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A B S T R A C T   

Electroporation has many technological applications in drug delivery and gene transfection. However, the mo
lecular mechanism of electroporation is unknown. Thus, we propose for the first time that hydrogen bonds play a 
key role during electroporation based on molecular dynamics and quantum chemistry methods. The electric field 
affects the hydrogen-bonded network in the membrane system, which induces water molecules to pass through 
the membrane. Our findings reveal the mechanism of electroporation in atomic details and may have a potential 
application in controlling the permeability of cell membranes.   

1. Introduction 

The permeability of a cell membrane can be transiently increased by 
applying external electric field pulses [1]. It provides a non-chemical 
approach to the delivery of molecules across the cell membrane and 
has many promising medical applications [2]. However, the molecular 
mechanism of electroporation is currently unclear. Many explanations 
have been offered for the phenomenon. One of the most convincing 
explanations for the mechanism is water pore formation model [3]. 
According to Tieleman’s investigation, pore formation was promoted by 
an increased likelihood of transmembrane water defects in the presence 
of an external electric field. And water defects were caused by the 
interaction of water dipoles with the electric field gradient at the water/ 
lipid or water/octane interface [4]. Tokman, using molecular dynamics 
simulations, demonstrated that pore formation is driven by the reorga
nization of the interfacial water molecules [5]. Bing Bu showed that the 
electric field inside the membrane became heterogeneous under the 
applied electric field. This hetero- generous electric field reorientated 
the dipole direction of water molecules in a direction antiparallel to that 
of the electric field and then imposed unbalanced electric forces on the 
water molecules, which drove the water molecules into the membrane 
[6]. Cheng Zhou simulated the electroporation process caused by the 
uneven ion distribution and divided the process into three stages: pore 
formation stage, pore maintenance stage and pore healing stage [7]. 
From the perspective of hydrogen bonds, Tieleman found that pore 

formation is enthalpically favorable in a DMPC bilayer, and the free 
energy cost was due to a large unfavorable entropy. The total number of 
hydrogen bonds in the system was maintained during pore formation, 
although the number of water-water hydrogen bonds decreased at the 
expense of increased lipid-water hydrogen bonds [8]. 

In this work, we use the method of molecular dynamics simulation to 
study the molecular mechanism of electroporation. Quantum chemistry 
methods are used to calculate the strength of hydrogen bonds. This study 
provides a theoretical basis for electroporation technology. 

2. Simulation methods 

2.1. Preparation of models and molecular dynamics simulations 

Lipid bilayers were generated by the CHARMM-GUI online service 
[9]. The phospholipid membrane was composed of 1,2-dipalmitoyl-sn- 
glycero-3-phospho choline (DPPC). The whole system is mainly 
composed of 200 lipid molecules, 7569 water molecules of the OPC4 
water model [10], and contains 19 Cl− and 19 K+ distributing on both 
sides of the membrane evenly (corresponding to a physiological con
centration of 0.15 M). Simulations and analyses of the electroporation 
process were performed using the GROMACS package [11] with 
CHARMM36 force field [12]. A periodic boundary condition was 
applied. The temperature was coupled to 323 K with the V-rescale al
gorithm [13] and the coupling constants were 1.0 ps. The pressure was 
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coupled to 1 bar using the Berendsen method [14] and the coupling 
constants were 4.0 ps. The LINCS algorithm[15] was applied to 
constrain the covalent bonds with H-atoms. The time step was 2.0 fs. The 
Lennard-Jones effect was truncated at 1.2 nm and translated from 0.9 
nm to 1.2 nm. The particle mesh Ewald (PME) method was used [16] 
with a cutoff radius of 1.2 nm. The electric field intensity is set to a 0.5v/ 
nm pulsed electric field. Electroporation process and electrostatic 
interaction analyses were shown by the VMD [17]. 

2.2. Quantum chemical simulations 

We cut a cluster containing phospholipid molecules and water mol
ecules in the original structure and replaced the hydrophobic part of the 
phospholipid molecules with methyl groups to save calculations. The 
structure contained 8 water molecules and 3 phospholipid molecules 
with a total of 162 atoms. Three phospholipid molecules once formed 
hydrogen bonds with water filaments. Within a distance cutoff of 2 Å, 8 
water molecules contacted closely with 3 phospholipid molecules. The 

Fig. 1. Methods of estimating the strength of hydrogen bonds.  

Fig. 2. The process of the electroporation. The red represents water molecules. The blue represents phospholipid molecules. The yellow sphere represents the 
phosphorus atoms. 
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hydrogen bonds formed by water molecules in close contact with 
phospholipids had a higher hydrogen bond strength than other water 
molecules that are farther away. The quantum chemical calculations 
were performed in the ORCA 4.2.1 package [18]. Full DFT optimization 
(with default optimization criteria) of the structure used the B97-3c 
composite scheme [19]. The single point energies of the cluster were 
calculated at the wB97M-V/def2-TZVP level [20,21]. The electron 
density of the bond critical point (BCP) was used to calculate the 
hydrogen bond binding energy to estimate the hydrogen bond strength 

[22] as seen in Fig. 1. To understand the weak interaction between water 
molecules and phospholipid molecules, the IGMH (IGM [23] based on 
Hirshfeld partition of molecular density) implemented on the Multiwfn 
3.8 program [24] was carried out for the cluster. 

Fig. 3. (a-b) The number of hydrogen bonds. The red represents the hydrogen bonds between lipids and water. The blue represents the hydrogen bonds in the water 
molecules. (c-d) The electrostatic interaction energy. The ‘water-head’ molecules represent the water molecules that first move to the opposite side of the membrane 
to form water filament. 
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Fig. 4. (a) The blue arrows represent the dipole moment of water molecules. The θ represents the angle between the water dipole moment and the box normal (b) 
The distribution of cos(θ) in the normal direction (z direction) of the box. (c) The distance between the water-head molecules and the phospholipid molecules. 

Fig. 5. IGMH analysis. The blue represents hydrogen bonding. The green represents van der Waals interaction.  
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3. Results and disscussion 

3.1. Membrane perforation process 

The maximum intensity of the pulsed electric field is set to 0.5v/nm. 
The pulse starts at 16.712 ns and reaches its peak at 20 ns. According to 
the multiple simulation tests, this kind of electric field can easily cause 
perforation. As shown in Fig. 2, water filaments begin to form at 20 ns 
and water chains start to form at 20.4 ns. Only 0.4 ns later, a water 
column appears. It can be seen from the trajectory that part of the water 
molecules break away from the hydrophilic area of the phospholipid and 
reach the hydrophobic area to meet with the water molecules on the 
opposite side. We shall call it the process of formatting the water fila
ment. Other water molecules follow the water filament to form a water 
column. The hydrophilic area of phospholipid molecules is also driven 
by the water column to form a hydrophilic pathway. 

3.2. The hydrogen bonds and interaction energy 

As can be observed in Fig. 3. a-b, the number of hydrogen bonds 
shows opposite trends in different hydrogen-bonded networks at 20 ns. 
It indicates that some water molecules will escape from the stable water 
system and enter the interior of the phospholipid molecules to form new 
hydrogen bonds. In detail, the number of hydrogen bonds in the water 
molecules starts to decrease at 17.5 ns, which proves that the electric 
field will destroy the hydrogen-bonded network in the original stable 
water subsystem at the beginning of electroporation. These escaped 
water molecules reach the hydrophilic area of the phospholipids and 
begin to form additional hydrogen bonds with the phospholipid mole
cules at 18 ns. The increase in the number of hydrogen bonds corre
sponds to the increase in electrostatic interaction energy, which can also 
reflect the dynamic process of water molecules as shown in Fig. 3. c-d. 

In order to reflect the details of the formation of the water filament, 
we have investigated the changes in the coulombic interaction energy 
between phospholipid molecules and water molecules in the water fil
aments (water-head molecules). The interaction energy between the 
water-head molecules and the hydrophilic area of phospholipid mole
cules is 322.6 kJ/mol at 19 ns. The energy increases to 609.68 kJ/mol at 
19.5 ns. Only 0.5 ns later, the energy reduces to 375.6 kJ/mol. It in
dicates that the water molecules first form hydrogen bonds with the 
hydrophilic region of phospholipid molecules, then get rid of the re
striction of the hydrogen bonds to reach the hydrophobic region and 
contact the water molecules on the other side of the membrane to form 
water filaments in the membrane. 

3.3. Dynamic behavior of water molecules 

The changes of dipole moment are an important factor influencing 
the hydrogen-bonded network in the water subsystem. The direction of 
water dipole moment tends to the direction of the electric field as can be 
observed in the changes of θ, which is more than 150◦(cos(θ) < − 0.5) 
when under the electric field as seen in Fig. 4. a-b. In fact, the trend of 
rotation is not conducive to the formation of the hydrogen-bonded 
network and gives water molecules more chances to escape from the 
network. Changes in the distance between the water-head molecules and 
phospholipids indicate that water-head molecules leave the water sys
tem and enter the hydrophilic area of phospholipids at 19 ns, before the 
formation of water filaments. These water-head molecules will cause the 
hydrophilic area of phospholipid molecules to become very crowded. In 
fact, the hydrophilic area of phospholipid molecules can only form 
hydrogen bonds with a limited number of water molecules. Crowded 
water molecules with the rotation trend of water dipole moment would 
cause the hydrogen bonds to become much weaker. As introduced in 
Section 3.4, this kind of the hydrogen bonds inherently are very weak 
under normal conditions. The phospholipid molecules would not bind 
the water molecules tightly under the circumstances, causing them to 

move to the hydrophobic area to meet with the water molecules on the 
other side. 

3.4. Weak interaction analysis 

Water molecules only form hydrogen bonds with the phosphate 
groups in the hydrophilic region of the phospholipid molecules and form 
van der Waals interactions with other head groups as shown in Fig. 5. 
The intensity of the hydrogen bonds estimated from the electron density 
is approximately 5.23 kcal/mol, which is a kind of weak hydrogen bonds 
as shown in Fig. 1.[22] This indicates that the combination of water 
molecules and the hydrophilic area will be easily disturbed by the 
external environment. 

4. Conclusions 

In this study, we demonstrated that hydrogen bonds play a key role 
during the process of electroporation for the first time. Hydrogen bonds 
within water molecules or between water molecules and phospholipid 
molecules keep the entire system stable under normal circumstances. 
But when under an external electric field, the hydrogen-bonded network 
of water subsystem would be destroyed. In order to seek a more stable 
binding environment, a large number of water molecules move to the 
hydrophilic area of phospholipids and form hydrogen bonds with them. 
However, the hydrogen bonds with the phosphate groups are weak. The 
thermal motion of water molecules and the rotation effect of external 
electric field cause these hydrogen bonds to be unstable. The water 
molecules would easily escape from the hydrophilic area, and then pass 
through the hydrophobic area to combine with the water molecules on 
the other side. Interestingly, as more and more water molecules pass 
through the lipid bilayer to form a water column, the lipid head group is 
also drawn by the water column to form a hydrophilic channel. Our 
findings may help control the permeability of cell membranes in drug 
delivery and gene transfection. 
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PCCP 19 (2017) 17928–17936. 
[24] T. Lu, F. Chen, J. Comput. Chem. 33 (2012) 580–592. 

M.-h. Ji et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2210-271X(21)00345-5/h0015
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0015
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0015
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0020
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0020
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0025
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0025
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0025
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0035
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0035
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0040
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0040
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0045
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0050
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0050
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0055
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0055
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0055
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0060
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0060
https://doi.org/10.1063/1.2408420
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0070
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0070
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0070
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0075
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0075
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0080
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0080
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0085
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0085
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0090
https://doi.org/10.1063/1.5012601
https://doi.org/10.1063/1.4952647
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0105
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0110
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0115
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0115
http://refhub.elsevier.com/S2210-271X(21)00345-5/h0120

	The molecular mechanism of electroporation: Changes in the hydrogen bonds
	1 Introduction
	2 Simulation methods
	2.1 Preparation of models and molecular dynamics simulations
	2.2 Quantum chemical simulations

	3 Results and disscussion
	3.1 Membrane perforation process
	3.2 The hydrogen bonds and interaction energy
	3.3 Dynamic behavior of water molecules
	3.4 Weak interaction analysis

	4 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


