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Electric pulse driven membrane poration finds applications in the fields of biomedical engineering and

drug/gene delivery. Here we focus on nanosecond, high-intensity electroporation and probe the role of

pulse shape (e.g., monopolar-vs-bipolar), multiple electrode scenarios, and serial-versus-simultaneous

pulsing, based on a three-dimensional time-dependent continuum model in a systematic fashion. Our

results indicate that monopolar pulsing always leads to higher and stronger cellular uptake. This pre-

diction is in agreement with experimental reports and observations. It is also demonstrated that multi-

pronged electrode configurations influence and increase the degree of cellular uptake. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4994310]

I. INTRODUCTION

Applications of electric pulses to create nanopores in

biological cell membranes can lead to orders-of-magnitude

increase in plasma membrane permeability.1 This phenome-

non, termed electroporation, depends upon the applied pulse

duration and electric field strength.2–5 Traditionally, values

of the pulse width ranged from tens of milliseconds to a few

microseconds, with electric field intensities from 100 V/cm

to several kilovolts per centimeter. More recent develop-

ments in this arena encompass biomedical engineering, drug/

gene delivery,6–9 membrane poration (both reversible and

irreversible), and controlled changes in cellular responses

leading to immuno-therapy.10 Many of these recent applica-

tions involve the use of high intensity (�50–100 kV/cm),

nanosecond duration pulsed electric fields. This modality has

also been shown to be useful11 including applications such

as electrically triggered intra-cellular calcium release,12,13

shrinkage of tumors,14,15 temporary blockage of action

potential in nerves,16 and activation of platelets for acceler-

ated wound healing.17 In addition, the use of high-intensity

electric pulses in the microsecond regime is emerging as a

relatively safe, effective and minimally invasive ablation

modality for treating tumors.18 The non-thermal nature of

this excitation (unlike the heating caused by microwave or

radiofrequency ablation) allows for treatment even in close

proximity to critical structures and/or large vessels.19

Another important application of electroporation is in elec-

trochemotherapy20,21 and these recent reviews provide a

thorough meta-analysis and discussion on this issue and

other biological effects of nanosecond electroporation.

From the standpoint of drug/gene delivery, besides the

biologically related variables,21–24 other important factors

are the electrode shape and geometries, as well as the elec-

trical pulsing parameters.25,26 Membrane electropermeabi-

lization begins when the applied field exceeds a critical

transmembrane potential (TMP) of about 1 V (Ref. 27) and is

followed by electrophoresis-based molecular uptake.28–30

Thus, both permeabilization (which opens the cell to transport

processes) and subsequent delivery are controlled in large part

by parameters such as the field strength, pulse duration, num-

ber of pulses, and pulse shape. Multi-electrode systems have

also been used (e.g., two parallel plates or six electrode arrays)

for enhancing the delivery.31,32

The role of the electrical pulse shape on biological cell

membrane permeabilization has been the topic of multiple

studies,33–37 though most have focused on millisecond pulses.

Most of these previous studies concluded that bipolar pulses

appear to have a stronger effect on electropermeabilization as

compared to monopolar pulses. The reason given was that

bipolar pulses compensate for the asymmetry inherent in the

permeabilized areas at the poles of the cell that is introduced

by the resting transmembrane voltage. However, more recent

studies with much shorter pulses (300 ns and 600 ns), applied

to Chinese Hamster Ovary cells showed bipolar pulses to be

less effective at electropermeabilization.38,39 They were also

found not to be as efficient in increasing the intracellular cal-

cium concentration. Now, application of pulses in this nano-

second domain is certainly important for a variety of reasons.

For example, the short duration pulses mitigate muscle con-

tractions, and so are a useful modality for the ablative treat-

ment of solid tumors.40,41 Eliminating contractions helps

improve the procedural safety of patients, since the need for

neuroparalytic drugs to inhibit muscle contraction is then vir-

tually eliminated. The short duration also eliminates localized

thermal heating and reduces the potential for side-effects such

as hyperthermia or cell damage.

Here, our primary focus is on transmembrane transport

and cellular inflows driven by external electric pulses with the

shorter nanosecond duration pulses. The molecular transport

following membrane electroporation is studied through a full

three-dimensional (3D), time-dependent continuum model.

Almost all previous studies have relied on simpler two-

dimensional treatments by invoking azimuthal symmetries ofa)Author to whom correspondence should be addressed: ravi.joshi@ttu.edu
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spherical cells. For example, electric fields for different elec-

trode configurations were estimated either numerically based

on finite element or finite difference methods,42–45 or used

analytical solutions.46 However, for cellular intake in the pres-

ence of an external electric field following poration, such sym-

metries can only be invoked at the very beginning. The very

process of inflows through the cell membrane in response to

any practical electrode arrangement (such as the two-plate or

six-needle arrays, which do not have a three-dimensional sym-

metry) invalidates the simple approximation. Hence, a full 3D

analysis is really required. An additional benefit of a full

three-dimensional treatment would be its applicability towards

non-spherical cells.

In this contribution, the role of pulse width on cellular

inflows for both monopolar and bipolar stimulation is evalu-

ated. In addition, the response to voltages applied at multiple

electrodes is also probed. From the standpoint of a practical

application, the pulse width and pulsing sequence for multi-

ple electrodes would influence the uniformity and degree of

cellular uptake. The multi-pronged electrode configurations

offer spatial flexibility, and phased array-like behavior could

be achieved through judicious pulse sequencing. The present

simulations also include comparisons between monopolar

and bipolar pulse responses.

II. ELECTROPORATION MODELING DETAILS

A. Transmembrane potential

An approach to calculating the transmembrane poten-

tial is through a time-domain nodal analysis involving a

distributed equivalent circuit representation of a cell and

its membrane structures. The dynamic electric field in the

simulation region can then be obtained from the node vol-

tages. Details of this method and its implementation have

been given elsewhere47,48 and hence, only a brief outline

will be discussed here. Essentially, the entire cell volume

was broken up into finite segments, and each segment was

represented by a parallel resistive-capacitive (RC) combi-

nation to account for the current flow and charging effects.

The computational region was a sphere that included the

cell with its outer membrane, the aqueous intra-cellular

medium, and the surrounding suspension, discretized along

the r, h, and u directions. For simplicity, the cell mem-

brane itself was taken as an integral unit, i.e., this sub-

region was not further discretized. For interior nodes, the

current continuity equation is of the form

X6

k¼1

rEþ e
@E

@t

� �
k

� Ak ¼
X6

k¼1

Ik ¼ 0; (1)

where Ik are currents along the six faces of an elemental

cube with surface areas Ak, the local electric field is E,

while e and r are the average permittivity and conductivity

at the site of each cube. A schematic of the discretized

geometry is shown in Fig. 1(a). Details of the equations for

each elemental volume shown in Fig. 1(a), can be found

in the Appendix. Combining the current continuity then

leads to N equations for the N unknown node voltages

which can be solved using matrix de-composition techni-

ques. Potentials on each node were updated at every time

step based on the boundary conditions imposed by the

externally applied field, and the dynamic membrane con-

ductivity which changes over time due to electroporation.

Nodes on the periphery of the simulation region of radius

R, were assigned potential values as boundary conditions

in keeping with the external electric fields. For example,

for an external field of magnitude E0 directed along the z-
direction, the boundary nodes were set to values of—E0 R
cos(h), with R being the angular location of the node rela-

tive to the z-axis. For fields applied along two or more prin-

cipal, appropriate superposition of voltages were applied

as the potential at the boundary nodes.

B. Membrane nanopores and ionic flow

Pore generation, growth, and size-evolution required to

characterize time-dependent membrane conductivity were

obtained based on the Smoluchowski continuum theory.49–53

FIG. 1. Sketch of the discretization used for an elemental volume encom-

passing each grid point with six surfaces in: (a) transmembrane potential cal-

culations and (b) ion concentration calculations.
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Here the full Smoluchowski model was solved, rather than

using the asymptotic approximation of Neu and Krassowska.49

This enabled calculations of the time-dependent pore density

N(t) at different locations on the membrane surface.54 Table

I lists the values used in the present simulation work.

Application of the external electric field drives the pore gen-

eration and growth, through which ionic flow can occur. The

current density JEP(t) through a membrane pore is given as:

JEP tð Þ ¼ iEPðtÞNðtÞ, where iEP(t) is the current through a

pore and N(t) is the pore density. The pore areas on the mem-

brane at different mesh locations and times, as well as the

electric field E can be obtained, which enables computations

of ion flow across the cell membrane. Diffusive flow of ions

through membrane pores was modeled as30

Jdiff ¼ �D �H �K � @Ci;j

@x
: (2)

In the above, Jdiff is the flow rate per area, H denotes the

Hindrance factor which is related to average pore sizes with

H � 1 (Ref. 55) being used for pore sizes larger than ions, K
is the partition factor (¼0.83 for Caþ2), D is the diffusion

coefficient, and Cij is the concentration of the ith ion at grid

point j. The number of ions going through the membrane in

unit time was calculated by: Dm1

Dt ¼ Jdiff � Apore; with Apore

being the cumulative sum of the pore areas. For other layers

not adjacent to the cell membrane, Jdiff ¼ �D @C
@x was used.

The drift pore currents iEP(t) and changes in ionic concentra-

tion DC were taken as

DCi;j ¼
X6

i¼1

DMi=Vs: (3)

In the above expression

DM1

Dt
¼

Ci�1;j;kVsE1lApores; E1 > 0

Ci;j;kVsE1lApores; E1 � 0;

(
(4)

where Ci,j,k is the molarity of the unit volume inside cell,

Vs is the space volume of the unit, l is the ion mobility

which equals DqZ
KbT :; with D being the ion diffusion coefficient

(�0.8 � 10�5 cm2/s), kB is the Boltzmann constant, T is the

temperature in Kelvin, q is the electronic charge, z is the

valence charge of the ions (e.g., z¼ 2 for calcium ions), and

E1 is the average electrical field across surface A1, as

shown in Fig. 1(b). From Eq. (4), one can obtain the moles

of calcium ions going into the cell through the pores for

E1> 0, or getting out of the cell pores for E1� 0. Thus, the

pore current iEP(t) in a time interval Dt is given as:¼DM1

Dt z NA, with NA being the Avogadro number. For simplic-

ity, only calcium ion transport was simulated, though the

model and technique is general, and can be used for the

analyses of multi-ion membrane flows. However, to main-

tain charge neutrality, an equal concentration of immov-

able chlorine ions was assumed in the simulation space

outside the cell.

III. SIMULATION RESULTS AND DISCUSSION

A. Transport due to monopolar and bipolar pulses

The above model was used to study ion flows into cells

through porated membranes in response to external electric

field pulsing. Table I lists the various parameters used. These

are standard values that have typically been reported in the

literature. For concreteness, the transport of calcium ions

was simulated with a diffusion coefficient of 0.8 � 10�5

cm2/s. For the ion concentration, a density of 2 mM was ini-

tially set at the start in the aqueous medium outside the cell,

while the initial values within each elemental the cell volume

were set to zero. A representative schematic of bipolar and

monopolar pulses with a near-rectangular shape used in the

present simulations is shown in Fig. 2. The separation time

between the end of any pulse and the beginning of the next

pulse is denoted by Ts. Each of the repetitive cycles (varied

for different simulations) was chosen to have short rise- and

fall-times of 1.5 ns. The externally applied electric field

magnitudes were varied, though for concreteness, a value of

100 kV/cm has been shown in Fig. 2. Monopolar pulses

are similar to the bipolar train, except that the negative fields

are reversed to yield positive values at all times. For simplic-

ity, only calcium ions were assumed to be present in the

TABLE I. Simulation parameters used.

Pulse types Monopolar and bipolar

Pulse rise time 1.5 ns

Pulse fall time 1.5 ns

Membrane permittivity 4 � 8.85 � 10�12 F/m

Membrane conductivity 5.3 � 10�6 S/m

Membrane thickness 5 nm

Cell radius 0.25 lm

Ca ion diffusion coefficient 0.8 � 10�5 cm2/s

Grid points R-direction 31 grid points

Grid points H-direction (0-p/2) 11 grid points

Grid points U-direction (0-2p) 20 grid points

FIG. 2. A representative time-dependent bipolar and monopolar waveforms

used for the simulations. The separation time between the end of any pulse

and the beginning of the next pulse is denoted by Ts.
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extracellular medium though the approach is general and

multi-ion situations can easily be treated.

Simulations of the time dependent calcium concentra-

tion within the cell in response to both bipolar and monopo-

lar pulses of the type shown in Fig. 2 were carried out. These

results are shown in Fig. 3, with a pulse “ON” time of 60 ns,

a peak field of 82 kV/cm, and an “OFF”-time of 60 ns. The

pulses were applied at the 9- and 3-o’clock positions, and

hence, assumed to be along only one of the three orthogonal
axes. The monopolar pulses had the same pulse parameters

as the bipolar train except that all the pulses were positive in

sign. For comparison, results with and without the inclusion

of diffusive flows are also given. Figure 3 shows an initial

delay for calcium ion entry since a finite time is required for

membrane electroporation, which is then followed by ion

inflows into the cell. The inflow due to drift is predicted to

be rapid beyond the first pulse for the monopolar case, and

so an upsurge is seen after about 121 ns. For the bipolar

pulses, on the other hand, though pore formation is predicted

to occur, the movement of ions keeps reversing in the

direction.

The difference between the two cases is perhaps best

understood in terms of the transmembrane potentials (TMPs)

over time, since the field values drive the flow. The TMP

values are shown in Figs. 4(a) and 4(b) at the 9-o’clock posi-

tion for the two polarities. With monopolar pulses, the TMP

rises four times corresponding to the start of the four pulses.

The highest TMP (and hence transmembrane electric field)

value is reached for the first pulse. At subsequent times, due

to pore formation, the membrane conductivity increases

leading to lower voltage drops and reduced TMP values. In

this monopolar pulse scenario, the positive external electric

field direction is from left-to-right (i.e., from the 9- to o3-

o’clock positions). Hence, positive ions go into the cell at the

9 o’clock position upon pore formation; but there is no ionic

flow at the opposite end for the 3 o’clock position because

the cell interior is devoid of any ions. The ionic throughput

for this case continues from the left side and is most strong

around the neighborhood of the 9-o’clock region. For bipolar

pulses, the initial field direction is from left-to-right for the

first pulse, leading to a positive TMP at the 9-o’clock posi-

tion. However, this leads to a depletion of ions in the aque-

ous medium outside (but close to) the cell surface in the

neighborhood of the 3-o’clock position. Since diffusion is a

slow process, the recovery through ion flowback is slow, and

hence the neighborhood around 3-o’clock remains relatively

depleted. The second pulse, of reversed polarity, creates a

negative TMP at the 9-o’clock location [as seen in Fig. 4(b)]

with the field direction pointing from right-to-left. At this

point in time, ion inflow into the cell is from the 3-o’clock

neighborhood. Given the depletion of ions in the aqueous

medium in this region though, the inflow is not as strong.

Furthermore, reversal in the electric field leads to some out-

flow of ions from the pores previously formed at the 9-

o’clock neighborhood. The net effect is that the ion content

inside the cell is comparatively much lower than that for the

monopolar case. So overall, the two main points to note from

Fig. 3 are that: (i) with diffusion taken into account, the con-

centration in the cell is slightly higher, though the difference

is not significant. (ii) The response in terms of ion inflow

from monopolar pulsing is much stronger than that for bipo-

lar pulses.

Next, simulations were carried out to gauge the amount

of calcium inflows for two pulses having the same energy

content but different electric field amplitudes and pulse dura-

tions. A simple calculation based on electrophoretic flow

indicates that the flow volume Fin should roughly be

FIG. 3. Simulation results showing the temporal growth of the calcium con-

centration inside a cell subjected to bipolar and monopolar pulses, with and

without diffusion taken into account.

FIG. 4. Transmembrane potentials at the 9-o’clock position for the two puls-

ing cases. (a) Monopolar pulses and (b) bipolar pulses.
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dependent as: v A dt, where v is the drift velocity, dt is the

time duration, and A is the effective pore area. The flow Fin

would then scale as Fin � E A dt at constant mobility. The

energy G, on the other hand, scales as: G � E2 dt. Hence, for

two pulses having the same energy but different electric

fields (E1, E2) and durations (dt1, dt2), one gets: [Fin1/Fin2] �
(A1/A2) (dt1/dt2)

1=2. The simulation results for the time-

dependent inflow are shown in Fig. 5 for pulse ON-times of

40 ns and 60 ns, having peak field amplitudes of 100 kV/cm

and 82 kV/cm, respectively. The curves reveal that the

shorter pulse (having the higher electric field of 100 kV/cm)

drives more ions into the cell, as compared to a longer pulse

of the same energy. This indicates that pore areal changes

after the initial pulse are consequential and field-dependent.

The outcome is a result of a higher density of pores at the

higher fields, despite the shorter time duration. This is also

indicative of a short pore formation time at these high fields,

in keeping with experimental observations.56 Also, as with

the previous result of Fig. 3, the monopolar pulsing is more

effective at cellular loading.

The role of pulse separation (i.e., the pulse OFF time

which represents the time interval separating the active

pulses) on calcium ion inflows was probed next. Figure 6

shows the simulation results for different pulse separation

times Ts. A four-pulse monopolar sequence is shown in

Fig. 6(a). The ON-time remained at 40 ns, while the rise-

and fall-times were set at 1.5 ns in all cases. The peak elec-

tric field magnitude was taken to be 100 kV/cm. As might

be expected, the calcium concentration in the cell

decreases as the pulse delay is increased. This occurs due

to two reasons. First, the calcium concentrations that might

have been built up at the cell membrane boundary during

the ON-time, diffuse and slowly recover back to a more

uniform, equilibrium value. As a result, a lower density of

calcium is available in the vicinity of the cell surface for

re-entry. Second, the slow but gradual pore closing during

the OFF state, reduces the total area of ion inflow through

the membrane surface.

With the use of bipolar pulses, the scenario is somewhat

different as shown in Fig. 6(b) for the same geometry and

pulse parameters. Well after the pulse train is over, higher

inflows are predicted to be from pulses with the longer delay.

This result can qualitatively be understood as arising from

the recovery of the ion concentrations outside, but in the

immediate vicinity, of the cell surface. As already men-

tioned, one phase of the pulse drives the calcium away from

the cell surface and deeper into the aqueous medium at either

the 9- or 3-o’clock (or any pair of diagonal) positions.

Hence, when the polarity is reversed for the succeeding stim-

ulation, the amount of calcium available for inflow is lower

due to the depletion that has taken place during the preceding

pulse. However, as the pulse delay time Ts is increased, such

depletions are quenched (and could nearly be restored) due

to local diffusive flows. This increases the availability of cal-

cium for cellular entry at the subsequent pulse. Expectedly

though, the total magnitudes flowing into the cell are much

lower for bipolar pulsing, as opposed to the previous monop-

olar case.

For completeness, simulations probing the effect of a

small 5 ns pulse separation time (Ts) for bipolar pulses were

performed, with the results shown in Fig. 7 for two different

FIG. 5. Temporal growth of the calcium uptake for pulses of equal energy.

Pulse ON-times of 40 ns and 60 ns were used, with corresponding field

strengths of 100 kV/cm and 82 kV/cm, respectively. The results include both

bipolar and monopolar pulsing scenarios.

FIG. 6. Simulation results probing the effect of changes in the pulse separa-

tion times Ts. (a) Monopolar pulses and (b) bipolar pulses.

FIG. 7. Simulation results probing the effect of a small 5 ns pulse separation

time Ts for bipolar pulses.
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ON-times of 40 ns and 60 ns. Based on equal energy, the

electric field for the longer 60 ns ON time pulses was lower.

In keeping with the trends of Fig. 5, the cellular inflow for

the lower electric field (i.e., the 60 ns ON time case) was also

correspondingly lower. But more importantly, the uptake

with the much shorter 5 ns pulse separation time, is predicted

to be much less than the values with the longer separation.

This is qualitatively in keeping with the observations of Ibey

et al.38 and Pakhomov et al.39 who reported practically no

calcium uptake for such bipolar pulses. Though a small

amount of ion inflow is predicted in Fig. 7, the value is small

enough that it might not have been observed experimentally.

Besides, the temporal resolution available in the experimen-

tal measurements was not on such a fine nanosecond scale,

but rather was probed on a time scale of seconds after the

onset of the pulse. The long time scales could have meant a

much greater internal diffusion, and hence dilution, of any

meagre intracellular flows that might have occurred during

the bipolar pulsing.

Based on the above results, the following conclusions

seem to emerge with regards to the mechanisms for the

lower cellular uptake by bipolar pulses. In this context,

Gianulis et al.57 discussed three potential mechanisms pre-

viously proposed for the reduced uptake: (i) the assisted

membrane discharge which shortens the time when the

membrane is above the critical breakdown potential, (ii)

poration involves charge transfer and thus can be reverted

by the electric field reversal, and (iii) the possibility to drive

charged ions out of the cell upon electric field reversal. Our

calculations predict the uptake, in the case of bipolar puls-

ing, to be smaller because high transmembrane potentials

(TMPs) are created over a shorter time duration. For exam-

ple, a comparison between Figs. 4(a) and 4(b) reveals the

absolute values of the TMP over the 200 ns-to-400 ns time

span remain relatively lower for the bipolar case. The pri-

mary reason is that with unidirectional pulsing, a subse-

quent pulse can start to raise the TMP to a higher level (as

compared to a bipolar pulse) if the starting value was not at

zero. For a bipolar pulse, on the other hand, if one is at a

nonzero TMP value just prior to a subsequent pulse, the

magnitude first goes through zero before being enhanced in

the opposite direction.

Furthermore, based on the present results, the Ca-ions

driven into the cell through the membrane pores do not flow

out immediately from the entry sites upon polarity reversal.

Instead, ions continue to flow in from the membrane region

located diametrically on the opposite side. The inflow though

is less, since the external ion concentration on the diametri-

cally opposite side has fallen due to the prior movement

from the first pulse. Thus, charge reversal is not seen to play

a dominant role in the present simulations.

B. Multiple electrode pulsing

Next for completeness, the possibility of applying the

voltage pulse in a sequential versus simultaneous manner

was compared. The sequential (or series) application repre-

sented a situation wherein the electric pulse was first

applied at the 9- and 3-o’clock positions (i.e., the field was

taken to be along the horizontal direction). Then after a

60 ns delay, the same pulse was applied in an orthogonal

direction to pass through the 12- and 6-o’clock positions.

With simultaneous application, on the other hand, both the

9- and 3-o’clock positions, as well as the 12- and 6-o’clock

locations, were exposed to the external voltage pulse simul-

taneously. Four sets of pulses were simulated. Thus, for the

simultaneous application four distinct pairwise events

occurred, while in the sequential case, eight separate events

took place.

The results obtained for the cellular uptake are shown in

Fig. 8 for a peak field amplitude of 80 kV/cm, a pulse ON-

time of 40 ns with a OFF-time of 60 ns. Only the monopolar

pulses were chosen since this modality has been shown to

invoke a larger cell uptake, and hence is of higher interest. In

Fig. 8, and the cellular uptake is predicted to be larger when

both excitations are simultaneously applied at the 9–3 and

12–6 o’clock positions. Four distinct jumps in the ion con-

centration over time can be seen in the plot corresponding to

the four distinct events for simultaneous pulsing. On the

other hand, with serial pulses, eight distinct jumps in the ion

concentration over time are evident in Fig. 8 as expected.

Synergies for the monopolar case become apparent, for

example, from the ion concentration around 400 ns. The pre-

dicted value of �0.6 mM at this time for the simultaneous

pulsing case is seen to be more than twice the concentration

obtained for the serial case. Clearly, the two mutually

orthogonal pulses affect a larger fraction of the cell surface,

and hence create a much larger effective pore area, to

enhance the ion throughput for simultaneous excitations.

This outcome seems reasonable since for this situation, pores

get formed at both pairs of polar caps. Furthermore, poration

is enhanced due to additive contributions of the electric fields

even over the off-axis regions.

Finally, as a test of the possible synergies, simulations

with multiple pulses were performed. Since monopolar

pulses have consistently been shown to achieve higher

FIG. 8. Results of cellular uptake comparing sequential and simultaneous

application of the external voltage pulse for monopolar pulses having a

peak amplitude of 80 kV/cm. Four sets of two orthogonal simultaneous

pulses were applied for the simultaneous case. For the sequential case, a

total of 8 separate pulses were applied, first along one direction and then

along the orthogonal direction with a 60 ns delay. This delayed pair was

repeated four times.
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cellular inflow, results from the bipolar pulse cases were

omitted for brevity. Total ion concentration changes inside

the cell were evaluated in response to monopolar pulses in

the train having 40-ns duration, 1.5-ns rise-, 1.5-ns fall-

times, and 60-ns off times. The electric field intensity was

set at 80 kV/cm. In order to keep the overall energy delivered

to the system equal, three cases are studied: (i) a scenario

with six pulses applied along the x-direction, (ii) a second

situation with three pulses applied along both the y- and z-

directions simultaneously, and (iii) the simultaneous applica-

tion of two pulses along the x-, y-, and z-directions for the

greatest synergy. It may be emphasized, however, that there

can be numerous ways of choosing values from a parameter

space for comparisons. Here, we have opted to use one sim-

ple means, that of maintaining the input energy.

Nonetheless, it must be clarified that electroporation is an

especially complicated and sequential process, and there is

no simple scaling formula that can factor in all the variables

in a simple way.

In any event, the results shown in Fig. 9 for the above

three simulation cases reveal that the largest throughput

occurs when all three pulses are applied simultaneously

along the three mutually orthogonal directions. The weakest

response is when pulses are only applied along one direction,

even though their numbers are higher. All this collectively

points to the inherent synergies, and suggests that judicious

pulse manipulation, sequencing, and multi-directional target-

ing can lead to enhanced cellular delivery. Though the three-

dimensional simulations were carried out for spherical cells,

it seems intuitive that such multi-directional pulsing would

be even more advantageous for cells or tissues having irregu-

lar shape. By hitting the collective mass or various irregu-

larly shaped cells at multiple sites, a stronger and more

prolific bio-response can be expected. This is quite likely in

the case of tumor tissues. Ideas associated with phased array

delivery could also be probed as the next logical step in this

direction.

The strong performance of simultaneous pulsing in Fig.

9 is made clearer through the time-development of trans-

membrane potentials (TMPs) across various points on the

membrane surface. The simulation results obtained are

shown in Fig. 10 at the 30 ns time instant for the three cases.

FIG. 9. Evolution of the ion concentration inside the cell in response to

pulses in a train with 40-ns durations, 1.5 ns rise- and fall-times, and 60-ns

off times. The peak field amplitude was chosen to be 80 kV/cm. The three

curves shown correspond to six pulses applied along the x-direction, three

pulses applied along both the x- and y-directions simultaneously, and two

pulses applied along the x-, y-, and z-directions simultaneously. The energy

delivered to the system for all three cases was equal.

FIG. 10. Transmembrane potentials on the cell membrane surface for the

pulse train of Fig. 8 at the 30 ns time instant. (a) Pulses applied only along

the x-axis, (b) pulses applied along both the x- and y-directions, and (c)

pulses applied along all three x-, y-, and z-directions simultaneously.
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Since the pulses in the train had a 40-ns duration, with 1.5-ns

rise-, 1.5-ns fall-times, and 60-ns off times, the field at 30 ns

was 80 kV/cm. In Fig. 10(a), the monopolar pulses were

applied with the electric fields along the x-axis. For Fig.

9(b), the external electric fields were along both the x- and y-

directions; while Fig. 10(c) shows the results obtained when

pulse trains were simultaneously applied along all three

axes. In Fig. 10(a), the green and bluish-green regions in the

y-z plane have relatively low TMP values since this area is

normal to the applied x-direction. The polar caps along the

x-axis are the regions that exhibit high TMP values exceed-

ing a 1 V magnitude (yellow color at the front end, dark blue

towards the back). The result of Fig. 10(b) shows a much

larger fraction of the surface area with higher TMP magni-

tudes, while Fig. 10(c) reveals the highest percentage of the

membrane having TMP magnitudes near, or in excess of, 1 V

which is a convenient benchmark for electroporation. Since

pore density scales nonlinearly with TMP magnitudes, a

significantly high number of pores are predicted upon the

simultaneous application of pulses in the three orthogonal

directions. Though pore density distribution over the mem-

brane surface could have been shown, the TMP profile was

chosen here because of its simpler, narrow range of values.

For completeness, the fractional values for the electroporated

membrane area obtained from the simulations were 34%,

36%, and 63.95% for external fields applied along the x-, x

and y-, and x-, y- and z-directions, respectively.

IV. CONCLUSIONS

Electroporation is a useful technique for cellular bio-

manipulation, drug and gene delivery and for targeted apo-

ptosis. An important practical consideration is the ionic

throughput and delivery into cells (and tissues) that could be

optimized by tailoring the electrical pulsing parameters. This

contribution was a step in this direction, and presented a full

three-dimensional, time-dependent analysis of ion inflows

following external pulse application. The present simulations

included both electrophoretic and diffusive transport, and

comparisons were made between monopolar and bipolar

pulse responses. In addition, the response driven by voltages

applied at multiple electrodes was also probed.

It was shown that monopolar pulsing always led to

higher and stronger cellular uptake. This prediction is in

agreement with previous experimental reports and observa-

tions.57–59 For instance, in the experiments by Gianulis

et al.,57 it was shown that the electric field polarity reversal

hinders the electroporative efficiency. They noted that the

rate and amount of uptake for the marker dye YO-PRO-1

was consistently two-to-three fold higher for unipolar pulses

as compared to the bipolar treatments. A similar conclusion

was reached by Roth et al.58 and Sano and coworkers.59 It

was also demonstrated through quantitative predictions that

from a practical standpoint, multi-pronged electrode configu-

rations would influence the degree of cellular uptake.

Judicious pulse sequencing would then add to the overall

benefits. Finally, it is possible that the creation of pressure

transients58 could add to the overall bio-response, or that

temperature gradients set up due to such electric pulse

application60 could lead to even greater advantages. The lat-

ter will be analyzed and discussed elsewhere.

For completeness, we touch upon the aspect of diffusive

cellular uptake over long scales, as reported in the experi-

mental literature.37,38 Diffusion is certainly the logical pro-

cess enabling transport over long time scales when the

external driving fields have become zero. However, in the

current model analyses, we have deliberately chosen to focus

on the short time scales for the following reason. Transport

at the long time scales will be guided in large part by the

ability of pores to stay open and on details of the pore re-

sealing mechanism and dynamics. The latter is a complicated

problem and is not well understood at present. The simplest

solution, especially for matching experimental data, might

be to use various “fitting” time constants for pore closing.

However, the physics is complicated. For example, the re-

sealing times depend on the local membrane stresses which

would not only be dependent on the pore radius, but also be

dictated by the distribution of pores in the neighborhood. It

is also controlled by the evolution of the elastic parameters

such as bending moduli.61 Furthermore, over time, the

stresses would change in a dynamic fashion. Finally, pore-

pore coupling effects, especially in the context of high-

intensity pulsing which gives rise to a high density of nano-

pores (i.e., supraporation) as first suggested by Gowrishankar

and Weaver,62 would complicate the problem even further.

We have already shown that electroporation is a twofold pro-

cess.63 The electric driving force produces a Maxwell stress

at the membrane and works to rearrange lipid dipoles, cause

openings and nanopores. However, water entry which is

essential for useful transport, is facilitated by electrowetting,

which is an important component of the overall process. The

molecular system can thus function as an electrically driven

hydrophobic toggle switch that changes the water permeabil-

ity. The main issue though is that the pore closing times and

their dynamics are not well understood, nor been well char-

acterized. However, despite the greater accuracy and strong

physics-based framework, the kinetics of pore closure

observed in MD has so far not predicted pores being open

for seconds or longer after a pulse application as seen in

some experimental studies.64,65 Hence, the simple-minded

concept of using some effective pore-closing times for fitting

transport over long times, stands on shaky grounds. For this

reason, we have chosen not to venture into this regime or

simulate diffusion dominated behaviors over long time

scales.
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APPENDIX: AREA AND CURRENT CALCULATIONS

The current continuity equation applied at each elemen-

tal volume shown in Fig. 1 leads to the following equation,

which takes into account both conduction and displacement

currents. The algebraic sum of the currents across each of

the six surfaces on the elemental cube is taken into account:
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Nodes with j¼ 0 and j¼m have to be treated carefully since

these grid points are independent of k. Only I1, I2, and I4 are
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