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1 Theoretical considerations on nsPEF: time and intensity, the key ele-
ments

It is important to emphasize that Nanosecond Pulsed Electric Field (nsPEF) is a novel technology relying on elec-

tromagnetic radiation, but considering a completely different way than that of standard ionization radiation. The

application of an electric field in a cell does not imply the absorption of energy by any molecule, as commonly

occurs with the application of ionizing radiation. The fundamental effect of nsPEF in living systems is the move-

ment of charged species. It is a completely different phenomena that can be situated between electrostatics and

electrodynamics, basically because the nano time scale of the pulse creates an electric field that is changing in

time over membranes. An excellent review thoroughly addresses this point [1]. The underlying theory explaining

if the application of nsPEF is actually affecting inner or outer membranes is scrambled, mainly because authors in

the field have different theoretical approaches, and thus there are no converging conclusions. The same happens
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when different works try to reduce the cell to an electric circuit, all of them with their own approach. However,

most authors agree that the keystone dictating the location of nsPEF effect is the time elapsed between the nsPEF

initiation and the finalization of membrane charging. It is a common missunderstanding, for first time readers in

the field, to assume that the ~E delivered by a nsPEF would instantaneously rise the membrane ~E. In the same way

than in a RC circuit, the condenser (i.e., plasma membranes) does not charge fully until a certain time lapse, which

is related with the RC time constant (τ = RC, where R is the resistance and C the capacitor’s capacitance). The

equation that describes the capacitor’s voltage increase over time in a RC circuit is:

V (t) =V0e−t/τ , (1)

where V0 is the capacitor’s voltage at time t = 0 and V (t) is the capacitor’s voltage at a certain time t. Impor-

tantly, V (t) has an exponential growth, which results in the capacitor reaching 68% of its charge capacity at t = τ ,

and almost maxing out its charge at around 4τ . Similarly, the rise in membrane voltage as a function of time, and

the dependency of the time constant membrane (τm) with the surrounding media can be defined as [2]:

Vg(t) = 1.5aE0cosθ(1− e−t/τm), (2)

τm = aCm(1/2σe +1/σi), (3)

where Vg(t) is the voltage generated across the plasma membrane of a spherical cell, a is the cell radius, θ is

the polar angle measured with respect to the electric field E0, τm is the relaxation time constant [3] which is also

known as membrane charge time, charging time constant [4–8] or charging time [4, 9, 10], Cm is the membrane

capacitance per unit of area, and σe and σi are the external and internal conductivity, respectively. It is important

to address that the cell radius also have relevancy in electroporation [11]. Equation 2 describes an exponential

growth for Vg(t) with a limit of 1.5aE0cosθ . For mammalian cells, τm is estimated to be around ∼ 100ns [7, 12].
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It is important to clarify that τm does not actually represent the membrane charge time, instead it represents the

time when the membrane reaches 63% of its charge capacity, further reaching 95% in 3τ [6]. Thus, τm could be

underestimated in some studies. Taking this into account, we will follow the writing using the same language as

current field-articles.

Getting back to the controversy raised in the former section (regarding inner or outer membranes), a theoretical

approach explains how nsPEFs affect the interior of cells while common electroporation does not. This can be eas-

ily understood with an electrostatic model of the cell, considering it as a solid-metal-conducting sphere. When an

electric field is applied to a conducting sphere, its electrons migrate to the anode which, after a characteristic time,

results in an asymmetric charge distribution creating a self-induced electric field around the sphere, completely

nullifying the external one and resulting in a zero-electric field inside the sphere. In cells occurs basically the

same, only in this case the moving charges are ions instead of electrons, causing charge distribution equilibrium

to be reached in much longer times, as seen in Figure S1. As the characteristic time to nullify the external electric

field in cells is in the order of microseconds, during electroporation, where pulses last longer than microseconds,

the internal electric field in cells becomes zero, thus the cell’s interior does not present any major perturbations.

This is not the case when the pulse duration is under the microsecond scale as occurs in nsPEF, where the internal

electric field is not able to nullify the external one, thus explaining with this model why the internal membranes

are affected with nsPEFs.

Figure S1: Schematic representation of charges movement inside the cell under the application of an external
electric field, and how, once the equilibrium is reached, the electric field inside the cell is nullified
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2 Simulation Controls, Boxes without VSDs

To determine if a possible bilayer rearrangement may commands the rearrangement of the VSD structure under the

external electric field, simulations of Box 1 and Box 2 without the VSD following the same simulation protocol

were performed. To do so, Box 1 and Box 2 without the VSD were simulated for 200 ns and then 5 replicas under

an external electric field of ~E=0.1 V/nm and 0.2 V/nm for 50 ns were performed for each Box. The membrane

RMSD of each replica suggests that the bilayer structure remains unperturbed under the action of the external

electric field, ~E=0.1 V/nm and 0.2 V/nm, see Figure S2. For a representation of the unperturbed bilayer structures,

see Figure S3.

Figure S2: Bilayer RMSDs of Box 1 and Box 2 without the VSD. A) Bilayer RMSD as a function of time of Box
1 without an external electric field. B) Bilayer RMSD as a function of time of five replicas of Box 1 under an
~E=0.1 V/nm. C) Bilayer RMSD as a function of time of five replicas of Box 1 under an ~E=0.2 V/nm. D) Bilayer
RMSD as a function of time of Box 2 without an external electric field. E) Bilayer RMSD as a function of time
of five replicas of Box 2 under an ~E=0.1 V/nm. F) Bilayer RMSD as a function of time of five replicas of Box 2
under an ~E=0.2 V/nm.
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Figure S3: Bilayer representation of Box 1 and Box 2 without the VSD. Cholesterol is highlighted in red. A)
Bilayer representation of Box 1 without an external electric field. B) Bilayer representation of a representative
replica of Box 1 under an ~E=0.1 V/nm. C) Bilayer representation of a representative replica of Box 1 under
an ~E=0.2 V/nm D) Bilayer representation of Box 2 without external electric field E) Bilayer representation of a
representative replica of Box 2 under an ~E=0.1 V/nm F) Bilayer representation of a representative replica of Box
2 under an ~E=0.2 V/nm.
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3 Analysis of bilayer rearrangement of Box 1 under an ~E=0.2 V/nm

Bilayer in Box 1 under an ~E=0.2 V/nm undergoes a mayor rearrangement, in which the plane of the bilayer

changes from being perpendicular to the z-axis to being parallel to the z-axis. Figure S4 shows snapshots with

the membrane and the VSD obtained at intervals of 5 ns. The RMSD of the membrane (POPCs) shows that the

transition occurs mainly between 10 ns and 30 ns after the stimulus of the external electric field of ~E=0.2 V/nm,

see Figure S5.
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Figure S4: Snapshots with the membrane and the VSD obtained at intervals of 5 ns of one replica of Box 2 under
an ~E=0.2 V/nm for 50 ns. Each frame shows the bilayer/VSD perpendicular to the Y-axis and perpendicular to the
Z-axis. The frame at 50 ns shows additionally a frame perpendicular to the X-axis.
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Figure S5: RMSD of the membrane of the same replica analyzed in Figure S4; Box 2 under an ~E=0.2 V/nm for
50 ns.

4 Additional snapshots to follow VSD conformational change of Box 2
under an ~E=0.2 V/nm

To visually follow the change in conformation of the VSD in Box 2 under an ~E=0.2 V/nm snapshots of VSD at

intervals of 5 ns were obtained, see Figure S6. The replica from which the snapshots were obtained is the same

one used for Figure 6 in the main text. From these snapshots it can be observed that between 30 ns and 35 ns,

helices S1 and S2 suffer a major torsion ending both helices in the x-y plane. S3 and S4 seem to maintain their

orientation with respect to the arbitrary axis. It can also be observed that the structure of the S4 helix fluctuates

between an α-helix secondary structure and the absence of it, maybe due to the high charge density associated

with the four positively-charged arginines in its sequence that makes the helix more susceptible to external electric

fields.
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Figure S6: Snapshots of VSD at intervals of 5 ns of a representative replica of Box 2 under an ~E=0.2 V/nm. Each
snapshot shows the VSD perpendicular to the Y-axis and perpendicular to the Z-axis. The S1 helix is highlighted
in yellow, the S2 helix is highlighted in grey, the S3 helix is highlighted in blue and the S4 helix is highlighted in
red. The arginines of S4 helix are represented in licorice.
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5 VSD charged amino acid residues

Table S1 shows the number of charged amino acid residues per helix and in the rest of the protein (loops and

terminal helix). It is important to address that although the VSD present histidines in CHARMM36 Force Field,

they are neutral in the structural context of the VSD. In Figure S7 the charged amino acid residues in the VSD are

presented.

Charged amino acids residues S1-helix S2-helix S3-helix S4-helix Rest
Arginine +1 – – 1 4 1
Lysine +1 1 2 – – 2

Glutamate -1 2 3 – – 1
Aspartate -1 – – 2 – 2
Total charge +1 -1 -1 +4 0

Table S1: Number of charged amino acid residues for each helix and for the rest of the VSD.

Figure S7: Representation in licorice of the charged amino acid residues in the VSD. In blue the cationic amino
acid residues, in red the anionic amino acid residues. The VSD represented in cartoon with the S1 helix is
highlighted in transparent yellow, the S2 helix is highlighted in transparent grey, the S3 helix is highlighted in
transparent blue, and the S4 helix is highlighted in transparent red.
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6 Selection of replicas for Clusterization and Free Energies

Two criteria were used to select the replicas. The first is related to the achievement of a near-to-equilibrium

condition. To do so, the first derivative of the RMSD had to be close to zero for at least 10 ns, in order to have

some certainty that the selected replicas have arrived to a stable conformation. The second criteria is to extrapolate

the derivative average as an additional data to establish if the replica arrived to a stable conformation or not. The

derivative was obtained by deriving the RMSD fitted using with the lowess regression method. The increment

in the derivative in the last nanoseconds was due to a bias in the fitting of the extremes of the RMSD with the

lowess method, and is not representative of any RMSD change. See Figure S8 to view the RMSD derivative and

the cutting line in each replica selected.
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Figure S8: Cutting line from of the replicas analyzed.

The cloud of the 23,648,769 tuples was plotted in a 3D graph, and each resulting cluster was differentially

coloured, see Figure S9.
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Figure S9: 3D graph of the resulting clusters formed by clouds of tuples. Cluster 1 in black, cluster 2 in blue,
cluster 3 in red and cluster 4 in yellow. Normalized values.

7 Elbow method

-The best score after applying the Elbow method using inertia to the total of tuples was four clusters, see Figure

S10
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Figure S10: Cutting line from of the replicas analyzed. Normalized RMSD.
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