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Lateral electric field inhibits gel-to-fluid transition in lipid
bilayers†

Nidhin Thomas,a and Ashutosh Agrawal∗a

We report evidence of lateral electric field-induced changes in the phase transition temperatures
of lipid bilayers. Our atomic scale molecular dynamics simulations show that lateral electric field
increases the melting temperature of DPPC, POPC and POPE bilayers. Remarkably, this shift in
melting temperature is only induced by lateral electric field, and not normal electric field. This
mechanism could provide new mechanistic insights into lipid-lipid and lipid-protein interactions in
the presence of endogenous and exogenous electric fields.

Introduction
Electric fields modulate the physical response of lipid membranes
in both living cells and biomimetic systems. Endogenous elec-
tric fields have been shown to regulate embryonic development,
wound healing, and cancer metastasis1–4. Epithelial cells sense
electrical signals generated from disruption of epithelial layers
and respond with directional migration by a process termed elec-
trotaxis2,4–7 in order to repair the damaged tissue. A fundamen-
tal phenomenon where electric fields interact with lipid mem-
branes is tied to nerve excitation and propagation of action po-
tential8. Neurites have been shown to grow preferentially to-
wards the negative electrode in the presence of an applied elec-
tric field9. Reversible electroporation, a phenomenon in which
numerous transient pores open up in plasma membrane when
subjected to electric field and reseal when electric field is turned
off, is routinely used to deliver drugs into cells10,11. Irreversible
electroporation in which pores do not reseal when electric field
is switched off is used to achieve cell death in cancer treat-
ment12–15.

Over the last several decades, experimental and modeling bio-
physical studies have been conducted to investigate membrane-
electric field interactions. Experimental studies have revealed
electric-field induced shape transformation in giant unilamellar
vesicles16–21, shape instabilities in membrane tubules22, phase
separation in multicomponent membranes6,23, and lipid flows24.
On the modeling front, atomistic studies25–30 and continuum
studies31–33 have provided insights into electroporation and
shape transformations in vesicles.
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Despite the well characterized biological and biomedical roles
of electric fields, our understanding of how cells sense and re-
spond to electric fields is still in the formative stages. This is
evident from the following example. Under the majority of the
in vivo and in vitro applications discussed above, the orientation
of the electric field experienced by cells or vesicles is expected to
vary spatially based on the shape of the membrane. This in turn is
expected to give rise to both normal and lateral (parallel) compo-
nents with respect to lipid membranes. As an example, consider
a vesicle subjected to a uniform electric field. Near the poles,
the vesicle will experience normal electric field, and near the
equatorial region, the vesicle will experience lateral electric field.
However, the biophysical studies till date have predominantly an-
alyzed the effect of normal electric fields on lipid membranes.
Only a handful of biophysical studies have been performed on
lateral electric field, which have demonstrated its effect on coa-
lescence of phases6 and buckling of membranes30. Furthermore,
contrary to the traditional belief, normal electric fields have now
been shown to be challenged in polarizing lipid membranes31,34.
Thus, there is an impending need to investigate the consequences
of lateral electric field on lipid membranes. Along this line, in
this Letter, we present a new mechanism by which lateral electric
field can regulate the physical response of lipid bilayers. Using
atomistic studies we show, for the first time, that lateral electric
field can modulate the gel-to-fluid phase transition temperature
in single-component bilayers. This mechanism could potentially
impact lipid-lipid and lipid-protein interactions in both living cells
and biomimetic systems.

Materials and Methods
We performed all-atom simulations of flat DPPC, POPC and
POPE lipid bilayers in the presence of lateral electric field.
We performed the simulations in GROMACS 201835 with
CHARMM36m36 force field. The initial structure of the bilayers
were created with 48 lipids per leaflet and 50 water molecules
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per lipid in CHARMM-GUI37. Periodic boundary conditions with
rectangular simulation boxes were used in the simulations. Salt
ions were not added as DPPC, POPC and POPE lipids are neu-
tral and lateral electric field might have produced lateral concen-
tration gradient of ions. We performed energy minimization us-
ing steepest descent algorithm with maximum force limit of 700
KJ/mol.nm. This was followed by three steps of NVT equilibra-
tion and three steps of NPT equilibration covering a total of 500
ps before NPT production runs. Throughout the simulation, sys-
tem was maintained at fixed temperature and pressure at 1 atm.
Details of the temperature of each system and total production
run time is mentioned in Table S1.

During equilibration, Z-position of phosphorus atoms of lipids
were constrained in order to maintain the bilayer structure till the
system settled down. These constraints were gradually removed
in each step of equilibration. Berendsen thermocouple38 with
1.0 ps time constant and Berendsen semi-isotropic pressure cou-
ple with 5.0 ps time constant and 4.5 ×105 bar −1 compressibility
were used throughout the equilibration. Nosé-Hoover thermo-
couple39 and Parrinello-Rahman pressure couple40 were used in
the production run. We used Verlet cut-off scheme used through-
out the simulation. Van der Waals interactions were cut-off at 1.2
nm and used force-switch vdw-modifier at 1.0 nm. Coulombic
interactions were cut-off at 1.2 nm and reciprocal space interac-
tions were calculated using PME41. LINCS algorithm42 was used
to constrain hydrogen bonds. External electric fields were ap-
plied in Y-direction, parallel to the bilayer surface. Production
runs were performed for at least 300 ns and only last 200 ns sim-
ulation data was used to analyze the data and earlier frames were
discarded as part of equilibration.

We applied Coulombic force on to the atoms to simulate electric
field by prescribing ‘electric fields’ parameter in the ‘mdp options’
in GROMACS. Thus, an atom i with partial charge qi, experienced
a force Fi = qiE, corresponding to an applied uniform electric field
E. Annealing simulations were performed with zero external elec-
tric field and 0.075 V/nm external electric field. The lateral and
normal electric field directions were selected by choosing the ap-
propriate simulation box vectors in the mdp options. These sim-
ulations were performed at 0.05 K/ns rate. Details of the simula-
tions are provided in Table S2. Each simulation was reproduced
to verify the results.

We performed heating and cooling simulations at different elec-
tric fields to quantify the changes in the bilayer melting tempera-
ture. We obtained the starting structures for heating and cooling
simulations by equilibrating bilayers at the starting temperature
for at least 200 ns. Heating and cooling scans of equilibrated
structures were performed with a rate of ±0.05 K/ns. We chose
a slow rate to ensure minimal impact on the phase transition
temperature measurements. Previous atomistic simulations have
shown the phase transition temperature remains constant below
a heating rate of 0.3 K/ns43. Furthermore, our choice of a very
low heating rate is also expected to reduce the thermal hystere-
sis observed during heating and cooling simulations43. We also
reran the simulations with different starting structures to check
the robustness of the results.

Area per lipid calculations
Area per lipid (APL) was computed by following formula.

APL =
Lx.Ly

Nl
(1)

where Lx and Ly are the dimension of simulation box in X and
Y direction and Nl is the number of lipids per leaflet. We used
Savitzky-Golay filtering in MATLAB with third order polynomial
to average the APL data over 5000 frames.

Gauche angle calculations
We used fractional gauche angle as another metric to quantify the
ordering of lipid acyl chains. Dihedral angle (φ) ’1‘ corresponds
to C21-C22-C23-C24 carbon atoms of lipid tails. Similarly, C213-
C214-C215-C216 angle of acyl tails correspond to dihedral angle
’13‘. ’gmx angle’ command of GROMACS was used to compute
the fraction of gauche angles. Gauche angle is defined as the
−60 < φ < 60. For equilibrium simulations, fractional gauche an-
gle of lipid acyl tails were measured for bilayer systems at 323K
and varying external electric field intensities. Phase transition of
lipid bilayers in simulated annealing systems were measured by
averaging individual dihedral angles per frame.

Results
We use APL as the core structural measure. Fig. 1 shows the
changes in the APL with temperature while heating (red curves)
and cooling (blue curves) a bilayer. The changes in the APL are
represented by faint background lines but we fit a curve (solid
line) to compute the effective change in the APL43,44. The pre-
dicted average APL of DPPC lipids is 0.53 nm2 at 329 K in the

Fig. 1 Variation of area per lipid (APL) of DPPC bilayers in heating
(red curves) and cooling (blue curves) simulations. The discrete jumps
in the red curves depict a first-order phase transition from gel phase to
fluid phase. Presence of lateral electric field shifts the discrete jumps
rightward, delaying the gel-to-fluid transition. The cooling curves show
similar rightward shifts in phase transition temperatures. The relative
shifts in the heating and cooling curves show hysteresis emerging from
longer time scale associated with disordered state to ordered state tran-
sition.
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absence of the electric field. This value agrees with an earlier es-
timate43, and suggests that the bilayer is in the gel phase. When
we increase the temperature to 329.6 K, the APL increases to 0.62
nm2. This increase in the APL implies that the bilayer has become
fluid and undergone phase transition. The discrete jump observed
in the APL curve indicates that the bilayer underwent a first-order
phase transition.

When we subject the bilayer to an electric field of 0.05 V/nm,
the APL increases from 0.53 nm2 to 0.61 nm2 at 330.5 K. When
we apply a higher electric field of 0.075 V/nm, the APL jumps
from 0.53 nm2 to 0.60 nm2 at 333.9 K. Thus, the lateral elec-
tric fields shift the melting temperature by 1.0 K and 4.5 K for
the DPPC bilayer. Fig. 2a shows the DPPC bilayer at 333 K in
the absence of the electric field. The bilayer is in the fluid phase
and has a thickness of 4.0 nm. Fig. 2b shows the bilayer at the

Fig. 2 DPPC bilayer at 330 K in the absence and presence of electric field.
(a) DPPC bilayer is in the fluid phase in the absence of the applied electric
field. The acyl chains are disordered and the bilayer has a thickness of
4 nm. (b) The bilayer is in the gel phase at the same temperature in
the presence of a lateral electric field of 0.075 V/nm. The lipids are
straighter and the bilayer thickness is increases to 4.4 nm.

same temperature but in the presence of 0.075 V/nm lateral elec-
tric field. The lipid acyl chains become straighter and the bilayer
thickness increases to 4.4 nm as the bilayer is in the gel phase be-
cause of delayed melting induced by the electric field. We would
like to note that the observed changes in the tilt of the lipid acyl
chains with respect to bilayer normal and apparent shifts of head-
groups occur due to phase transition, and not specifically because
of the applied electric field. Similar structural changes have been
observed in lipid bilayers undergoing gel-phase transition in the
absence of electric field43–45.

The reverse transition curves obtained from cooling simulations
are shifted to lower melting temperatures and show hysteresis.
Phase transition occurs at 312.6 K, 316.2 K and 318.8 K, respec-
tively for 0 V/nm, 0.05 V/nm and 0.075 V/nm electric fields. The
shifted transition temperatures and the hysteresis occur because
the process of ordering from a disordered state occurs on a slower
time scale compared to the process of disordering from an or-
dered state. Such thermal hysteresis has been reported in the
literature by both experimental studies46,47 and simulation stud-
ies43. While gel-to-fluid transition occurs via a one-step process,
fluid-to-gel transition has been shown to get trapped in ripple-like
phases creating hysteresis43. Because of this difference in the
time scales associated with the heating and the cooling simula-
tions, heating runs provide a more accurate quantitative measure
of the phase transition boundaries. Nonetheless, cooling runs pro-
vide a qualitative validation of the results.

To verify our findings further, we computed the fraction of the
acyl chain gauche dihedrals as the second structural measure.
The gauche angle is the fraction of the dihedral angle of acyl chain
carbon atoms(ψ) which are within −60 and 60, computed directly
from GROMACS. Fig. 3 shows the evolution of the fraction of the
gauche angle with temperature. At lower temperatures, the DPPC
membrane has a small fraction of gauche angle indicating the gel
phase with acyl chains in the trans configuration. As the temper-
ature increases, the ordered lipid acyl chains start to melt and
undergo gauche rotational isomerization. As a result, the fraction

Fig. 3 Fraction of gauche angle of acyl chains in the DPPC bilayer. The
heating (red curves) and cooling (blue curves) calculations confirm the
electric-field induced shifts in the phase transition temperature.
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undergoes a jump at the phase transition temperature confirming
the predictions revealed by the APL plots. The heating plots show
phase transition at 329.5 K and 333.5 K for 0 V/nm and 0.075
V/nm. A jump in the gauche angle can also be observed in the
cooling simulations. Fig. 3 also shows the hysteresis behaviour
during the heating and the cooling simulations confirming the
first-order phase transition in DPPC bilayers.

Having confirmed the effect of lateral electric on DPPC bilay-
ers, we simulated its effect on two other key lipids: 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE). Fig. 4 shows
the APL plots as a function of temperature and electric field. The
APL increases from 0.54 nm2 to 0.63 nm2 at 275 K temperature
for the POPC bilayer in the absence of the electric field. After
subjecting the bilayer to an electric field of 0.075 V/nm, the APL
increased from 0.52 nm2 to 0.60 nm2 at 288 K. Thus, the lateral
electric field induces a 13 K shift in the phase transition temper-
ature of the POPC bilayer. Similarly, for POPE bilayer, the APL
increases from 0.49 nm2 to 0.59 nm2 at 316 K in the absence of
the electric field. In the presence of 0.075 V/nm electric field,

Fig. 4 Variation of area per lipid (APL) of POPC (a) and POPE (b) bi-
layers during heating simulations. The curves in the presence of electric
field show significant rightward shifts in the phase transition tempera-
tures.

the APL increases from 0.48 nm2 to 0.58 nm2 at 332 K. Thus,
the lateral electric field shifts melting temperature by 16 K for the
POPE bilayer. These results demonstrate that lateral electric field
affects a wide variety of lipids. They also show that the effect
of lateral electric field is different for different lipid types. The
shifts obtained for the POPC and POPE bilayers are much larger
than that obtained for DPPC bilayer. These predictions for the
three lipid systems are confirmed by repeated simulations with
different starting structures presented in Figs. S1 and S2.

Discussion
Endogenous and exogenous electric fields play a critical role in
growth and repair of cells and tissues. In this study, we present a
new mechanism by which electric fields can control the physical
response of cellular membranes. Our findings show that lateral
electric fields can regulate the phase transition in lipid bilayers
in lipid-dependent manner. This finding is qualitatively aligned
with the recent study that shows that the lateral dielectric coeffi-
cient is magnified in the head group region that influences head
group ordering48. As cellular membranes invariably have hetero-
geneous lipid composition and electric fields possess spatial varia-
tions, cellular membranes can have a heterogeneous distribution
of gel and fluid phases. This electric-field dependent property
can contribute to the directional response of cells in the presence
of electric fields. Our findings lend support to the soliton the-
ory of nerve impulse propagation49,50 which relies on local phase
changes in lipid membrane. In fact, electric field-induced regula-
tion of lipid phase could also potentially modulate the gating of
voltage-sensitive ion channels in neurons.

We can understand the electric field-induced phase changes by
its impact on the bilayer structure. Lateral electric field reori-
ents the P-N dipoles in the lipid headgroups. This generates an
in-plane polarization in the bilayer. According to a recent elec-
tromechanical theory31, the in-plane polarization generated by

Fig. 5 Lateral electric field reduces the APL of the bilayer systems in the
fluid phase. Despite being in the same phase, bilayers with and without
electric field have different APLs. This change is a consequence of in-
plane compression generated in the bilayer by the lateral electric field.
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a tangential electric field generates a compressive stress in a bi-
layer. This compressive stress in turn would shift the gel-to-fluid
phase transition to a higher temperature. The inhibition of gel-
to-fluid transition by compressive stress has been demonstrated
in previous atomistic studies51,52. The presence of compressive
stress in the bilayer is also confirmed by Fig. 5 which shows the
APL of the three lipids in the fluid phase. The histograms in the
presence of electric field are shorter than the those in the absence
of electric field. Thus, despite being in the same phase, the lipids
have smaller APLs in the presence of an electric field indicating
the existence of compressive stress in the bilayers. This finding
is supported by a previous atomistic study that has shown buck-
ling of a flat bilayer in the presence of a lateral electric field30.
In addition, this paper also showed that higher electric field is
needed to eletroporate bilayer in the presence of lateral electric
field. This effect could possibly occur because of stiffening of
the bilayer caused by areal compression (and resulting thicken-
ing) induced by lateral electric field. The fact that electroporation
preferably occurs in fluid phase with lower stiffness compared to
gel-phase has also been experimentally demonstrated23.

Some remarks are in order with regards to the numerical ap-
proach. First, the phase transition temperature of a lipid bilayer
depends on the choice of force field used in the atomistic sim-
ulations. For a DPPC bilayer, the phase transition temperature
falls in the range of 312 K to 343 K depending on the force field
used43–45. These numerical values can differ from the experimen-
tal estimates of ∼315.0 K for DPPC bilayer53–55. Second, the elec-
tric field values used in the atomistic studies are in the range of
0.05-10.2 V/nm25–29. The electric fields used in the experiments
typically are on the order of 10−3 V/nm23,56,57 but may reach a
value as high as 0.08 V/nm58. The typical difference between the
electric field values in simulations and experiments likely arises
from the fact that the numerical studies are performed in an ide-
alized system lacking multiple lipid species, heterogeneities and
ionic concentrations. While such quantitative differences exist be-
tween simulations and experiments, numerical studies have been
instrumental in providing molecular insights into phase behav-
ior and electric-field response of lipid membranes. The robust-
ness of the predictions in this study, for example, is illustrated
by comparing heating and cooling simulations. Despite a shift
in the absolute phase transition temperatures predicted by the
two pathways, the relative electric field-induced phase transition
shifts they predict remain very similar. Thus, absolute shifts in the
phase transition temperature created by transient entrapment in
the energy wells during cooling simulations do not compromise
the ability of lateral electric field to modulate lipid bilayers. A
similar argument could be extended for the differences that arise
from a choice of molecular force fields. Third, the absence of salt
in the buffer solution in the systems discussed above do not com-
promise the validity of our results. To verify this, we simulated
the DPPC system with 0.150 M KCl in the aqueous buffer. Fig. S3
shows the APL plots for the heating simulations. Presence of salt
leads to ∼ 1 K change in the absolute values of the phase tran-
sition temperatures with and without electric field, leaving the
electric-field induced shift in the phase transition unaffected.

Finally, we would like to emphasize that the phase change pre-

sented in this study is only induced by lateral electric field. Ap-
plication of normal electric field does not lead to any noticeable
shift in the phase transition temperatures. Fig. S4 shows the heat-
ing and cooling simulations for DPPC lipids in the presence of 0
V/nm and 0.075 V/nm electric field perpendicular to the bilayer.
The two sets of plots almost overlap showing no shifts in the met-
ing temperature. Overall, these findings reveal a need to disen-
tangle the roles of normal and lateral electric fields, and further
investigate the biophysical underpinnings of the electromechani-
cal behaviour of cellular membranes.
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