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Supporting Information Table 1: Parameters used in Lumped Circuit Model  
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Supporting Information S1: Coupling between Electric Field and Pore Evolution Equations  

The formation of electro-pores leads to a change in the conductivity of the cell membrane. This is 

incorporated in the model by modifying the cell membrane resistances 𝑅𝑡 and 𝑅𝑏  at every time 

step based on the distribution of electropores obtained from the Smoluchowski equation. The total 

cell membrane resistance is given by – 

 1
𝑅⁄ = 1

𝑅𝑚
⁄ + ∑ 1

𝑅𝑝
⁄  (1) 

Here, 𝑅 is the total membrane resistance (𝑑𝑚
𝜅𝐴⁄ ) where 𝑑𝑚  is the thickness of the cell membrane, 

𝜅 is the effective cell membrane conductivity and 𝐴 is the total area of the cell membrane. In our 

case 𝑅 is 𝑅𝑡 or 𝑅𝑏 .  𝑅𝑚 is the resistance of the cell membrane and 𝑅𝑝 is the resistance of one 

electro-pore. The summation is over all the electro-pores present at a particular time. 

We have, 𝑅𝑚 = 𝑅𝑚′
(1 − 𝐴𝑓)⁄  ; where 𝑅𝑚′ is the resistance of the intact cell membrane without 

electro-pores and 𝐴𝑓  is the area fraction of the membrane covered by electro-pores present at a 

particular time step. For our model 𝑅𝑚
′ = 𝑑𝑚

𝜅′𝐴⁄  and 𝐴𝑓 = ∫ 𝑛𝜋𝑟𝑝
2 𝑑𝑟𝑝

𝑟𝑚𝑎𝑥

𝑟𝑚𝑖𝑛
 where 𝜅′ is the 

conductivity of the intact cell membrane. The overall resistance of an electro-pore is given by 

𝑅𝑝 = 𝑑𝑚
2𝜅𝑝𝐴𝑝𝐻𝑝𝐾𝑝

⁄ + 1
2𝜅𝑝𝑟𝑝

⁄  where 𝜅𝑝 is the pore conductivity, 𝐴𝑝 is the area of the pore and 

𝐻𝑝 and 𝐾𝑝 are the hindrance and partition factors respectively.1  



Supporting Information S2: Hydrophilic Pore Energy and Tension Coupled Pores 

The energy difference (𝐸) between an intact lipid bilayer membrane and one with a hydrophilic 

electro-pore as a function of the radius of the pore (𝑟𝑝) is given by – 
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𝑟𝑚𝑖𝑛

𝑟𝑝

)
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 (2) 

The first term arises due to the steric repulsion between lipid heads with 𝛽 representing the steric 

repulsion energy.2 The second term is due to the line tension along the pore perimeter where 𝛾 is 

the edge energy.3 The third term accounts for the reduction of membrane tension and consequently 

the membrane energy due to the formed pore with 𝜎𝑒 being the effective membrane tension.4 The 

final term which takes the form of work done by an electric field on a dielectric body is the 

contribution of the TMP (𝑉𝑚) in reducing the energy.5 The non-linear form of the effective 

membrane tension (𝜎𝑒) which couples the electro-pores is given by-4 

 𝜎𝑒 = 2𝜎 ′ −
2𝜎 ′ − 𝜎

(1 − 𝐴𝑓)
2

 (3) 

Here, 𝜎′ is the energy of the hydrocarbon-water interface, 𝜎 is the surface tension of the membrane 

without pores and 𝐴𝑓  is the area fraction of pores as discussed before. The function 𝐹(𝑟, 𝑉𝑚), which 

represents the electric force is given by-5 

 𝐹(𝑟,𝑉𝑚) =
𝐹𝑚𝑎𝑥

1 +
𝑟ℎ

(𝑟 + 𝑟𝑡 )⁄
𝑉𝑚

2 (4) 

Where, 𝐹𝑚𝑎𝑥 , 𝑟ℎ and 𝑟𝑡  are constants. 

 

 



Supporting Information S3: Pore Creation and Destruction Rates 

The Smoluchowski equation is solved in the pore radius space to obtain the pore distribution at 

every time step. At the minimum radius (𝑟𝑚) an Arrhenius-type expression is used as the boundary 

condition to account for the nucleation and destruction of electro-pores-6 
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Here, 𝐴 is the pore creation rate density, 𝐵 is the pore creation constant and 𝜈 is the pore destruction 

constant derived by assuming an absorption condition slightly below 𝑟𝑚𝑖𝑛.1 

At the maximum radius (𝑟𝑚𝑎𝑥), a no flux boundary condition is used- 
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Supporting Information S4: Hindrance and Partition 

Due to the finite size and charge of a molecule, their transport through a pore in a dielectric media 

is impeded as compared to the bulk electrolyte. The hindrance and partition factors are introduced 

to account for the impeded transport. 

A spherical molecule of finite size is obstructed due to the decreased effective area of pore 

available for transport and drag from the pore walls.7,8 The hindrance factor 𝐻𝑝 is a continuum 

approximation that accounts for these effects –  

 𝐻𝑝 = 𝑓𝐴𝑓𝐷 (7) 

Here, 𝑓𝐴 is the area factor and 𝑓𝐷 drag factor. The area factor 𝑓𝐴 is given by – 



 𝑓𝐴 = (1 −
𝑟𝑠

𝑟𝑝

)

2

 (8) 

Where, 𝑟𝑠 is the radius of the molecule and 𝑟𝑝 is the radius of the pore. 

The drag factor 𝑓𝐷   is given by –  

 𝑓𝐷 =
6𝜋

𝑓𝑡

 (9) 

Where 𝑓𝑡 is –  

 𝑓𝑡 =
9

4
𝜋2√2(1 − 𝜆)−

5
2(1 + 𝑎1(1 − 𝜆) + 𝑎2(1 − 𝜆)2) + 𝑎3 + 𝑎4𝜆 + 𝑎5𝜆2 + 𝑎6𝜆3 + 𝑎7𝜆4 (10) 

Here, 𝜆 = 𝑟𝑠 /𝑟𝑝. The constants 𝑎1 to 𝑎7 are provided in Supporting Information Table 3. 

The partition factor accounts for the non-ohmic behavior of a pore formed in a membrane that 

affects the transport of charged specie across it. The electrostatic interaction of a charged molecule 

with the pore wall leads to higher energy of the molecule inside the dielectric membrane pore as 

compared to the bulk electrolyte, as shown by Parsegian.9 Thus, there is an energy barrier hindering 

the transport of charged molecules into the membrane pores, which increases with decreasing pore 

size. Assuming a trapezoidal energy profile inside a membrane pore, Chernomordik et al.10 

developed an equation for the partition function 𝐾𝑝 – 

 
𝐾𝑝 =

𝑒∆𝜓𝑚 − 1

𝑤0𝑒𝑤0−𝑛𝑟 ∆𝜓𝑚 − 𝑛𝑟∆𝜓𝑚
𝑤0 − 𝑛𝑟∆𝜓𝑚

𝑒∆ψm −
𝑤0𝑒𝑤0+𝑛𝑟∆𝜓𝑚 + 𝑛𝑟∆𝜓𝑚

𝑤0 + 𝑛𝑟∆𝜓𝑚

 
(11) 

Here, 𝑛𝑟  is the relative entrance length of the pore and ∆𝜓𝑚  is the dimensionless transmembrane 

potential – 

 ∆𝜓𝑚 =
𝑒𝑧

𝑘𝑇
𝑉𝑚 (12) 



Where, 𝑒 is the electronic charge, 𝑧 is the valency of the molecule of interest and 𝑉𝑚 is the 

transmembrane potential. 

In equation 7, 𝑤0  is the Born Energy,6, 9 which in this context is the energy required to place a unit 

charge from the bulk medium into the dielectric membrane pore –  

 𝑤0 = 5.3643
(𝑒𝑧)2

𝑘𝑇
𝑟𝑝

−1.803  (13) 

 

Supporting Information S5: Verification of Multiphysics Model 

The Boltzmann distribution satisfies the steady state Smoluchowski equation.11 In order to verify 

the model, the normalized pore distribution (𝑛/ ∑ 𝑛) at steady state, obtained from the numerica l 

simulation, was compared to the analytical Boltzmann distribution (𝑒−𝐸/𝑘𝑇/ ∑ 𝑒−𝐸/𝑘𝑇) where,  𝐸  

is the hydrophilic pore energy calculated using equation 2. We found close agreement of the two 

solutions (see Supporting Information Figure 6). The pore distribution (𝑛) obtained from the 

numerical simulation was also plotted for different mesh sizes and the solutions were found to 

converge (see Supporting Information Figure 6). The mesh element size was fixed at 0.05 nm, 

which ensured that the Peclet Number is <1 and no numerical instability is encountered while 

solving the Smoluchowski equation.  

 

 

 

 



Supporting Information Table 2: Parameters used in Pore Evolution Equation 

Parameters for the model are obtained from relevant literature.1, 4 The important parameters used 

in the model are listed below -  

PARAMETER VALUE 

𝜅′ , Membrane conductivity 5×10-7 S/m 

𝜅𝑝 , Pore conductivity 1 S/m 

𝑑𝑚  , cell membrane thickness 5 nm 

𝑟𝑚𝑖𝑛 , Minimum electro-pore radius 0.65 nm 

𝑟𝑚𝑎𝑥  , Maximum electro-pore radius 15 nm 

𝛽 , Steric repulsion energy 1.4×10-19 J 

𝛾 , Edge energy 2×10-11 J m-1 

𝜎 , Initial membrane tension Varied over a range (see main text) 

𝜎′ , Hydrocarbon-water interface tension 20×10-3 J m-2 

𝐹𝑚𝑎𝑥  , Maximum electric force 6.9×10-10 N/V2  

𝑟ℎ , Electric force constant 0.95 nm 

𝑟𝑡  , Electric force constant 0.23 nm 

𝐷𝑝 , Pore diffusion coefficient 2×10-13 m2s-1 

𝐴 , Pore creation rate density 1×109 m-2s-1 

𝐵 , Pore creation constant 20 kT/V2 

𝑇 , Temperature 310 K 

𝐷 , Diffusion coefficient of molecule 3×10-11 m2s-1 

 

 

 

 

 

 

 



Supporting Information Table 3: Parameters used in Transport Equation 

PARAMETER VALUE 

𝑟𝑠, Radius of molecule 3 nm 

𝑎1 -1.2167 

𝑎2 1.5336 

𝑎3 -22.5083 

𝑎4 -5.6117 

𝑎5 -0.3363 

𝑎6 -1.2160 

𝑎7 1.6470 

𝑛𝑟 , Relative entrance length 0.25 

 

 

Supporting Information Figure 1: Nanochannel density and cell confluency affect 

electroporation efficiency 

 

Supporting Information Figure 1: Effect of nanochannel density and cell confluency (a) The 
normalized transport is plotted for polycarbonate substrates with different nanochannel densities 

for varying membrane tensions. The transport is found to increase with increasing nanochanne l 
density. The applied voltage is 15 V, (b) The TMP obtained from the equivalent circuit model 
without pore evolution is plotted as a function of cell confluency for different applied voltages. It 

is found that the confluency should be above ~80% for the TMP to exceed the critical value of 1 
V. The nanochannel density used in these calculations is 5e8/cm2. 

 

 



Supporting Information Figure 2: Transport of small molecules (PI) is insensitive to the 

membrane tension 

Supporting Information Figure 2: Transport of Small Molecules (a) The normalized transport 

obtained from the simulations is plotted against the applied far-field voltage (𝑉𝑎𝑝𝑝) for different 

values of membrane tension (𝜎). The transport of small molecules increases linearly with 𝑉𝑎𝑝𝑝 and 

shows lower sensitivity with increasing 𝜎 as compared to that of large molecules, (b) PI is 
delivered into HT 1080 cells under iso-osmolar conditions. Top fluorescence images show the 
delivery of PI at two different applied voltages (5 V and 10 V). The fluorescence intensity is 

enhanced with an increase in 𝑉𝑎𝑝𝑝 from 5 V to 10 V indicating increased transport. Bottom 

fluorescence images indicate the corresponding cell viability (>95%) after 6 hours using live dead 

staining.  

 

Supporting Information Figure 3: Transfection of mCherry plasmid in HT 1080 cells under 

different voltage amplitudes 

 
Supporting Information Figure 3: The transfection efficiency of mCherry plasmid (1 day after 

electroporation) and cell-viability in HT 1080 cells were investigated under various voltage 
amplitudes. The cell-viability and transfection efficiency were optimal for 30 V. Scale bars = 50 
µm in all images. 



Supporting Information Figure 4: Small pores remain open even after the electroporation 

pulse as predicted by the model and inferred from the quenching of Calcein AM in CHO 

cells 

 
Supporting Information Figure 4: Existence of small pores post pulsation (a) Histogram of pore 

sizes for a 10 V pulse of 100 µs duration at 1e-5 N/m membrane tension. Large pore (> 3 nm) 
populations exist during the pulse (Left and Middle). Only a population of small pores (<1.5 nm) 

remain after the pulse (Right), (b) Co2+ is introduced into electroporated CHO cells approximate ly 
1 minute after the pulse ends. The addition of Co2+ results in a quenching of the green fluorescence 
signal, which is later recovered (~3 mins) by introducing a chelating buffer (EDTA). The 

quenching and subsequent recovery indicate that small pores remain open even after the pulse has 
ended. Scale bars = 30 µm 

Supporting Information Figure 5: Cell viability is low at higher voltage amplitudes  

       

Supporting Information Figure 5: At higher voltage amplitudes (50V for the images shown 
here), most cells lifted on day 1.  Further, the cell morphology looked abnormal. The composite 

images show tdTomato expression (red) and cell-nuclei (blue). Scale bars = 100 µm. 



 

Supporting Information Figure 6: Model Verification 

 

Supporting Information Figure 6: Model Verification (a) The normalized steady state pore 

distribution (𝑛/ ∑ 𝑛) obtained from the numerical simulation (200 µs into the pulse) is plotted as 

a function of pore radius and compared to the analytical Boltzmann distribution (𝑒−𝐸/𝑘𝑇/
∑ 𝑒−𝐸/𝑘𝑇) where, 𝐸 is the hydrophilic pore energy (Eq. 2). Inset shows that the TMP has reached 
a steady state at 200 µs. The steady state solution of the Smoluchowski equation is the Boltzmann 

distribution, and the analysis serves as a verification for the model, (b) The pore distribution (n) at 
50 µs is plotted as a function of pore radius for different mesh sizes. The solution does not change 

with mesh size. The applied far-field voltage is 15 V for both the cases. 

 

 

 

 

 

 

 



Supporting Information Figure 7: Comparison of LEPD with Lipofectamine Transfection 

 

Supporting Information Figure 7: Comparison of LEPD with Lipofectamine Transfection (a) 
Transfection of mCherry plasmid in MDA-MB 231 cells using lipofectamine under two 

conditions. Left: Transfection using 0.3 µl of lipofectamine per 100 ng of DNA (C1). Right: 
Transfection using 0.15 µl of lipofectamine per 100 ng of DNA (C2). Scale Bars = 400 µm, (b) 
Comparison of transfection efficiencies for the LEPD (using 30 V pulse and hypo-osmolar buffer) 

and lipofectamine. N=3 for all cases. 
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