediction was in good agreement with qualitative 
measurements of calcium uptake by Gabriel and Teissie [33]. In their 
subsequent paper [30], they considered the intracellular uptake of 
fluorescent dye propidium and its binding to nucleic acids within the 
cytoplasm and found good agreement with the experimental measure
ments of Müller et al. [34]. In another subsequent paper, they combined 
modeling with qualitative measurements of fluorescein-dextran uptake 
and found good agreement as well [35]. 

Several other researchers have then used and/or adapted the theo
retical framework layed down by Krassowska and Filev [67] and Li and 
Lin [12] to describe molecular transport in different systems. Mahboubi 
et al. [36] used the LL2011 model to study the electroporation of a cell 
within a microchannel. Shil et al. [37] studied the influence of choles
terol on doxorubicin uptake by modifying the term for the edge energy 
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in eq. (6). Goldberg et al. [38,41] included electrodeformation of the cell 
membrane at the whole-cell level by considering the Maxwell stress 
induced by the electric field. Yan et al. [43] added the effect of the Joule 
heating by computing the temperature increase with the heat-transfer 
equation and by considering the temperature dependence of the elec
trical properties of the aqueous solutions and the diffusion coefficients of 
the considered species. Guo et al. [44] included the dielectric dispersion 
of the membrane electrical properties. However, these subsequent 
models were made independently from each other, often without a 
thorough analysis of how the added changes affect the model prediction, 
and often without comparison to any experimental measurements (ex
ceptions are the papers of Goldberg et al. [38,41]). 

2.2.2. Model-based on Smith and colleagues 
In parallel with Li and Lin [12], Smith et al. [31] (S2011) developed 

a somewhat different model of electroporation and associated molecular 
uptake. They also built upon the model of Krassowska and Filev [67] but 
modified the description of the pore creation and annihilation rate and 
the description of the pore energy landscape (see Suppl. Sections S4 and 
Table S4 for details). Furthermore, they developed a description of 
molecular transport through pores that consider the size, shape, and 
charge of the molecules and take into account the drag between the 
molecule and the pore wall (hindrance) and the energy cost of placing a 
charged solute from an aqueous environment into the membrane with 
low dielectric permittivity (partitioning). Hindrance and partitioning 
considerably reduce the electrophoretic and diffusive transport for 
molecules whose size is comparable to the pore size, even beyond an 
order of magnitude (Suppl. Fig. S4). The S2011 model was in good 
agreement with quantitative measurements of molecular uptake of cal
cein [45] and lucifer yellow [10] for a wide range of pulse durations 
(from 50 µs to 20 ms). The model was subsequently used by Son et al. 
[46,47] to study the uptake of propidium, calcein, and calcium 
following pulses of different duration and number. The S2011 model 
was later adapted by Mi et al. [48,49]. In their first paper [48], they 
derived a simplified expression for membrane surface tension from the 
Maxwell stress tensor to account for mechanical stress caused by elec
trodeformation. They also made slight modifications to the expression 
for the steric pore energy, the pore destruction rate, and the value of the 
maximum pore radius, which they have not discussed. In their second 
paper [49], they divided the pores into three classes based on their 
radius: unstable reversible pores with a radius < 5 nm, stable reversible 
pores with a radius between 5 nm and rd, and irreversible pores with a 
radius larger than rd, where rd ≈ 20 nm corresponds to the global 
maximum in the pore energy landscape. Although their pore classifi
cation is not fully consistent with the original theoretical description of 
the pore population [31,60,68], they showed that their modifications 
improve the agreement with their experimental measurements. 

2.3. Other phenomenological models 

The last group of models in Table 1 are models that have a strong 
phenomenological component, especially with respect to how the in
crease in membrane permeability due to electroporation is described. 
Puc et al. [10] developed a two-compartment pharmacokinetic model, 
representing the extracellular and intracellular space, and described the 
transmembrane transport of fluorescent dye lucifer yellow with a 
phenomenological function which parameters were fitted to their 
experimental measurements. Pavlin et al. [50 51] designed experiments 
that enabled them to estimate the fraction of pores formed in the 
membrane. Their theoretical analysis pointed to two distinct types of 
pores, short-lived pores that are numerous but exist mainly during the 
presence of an electric field, and long-lived pores that are smaller in 
number but persist for seconds to minutes after the pulse exposure and 
accumulate when applying multiple pulses. Their model uses a 
phenomenological description of how the fraction of pores depends on 
the amplitude and number of applied pulses, and the model was not 

developed to the extent that would enable spatiotemporal simulations of 
single-cell electroporation. Unlike most other groups, Leguebe et al. [52] 
developed a model which attributes the increase in membrane perme
ability not only to lipid pores but also to lipid peroxidation. The pores 
are considered short-lived whereas the increase in permeability due to 
lipid peroxidation is considered long-lived. The mathematical descrip
tion for pores has a mechanistic background and is derived in a 
(strongly) simplified form from eq. (4). However, the increase in 
membrane permeability due to lipid peroxidation, and how it relates to 
lipid pores, is described in a phenomenological way with a simple 
mathematical function without any mechanistic background. The mul
tiscale model of Dermol-Černe et al. [42] connects a mathematical 
description of molecular transport at the single-cell level and the tissue 
level; however, the increase in membrane permeability was determined 
experimentally and was not related to any mechanistic description of 
membrane electroporation. Finally, Sweeney et al. [56] developed a 
two-stage ordinary differential equation model to describe electropo
ration and molecular transport, which yielded good agreement with 
quantitative measurements of propidium iodide uptake. Nevertheless, 
the model is based on two-stage ordinary differential equations of 
phenomenological origin, whereby all model parameters need to be 
obtained based on fits to experimental measurements. 

Since all phenomenological models largely depend on the subset of 
experimental measurements for which they were fitted, we have 
excluded them from further testing in our study. 

3. Results and Discussion 

The main aim of our study was to critically examine whether any of 
the existing single-cell electroporation models is universal enough to 
describe electroporation and the associated molecular transport gener
ally for all different pulse parameters used in electroporation applica
tions related to animal cells. We approached our question by first 
surveying the literature. We searched for mechanistic mathematical 
models designed to describe the phenomenon of electroporation and 
induced transmembrane transport of small molecules at the single-cell 
level with full spatiotemporal resolution. We selected three represen
tative models, which met all our selection criteria: MT2010 [29], S2011 
[31], and LL2011 [12] models. We then tested these models against 
experimental measurements of intracellular uptake of different small 
molecules made by Puc et al. [10]., Canatella et al. [45], Sozer et al. 
[69], and Gabriel and Teissie [33]. 

Showing how each selected model describes all selected experiments 
would be lengthy and unnecessary to reach the main conclusions of the 
study. Instead, we show different examples that illustrate the short
comings of current electroporation models and provide guidelines for 
further development of these models. In this light, the Results and Dis
cussion are divided into four sections, according to the four main take
away messages we would like to convey:  

1. Qualitative validation is not sufficient to establish the goodness/ 
validity of a model;  

2. Quantitative validation in a fixed time point does not necessarily 
indicate the correct description of the kinetics of the uptake;  

3. Certain experiments are not selective enough for model validation; 
4. Further development of mechanistic models requires a better un

derstanding of the molecular mechanisms of electroporation. 

3.1. Qualitative validation is not sufficient to establish the goodness/ 
validity of a model 

The MT2010 [29] model was originally compared with results from 
Kotnik et al. [32], who reported measurements of intracellular uptake of 
lucifer yellow induced by 1-ms-long pulses of different shapes. The 
model correctly predicted the greatest uptake for a rectangular pulse, 
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followed by pulses with sinusoidal and triangular shapes. The model 
further correctly predicted a decrease in transport when modulating 
rectangular pulses with a 50 kHz sinewave. Finally, the model correctly 
predicted no change in transport when applying a unipolar or bipolar 
rectangular pulse and when changing the rise time of a unipolar rect
angular pulse from 2 μs to 100 μs. However, the comparison was only 
qualitative, as the reported lucifer yellow measurements were in arbi
trary fluorescence units. Therefore, we tested if the MT2010 model can 
quantitively simulate the experimental study of Puc et al. [10] in which 
the intracellular concentration of lucifer yellow was quantified 10 min 
after exposing cells to a single 100 μs or 1 ms rectangular pulse of 
different amplitudes [10]. Fig. 2 shows that the uptake of lucifer yellow 
increases with increasing applied electric field both in the model and in 
the experiment. However, the MT2010 model overestimates the exper
imental values of intracellular concentration by almost an order of 
magnitude. For both pulse durations, the model fails to quantitatively 
reproduce the experimental data. This demonstrates how qualitative 
comparison between model and experiment is not sufficient for model 
validation. 

3.2. Quantitative validation in a fixed time point does not necessarily 
indicate the correct description of the kinetics of the uptake 

The S2011 model was originally compared with quantitative 
experimental measurements of lucifer yellow uptake from Puc et al. [10] 
and calcein uptake from Canatella et al. [45] showing excellent agree
ment (Fig. 3 shows our reproduction of the modeling results presented in 
[31]). This agreement is impressive, as there are many differences in the 
experiments of Canatella et al. and Puc et al. Namely, Canatella et al. 
measured the uptake of calcein in DU 145 prostate cancer cells exposed 
to exponentially decaying pulses, whereas Puc et al. measured the up
take of lucifer yellow in DC-3F spontaneously transformed fibroblasts 
exposed to rectangular pulses. Furthermore, the duration of the electric 
pulses used in these experiments collectively spans nearly 3 orders of 
magnitude (50 µs to 21 ms). However, we need to consider that the 
agreement between the model and experiments was obtained after 
fitting the values of five model parameters, including the pore diffusion 
coefficient Dp, symmetric pore creation rate β, asymmetric pore creation 
rate α, maximum pore radius rp,max, and characteristic time of pore 
closure τp. When fitting many parameters of a complex model to a given 
dataset, two main problems can occur. The first problem is that such a 

complex model can be too flexible and can be fitted to almost any data, 
which prevents one from critically assessing the validity of the model. 
The second problem is that multiple combinations of parameter values 
can yield an adequate fit to the given dataset. Therefore, it is crucial to 
measure or assess independently as many model parameters as possible. 
While the first four listed parameters (Dp, β, α, rp,max) cannot (yet) be 
directly measured experimentally, membrane resealing time can be. 

Recently, Sözer et al. [69] reported the first spatially resolved 
quantitative measurements of the kinetics of intracellular uptake of 
calcein, propidium, and yo-pro1 during and after exposure of U937 
histiocytic lymphoma cells to either a single 220 μs, 2.5 kV/cm pulse or 
ten 6 ns, 200 kV/cm pulses. The results of Sözer et al. thus offer an 
excellent opportunity to further test the validity of the S2011 model. 
Calcein is fluorescent by itself, whereas the fluorescence of propidium 
and yo-pro1 increases dramatically upon binding to nucleic acids in the 
cytoplasm. Consequently, for propidium and yo-pro1 we need to take 
into account the binding reaction with nucleic acids, as the detected 
fluorescent signal is emitted practically exclusively from the bound 
molecules. Out of the three molecules considered, we chose to focus on 
calcein and propidium; calcein, because the model has already been 
used to model calcein uptake in the experiments of Canatella et al. [45], 
and propidium, because the binding reaction between propidium and 
nucleic acids in the cytoplasm has already been described and modeled 
in previous studies [30,70–72]. 

To compare the S2011 model with experiments of Sözer et al. we 
adapted the values for the cell radius and extracellular medium con
ductivity to correspond to U937 cells and RPMI growth medium, 
respectively, and we also considered the shape of the pulse waveforms 
used by Sözer et al. (Suppl. Fig. S15). Measurements of Sözer et al. upon 
exposing the cells to a 220 μs pulse, specifically the kinetics of calcein 
uptake, showed that membrane resealing took tens of seconds (Fig. 4a). 
Fitting the data to a first-order exponential function gave a resealing 
time constant of 25 s (Suppl. Fig. S14). Thus, we also changed the value 
of τp in the S2011 model from 4 s to 25 s. Other parameter values were 
kept the same as for Puc et al. and Canatella et al. experiments (see 
Suppl. Tables S4, S5, and S6 for details). 

We first computed the molecular uptake induced by 220 μs, 2.5 kV/ 
cm pulse. Interestingly, the total uptake of calcein predicted by the 
S2011 model was in good agreement with the experiment. However, the 
model failed to reproduce the uptake kinetics of both calcein and pro
pidium. Fig. 4b shows that, for both molecules, the electrophoretic up
take during the pulse is dramatically overestimated, as can be seen from 
the rapid jump in the intracellular concentration around time t = 5 s 
when the pulse is applied. Such a jump is not observed in the experi
mental measurements (Fig. 4a). Furthermore, the measurements of the 
propidium uptake showed that the uptake is greater on the cathodic 
(- electrode) compared to the anodic (+ electrode) cell side, not vice 
versa as suggested by the model. Since propidium is positively charged 
(valence zPr = +2), greater uptake on the cathodic side can only be 
explained if diffusion is the dominant mechanism of molecular transport 
and if the cathodic side becomes more permeable compared to the 
anodic side. The latter is indeed assumed based on experimental ob
servations in the original S2011 model. Therefore, we made additional 
calculations, where we neglected the electrophoretic transport: we 
considered that molecules can move only due to concentration gradient 
but not due to the electric field. The resulting concentration profiles 
were more reasonable but quantitatively more than an order of magni
tude too low (Suppl. Fig. S17). Note that in the S2011 model all pores 
shrink to a minimum size after the pulse, whereby the smaller the 
minimum pore size, the more the molecular transport through pores is 
hindered. Therefore, we additionally increased the minimum pore 
radius from 1.0 nm to 1.35 nm to allow greater molecular flux, and the 
model came in reasonable agreement with the experimental measure
ment (Fig. 4c). The model could describe the symmetric uptake of cal
cein and the asymmetric uptake of propidium with the dominant 
transport occurring on the cathodic side. This exercise demonstrates 

Fig. 2. Intracellular concentration of lucifer yellow as a function of the applied 
electric field strength upon exposure to a single 100 μs or 1 ms pulse. Circles 
and solid lines, respectively, show the experimental measurements of intra
cellular concentration from Puc et al. [10] and the results of the 
MT2010 model. 
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how a complex model such as S2011 can rather quickly be adapted to a 
given experiment; by making a few well-thought, yet arbitrary changes 
to the model, we were able to bring the model in good agreement with 
the experimental measurements. 

We next computed the uptake of calcein and propidium upon 
exposure to ten 6 ns, 200 kV/cm pulses, which was also measured by 
Sözer et al [69]. We again consider the original S2011 model with 
electrophoretic and diffusive transport and with a minimum pore radius 
of 1.0 nm. Pulses with a duration of 6 ns are extremely short, therefore 
electrophoretic uptake is practically negligible and most of the transport 
occurs after the pulses, as can be seen, both in the experiment and the 
model (Fig. 5). However, the model disagrees quantitatively with the 
experiment. The comparison between Fig. 5a and Fig. 5b shows that the 
computed change in the normalized concentration of calcein and pro
pidium is, respectively, about 3x and 10x higher than the measured one. 
Furthermore, the measurements show asymmetric uptake of propidium, 
with greater uptake on the anodic side, whereas the model predicts 
symmetric uptake of propidium from the anodic and cathodic sides. 
Another discrepancy between the model and experiment is that the 
model predicts almost equal molecular uptake induced by a single 6 ns 
pulse as induced by ten 6 ns pulses (Fig. 5b). While Sözer et al. have not 
reported the uptake of calcein and propidium upon a single 6 ns pulse, 
they have shown that the uptake of yo-pro-1 induced by a single 6 ns 
pulse is about an order of magnitude lower than induced by ten 6 ns 
pulses [69]. The fact that the S2011 model predicts similar uptake for 
single and multiple pulses has also been shown by Son et al. [47]. 

Overall, the results presented in this section demonstrate that 
quantitative measurements of the kinetics of molecular uptake are 
crucial to assess whether the model correctly describes the dominant 
transport mechanisms (electrophoresis, diffusion, etc.). Quantitative 
measurements of the total molecular uptake at a fixed point in time are 
not sufficient for this purpose. Furthermore, the results show how the 
characterization of the asymmetry of molecular transport at the cathodic 
and anodic side of the cell provides important information about the 
mechanism of transmembrane molecular transport and should be 
included when validating an electroporation model. Finally, the results 
indicate that to develop and validate a mechanistic electroporation 
model, the model should be tested against experiments using single and 
multiple pulses, as well as a wide range of pulse durations, including 
nanosecond pulses. 

3.3. Certain experiments are not selective enough for model validation 

The LL2011 model [12] was originally compared to the experimental 
measurements of calcium uptake into Chinese hamster ovary (CHO) 
cells measured by Gabriel and Teissié [33] and showed good agreement. 
We performed similar calculations and compared the predictions of the 
LL2011 and S2011 models. Note that the S2011 model is related to the 
LL2011 model with respect to the description of pore dynamics, but 
differs in the values of the model parameters and the description of the 
transmembrane molar flux (see Section 2.2.2 and Suppl. Section S4). 
Despite their differences, both models predict practically identical 
concentration profiles, in good agreement with the experiment (Fig. 6). 
However, when we use the LL2011 model to calculate, e.g., the uptake of 
lucifer yellow measured by Puc et al. [10], the model overestimates the 
final intracellular concentration by an order of magnitude (Fig. 6d). This 
exercise shows how models, which appear valid for a specific experi
ment, can fail in a broader context when applied to a different experi
ment. It further shows that the experiment of Gabriel and Teissié is not in 
itself suitable for validating an electroporation model, as both S2011 
and LL2011 models can describe the experimental results well despite 
their differences in describing poration dynamics and molecular trans
port. Thus, experiments intended for validating an electroporation 
model need to be carefully and critically designed. 

3.4. Further development of mechanistic models requires a better 
understanding of the molecular mechanisms of electroporation 

All models tested in our study reached limitations when quantita
tively confronted with different experimental measurements covering a 
wide range of pulse parameters. Thus, the models need to be used with 
care when being applied outside the range of parameters, for which they 
have been developed, and necessarily combined with experimental 
validation. While no mathematical model can be truly universal in any 
field of study, the tested models (and variations thereof) have often been 
used as though they can be commonly applied for any electroporation 
experiment (see Table 2 reporting the range of pulse parameters, cell 
lines, and molecules considered with the tested models, as well as the 
studies listed in Table 1 and the references therein). Our study shows 
that there is a need for further development of mechanistic electropo
ration models to assess the associated molecular transport for the entire 
range of experimental conditions used in electroporation applications. 
One strategy would be to further optimize the values of the existing 
model’s parameters and/or replace certain expressions/equations, 

Fig. 3. Final intracellular concentration of calcein and lucifer yellow internalized after exposing cells to a single pulse of a given duration and a given amplitude. 
Circles denote experimental measurements carried out by Canatella et al. [45] and Puc et al. [10] for calcein and lucifer yellow, respectively. Solid lines show the 
prediction of the S2011 model. 
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which have been oversimplified in a model, with their unsimplified 
version. However, this strategy leads to a dead-end, if a model is in its 
essence based on incorrect assumptions. 

Almost all current electroporation models assume that the increase 
in cell membrane permeability can be attributed to a single mechanism: 
the creation of pores in the lipid domains of the cell membrane, which 
passively close upon removal of the external electric field. In addition, 
most models assume that all pores exhibit similar kinetic behavior. 
However, accumulating evidence from experiments and simulations on 
model systems speaks against these assumptions. Firstly, if lipid pores 
formed by an electric field are the sole mechanism of increased 

membrane permeability, such pores need to stay open for minutes after 
exposure to the electric field to corroborate the experimentally 
measured slow uptake/leakage of ions and molecules. Such a long pore 
closure time requires one to assume that there exists a large energy 
barrier of several 10 kT for pore closure [31,73]. This assumption does 
not agree with free energy calculations for pores in pure lipid bilayers 
[74] as well as with experimental measurements on pure lipid systems 
[75,76]. Secondly, electroporation has been associated with oxidative 
damage of polyunsaturated lipids through experiments on pure lipids 
vesicles and cells in vitro [77,78]. Oxidative damage can lead to partial 
cleavage of the lipids tails (i.e., leads to secondary peroxidation 

Fig. 4. Intracellular concentration of calcein and propidium upon exposure to a single 220 μs, 2.5 kV/cm pulse. The intracellular concentration is normalized to the 
initial extracellular concentration. For propidium, the concentration of bound molecules, normalized to the initial concentration of extracellular free propidium, is 
shown. (a) Experimental measurements, reproduced with permission from Sözer et al. [69]. (b) Modeling results using default model parameters (Suppl. Table S4). 
(c) Modeling results when neglecting electrophoretic transport and increasing the minimum pore radius to 1.35 nm. 
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products), whereby in such oxidatively damaged membrane lesions, 
pore-like defects can spontaneously form even in the absence of an 
electric field [79,80]. Such pore-like defects are different from the 
“conventional” lipid pores that form directly by an electric field: the 
kinetics of their formation is different, they do not need an electric field 
to stay open, and they can disappear only after lateral diffusion of 
oxidized lipids or by cell membrane repair mechanisms. Therefore, such 
pores are more likely to explain the persistent increase in cell membrane 
permeability following exposure to electric pulses. Thirdly, computa
tional simulations supported by electrophysiological measurements 
suggest that pores can nucleate within some membrane proteins, spe
cifically voltage-gated ion channels, causing protein denaturation 
[81,82]. Such complex pores, stabilized by both lipids and protein res
idues, can be more stable than pure lipid pores and, to disappear, the 
damaged proteins need to be replaced by the cell repair mechanisms. 
Therefore, protein denaturation is also a possible mechanism of persis
tent increase in cell membrane permeability due to electric pulses. 
Finally, experiments have shown that pore formation and/or expansion 
is affected by the actin cytoskeleton, either via actin’s influence on lipid 
organization or the mechanical properties of the membrane [83,84]. At 
the same time, the actin cytoskeleton can become disrupted by elec
troporation [85]. This points to a complex role of the actin cytoskeleton 
in the increased membrane permeability. 

Identification of the different possible mechanisms of increased 
membrane permeability prompts us to understand electroporation in the 

sense of multiple types of pores/defects that can form simultaneously in 
the cell membrane, but by different molecular mechanisms. This view is 
related to the distinction between short-lived and long-lived pores, 
proposed earlier by Pavlin et al. [50]. Interestingly, Schmeer et al. [24], 
who contributed to the development of pore states models, noted in the 
paper that their model would be in agreement with experiments even if 
they considered that P1 and P2 pore states form independently and in 
parallel, rather than in series. Phenomenological models are also sug
gesting distinct types of increased membrane permeability with 
different relaxation times, as discussed in Section 2.3. Overall, there is 
ample evidence in the literature, supporting the view of multiple distinct 
types of pores/defects occurring in electroporation. However, the main 
challenge of adding these different types of pores/defects to an elec
troporation model is the lack of knowledge required for developing 
mathematical expressions governing the formation kinetics and dy
namic behavior of these pores. Filling the gaps in knowledge will require 
multiscale approaches including molecular modeling such as molecular 
dynamics simulations together with enhanced sampling methods to 
determine the free energy barriers for the formation of the different 
types of pores. In addition, experiments on model membrane systems of 
increasing complexity, including lipid bilayers with complex lipid mix
tures, bilayers containing membrane proteins and/or cytoskeletal 
components, as well as cells genetically engineered to express selected 
cellular components (or knock out the expression) can be designed to 
provide the required information [82–84,86,87]. Further studies on the 

Fig. 5. Intracellular concentration of calcein and propidium upon exposure to 6 ns, 200 kV/cm pulses. The intracellular concentration is normalized to the initial 
extracellular concentration. (a) Experimental measurements were reproduced with permission from Sözer et al. [69]. (b) Modeling results using default S2011 model 
parameters. Note the different y-axes in (a) and (b). Note also that the normalized propidium concentration exceeds 1, which is possible because most propidium 
molecules bind to nucleic acids, allowing a continuous flow of free propidium into the cell (until all binding sites on nucleic acids are occupied). 
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biological mechanisms which could help cells repair the membrane after 
electroporation are also needed [88]. Much inspiration on how to 
develop the required mathematical expressions can actually be found in 
the historical development leading to the existing models of electropo
ration and molecular transport [24,25,31,68]. 

4. Conclusions and recommendations 

Our study concludes that none of the existing single-cell models 
describing electroporation and the associated transmembrane molecular 
transport is universal enough to describe the entire range of experi
mental measurements of small molecule transport through the mem
brane. While upgrading and/or adapting the existing models might 
enable some progress, we anticipate that investments into a better un
derstanding of the molecular mechanisms of the increased membrane 
permeability are more likely to result in successful development of a 
mechanistic electroporation model that can be applied for the entire 
range of pulse parameters used in electroporation applications (is such a 
model can exist). To this end, insights from molecular modeling and 
experiments on different model membrane systems with increasing 
complexity will undoubtedly play one of the crucial roles. Another 
crucial role will be played by well-designed and well-reported experi
mental measurements against which an electroporation model can be 
compared and validated [89]. Based on our findings we suggest that the 
experiments designed to validate electroporation models include:  

• quantitative measurements of molecular uptake (or leakage);  
• time courses of the intracellular concentration(s);  

• 2D profiles of the intracellular concentration (to show asymmetric or 
symmetric uptake);  

• measurements carried out over a wide range of pulse durations and 
amplitudes and also considering different number of pulses;  

• measurements carried out for different molecules (at least one 
anionic and one cationic to determine the role of electrophoresis in 
the total uptake). 

The experiments further need to report on cell size and shape, cell 
density, the conductivity of the extracellular electroporation medium, 
pulse shape, exact values of molecules characteristics (concentration 
and, if possible, the diffusion constant within the extracellular/intra
cellular medium), and temperature at which the experiments were 
performed, as these are all parameters which affect the modeling results 
but are in practice often not all reported. The experiments should also 
estimate the electric field strength experienced by the cells correcting for 
chemical oxidation or electrolytic reaction that might reduce the voltage 
established on the sample. For microscopic images, relevant details of 
the imaging configuration should be reported, for example, the focal 
depth in wide-field microscopy or the thickness of the focal plane in 
confocal microscopy. 

Finally, we encourage authors to share their models through open 
access repositories, as we often find that the descriptions of the models 
in the publications do not provide sufficient detail and/or contain 
typographic errors that impede reproducibility and reuse of the reported 
models. 

Fig. 6. Comparison between S2011 and LL2011 model. (a,b) Calculations of the intracellular concentration of calcium bound to Fluo-3 at different times after the 
onset of a 6 ms pulse. The intracellular concentration is presented as would appear on an epifluorescence microscope. (c) Corresponding experimental results, 
reproduced with permission from Gabriel and Teissié [33]. (d) Intracellular uptake of lucifer yellow, as measured by Puc et al. [10] (circles with error bars) and as 
predicted by the LL2011 model (solid lines). The model overestimates the intracellular uptake by roughly an order of magnitude. 
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