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Electroporation is a well-established technique used to stimulate cells, enhancing membrane
permeability by inducing reversible membrane pores. In the absence of experimental observation of
the dynamics of pore creation, molecular dynamics studies provide the molecular-level evidence that
the electric field promotes pore formation. Although single steps in the pore formation process are well
assessed, a kinetic model representing the mathematical description of the electroporation process, is
lacking.
In the present work we studied the basis of the pore formation process, providing a rationale for the

definition of a first-order kinetic scheme. Here, authors propose a three-state kinetic model for the pro-
cess based on the assessed mechanism of water defects intruding at the water/lipid interface, when
applying electric field intensities at the edge of the linear regime. The methodology proposed is based
on the use of two robust biophysical quantities analyzed for the water molecules intruding at the
water/lipid interface: (i) number of hydrogen bonds; (ii) number of contacts. The final model, sustained
by a robust statistical sampling, provides kinetic constants for the transitions from the intact bilayer state
to the hydrophobic pore state.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Cells and organelles are protected by thin membranes,
composed of a double lipid layer with embedded and adsorbed
membrane proteins, that separate their chemical contents from
the extracellular environment. These membranes act as a barrier
for ions passage, thus enabling the generation of electrochemical
gradients across the membrane, the so called ‘‘transmembrane
potential (TMP)”, which is crucial for example for the signal trans-
duction along nerve cells. Nevertheless, in both medicine and
biotechnology an enormous interest exists in methods that allow
to transiently interrupt the membrane integrity: a reversible cell
opening may enable the transfer of genes, drugs, antibodies and
dyes, into the cell and may permit to trigger events by modifying
the interior of the cell. There are several techniques to successfully
increase the membrane permeability, but probably the most
established one is the induction of pores in the lipid membrane
by means of external electric fields, the technique referred to as
electroporation [1,2]. Electroporation or electropermeabilization
are the terms used most often to describe the cellular response
to intense electric field exposure, i.e. the phenomenon of mem-
brane increased permeability. The application of suitable electric
field pulses, varying in strength and duration, permits to induce
small hydrophilic pores into the membrane or tissue, thus increas-
ing membrane permeability and allowing the transient transfer of
substances into the interior of the cell [3,4]. In the past decades we
assisted to the development of several applications in medicine,
food processing, and biotechnology, exploited in such a large spec-
trum of knowledge that electroporation is now considered as a
proper technological platform, including electrochemotherapy
[5,6], gene electro-transfer therapy [7], calcium electroporation
[8,9], tumor ablation [10,11] and food processing [12,13].

Despite this large development of techniques, the specific
phenomenon underlying the transport of molecules across the cell

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2021.107987&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.bioelechem.2021.107987
http://creativecommons.org/licenses/by/4.0/
mailto:francesca.apollonio@uniroma1.it
https://doi.org/10.1016/j.bioelechem.2021.107987
http://www.sciencedirect.com/science/journal/15675394
http://www.elsevier.com/locate/bioelechem


P. Marracino, L. Caramazza, M. Montagna et al. Bioelectrochemistry 143 (2022) 107987
membrane making use of electric field pulses is complex and it
involves different physical mechanisms such as: electric field dipo-
lar coupling with bulk water [14,15], the coupling of the electric
field with interfacial water [16,17], the H-bond networking in pres-
ence of intense electric fields [18,19] and the interactions between
water and lipid polar heads [20-22]. As a matter of fact, there is a
large variability in the molecular properties of the compounds
crossing the membrane as well as in the protocols used for electro-
poration practice, hence an accurate description of pore formation,
pore lifetimes and pore kinetics processes should be at the basis of
molecular transport induced by electroporation [23,24]. In terms of
experimentally determined kinetics of the process of transmem-
brane transport, a consensus exists that several states can be con-
sidered when dealing with the increased membrane permeability
in electroporation: the initiation of the permeable state, its expan-
sion and stabilization and the resealing of the membrane. The pro-
cess can be described in terms of local lipid phase transitions
which involves clusters of lipids according to a three-state scheme
with a closed bilayer state, a hydrophobic pore state and a hydro-
philic one [25,26]. However, the most critical aspect is the full
understanding of the molecular first stage: even if the formation
of aqueous pores in the lipid bilayer is now a largely accepted
mechanism, there is an evidence that shows, for example, that
the changes to individual membrane lipids and proteins can also
contribute [27-29]. Experimental studies of the initiation of the
pore are almost not practicable: this is because of their nanometer
size, since the pores formed in the lipid bilayer are too small to be
observed by optical microscopy, and because they are too fragile
for electron microscopy’s standard procedures. Even more crucial
is the attempt to track the kinetics of pore initiation, where fluores-
cence microscopy recorded with temporal resolution has proved to
be too slow [30]. Several attempts have been proposed since the
last decades to support experimental pore formation with the aid
of classical nucleation theory [31-33] and renewed models
[34,35], explaining membrane rupture, based on defect, pre-pore
and pore states, intrinsically transient and thus difficult to probe
in terms of their structures and physical properties. The principal
parameter to explain pore formation and pore stability of such the-
oretical models is the line tension, but despite its importance, line
tension is still not well characterized. A further important limita-
tion of the classical continuum models is that they neglect the
molecular internal structure of membranes, hindering the transi-
tion state between the hydrophobic and the hydrophilic pores.

In the absence of experimental observation of the dynamics of
pore creation, and with the limitations of continuum models,
molecular dynamics (MD) simulations become an indispensable
source of structural and mechanistic information. These alternative
tools, giving access to the microscopic compartments of a cell on a
molecular basis, provide the molecular-level evidence that the
electric field promotes formation of pores in the lipid bilayers
and have proven to be useful for characterizing the highly dynamic
and metastable pre-pore intermediates [36,37]. Electropore forma-
tion was first demonstrated by Tieleman et al. [38], who showed
the creation of a single water file defect that changed into a grow-
ing hydrophilic pore within a few ns. Consequently, several
attempts have been made to fully describe the mechanism of pore
creation, for which there is now general agreement that pore
appears to be driven by local fast reorientation and displacement
towards the membrane interior of water molecules at water/lipid
interface, thus increasing the probability for defect formation
[39-43]. The complete sequence presents several steps
[39,44,45]: disordering of the water-membrane interface due to
the applied external field which generates water defects and drives
pore formation; developing of a water column penetrating the
inner region of the bilayer (hydrophobic pore); reorientation of
the phospholipid head groups giving rise to the hydrophilic pore.
2

The kinetics of these states have been characterized giving rise to
a model of pore formation involving initially hydrophobic pore
states as short-lived transient intermediates [46,47]. An alternative
approach in defining a kinetic model was provided by Bockmann
and co-workers [48] who developed a statistical theory to facilitate
direct comparison between experimental prepore formation kinet-
ics and the single event preporation times, derived from the simu-
lations. Authors suggested a model for pore formation involving a
first intermediate which is characterized by a tilt of the polar lipid
headgroups, and a second intermediate (prepore), where a polar
chain is formed across the bilayer.

In the framework of the general theory provided in [48], in the
present work we go deeper in the understanding of the molecular
mechanisms at the basis of the pore formation process, providing
for the first time a rationale for the definition of a consecutive
first-order reaction kinetic scheme fully describing the transition
among the intermediate states of the pore kinetic model. A novel
methodology to derive a three-state kinetic model is proposed; this
is based on the physical changes in water clusters protruding into
the electropore region. The method proposed makes use of two
robust biophysical quantities able to describe the system transition
from the initial equilibrium condition to the pore initiation: the
average number of hydrogen bonds and the number of contacts
for the water molecules intruding at the water/lipid interface.
The model, sustained by a robust statistical sampling, provides
kinetic constants for the transition between the intact bilayer
(closed state) and the finger, i.e. the metastable intermediate water
filament state (hydrophobic pore state).
2. Materials and methods

2.1. Molecular dynamics simulations

MD simulations were performed using the GROMACS package,
version 4.6.6 [49]. Lipid topologies were derived from the OPLS
united-atom parameters [50] obtained from Peter Tieleman of
the University of Calgary (http://moose.bio.ucalgary.ca). The Sim-
ple Point Charge (SPC) water model was used [51]. Systems were
coupled to a temperature bath at 310 K with a relaxation time of
0.1 ps and a pressure bath at 1 bar with a relaxation time of
1 ps, each using the v-rescale coupling algorithm [52], and the
Berendsen algorithm [53], respectively. Pressure was coupled
semi-isotropically, using a compressibility of 4.5 � 10�5 bar�1 nor-
mal to and in the plane of the membrane. Bond lengths were con-
strained using the LINCS algorithm [54] for lipids and SETTLE [55]
for water. Short-range electrostatic and Lennard-Jones interactions
were cut off at 1.0 nm. Long-range electrostatics were calculated
by the PME algorithm [56] using fast Fourier transforms and con-
ductive boundary conditions. Reciprocal-space interactions were
evaluated on a 0.12-nm grid with fourth-order B-spline interpola-
tion. The parameter ewald_rtol, which controls the relative error
for the Ewald sum in the direct and reciprocal space, was set to
10–5. Periodic boundary conditions were employed to mitigate sys-
tem size effects.
2.2. Systems and structures

All systems contained 512 lipid molecules 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and an ionic
solution made of 88 potassium ions, 88 chloride ions, and approx-
imately 53.000 water molecules, resulting in an initial potassium-
chloride concentration of about 91 mM in water. In this respect,
the number of ions used in our paper was intended to reproduce
the high ionic concentrations of the extracellular and intracellular
media, rather than the physiological concentration of potassium

http://moose.bio.ucalgary.ca
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and chloride ions. Several papers suggest that such water solutions
can reach 150 mM, as explained in [57] where the partial concen-
trations of all the main ionic species are provided. In other joint
experimental/numerical in-vitro electroporation studies, a
potassium-chloride concentration between 100 and 145 mM
[23,58] was adopted. The initial box size was approximately
13 nm � 13 nm� 13 nm. Fig. 1 depicts the simulated system, high-
lighting the structure of the POPC leaflets.

Once the equilibrium configuration was reached (after 100 ns),
extensive MD simulations have been performed: 30 independent
simulations (initial velocities extracted from Maxwell-Boltzmann
velocity distribution, generated from random numbers) with an
external electric field with an intensity of 0.2 V/nm (see Fig. 1),
applied along the positive z-axis of the Cartesian reference of
frame. A second set of simulations, limited in number (10 indepen-
dent simulations), were performed with a 0.17 V/nm intensity. The
overall production time has exceeded �3.5 ls.
2.3. Kinetic model

The main objective of this work is to identify, with proper tools,
meaningful quantities linked to the pore creation process to fully
characterize a kinetic model for pore formation. In order to tackle
this, we need: i) a suitable definition for the pore initiation; ii) an
objective target able to quantitatively describe the system transi-
tion from the initial equilibrium condition to the pore initiation;
iii) a sufficient number of independent trials (i.e. our MD simula-
tions) to correlate, with statistical robustness, our proposed target
to the pore creation. As a basic step, we investigated the dynamics
of the pore creation by choosing as the final configuration the one
corresponding to the presence of a single water finger connecting
the upper and lower leaflets of the lipid membrane (Fig. 2). This
water finger, in principle, might reflect the partial rearrangement
of lipid molecules, resulting in a tight stack of water molecules
eventually forming a larger electropore. Nevertheless, as suggested
by literature [59] and by our simulations results, that are explained
and reported in Fig. SI-1 and Fig. SI-2 (see Section A of the Support-
ing Information), no meaningful lipid head rotations are found just
before the water finger appearance, supporting the idea of a
hydrophobic electropore in the initial stage of the poration process
[34,35].
Fig. 1. Simulation box with 13x13x13 nm, composed by 512 molecules POPC (grey lines
(orange), 88 K+ (cyan), and more than 53.000 water molecules (red and white points). A
applied along the z-axis.
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The main player of an electropore is water, which could be con-
sidered as the driver of pore formation. Hence here, we tried to link
the main states associated to the pore-creation process to three
specific water local behaviors. More precisely, starting from the
kinetic model described in [48], we defined water initial state
(see Fig. 3) as the one corresponding to the bulk-water behavior
S1, the second state S2 corresponding to physical changes in water
clusters protruding into the electropore region (ex-post analysis)
and the final state S3 representative of the final mutual arrange-
ment of such water molecules as a tiny water channel (i.e. finger).
The transition from the water finger to the poration state (S4),
where a hydrophilic sustained pore is formed, was observed in
all the simulations; nevertheless, we preferred to analyze finger
state formation times (S3) over pore formation times because after
finger formation the effective field applied in the simulations is dif-
ficult to control, and hence pore formation is likely severely accel-
erated after formation of the formed finger (S3) state.

The key-role of water in defining the three-states process
requires some further comments on the water model adopted
and its response to an exogenous electric field. In a previous work
[60], a theory linking water susceptibility and density in presence
of electric field intensities within the linear response theory, has
been provided. The susceptibility of pure liquid water systems
has been tested comparing the available experimental [61] and
simulation data (pure SPC systems at different densities) with
the expected linear relation between the null field water suscepti-
bility and density predicted by the theory. It was shown that,
within the liquid range, both the experimental water data and
the SPC simulated ones were fully consistent with the predicted
linear behavior of water susceptibility as a function of density.
Moreover, the linear regression of the experimental water data at
300 K provided slope and intercept rather close to the ones
obtained by the linear regression of the corresponding simulation
data of SPC at the same temperature, showing that the SPC model,
within the liquid state range, reproduces reasonably well the liquid
water behavior.

2.4. Water states

To describe the water behavior during the pore formation, the
radial distribution function between water Oxygen atoms Ow-Ow,
the g(r), has been calculated (in Fig. 4, blue line).
as the acyl chains and blue and tan points as P8 and N4 atoms respectively), 88 Cl�

zoom of the bilayer membrane is reported as left inset. The external electric field is



Fig. 2. Representation of the creation of a finger in the intact lipid bilayer through the identification of two states: initial state (intact bilayer) and finger state (hydrophobic
pore). Upper row polar heads explicitly showed in each leaflet, lower row hydrophobic chain representing the thick of the bilayer. Grey lines represent the acyl chains and
blue and tan points represent P8 and N4 atoms, respectively.

Fig. 3. Schematic 1 is a three-states Pore formation process, followed by a Schematic 2 representing the Poration state. Note that we consider the reaction irreversible.
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The first peak describes the structural organization of the first
hydration shell around a central Ow atom in the case of pure liquid
water; in particular, the first maximum, around 0.28 nm, corre-
sponds to the Ow-Ow average distance among the central oxygen
with its nearest neighbors, while the first minimum, around
0.33 nm, corresponds to the first hydration shell radius. The coor-
dination numbers Nc, defined as Nc ¼ 4pq

R r

0
r2gðrÞdr, were calcu-

lated by integration of the g(r) function from r = 0 nm to the
distance corresponding to the first local minimum, r = 0.33 nm.
This parameter provides the number of water molecules (number
of contacts) in the first solvation shell around the selected Ow. As
it is shown in Fig. 4 (red line), Nc = 4. These results are in agreement
4

with the experiments in the case of liquid water [62]. It is impor-
tant to stress that data reported in Fig. 4 refer to all the SPC water
molecules in the simulation box. To make sure that the water
molecules here considered behave as a pure water systemwe com-
pared the corresponding Nc values, obtaining no meaningful differ-
ences as reported in Fig. SI-3 (see Section B of the Supporting
Information).

To characterize the water dynamics, we need to identify, first,
the molecules protruding in the bilayer (see Fig. 5), distinguishing
them from water molecules that never will enter in the pore. To
identify water molecules, we used the VMD tool [63] by means
of the following procedure: starting from the finger observation,
we pick 12 molecules and create an index file containing the list



Fig. 4. The Ow-Ow water radial distribution function g(r) (in blue) and the
coordination number Nc (in red) are reported. The inset represents the g(r) function
profile up to 1 nm.
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of the water molecules protruding in the bilayer; a second file con-
taining the list of 12 water molecules that never will take part in
the finger formation is generated as well (external water
molecules).

Once the list of protruding and external water molecules is
built, two quantities have been defined to characterize possible dif-
ferences in the water molecule behavior. Specifically, the average
number of hydrogen bonds (Hbonds) and the average coordination
number (Nc) are studied as a function of time. This analysis has
been carried out using hbond and mindist Gromacs [49] tools. The
Hbonds are evaluated according to the following geometrical crite-
ria: the distance among donors and acceptors is rhb � 0.35 nm
and the angle among donors and acceptors is ahb � 30�. Nc can
be calculated by defining a cut-off that in our case corresponds
to the first minimum of the g(r), rcut-off = 0.33 nm (see Fig. 4).
The analysis has been performed on the complete set of simula-
tions to demonstrate the robustness of our methodology.

2.5. Master equation

Under these circumstances, Hbonds and Nc turned out to be
robust biophysical quantities able to describe the system transition
Fig. 5. Selection of water molecules used to perform the analysis: magenta
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from the initial equilibrium condition to the pore initiation. In
order to capture the kinetic behavior of such sensible parameters,
in principle, one needs a sufficient number of independent MD
simulations in the same exposure condition, to fully characterize
the stochasticity of the underlying process. As explained in [48]
we modelled the time evolution of our molecular system as a prob-
abilistic combination of three states at any given time. The switch-
ing between states is determined by two kinetic constants (see
Fig. 2), leading to an overall process governed by the following
equations:

n
0
1 tð Þ ¼ �k1n1 tð Þ ð1Þ

n
0
2 tð Þ ¼ k1n1ðtÞ � k2n2ðtÞ ð2Þ

n
0
3 tð Þ ¼ k2n2 tð Þ ð3Þ

with solutions for the three states given by:

n1 tð Þ ¼ e�k1t ð4Þ

n2 tð Þ ¼ k1
k2 � k1

ðe
�k1t

� e�k2tÞ ð5Þ

n3 tð Þ ¼ 1� k2
k2 � k1

e
�k1t

þ k1
k2 � k1

e�k2t

 !
ð6Þ

with n1, n2, n3 represents the population at a time t of S1, S2, S3
respectively. The validity of this model shall be confirmed wherever
the three states are coherent with simulation data. This will be dis-
cussed in the following sections.

3. Results and discussion

Data obtained by the large set of 30 independent simulations in
presence of the 0.2 V/nm electric pulse allowed to model the kinet-
ics of pore formation in a meaningfully statistical way. Electric field
intensity was intentionally kept high enough for the occurrence of
the poration process in a reasonable time-window, but also not too
high to avoid the insurgence of non-linear responses. The intensity
used is at the edge of the range related to linear response theory, in
fact, we implicitly consider the electric field intensity to fulfill the
so-called ‘weak field conditions’ [18], in order to follow the process
of pore formation free from parallel processes more sensible to the
electric field intensity (i.e. the fast water polarization response). In
points represent external H20, green points represent protruding H20.
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the following sections we will show how protruding water dynam-
ics (defined in the Material and Methods Section 2.4) allow a
proper definition of three different water states within each inde-
pendent simulation. Data obtained by a second set of 10 indepen-
dent simulations with a 0.17 V/nm electric field, leading to slower
poration processes while keeping the intensity below the ‘weak
field condition’ threshold, served as evidence for the reproducibil-
ity of the proposed model. Results in terms of S2-S3 transition
times are reported in Fig. SI-4, together with the related fitting
curve (see Section C of the Supporting Information).

3.1. Protruding water dynamics

A representative example of Hbonds and Nc dynamics is reported
in Fig. 6 for a single MD simulation, whereas similar results were
obtained in all the simulations analyzed. The time course of Hbonds

and Nc shown in Fig. 6 supports the behavior that those water
molecules representing defects of the bilayer, hence located at
the water/lipid interface (red curve), after a certain time lag (t*),
have their network of hydrogen bonding disrupted by the applied
field with respect to those water molecules which are part of the
bulk water. This is in line with the theory of the combined effect
of hydrogen bond interactions and dipole interactions in an E-
field [18,64]. The idea is that water molecules at the interface sense
both the external electric field applied for poration of the bilayer
and the coulombic local electric field due to density charge on
the lipid polar heads. This last contribution has a radial direction
and is extremely fast in time evolution hence it represents a sort
of spatially random stimulus, while the external applied field has
a uniform direction (z-axis) and is constant in time, therefore it
acts as a forcing term trying to align water molecules. The compet-
ing effects of both contributions lead to a time delay needed to
break H-bonds prior to molecular rotation and new bonds can form
post rotation. For bulk water molecules the only field is the one
related to the external electric field hence no competing process
is present and no difference in time is appreciated in the network
of hydrogen bonding.

As apparent from Fig. 6, protruding and external water mole-
cules profiles show the same behavior till a specific time, t*, when
the protruding water molecules start to behave differently. Such
interval is hereafter considered as the S1-S2 transition time. The
Fig. 6. The Hbonds and Nc are reported in case of protruding water molecules

6

time ‘‘delay” existing between t* and the instant of the finger for-
mation (S2-S3 transitions) is extremely fast and hence challenging
to characterize, but it is always present in each simulation
performed.

Moreover, an additional study has been performed to evaluate
the behavior of water molecules staying at the interface between
the lipid bilayer and the bulk water but never taking part of the
water pore, defined as interfacial water molecules. Results are
reported in Fig. SI-9 (see Section E of the Supporting Information)
as the time behavior of the Hbonds and the Nc showing that the
trend, like the one of the external water molecules, is characterized
by lower values without any appreciable changing at the S1-S2
transition time.

It is worth stressing that the poration process is dependent on
the characteristics of the exogenous field we apply during MD sim-
ulations. Data presented in Fig. 6 reflect the general behavior of the
30 independent simulations with the 0.2 V/nm electric field. Such
an intensity has been chosen as a compromise between each MD
simulation production time and the number of independent simu-
lations needed to provide robust statistics (see following Sec-
tion 3.2). Moreover, exogenous electric fields lower than a certain
threshold [36] can’t produce poration events within an acceptable
time window (100 ns). At the same time, electric fields higher than
0.2 V/nm could mean stepping outside the limitations of the Linear
Response Theory [64], which implies an unrealistic water polariza-
tion response. Nonetheless, to give evidence that the profiles given
in Fig. 6 represent an intensity-independent result, we analyzed
results coming from 10 MD simulations with an intensity of
0.17 V/nm. In this case, apart from a change in kinetics constants
values (the finger formation event can take place after 200 ns),
all data suggest that the Hbonds and Nc still conveniently interpret
the 3-states kinetic model, as expected (data shown in Section C
of the Supporting Information).

To test the validity of the two physical quantities chosen to
define water states, we evaluated the polarization response of
the protruding water molecules in time. In fact, Hbonds and Nc

decrease could be a consequence of a much faster process such
as water polarization response [18]. Fig. 7 shows the time-course
of the total dipole moment of both external and protruding water
molecules, evidencing no appreciable differences for the whole
dynamics, particularly after the time frame t*.
(red) and external water molecules (black) along the simulation time.



Fig. 7. Time-course of the total dipole moment of protruding (red) and (black)
external water molecules, evaluated for the same sample simulation used for Hbonds

and Nc dynamics evaluation.
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Similar results were obtained for all simulations (in the two dif-
ferent exposure conditions), as can be seen in Section D of the Sup-
porting Information, where more simulations outcomes are
reported in terms of Hbonds, Nc and total dipole moment (Fig. SI-
5, SI-6, SI-7 for the 0.2 V/nm intensity).
3.2. Link with the kinetic model

Transition times from state S1 to S2 and overall transition times
from state S1 to state S3 are reported, for the 0.2 V/nm intensity, in
Table SI-I (see details in Section F of the Supporting Information).
These results are in line with similar ones available in the litera-
ture, where poration times are reported for different lipid compo-
sition in [65] as well as for different intensities ranging from
0.05 V/nm up to 0.2 V/nm in [36]. Data shown highlight the ran-
domness of the pore creation process.

Fig. 8 reports the data of Table SI-I as three cumulative sums over
time, where each sum represents a distinct (state) population: i)
green points are associated with S1 population disappearance, dur-
ing the transition towards S2. Points range from1 (i.e. S1 is fully pop-
ulated) down to 0,when the transition toward S2 is complete; ii) red
points represent the population of the final state S3 and it ranges
from 0 (no porating event) to 1 (all the simulation ended up with a
poration event); iii) the blue points represent the intermediate state
S2, to whom or from whom the populations of S1 and S3 states,
respectively, are transferred. As apparent from the data, the profile
of the intermediate state, while suggesting a clear profile, would
take a benefit from an even larger number of simulations with
respect to the ones chosen here as the necessary trade-off with a
computationally expensive approach asMD simulations (more than
3.5 ms simulation time). Remarkably, data fitted with the set of Eqs.
(4)–(6) indicate that the model can capture the essence of the pore
formation process. In particular, MATLAB R2020b [66] was used to
solve the nonlinear curve-fitting (data-fitting) problems in least-
squares sense, providing a residual matrix with single values rang-
ing from 0.005 to 0.12 as reported in Table SI-II (see details in Sec-
tion F of the Supporting Information).

Note that the S1-S2 transition is usually much slower than the
S2-S3 transition. Also, while the S1-S2 transition has a large vari-
ability in time durations, as soon as the process reaches the S2
7

state the transition time toward S3 state is rather constant. Overall,
the fastest appearance of the water finger takes place after about
4 ns from the electric field application, while the slowest one takes
place after more than 40 ns from the electric field switched on. The
mean time intervals associated to S1-S2 and S2-S3 transitions can
be obtained by the inverse of the kinetic constants k1 and k2 found
during the fitting procedure. Simple calculations furnish for s1 = k1-
�1 = 13.05 ns and for s2 = k2�1 = 1.4 ns; that is the S2-S3 transition
results about 10 times faster than the S1-S2 one.

But here a question arises:which is theminimumnumber of data
needed to provide a robust output for our model? To this purpose,
we evaluated the statistics of our outcomes in the following way:
i) starting from the complete set of 30 simulation with the 0.2 V/
nm intensity,we considered an increasingnumberofMDsimulation
sub-sets, i.e. 5, 10, 12, 17, 20, 25 and 30, randomly extracted within
the total population; ii) we calculated the kinetics parameters, as
given by the three-states model, for the previous MD simulation
sets; iii) we evaluated the ratio k1/k2 at increasing MD simulation
population. The result of such approach is a convergence plot as
shown in Fig. 9, highlighting that aminimumnumber of 10MD sim-
ulation is needed to start to stabilize the k1/k2 profile (for more
details see Table SI-III in Section G of the Supporting Information),
while a larger set of at least 20 MD simulations is needed to have a
fully convergence. Note that, when considering the smallest 5 MD
simulations set, the k1/k2 ratio is almost twice the most populated
sets, meaning that a particular caution should be used to give a sta-
tistical robustness to such kinetic studies.

For this reason, the description of the three states S1-S2-S3 is
fully provided just for the large simulation set at 0.2 V/nm; the sim-
ulations at 0.17 V/nm evidence a similar k1/k2 ratio and a good con-
sistency with the kinetic model (see Section C of the Supporting
Information), but the limited number of independent processes
(due to the large computational cost) limits the robustness of the
approach.

3.3. Validity and limitation of the present approach

As a corollary to the above discussion, it should be stressed that
the previous kineticmodel has been obtained for two sets of simula-
tions, the first one with a 0.2 V/nm electric field and the second one
with a 0.17 V/nm electric field.Motivations for such a choice refer to
the search of the very basic mechanisms of interaction between the
external field and the main characters leading to pore initiation, i.e.
water molecules, hard to describe with higher intensity electric
fields. As an example, in the work by Bockmann et al. [48] pore for-
mation has been observedwith electric field strengths ranging from
0.36 to 0.70 V/nm, obtaining (logarithmic) pore formation times,
determined as the time span between onset of the electric field
and observation of the first closed water/lipid file across the mem-
brane core. Bockmann et al. [48] assumed one main activation bar-
rier to describe pore formation times with the change in the
average activation dipole moment upon the pore formation event.

With our methodology, while confirming the expected polariza-
tion response ofwatermoleculeswith the intensities used,we could
not discriminate between bulk water (named external water in
Material and Methods, Section 2.4) and protruding water behavior
in terms of polarization, since no appreciable dipole difference
emerged between the two species for the entire pore formation pro-
cess (for the complete set of analyzed trajectories). On the other
hand, the specific quantities we have chosen, i.e. Hbonds and Nc

dynamics, allowed to capture the polarization-independent
response of both bulk and protruding water, showing that a change
inwater interaction behavior could be the fingerprint for identifying
the intermediate state in the kinetic process of pore formation.
Moreover, the use of an electric field which is near the threshold
for the linear response theory, ensures a reliable characterization



Fig. 8. Each color group represents a specific water state: green, blue and red points represent S1, S2 and S3 states populations, respectively. Colored curves represent the
fitting of numerical data with the equation furnished by the kinetic model.

Fig. 9. The ratio between the k1 and k2 kinetics parameters are reported as a
function of the number of simulation samples considered.
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of such physical quantities, which would otherwise be overtaken
with higher intensity electric fields. To support this assumption,
we performed three sets of simulations (10 simulation per set) with
electric fields ranging from0.3 V/nmup to 0.5 V/nm, finding that the
polarization response with such high intense electric field com-
pletely overlooks the Hbonds and Nc dynamics, as shown in Fig. SI-8
(see section D of the Supporting Information), also hiding the pres-
ence of the S2 intermediate state as defined in our kinetic model.
4. Conclusions

The numerical exploration, via MD simulations, of the kinetics
of electroporation led to the construction of solid schemes [45]
capable of dividing the whole process into different states, using
8

the time evolution populations of water and phospholipid head
groups as indicators of the specific conformational state. The tran-
sitions between these states have been studied by Bockmann and
coworkers [48] who developed a statistical theory to facilitate a
direct comparison between experimental (macroscopic) prepore
formation kinetics and the (single event) preporation times derived
from the simulations. Authors suggested a model for pore forma-
tion governed by the polarization response of both water mole-
cules and lipids.

Here we focused on the initial electroporation steps, i.e. the
transition from the initial intact double-layer to the appearance
of a tight stack of water molecules, eventually able to form a larger
electropore, usually named water-finger. Within our simulation
procedure we observed no meaningful lipid head rotations just
before the water finger appearance, supporting the idea of a
hydrophobic electropore in the initial stage of the process of pora-
tion [34,35]. Hence, we identified water as the main player of pore
formation: in particular, we defined water initial state as the one
corresponding to the bulk-water behavior, the second state corre-
sponding to physical changes in water clusters protruding into the
bilayer (ex-post analysis) and the final state representative of the
final mutual arrangement of such water molecules as pillar of
the water finger.

The methodology that we developed to follow water dynamical
transition during the whole process of pore formation, allowed to
go deeper in the understanding of the molecular mechanisms
involved in such a process, providing for the first time a rationale
for the definition of a consecutive first-order kinetic scheme fully
describing the transition among the intermediate states of the pore
kinetic model. Here authors present a three-state kinetic model for
the process of pore creation based on the assessed mechanism of
water defects intruding at the water/lipid interface as obtained
for electric field intensities in the edge of the linear regime. The
model proposed, sustained by a robust statistical sampling, pro-
vides kinetic constants for the transition between the intact bilayer
(closed state) and the finger, i.e. the metastable intermediate water
filament state (hydrophobic pore state).
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