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ABSTRACT This article reports on the construction and predictive models for a platform comprised of an engineered tethered
membrane. The platform provides a controllable and physiologically relevant environment for the study of the electroporation
process. The mixed self-assembled membrane is formed via a rapid solvent exchange technique. The membrane is tethered
to the gold electrode and includes an ionic reservoir separating the membrane and gold surface. Above the membrane, there
is an electrolyte solution, and a gold counterelectrode. A voltage is applied between the gold electrodes and the current
measured. The current is dependent on the energy required to form aqueous pores and the conductance of each pore. A
two-level predictive model, consisting of a macroscopic and a continuum model, is developed to relate the pore dynamics to
the measured current. The macroscopic model consists of an equivalent circuit model of the tethered membrane, and asymp-
totic approximations to the Smoluchowski-Einstein equation of electroporation that is dependent on the pore conductance and
the energy required to form aqueous pores. The continuum model is a generalized Poisson-Nernst-Planck (GPNP) system
where an activity coefficient to account for steric effects of ions is added to the standard PNP system. The GPNP is used to
evaluate the conductance of aqueous pores, and the electrical energy required to form the pores. As an outcome of the setup
of the device and the two-level model, biologically important variables can be estimated from experimental measurements. To
validate the accuracy of the two-level model, the predicted current is compared with experimentally measured current for

different tethering densities.

INTRODUCTION

Electroporation is a phenomenon that causes the perme-
ability of a biological membrane to increase in response
to an applied electric field. Electroporation has applications
in electrochemotherapy for anti-tumor treatment, protein
insertion, cell fusion, debacterialization, and gene and
drug delivery (1,2). Designing a stable platform for obtain-
ing reliable experimental measurements of electropora-
tion is an important challenge. This article presents a
believed-novel engineered tethered membrane platform
for measuring electroporation (see Fig. 1). A key feature
of the platform is that the experimentalist can select the
desired density of tethers, the physiological environment,
and membrane composition (3—6). The tethers are included
to mimic the physiological response of the cytoskeletal
supports of real cell membranes. The platform is con-
structed using modified archaebacterial lipids, allowing
the tethered membrane to have a lifetime of several months
(5,7.8).

Another important challenge is to model the dynamics
of electroporation. This article constructs a two-level pre-
dictive model for the dynamics of electroporation, as
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observed by the platform that we now briefly outline in
the following.

Macroscopic dynamics

At the highest level of abstraction, the macroscopic dy-
namics of the platform are modeled using the equivalent cir-
cuit model shown in Fig. 2. The conductance of the tethered
membrane is dependent on the population and dynamics
of pore radii. Using asymptotic approximations to the Smo-
luchowski-Einstein equation (9—13), we construct a model
that relates the aqueous pore conductance and electrical
energy required to form a pore to the membrane conduc-
tance. The energy required to deform the tethers is
accounted for by using an energy model identical to that
used for the cytoskeletal network in real cells (14).

Continuum dynamics

At a lower level of abstraction, we use a generalized
Poisson-Nernst-Planck (GPNP) system with a Langmuir-
type activity coefficient. If the activity coefficient is
neglected, then the standard Poisson-Nernst-Planck (PNP)
system results. The GPNP continuum model is effective in
modeling the electrodiffusive dynamics of asymmetric elec-
trolytes, multiple ionic species, and the Stern and diffuse
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FIGURE 1 Overview of the engineered tethered
membrane, model, and measured and predicted
current /(f). The Electronics block represents the
electronic system, which produces the drive poten-
tial between the electrode and counter electrode,
and records the current response I(f). The test
chamber contains the synthetic tethered mem-
brane. The tethered membrane layer is composed
of the lipid components: zwitterionic DphPC
(C20  diphytanyl-ether-glycerophosphatidylcho-
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line) (shaded), C20 diphytanyl-diglyceride ether
(open), and benzyl disulfide diphytanyl bis-tetra-

ethyleneglycol (solid). Spacer molecules (i.e.,
benzyl disulfide tetra-ethyleneglycol) are used to

control the spacing between the tethered lipids (cross-hatch fill). The mobile lipid layer (square fill) is composed of the DphPC lipids. For the 100% tether
density, the membrane is composed of a membrane-spanning lipid (structure provided in Krishna et al. (19)) with no spacer molecules. The tethered mem-
brane does not contain any ion channels; therefore, all current passing through the tethered membrane takes place via conducting aqueous pores with an

electrical conductance denoted by G,,.

electrical double layers (15) that are present in the platform
(16-18). GPNP is used to compute the ionic flux and
potential field for evaluating important electroporation pa-
rameters. The pore conductance is computed from the trans-
membrane potential and the total ionic flux (i.e., current)
through the aqueous pore, and the electrical energy required
to form a pore is computed using the potential field on the
pore boundary, and the Maxwell stress tensor.

In the above two-level model, we will link the macro-
scopic dynamics to the continuum dynamics via the pore
conductance and energy required to form a pore contained
in the Smoluchowski-Einstein equation. Therefore, the
two-level model accounts for the electrodiffusive effects
present in the engineered tethered membrane. As an
outcome of the setup of the device and the two-level model,
important biological parameters for the design of electropo-
ration therapies (i.e., the characteristic voltage of electropo-
ration, ratio of hydrophilic and hydrophobic pore radii, and
the spring constant of tethers) can be estimated from the
model-given experimental measurements.
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FIGURE 2 Schematic of the macroscopic lumped circuit model of the
electroporation platform. R, is the electrolyte resistivity, C,, is the mem-
brane capacitance, G, is the membrane conductance, Cyq is the electrode
capacitance, Cyq is the counterelectrode capacitance, and V,, is the trans-
membrane potential. Equation 1 in the main text displays the dynamics
of this model.
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The accuracy of the two-level model proposed in this
article is verified by comparing the predicted performance
with experimental results. Different tethering densities and
lipid compositions are used to validate the accuracy of the
models and exemplify the contribution the tethers and bio-
electronic interface have on the electroporation process.
Specifically, the electroporation parameters of the engi-
neered tethered membrane (19) in Fig. 1 are estimated for
the membrane tether densities of 1 and 10% for the tethered
DphPC lipid bilayer, and the 100% tethered DphPC mono-
layer membrane.

Literature review

Experimental platforms to study electroporation include
synthetic bilayer lipid membranes and in vitro cells
(20,21). However, synthetic bilayer lipid membranes do
not provide a good representation of physiological systems
because the effects caused by the cytoskeletal network are
not present (11,22). Using real cells provides a physiolog-
ical system for validation (23,24); however, it is impossible
to fully define the physiological environment that effects
properties associated with electroporation. This motivates
the need for an engineered tethered membrane platform
that gives the experimentalist control over tethering density,
membrane composition, and physiological environment, un-
like the synthetic lipid membrane- and cell-based platforms.

Next, we give a brief review of models for electropora-
tion: Models of the electroporation process employ the
Smoluchowski-Einstein equation derived from statistical
mechanics (11-13) with the pore energy models given in
the literature (9,14,25-30). The pore energy models are con-
structed by assuming the membrane is a dielectric and
elastic continuum (25,31-36). The Smoluchowski-Einstein
equation is numerically prohibitive to solve, and the pore
energy provided in the literature does not include effects
caused by asymmetric electrolytes, multiple ionic species,
and the Stern and diffuse electrical double layers present.
To overcome these limitations, the electroporation model
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presented in this article is constructed using asymptotic
approximations to the Smoluchowski-Einstein equation
and the GPNP for modeling the electrodiffusive dynamics.
To couple the results of the Smoluchowski-Einstein equa-
tion with the experimentally measured current requires an
estimate of the aqueous pore conductance. In Li and Lin
(2), assuming symmetric electrolytes and electroneutrality,
the aqueous pore conductance was estimated via the PNP
system (37).

In the tethered membrane platform, there are electrical
double layers at the surface of the membrane and electrode
contacts (15) that can be modeled using the GPNP (16).
Note that, near a pore entrance, significant nonlinear poten-
tial gradients are present that restrict the current flowing
through the pore; this effect is denoted as the spreading
conductance and is dominant for pore radii significantly
larger than the membrane thickness, causing the pore
conductance to scale proportionally to the pore radius
(2,12,22,38-40). In this article, GPNP is used to predict
the pore conductance. It is found that the pore conductance
scales proportionally to the pore radius for all pore radii,
suggesting that the spreading conductance is dominant as
a result of the electrode in proximity to the membrane sur-
face and the nonlinear potential gradients present.

MATERIALS AND METHODS

The construction and predictive models of the engineered tethered mem-
brane are provided in this section. The accuracy of the models are verified
using experimental measurements of the engineered tethered membrane
with different tethering densities.

Formation of the engineered tethered membrane

The engineered tethered membrane (Fig. 1) is composed of a self-assem-
bled monolayer of mobile lipids, and a self-assembled monolayer of teth-
ered and mobile lipids. The tethered lipids are anchored to the inert gold
electrode via polyethylene glycol chains. Spacer molecules are used to
ensure the tethers are evenly spread over the gold electrode. The intrinsic
spacing between tethers and spacers is maintained by the benzyl disulfide
moieties, which bond the spacers and tethers to the electrode surface.
The ratio of the total number of tethers to spacers, and tether molecules,
in the engineered tethered membrane are given by the tethering density
(i.e., a 10% tether density defines that, for every nine spacer molecules,
there is one tether molecule). In the special case of 100% tethering, the en-
gineered tethered membrane is composed of a tethered archaebacterial
based monolayer with no spacer molecules. As experimentally illustrated
in Heinrich et al. (7), it is not possible to construct a 0% tethered membrane,
because any formed membrane binds to the gold surface. Inasmuch as the
electrolyte reservoir separating the membrane and electrode surface is
required for the normal physiological function of the membrane, and noting
that all prokaryotic and eukaryotic cell membranes contain cytoskeletal
supports with a 1-10% tether density, the inability to construct a 0% teth-
ered membrane does not inhibit the study of the electroporation process in a
physiologically relevant environment.

As shown in Fig. 1, the engineered membrane is supported by a 25 X
75 x 1 mm polycarbonate slide onto which is patterned a 100-nm, sput-
tered-gold electrode array, possessing six 0.7 X 3 mm active areas of mem-
brane, each of which is enclosed in a flow cell with a common gold return
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electrode. The formation of the tethered membrane is performed in two
stages, as follows:

The first stage anchors the inner layer of the membrane to the gold
surface via benzyl disulphide groups. The inner layer components are
introduced to the freshly deposited gold surface as ethanolic solutions of
370-uM benzyl disulphide concentrations in engineered ratios of tethers
and spacers. For example, the inner layer solution for the 10% tethering
density is prepared by codissolving benzyl disulphide C20 diphytanyl
bis-tetra-ethylene glycol and benzyl disulphide tetra-ethylene glycol in
the ratio 1:10. The solution is exposed to the coating solution for 30 min
and the electrode is then rinsed in ethanol and air-dried for ~2 min. The
coated slide is immediately assembled into a flow cell cartridge, comprising
six individual membranes with a common large-area gold return electrode
facing the membranes and separated by a 100-um laminate defining the
flow-cell chamber height.

The second stage of the membrane formation now occurs with the addi-
tion of 8 uL of 3 mM C20 diphytanylether lipids comprising a 70:30 mol
of C20 diphytanylether glycerophosphatidylcholine/C20 diphytanylether
diglyceride being added to each of the flow chambers covering the mem-
brane areas. The solution is incubated for 2 min at 20°C, after which
300 uL of phosphate-buffered saline was flushed through each flow
cell, forming the tethered bilayer. Using this rapid solvent exchange tech-
nique to construct the membrane reduces the defect density as compared
with membranes constructed with the frequently used vesicle-fusion tech-
nique; it allows the engineered membrane to have a lifetime of several
months (5,7,8).

The quality of the bilayer is measured continuously using an SDx
tethered-membranes tethaPod Swept Frequency Impedance Reader oper-
ating at frequencies of 1000, 500, 200, 100, 40, 20, 10, 5, 2, 1, 0.5, and
0.1 Hz and an excitation potential of 20 mV (SDx Tethered Membranes,
Roseville, Sydney). The membrane was equilibrated for 30 min before
the electroporation measurements. The electroporation measurements
were performed using an eDAQ ER466 Potentiostat (eDAQ, Denistone
East, NSW, Australia) and an SDx tethered-membrane tethaPlate Adaptor
(SDx Tethered Membranes) to connect to the assembled electrode and
cartridge. Individual triangular voltage ramps were applied from 0 to
500 mV with a period of 2-10 ms. Waveforms of current versus time
were recorded.

Macroscopic electroporation model of the
engineered tethered membrane

At the highest level of abstraction, the tethered membrane platform is
modeled using a lumped circuit model (4.7,19,41,42). To link the lumped
circuit model to the electroporation dynamics, the conductance of the mem-
brane is modeled using asymptotic approximations to the Smoluchowski-
Einstein equations for electroporation. In subsequent sections, the GPNP,
which constitutes the lower level of abstraction in our two-level model, is
used to refine the pore conductance and electrical energy required to
form a pore (both included in the asymptotic Smoluchowski-Einstein equa-
tion of the macroscopic model).

The tethered membrane platform is composed of three distinct regions:
the electrical double layers at the gold electrodes, the bulk electrolyte reser-
voir, and the tethered membrane. The bulk electrolyte solution is modeled
as completely Ohmic with resistance R,. The electrical double layers
contain a tightly bound region of ions on the order of an atomic radii,
and a diffuse region of length on the order of the Debye-Hiickel thickness.
The Stern layer and diffuse charge layers are modeled using an overall
capacitance of Cyq; and Cpq for the counterelectrode and electrode, respec-
tively. The tethered membrane is modeled as a uniformly polarized struc-
ture such that the charging dynamics of the membrane are represented by
a capacitance C,,. The tethered membrane conductance G,,(t,V,,) is both
time-dependent and membrane-voltage-dependent, with V,, denoting the
transmembrane potential. The dependency of G, is a result of the process
of electroporation that takes place to generate/destroy aqueous pores in the
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membrane. The excitation potential V(¢) applied across the two electrodes
closes the circuit. The equivalent circuit model of the tethered membrane
platform is given in Fig. 2.

The governing dynamics for the lumped circuit model of the tethered
membrane (Fig. 2) are given by

dvm 1 Gm 1 1
(B e

dr C.R., ' C, C.R, C.R,
avy 1 1 1
. = Vm - V. st 1
d  CaR " CaRe " T CuR, M
1
I =—WV,—V,—Va).
Re( ar)

Here C, is the total capacitance of Cig; and Cyq in series. Given V(#), the
circuit parameters Cyg, Cpar, Res Cpp» and the membrane conductance G,
can be estimated from the measured current /(f). However, for drive poten-
tials <~50 mV, the membrane conductance is approximately constant and is
assumed at its equilibrium value G, such that G,,(t,V,,) = G,. The circuit
parameters G,, R, Ciq1, Cpar, and C,, remain constant and are independent
of the electroporation phenomenon; they are only necessary to model the
dynamics of the double-layer charging and electrolyte resistance (refer to
Results and Discussion for further information).

For transmembrane potentials >50 mV, the membrane conductance G,,
can be modeled by

[N(1)]

G’” = ZGP(’”i)a

i=1

dr; D owW(r)

. for e {1,2..IN(1)]},

dt kBT 6",‘ or e{ l (I)J} (2)
v\’ v\’

E = e Ve[’ 1 —]voe Vep

In Eq. 2, « is the pore creation rate coefficient, V,, is the characteristic
voltage of electroporation, N, is the equilibrium pore density at V,, = 0,
and g = (rplr)? is the squared ratio of the minimum energy radius r,,, at
V,n = 0 with r* the minimum energy radius of hydrophilic pores (43—46).
The parameters a, V,,, N,, and v are estimated by fitting the measured cur-
rent response / to the predicted current response from Eqs. 1 and 2, given
the drive voltage V,. The classical free energy model for a hydrophobic
aqueous pore W, in Eq. 2, in the membrane consists of four energy terms:
the pore edge energy vy, the membrane surface tension o, the electrostatic
interaction between lipid heads, and the transmembrane potential energy
contribution W,(r,V,,). The pore energy W in Eq. 2 is given by Neu and
Krassowska (9),

C 4
W(r, Vm) = 27?")’" — 77'07'2 + (7) + Wes(ra Vm) + WWH
(3)

with the energy contribution from the mechanobiological properties of
the tethers included as W,,. The linkages of the tethers to the membrane
are analogous to springs and act to restrain the enlargement of aqueous
pores. This is similar to the experimentally measured results in Chang
and Reese (47), which suggests that irreversible electroporation cannot
create pores that are larger than the cytoskeletal network anchors. Modeling
the mechanical properties of the membrane as an elastic continuum and
assuming a permanent tethered network anchorage, the effect of the tethers
is accounted for via the energy required to deform the Hookean springs—
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formally, the energy contribution can be modeled using W,, = 0.5 K, with
K; denoting the spring constant of the tethers (14). Note that the energy
model for tethers is identical to that of the cytoskeletal network presented
in Kanthou et al. (48), Teissié and Rols (49), Rols and Teissié (50), and
Rosazza et al. (51).

The derivation of Eq. 2 is based on making physiologically relevant
approximations to the Smoluchowski-Einstein equation for electroporation.
The Smoluchowski-Einstein equation governs the distribution of pores as a
function of their radius r and time ¢ (11-13). If we denote n(r,t) as the pore
density distribution function, then the Smoluchowski-Einstein equation is
given by

on or| n oW On
a3 [kBT ar ar} +50), @
where D is the diffusion coefficient of pores, kg is the Boltzmann constant,
T is the temperature, W is the pore energy, and S(r) models the creation and
destruction rate of pores. Making the physiologically relevant assumption
that diffusion term (i.e., 9n/0r) in Eq. 4 is negligible, and the characteristic
timescale of Wis longer than 0.1 us, the process of electroporation can then
be modeled by Eq. 2. Note that Eq. 2 has been used by several authors for
modeling DNA translocation into cells (23,24,43-46).

How can we experimentally verify that the formed membrane does not
contain significant defects? Possible membrane defects include patches
with the gold electrode directly exposed to the bulk electrolyte, or with por-
tions of bilayer sandwiched together. Using the measured current response
resulting from an excitation potential <50 mV, we can compute the mean-
squared error (MSE) between the predicted current from Eq. 1 and the
experimentally measured current. If a significant MSE is obtained, then
the model of a homogeneous membrane Eq. 1 is not suitable and the mem-
brane is concluded to contain inhomogeneities (i.e., defects). A major
concern when performing electroporation experiments is the detection of
the catastrophic voltage breakdown of the membrane, causing separated
areas of membrane to degrade. This effect can be detected by a high
MSE and a significant increase in the estimated membrane conductance
C,, resulting from the electrode surface capacitance coming into contact
with the bulk electrolyte. Typical values for membrane capacitance and
conductance are 0.5-1.3 uF/cm? and 0.5-2.0 uS for an intact 1-100% teth-
ered membrane with surface area 2.1 mm?>.

GPNP continuum model for the electrodiffusive
dynamics in the engineered tethered membrane

The GPNP model presented in this section constitutes the lower level
of abstraction in the two-level model proposed in this article. The
GPNP is used to compute the potential and ionic flux necessary for
evaluating the pore conductance G,, and the electrical energy of an
aqueous pore W, in the membrane, both contained in the macroscopic
model Eq. 2.

To compute the potential and ionic flux, the GPNP continuum model
must account for the electrodiffusion dynamics of ions in the engineered
tethered membrane system. In the engineered tethered membrane platform
there exists asymmetric electrolytes, multiple ionic species, and the Stern
and diffuse electrical double layers at the surface of the electrodes and
membrane. The electrodiffusion dynamics that takes these into account in
the platform can be modeled by the GPNP given by (16)

ac’ ;
E = *V' (J),

N
J' = -D'V¢' — FZqul 'V — D'¢'VIn|1— ZNAa?ci ,
i=1

(5a)
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i

In Eq. Sa, J' is the concentration flux; ¢'is the concentration; ¢ is the elec-
trical potential; D' is the diffusivity; N, is Avogadro’s number; a; is the
effective ion size; and u,,’ is the ionic mobility, with i denoting the ionic spe-
cies. In Eq. 5b, F is Faraday’s constant where the superscript defines the
chemical species i, g is the elementary charge, z; is the charge valence,
and ¢ is the electrical permittivity. Note that for

N 30
Zi:lNAaic <1,

the steric effects are negligible in Eq. 5 and the standard PNP formulation
can be used to model the electrolyte dynamics.

Initially, stable pores that form in the membrane are approximately cylin-
drical (43). As expansion occurs, the pores become toroidal in shape. This
toroidal structure is in agreement with the estimated hydrophobic pore
shape obtained from molecular dynamics simulations (52-54). Here, we
consider the toroidal pore structure illustrated in Fig. 3 to compute the
conductance of a pore. To solve Eq. 5 in the pore structure in Fig. 3 requires
that the material parameters and boundary conditions in Q,,, Q,,, Q,, 0Q,,,
09, 9Q,, and 8Q,, be defined. The diffusion coefficient D’ in Eq. 5a is
spatially dependent, inasmuch as the tethering reservoir has a lower diffu-
sion than the bulk electrolyte solution with no tethers present. The spatially
dependent diffusion coefficient is given by

o [DifxeQ,
D) = {DQ, if xeQ,. ©)

The dielectric permittivity in Eq. 5b is spatially dependent, as

e(x) = { e, ifxeQ,UQ, 7

en 1f xeQ,,.

The membrane surface is assumed to be perfectly polarizable (i.e., block-
ing) such that the normal ionic flux vanishes at the surface of the membrane.

gW
Q.
hy /2
Gth Em
20,

FIGURE 3 The aqueous pore is modeled as rotationally symmetric about
the axis of rotation (dotted line) with dimensions given by r, I, h,, h,,,, and h,
for the cylindrical and toroidal geometries. The tethered membrane plat-
form is modeled with three distinct regions: the electrolyte solution €,
the electrolyte reservoir Q,, and the membrane Q,,,. The electrode-electro-
lyte interface (thick black line) is denoted by 0Q, and 0Q,.. for the electrode
and counterelectrode, respectively. 0Q,, denotes the interface between the
membrane and electrolyte solution. The boundary conditions 9, and
0Q, define the ambient conditions of the electrolyte and membrane. The
potentials at each electrode are defined by ¢, and ¢,., respectively. The
electrolyte has an electrical permittivity ¢,, and the membrane an electrical
permittivity ¢,,. The electrical force acting on the membrane is denoted by f
and is defined in Oldham (15). The value n is the normal vector pointing
from the membrane domain to the electrolyte domain.
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There are no surface reactions present at the gold electrode-electrolyte
interface; therefore, we have a no-flux boundary condition present at the
gold surface. Formally, these no-flux interface and boundary conditions
are given by

neJ’ = 0in 0Q,,UdQ,UdQ,., )

with n the normal vector pointing into the electrolyte solution and J; defined
below Eq. 5. To ensure the well-posedness of the Poisson equation Eq. 5b,
the internal boundary conditions on the membrane-electrolyte interface are
satisfied by the following (55):

O — ¢, = 0in0Q,,,

: )
8mV¢m *n—= 8wV¢w *n = 0in GQ,,,.

Next, it is necessary to model the Stern layer at the electrode surface
given by C,. This is modeled using the boundary conditions

Ci(¢. — ¢) +&un+ Vo = 0in 99,

. (10)
Ci(poe — @) + &yn* Vo = 0in 0Q,.,
with ¢, and ¢, as the prescribed potentials at the respective electrodes. The
ambient boundary conditions of the axisymmetric pore are given by

¢ = cL in 0Q2,, U0Q,,

an
neVeo = 0in dQ,,
with ¢’ as the initial concentration (refer to Fig. 3).

The expressions in Equation 5, with material parameters Eqs. 6 and 7,
boundary conditions Eqs. 8-11, and pore geometry given in Fig. 3,
are used to estimate the ionic flux J' and the electric potential ¢. The
values J' and ¢ are both used to evaluate the pore conductance G, and
the electrical energy required to form a pore W, contained in the macro-
scopic model Eq. 2.

Refining the macroscopic model using the
continuum GPNP model

Having detailed the two-level model above, we are now ready to link the
macroscopic and continuum models. The macroscopic and continuum
models are linked via the pore conductance G, and electrical energy
required to form a pore W,,. In this section we evaluate G,, and W, using
the computed ionic flux J* and voltage potential ¢ from the GPNP defined
in Eq. 5. To compare with previous models of G, proposed in the literature,
Appendix A provides a relation between the G, model in this section and
the electroneutral model (EM) presented in Li and Lin (2). Appendix B
provides a comparison between the W, estimated using the GPNP model,
and previous estimates of W, using the EM, and Laplace model (LM) in
Neu et al. (29).

The current through the pore is obtained by integrating the total ionic flux
from Eq. 5 over the minimum radius of the pore, which is defined later in
Fig. 5. The current and associated pore conductances are given by

I, =F) / J2mrdr,
i 0

12)

where J' and V,, are computed using Eq. 5 with the material properties
defined by Eqgs. 6 and 7, the boundary conditions Eqs. 8-11, and geometry
given in Fig. 3.
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To evaluate W,,, the force causing a displacement of the pore structure
must be computed. Consider the pore structure presented in Fig. 3. The
pore boundary is assumed to only expand in the radial direction r. If we
denote F(r) as the total force acting on the pore boundary of radius r,
then the electromechanical energy can be computed using (29,56,57)

r

Wes(r) = f/F(r)dr. (13)

0

F(r) is computed using the Maxwell stress tensor for the pore geometry in
Fig. 3. The electric field induces a stress on the membrane surface given by
the Maxwell stress tensor 7' (29,57-64)

T = g(%qufl - V(/)®V¢>. (14)

In Eq. 14, I denotes the identity matrix, ® is the dyadic product (i.e., V¢ ®
V¢ = V¢V¢"), and £ and ¢ are defined below Eq. 5. The stress on the mem-
brane from the electrolyte p,,, and the stress on the electrolyte from the
membrane p,, are

pw - —Tw}’l = —&y (%|V¢w|21 - V¢w®v¢w)n7

Pm = Tmn +f = —&n (%’V¢m|21_ V¢m®v¢m>n +f7
(15)

where f is the stress induced from all other elastic properties of the mem-
brane (65-67). Note that f denotes the electrical force density acting on
the membrane surface.

The membrane is assumed to be at local mechanical equilibrium at the
pore surface such that f = (T, — T,,)n. Therefore, to maintain local equilib-
rium the total force acting on the pore boundary, F(r) is given by

F(V) = /}’l * (pw _pm)dsa (16)
S

with p,, and p,, defined in Eq. 15, and the surface S and normal vector n
given in Fig. 3. Given ¢ computed using Eq. 5, we can compute F(r) using
Eq. 16. Substituting F(r) into Eq. 13 gives the electrical energy contribution
to pore formation in the membrane, which includes electrical double layer
and electrodiffusive effects caused by asymmetric electrolytes.

Note that for narrow cylindrical pores, 0¢/0r = 0 and 0¢/0z = V,,/h,, on
S. Substituting into Egs. 15 and 16, we see that F(r,V,,) « V,,2, with V,, as
the transmembrane potential. The proportionality of F(r,V,,) o« V,,2, which
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also implies W,(r,V,,) « V,.2, is critical for the derivation of the electrical
energy required to form a pore in Pastushenko and Chizmadzhev (22), Neu
et al. (29), and Abidor et al. (68). This allows the computation of F(r,V,,)
using a single instance of F(r) for a given transmembrane potential V,, to
estimate the proportionality constant.

RESULTS AND DISCUSSION

In this section, the predictive accuracy of the two-level
model is verified using experimental measurements of teth-
ered DphPC membranes with a tethering density of 1, 10,
and 100%. The numerical methods and model parameters
are provided in the Supporting Material.

Numerically predicted aqueous pore
conductance and electrical energy required to
form a pore

Numerical estimates of the aqueous pore conductance G,
and electrical energy required to form a pore W, are per-
formed using the GPNP, PNP, EM, and LM models defined
in the Materials and Methods.

In Fig. 4 the estimated pore conductance computed using
the GPNP, PNP, and EM models is presented. As seen, the
pore conductance predicted using the GPNP follows a G,
oc r relationship. For membranes with sufficiently large
electrolyte baths and pore radii (i.e., electrolyte bath is hun-
dreds of nanometers thick and r > t,,), the pore conductance
follows G, o« r (2,12,22,40), in agreement with the
spreading conductance derived from Laplace’s equation in
Newman (39) and Dickens (69). Note that the effect G, «
rfor r < t,, and h, = 4 nm is only predicted when the effects
caused by asymmetric electrolytes, finite ion size, and Stern
and diffuse layers are accounted for. In Fig. 4 A, the GPNP
and PNP models produce differing conductance estimates as
a result of the steric effects present. Recall that for

N 3
Zi:lNAafc <1

the steric effects are negligible, and the estimated conduc-
tance using the GPNP and PNP models would be identical.

A B 2o
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FIGURE 4 Numerically predicted pore conduc-
tance G,, defined in Eq. 12. (A) Predicted pore
conductance G,, computed using the GPNP, PNP,
and EM models. (B) Predicted G, for different teth-
ering reservoir diffusivities. The geometry of the
pore is given in Fig. 3, and the parameters of the
governing equations and boundary conditions are
provided in Table S1 in the Supporting Material.
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As seen by comparing the estimated conductance G,
in Fig. 4 A, the assumption of electroneutrality causes a
noticeable decrease in the computed conductance G,. As
mentioned in the Introduction, the pore conductance G,
may be dominated by the spreading conductance, which fol-
lows a G,, « r proportionality, when the electrolyte solution
is sufficiently geometrically constrained. From Fig. 3, the
tethering reservoir is i, = 4 nm, and from Fig. 4 A we see
that G, « r; therefore, we conclude that the conductance
of an aqueous pore in the engineered tethered membrane
is dominated by the spreading conductance. As the diffu-
sivity in the tethering reservoir, D,, decreases, the pore
conductance decreases, as seen in Fig. 4 B. This is expected,
inasmuch as fewer ions can flow through the pore as a result
of reduced ion mobility.

Fig. 5 compares the computed electrical energy required
to form a pore using the GPNP, PNP, EM, and LM defined in
the Materials and Methods. For small pores below 1 nm all
the models provide similar estimated for W,,, as seen in
Fig. 5 A. The PNP and EM models provide a significantly
lower estimate of W, compared to the GPNP and LM
models for large pore radii above 4 nm. The discrepancy
between the estimated W, is a result of the assumption of
negligible steric effects in the PNP model, and the assump-
tion of negligible steric effects and electroneutrality in the
EM model. Note that although the GPNP and LM models
provide similar predictions of W,,, the LM assumes negli-
gible steric effects, electroneutrality, and steady-state cur-
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rent (i.e., V¢' = 0), which results in the estimated voltage
distribution on the surface of the membrane to differ with
the voltage distribution predicted from the GPNP. Qualita-
tively, at the surface of the membrane, the GPNP model
has the interface condition from Eq. 9 such that ¢,V¢,, *
n = ¢,Vo,  n; however, the interface condition for the
LM model in Eq. 18 causes ¢,V¢,, * n # ¢,V¢,, + n on
the surface.

This results in the LM overestimating the voltage poten-
tial when compared with the GPNP. From Eq. 15, the over-
estimated potential causes the computed W, to be larger
when using the LM model as compared with the GPNP
model. As discussed, the assumption of W,(r,V,,) o |7
is typically invoked to simplify the computation of W, (
rV,) (22,29,68). From Fig. 5 B, we compute W,(,V,,)
explicitly for several transmembrane potentials, and find
that the proportionality follows a fractional power law.
This illustrates the importance of including effects caused
by electrodiffusion. As illustrated in Fig. 5 C, reducing the
diffusion coefficient in the tethering reservoir D, causes a
slight reduction in the estimated W,,. In comparing Fig. 5
B with Fig. 5 C, the main contribution to the change in
W, results from a change in transmembrane potential.

Experimental verification of predictive models

Below the predicted pore conductance G, (Eq. 12), the elec-
trical energy W, value (Eq. 13) and the electroporation
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g 5001~ = ~PNP ‘ : B! g —300mv FIGURE 5 Numerically predicted electrical en-
] e EM '\\ o -500 250 mV ergy W, Eq. 13, required to form an aqueous
-600{ == LM A 100 mv pore. (A) Comparison of the predicted W,
0 5 10 0 5 10 computed using the GPNP, PNP, EM, and LM
Pore Radius r [nm] Pore Radius r [nm] models defined in the Materials and Methods for
c the transmembrane potential of V,, = 500 mV.
0 (B) Estimates of W,; computed using the GPNP
= for the transmembrane potentials listed. (C) Esti-
ﬁm -100 mates of W,; computed using the GPNP for V,, =
8 500 mV for different tether reservoir diffusivities.
S -200- The parameters of the governing equations and
3 boundary conditions can be found in Table S1.
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model (given by Eqgs. 1 and 2) are used to predict the current
response of the engineered tethered membrane. The pre-
dicted current response is compared to experimentally
measured data to validate the accuracy of the model. Note
that all electroporation processes were reversible, and did
not cause permanent damage to the membrane.

From Egs. 1 and 2, if the drive potential V; is applied and
the resulting current is /g, then if the drive potential —V is
applied the resulting current must be —I if only the process
of electroporation is present. For all the tethering densities
and membrane compositions tested, this relation was
observed in all experimental current measurements. We
therefore concluded that the only process present is that of
electroporation. The drive potential V(f) used to produce
the results in Figs. 6 and 7 is defined by a linearly increasing
potential of 100 V/s for 5 ms proceeded by a linearly
decreasing potential of —100 V/s for Sms.

The experimental measurement and predicted voltages,
pore radii, membrane resistance, and current are presented
in Fig. 6 for the 10% tethered DphPC bilayer membrane.
From Fig. 6 A, the experimentally measured and numeri-
cally predicted currents are in excellent agreement. As
seen in Fig. 6 B, the application of the voltage excitation
immediately causes an increase in the double-layer voltage
V4 as a result of the charge increase in the charge distribu-
tion at the electrode surface. The transmembrane potential
V.. simultaneously increases as a result of the excitation po-
tential. The increase in V,, results in the formation of pores.

Hoiles et al.

As seen in Fig. 6 C, a dramatic change in the resistance re-
sults after the application of the drive potential. In Fig. 6 D,
the maximum radius r,,,,x and mean radius 7 are provided to
illustrate the spread in pore radii. As V,, increases, pores are
generated and expand according to Eq. 2. From Eq. 2, all
pores diffuse to the minimum-energy pore radius given by
0W/0r; = 0 with an advection velocity proportional to D/
kgT. As seen in Fig. 6 D, generated pores rapidly expand
to the minimum-energy pore radius inasmuch as the spread
between .« and 7 is negligible. This allows the number of
pores N, from Eq. 2, to be computed using the relation

N = 1/(RuGp(rma))

with G, given in Fig. 4 A.

The results of the predictive model are in excellent agree-
ment with the measured current (see Fig. 6). How are the
model parameters in Eqgs. 1 and 2 selected, and how sensi-
tive is the predicted current response to errors in the model
parameters? The parameters G,, C,,, Cy, and R, are intrinsic
to the measurement platform and remain constant indepen-
dent of the electroporation phenomenon; however, they are
necessary for predicting the current response of the tethered
membrane. Therefore, a single impedance measurement is
made to compute G,, C,,,, Cy, and R, for each tethered mem-
brane (refer to the Supporting Material for the impedance
data). This single measurement can be viewed as a form
of calibration because these parameters will not change in

A — B 500
400
% 300
<_é ;% 200
€
> 100
0 - FIGURE 6 The measured and predicted current,
—_— Predl(%ted 0 voltage potentials, membrane resistance, and pore
1l —— Experimental : ) radii for the drive potential V(f), defined at the
0 2 4 6 8 10 _1000 5 10 beginning of this section, for the 10% tether den-
Time [ms] Time [ms] sity DphPC bilayer membrane. (A) Measured and
c predicted current; (B) predicted transmembrane
D T V,. and double-layer potential Vy defined in
:Fm""’" A Eq. 1; (C) estimated membrane resistance; and
1 8.5 /’“\ (D) estimated maximum ry,,, radius, and mean
8.4 / ‘i\ pore radius 7. All predictions are computed
0.8 - \ using Eqgs. 1 and 2 with the parameters defined in
G \ Table S2.
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subsequent electroporation experiments. The electropora-
tion parameters vy, o, C, and D are obtained from the
literature (9,13,43,44,70,71). To estimate the important pa-
rameters Vep, «a, g, and K,, current response measurements
are used.

Because « and g are not dependent on the tether density,
only a single measurement was used to estimate these pa-
rameters, and found to be consistent with what has been
determined in DeBruin and Krassowska (23,72) and Glaser
et al. (70). To gain insight into the sensitivity of the pre-
dicted current response to variations in model parameters,
Table S2 in the Supporting Material provides the uncertainty
associated with each parameter. The uncertainty is
computed by finding the range in which the parameter can
vary and still have the predicted current response from
Egs. 1 and 2 and be in good agreement with the experimen-
tally measured current. Specifically, the electrolyte resis-
tance R, has a negligible effect on the current response
because the membrane conductance and capacitive charging
dominate the current flow. The initial jump in current at the
start of the triangular drive potential is dominated by C,,.
The slope of the current preceding the initial jump at
0.5 ms in Fig. 6 B is proportional to G,,.

At 2 ms, there is a deviation from the linear current
response as a result of the electroporation process. The dou-
ble-layer capacitance C, dominates the current response as
the triangular drive potential decreases. As expected, C,,,
R,,, and C; can be determined accurately. The electropora-
tion parameters « and N, have a large uncertainty because
dN/dt, given by Eq. 2, is exponentially dependent on V,,,
V.p» and g, and linearly dependent on N, and «. Given that
G,, is dependent on N, it is expected that the uncertainty
of a and N, is larger than V,, and ¢. The tether spring con-
stant K, has a large uncertainty because effects caused by K,
are only pronounced in the current response if large pores
(i.e., r >> r,,) are present. As seen in Fig. 6, because the
pore radii are only slightly larger than r,,, the current is
dominated by the nucleation and destruction of pores.

Fig. 7 provides the experimental current measurement and
the predicted current and membrane resistance R,, = 1/G,,
for the 1 and 10% DphPC bilayer, and the 100% DphPC
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monolayer membrane. In comparing the resulting current
among the 1, 10, and 100% tethered cases (Fig. 7 A), we
see that as the tethering density increases, the effects of elec-
troporation decreases. This is an expected result, inasmuch
as the tethers provide structural support hindering the nucle-
ation of pores reducing the equilibrium pore density N, and
increasing the characteristic voltage of electroporation V.
As seen in Fig. 7 B, the resistance begins to change at
~1 ms when the transmembrane potential reaches a suffi-
ciently high value to cause the nucleation of pores. The esti-
mated spring constant K, for the 1, 10, and 100% tethering
densities are 0, 2 = 0.5, and 20 = 4 mN/m, respectively.
For the 1% tether density, the spring constant is negligible,
as expected. For the 100% tethering case, pores cannot
expand as a result of the spring constant K, therefore the
decrease in resistance is primarily a result of pore nucleation
and destruction governed by Eq. 2. For the 100% tether den-
sity membrane, it may be the case that all pores in the mem-
brane are hydrophilic, inasmuch as the tethers may prevent
the transition from the hydrophilic to the hydrophobic struc-
ture. If only hydrophilic pores are present, the membrane
resistance would be dominated by the nucleation of pores
and not the dynamics of the pores.

Note that the molecular structure of the aqueous pores
cannot be reliably inferred using continuum theory models
and would require the use of molecular dynamics or similar
noncontinuum models. Interestingly, for the 1% membrane
structures, the resistance begins to decrease at 9.2 ms, and
for the 10% membrane, at 9.4 ms after the initial application
of the drive potential V() (defined at the beginning of this
section). This is a result of the charge accumulation in the
electrical double layers at the gold electrode surface, V,
discharging causing an increase in the magnitude of the
transmembrane potential V,,,. This illustrates the importance
of including electrical double-layer effects when modeling
gold electrodes.

Note also that when using Egs. 1 and 2 for estimating the
effects of electroporation for rapidly changing drive poten-
tials, the double-layer capacitance in Eq. 1 can become
time-dependent (16). In such cases, the dynamics of the
time-dependent capacitance can be estimated using the
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g 4 % FIGURE 7 Experimentally  measured and
= € 2 numerically predicted current /() (A), and mem-
:_? 3 14 brane resistance R,, = 1/G,, (B) for the drive
o 2 § 1.5 potential V(¢) defined at the beginning of this sec-
g ] tion. The tethering densities 1 and 10% correspond
8 1 g 1 to the DphPC bilayer, and the 100% corresponds
& to the DphPC monolayer. All predictions are
0 0.5 computed using Eqs. 1 and 2 with the parameters
-1 defined in Table S2.
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GPNP model defined in Eq. 5, using the method outlined in
Wang et al. (16) with the electroporation model developed
in this article. The thickness of the membrane can be esti-
mated using h,, = €,A,,/C,,, with A,, = 1.2 mm?, the area
of the membrane surface; and ¢,, and C,, as given in Table
S1 and Table S2. For the 1, 10, and 100% membranes, we
obtain a thickness of 3.54, 3.54, and 3.40 nm, respectively.
These values are in excellent agreement with the results of
neutron reflectometry measurements of similar DphPC-
based tethered membranes (7). As seen, the thickness of
the tethered DphPC membrane is approximately constant
between the 1 and 10% tether densities. The 100% DphPC
monolayer is slightly thinner than the 1 and 10% DphPC-
bilayer membrane. The reduction in thickness between the
100%, and the 1 and 10%, is a result of the combined effect
of an increased tether density and the dibenzyl group that
binds the phytanyl tails in the tethered DphPC monolayer.
In Fig. 8, the experimentally measured current as well as
the current obtained from our two-level predictive model 1(¢)
is displayed for several different linearly increasing and
decreasing drive potentials. As seen from Fig. 8, A-D, there
is excellent agreement between the experimentally
measured and numerically predicted current. For small-
magnitude drive potentials, one would expect the membrane
resistance to remain constant, inasmuch as the effects of
electroporation, governed by Eqgs. 1 and 2, are negligible.
Indeed from Fig. 8, A and D, we see that the electroporation
effects are negligible for drive potentials from 50 to 80 V/s
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for the 1-ms rise, and 1040 V/s for the 5-ms rise. The
reason the 5-ms rise (Fig. 8, A and C) has larger relative
electroporation effects, as compared with the 1-ms rise
(Fig. 8, B and D), is that the nucleation and dynamics of
pore radii evolve for a longer period of time at a sufficiently
high transmembrane potential.

As expected, the magnitude of the current response
for the 10% tethered membrane, Fig. 8, A and B, is less
than the current response for the 10% tethered membrane,
Fig. 8, C and D, because of the tethers hindering the nucle-
ation and expansion of pores. The estimated electrical dou-
ble-layer capacitance used to compute the current for the
10% membrane is C; = 65 nF, and that for the 1% tether
density is C; = 39 nF. In reference to Table S2, the expected
value is C €[118,137] nF. Despite this minor discrepancy,
the estimated current, using the model given in Egs. 1 and 2,
is in excellent agreement with the experimentally measured
current.

CONCLUSION

The construction and two-level predictive model for an
engineered tethered membrane is presented in this article.
The self-assembled membrane provides a stable platform
for reproducible experiments in electroporation. The two-
layer model presented reveals several interesting features
regarding how the Stern and diffuse double layers,
and tethers, effect the electroporation process. The model
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proposed in this article predicts that the electrical energy
required to form a pore is proportional to the transmembrane
potential to a fractional power, and the pore conductance is
proportional to the radius of the pore. As shown, the exper-
imental results compare favorably with the results computed
from the predictive models.

APPENDIX A: ELECTRONEUTRAL MODEL OF
PORE CONDUCTANCE

Assuming electroneutrality, i.e.,

Z 7 =0

and no steric effects a; = 0 (2), the governing equations of ¢,,, the electrical
potential in the electrolyte solution, Q,,, can be derived by substituting the
time derivative of Eq. 5b into Eq. 5a for charge neutrality. The resulting
elliptic equation is given by

V. (sVg + V) = 0,

X (q¢f)D
=X (17)

N . PR
k= > qzD'c,

i=1

with the parameters defined below from Eq. 5. The boundary conditions of
Eq. 17 at the electrode surfaces 0Q2, and 0Q,., and at the ambient boundary
0Q,,, 0Qy,,, and 0Q,, are given by Eqs. 10 and 11, respectively (see also
Fig. 3). In the membrane domain ©Q,,, the electrostatic potential ¢,, is gov-
erned by Laplace’s equation for electrostatics V « (¢,,V¢) = 0. The interface
conditions between the domains Q,, and Q,, are given by

n+Veé, = 0indQ,,

18
¢, = ¢, in 0Q,. (15

From the continuity of potential on 0Q,, from Eq. 18, there exists a surface
charge on the membrane given by p, = ¢,,n * V¢, — e,n « V¢,,; therefore,
the system of equations from Eq. 17 with boundary conditions from Eq. 18
implicitly includes the membrane surface charge p, (2,29,73).

‘We denote the governing equations from Eq. 5a with a; = 0 coupled with
Eq. 17, the material parameters defined by Egs. 6 and 7, and the boundary
conditions Eqgs. 8, 10, 11, and 18 given as the electroneutral model (EM).
Given the solution of the EM system of equations, the conductance G,,
Eq. 12, can be estimated.

APPENDIX B: ELECTRONEUTRAL AND LAPLACE
MODEL OF ELECTRICAL ENERGY REQUIRED TO
FORM A PORE

Assuming electroneutrality, i.e.,

Zzici =0

i

and no steric effects ¢; = 0, the electric potential ¢ can be computed using
the EM, defined in Appendix A. Given ¢ from the EM, F(r) is computed
using Eq. 16. Substituting F(r) into Eq. 13 gives W,,, the electrical energy
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required to form a pore. If steady-state current (i.e., V' = 0) is also
assumed (29), the electrical potential ¢ is governed by Laplace’s equation
V « (eV¢) = 0 with € defined by Eq. 7, and the interface and boundary con-
ditions defined by Egs. 10, 11, and 18. We denote this as the Laplace model
(LM). Given ¢ from the LM, an estimate of W, can be computed using the
same method as for the EM above.

SUPPORTING MATERIAL

Two tables, two figures, and supplemental information are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00803-0.

SUPPORTING CITATIONS

References (74-78) appear in the Supporting Material.

REFERENCES

1. Kee, S.,J. Gehl, and E. Lee. 2011. Clinical Aspects of Electroporation.
Springer, New York.

2. Li, J., and H. Lin. 2010. The current-voltage relation for electropores
with conductivity gradients. Biomicrofluidics. 4:13206.

3. Cornell, B. A., V. L. Braach-Maksvytis, ..., R. J. Pace. 1997. A
biosensor that uses ion-channel switches. Nature. 387:580-583.

4. Raguse, B., V. Braach-Maksvytis, ..., L. Wieczorek. 1998. Tethered
lipid bilayer membranes: formation and ionic reservoir characteriza-
tion. Langmuir. 14:648-659.

5. McGillivray, D. J., G. Valincius, ..., M. Losche. 2007. Molecular-scale
structural and functional characterization of sparsely tethered bilayer
lipid membranes. Biointerphases. 2:21-33.

6. Prashar, J., P. Sharp, ..., B. Cornell. 2007. Making lipid membranes
even tougher. J. Mater. Res. 22:2189-2194.

7. Heinrich, F, T. Ng, ..., M. Losche. 2009. A new lipid anchor for
sparsely tethered bilayer lipid membranes. Langmuir. 25:4219-4229.

8. Cranfield, C. G., B. A. Cornell, ..., B. Martinac. 2014. Transient
potential gradients and impedance measures of tethered bilayer lipid
membranes: pore-forming peptide insertion and the effect of electropo-
ration. Biophys. J. 106:182—189.

9. Neu, J., and W. Krassowska. 1999. Asymptotic model of electropora-
tion. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip. Topics.
59:3471-3482.

10. Neu, J. C., and W. Krassowska. 2006. Singular perturbation analysis of
the pore creation transient. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
74:031917.

11. Pastushenko, V., Y. Chizmadzhev, and V. Arakelyan. 1979. Elec-
tric breakdown of bilayer lipid membranes: II. Calculation of the
membrane lifetime in the steady-state diffusion approximation.
J. Electroanal. Chem. Interfacial Electrochem. 104:53-62.

12. Barnett, A., and J. Weaver. 1991. Electroporation: a unified, quantita-
tive theory of reversible electrical breakdown and mechanical rupture
in artificial planar bilayer membranes. Bioelectrochem. Bioenerg.
25:163-182.

13. Freeman, S. A., M. A. Wang, and J. C. Weaver. 1994. Theory of elec-
troporation of planar bilayer membranes: predictions of the aqueous
area, change in capacitance, and pore-pore separation. Biophys. J.
67:42-56.

14. Sung, W., and P. J. Park. 1997. Dynamics of pore growth in membranes
and membrane stability. Biophys. J. 73:1797-1804.

15. Oldham, K. B. 2008. A Gouy-Chapman-Stern model of the double
layer at a (metal)/(ionic liquid) interface. J. Electroanal. Chem.
613:131-138.

16. Wang, H., A. Thiele, and L. Pilon. 2013. Simulations of cyclic
voltammetry for electric double layers in asymmetric electrolytes: a

Biophysical Journal 107(6) 1339-1351


http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00803-0

1350

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

generalized modified Poisson-Nernst-Planck model. J. Phys. Chem. C.
117:18286-18297.

Kilic, M. S., M. Z. Bazant, and A. Ajdari. 2007. Steric effects in the
dynamics of electrolytes at large applied voltages. II. Modified Pois-
son-Nernst-Planck equations. Phys. Rev. E Stat. Nonlin. Soft Matter
Phys. 75:021503.

. Chaudhry, J., J. Comer, ..., L. Olson. 2014. A stabilized finite element

method for modified Poisson-Nernst-Planck equations to determine ion
flow through a nanopore. Commun. Comput. Phys. 15:1. http://dx.doi.
org/10.4208/cicp.101112.100413a.

Krishna, G., J. Schulte, ..., P. Osman. 2003. Tethered bilayer
membranes containing ionic reservoirs: selectivity and conductance.
Langmuir. 19:2294-2305.

Weaver, J., and Y. Chizmadzhev. 1996. Theory of electroporation: a
review. Bioelectrochem. Bioenerg. 41:135-160.

Lee, Y., and P. Deng. 2012. Review of micro/nano technologies and
theories for electroporation of biological cells. Sci. China Phys.
Mech. Astron. 55:996-1003.

Pastushenko, V., and Y. Chizmadzhev. 1982. Stabilization of con-
ducting pores in BLM by electric current. Gen. Physiol. Biophys.
1:43-52.

DeBruin, K. A., and W. Krassowska. 1999. Modeling electroporation in
a single cell. I. Effects of field strength and rest potential. Biophys. J.
77:1213-1224.

DeBruin, K. A., and W. Krassowska. 1999. Modeling electroporation in
a single cell. II. Effects Of ionic concentrations. Biophys. J. 77:1225—
1233.

Deng, P, Y. Lee, ..., T. Zhang. 2012. Nonlinear electro-mechano-
biological behavior of cell membrane during electroporation. Appl.
Phys. Lett. 101:053702.

Talele, S., P. Gaynor, ..., J. Ekeran. 2010. Modeling single cell
electroporation with bipolar pulse parameters and dynamic pore radii.
J. Electrost. 68:261-274.

Joshi, R. P, Q. Hu, ..., H. P. Hjalmarson. 2002. Improved energy model
for membrane electroporation in biological cells subjected to electrical
pulses. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 65:041920.

Joshi, R. P, and K. H. Schoenbach. 2000. Electroporation dynamics
in biological cells subjected to ultrafast electrical pulses: a numerical
simulation study. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Topics. 62 (1 Pt B):1025-1033.

Neu, J. C., K. C. Smith, and W. Krassowska. 2003. Electrical energy
required to form large conducting pores. Bioelectrochemistry.
60:107-114.

Neu, J. C., and W. Krassowska. 2003. Modeling postshock evolution
of large electropores. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
67:021915.

Zeng, Y., A. K. Yip, ..., K. H. Chiam. 2012. A three-dimensional
random network model of the cytoskeleton and its role in mechano-
transduction and nucleus deformation. Biomech. Model. Mechanobiol.
11:49-59.

Zhang, J., P. C. Johnson, and A. S. Popel. 2008. Red blood cell aggre-
gation and dissociation in shear flows simulated by lattice Boltzmann
method. J. Biomech. 41:47-55.

Zeng, X., and S. Li. 2011. Multiscale modeling and simulation of soft
adhesion and contact of stem cells. J. Mech. Behav. Biomed. Mater.
4:180-189.

Yu, L., Y. Sheng, and A. Chiou. 2013. Three-dimensional light-
scattering and deformation of individual biconcave human blood cells
in optical tweezers. Opt. Express. 21:12174-12184.

Chee, C., H. Lee, and C. Lu. 2008. Using 3D fluid-structure interaction
model to analyze the biomechanical properties of erythrocyte. Phys.
Lett. A. 372:1357-1362.

Aernouts, J., I. Couckuyt, ..., J. Dirckx. 2010. Elastic characterization
of membranes with a complex shape using point indentation measure-
ments and inverse modeling. Int. J. Eng. Sci. 48:599-611.

Biophysical Journal 107(6) 1339-1351

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Hoiles et al.

Hgjgaard Olesen, L., M. Z. Bazant, and H. Bruus. 2010. Strongly
nonlinear dynamics of electrolytes in large AC voltages. Phys. Rev. E
Stat. Nonlin. Soft Matter Phys. 82:011501.

Weaver, J. C. 1994. Molecular basis for cell membrane electroporation.
Ann. N. Y. Acad. Sci. 720:141-152.

Newman, J. 1966. Resistance for flow of current to a disk.
J. Electrochem. Soc. 113:501-502.

Vasilkoski, Z., A. T. Esser, ..., J. C. Weaver. 2006. Membrane electro-
poration: the absolute rate equation and nanosecond time-scale pore
creation. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 74:021904.

Krishna, G., J. Schulte, ..., P. Osman. 2001. Tethered bilayer
membranes containing ionic reservoirs: the interfacial capacitance.
Langmuir. 17:4858-4866.

Yin, P, C.J. Burns, ..., B. A. Cornell. 2003. A tethered bilayer sensor
containing alamethicin channels and its detection of amiloride-based
inhibitors. Biosens. Bioelectron. 18:389-397.

Smith, K. C., J. C. Neu, and W. Krassowska. 2004. Model of creation
and evolution of stable electropores for DNA delivery. Biophys. J.
86:2813-2826.

Krassowska, W., and P. D. Filev. 2007. Modeling electroporation in a
single cell. Biophys. J. 92:404-417.

Hu, Q., and R. P. Joshi. 2009. Transmembrane voltage analyses in sphe-
roidal cells in response to an intense ultrashort electrical pulse. Phys.
Rev. E Stat. Nonlin. Soft Matter Phys. 79:011901.

Movahed, S., and D. Li. 2013. A theoretical study of single-cell elec-
troporation in a microchannel. J. Membr. Biol. 246:151-160.

Chang, D. C., and T. S. Reese. 1990. Changes in membrane structure
induced by electroporation as revealed by rapid-freezing electron mi-
croscopy. Biophys. J. 58:1-12.

Kanthou, C., S. Kranjc, ..., M. Cemazar. 2006. The endothelial cyto-
skeleton as a target of electroporation-based therapies. Mol. Cancer
Ther. 5:3145-3152.

Teissié, J., and M. P. Rols. 1994. Manipulation of cell cytoskeleton
affects the lifetime of cell membrane electropermeabilization. Ann.
N. Y. Acad. Sci. 720:98-110.

Rols, M., and J. Teissié. 1992. Experimental evidence for the involve-
ment of the cytoskeleton in mammalian cell electropermeabilization.
Biochim. Biophys. Acta. 1111:45-50.

Rosazza, C., J. Escoffre, ..., M. Rols. 2011. The actin cytoskeleton has
an active role in the electrotransfer of plasmid DNA in mammalian
cells. Mol. Ther. 19:913-921.

Deminsky, M., A. Eletskii, ..., B. Potapkin. 2013. Molecular dy-
namic simulation of transmembrane pore growth. J. Membr. Biol.
246:821-831.

Bockmann, R. A., B. L. de Groot, ..., H. Grubmiiller. 2008. Kinetics,
statistics, and energetics of lipid membrane electroporation studied
by molecular dynamics simulations. Biophys. J. 95:1837-1850.

Wohlert, J., W. K. den Otter, ..., W. J. Briels. 2006. Free energy of a
trans-membrane pore calculated from atomistic molecular dynamics
simulations. J. Chem. Phys. 124:154905.

Zheng, Q., D. Chen, and G. W. Wei. 2011. Second-order Poisson
Nernst-Planck solver for ion channel transport. J. Comput. Phys.
230:5239-5262.

Joshi, R. P, and Q. Hu. 2010. Analysis of cell membrane permeabili-
zation mechanics and pore shape due to ultrashort electrical pulsing.
Med. Biol. Eng. Comput. 48:837-844.

Ziebert, F., M. Z. Bazant, and D. Lacoste. 2010. Effective zero-thick-
ness model for a conductive membrane driven by an electric field.
Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 81:031912.

Ziebert, F., and D. Lacoste. 2010. A Poisson-Boltzmann approach for a
lipid membrane in an electric field. New J. Phys. 12:095002.

Ambjornsson, T., M. A. Lomholt, and P. L. Hansen. 2007. Applying a
potential across a biomembrane: electrostatic contribution to the
bending rigidity and membrane instability. Phys. Rev. E Stat. Nonlin.
Soft Matter Phys. 75:051916.


http://dx.doi.org/10.4208/cicp.101112.100413a
http://dx.doi.org/10.4208/cicp.101112.100413a

Electroporation in an Engineered Membrane

60.

61.

62.

63.

64.

65.

66.

67.

68.

Dey, M., D. Bandyopadhyay, ..., S. W. Joo. 2012. Electric-field-
induced interfacial instabilities of a soft elastic membrane confined
between viscous layers. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
86:041602.

Vlahovska, P. M., R. S. Gracia, ..., R. Dimova. 2009. Electrohydrody-
namic model of vesicle deformation in alternating electric fields.
Biophys. J. 96:4789-4803.

Seiwert, J., and P. M. Vlahovska. 2013. Instability of a fluctuating
membrane driven by an AC electric field. Phys. Rev. E Stat. Nonlin.
Soft Matter Phys. 87:022713.

Schwalbe, J., P. Vlahovska, and M. Miksis. 2011. Lipid membrane
instability driven by capacitive charging. Phys. Fluids. 23:041701.
Bingham, R. J., P. D. Olmsted, and S. W. Smye. 2010. Undulation insta-
bility in a bilayer lipid membrane due to electric field interaction with
lipid dipoles. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 81:051909.
Li, J., H. Zhang, ..., A. C. Shi. 2013. Emergence and stability of inter-
mediate open vesicles in disk-to-vesicle transitions. Phys. Rev. E Stat.
Nonlin. Soft Matter Phys. 88:012719.

Li, J.,, K. A. Pastor, ..., J. Zhou. 2013. Elastic properties and line
tension of self-assembled bilayer membranes. Phys. Rev. E Stat.
Nonlin. Soft Matter Phys. 88:012718.

Yao, Z., R. Sknepnek, ..., M. Cruz. 2012. Shapes of pored membranes.
Soft Matter. 8:11613-11619.

Abidor, 1., V. Arakelyan, ..., M. Tarasevich. 1979. Electric break-
down of bilayer lipid membranes: I. The main experimental facts and

their qualitative discussion. J. Electroanal. Chem. Interf. Electrochem.
104:37-52.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

1351

Dickens, L. 1967. Spreading resistance as a function of frequency.
IEEE Trans. Microw. Theory Tech. 15:101-109.

Glaser, R., S. Leikin, ..., A. Sokirko. 1988. Reversible electrical break-
down of lipid bilayers: formation and evolution of pores. Biochim.
Biophys. Acta. 940:275-287.

Sugdr, 1. 1979. A theory of the electric field-induced phase transition of
phospholipid bilayers. Biochim. Biophys. Acta. 556:72—85.

DeBruin, K. A., and W. Krassowska. 1998. Electroporation and shock-
induced transmembrane potential in a cardiac fiber during defibrillation
strength shocks. Ann. Biomed. Eng. 26:584-596.

Chen, J., M. Abdelgawad, ..., Y. Sun. 2011. Electrodeformation
for single cell mechanical characterization. J. Micromech. Microeng.
21:054012.

Amestoy, P, I. Duff, ..., J. Koster. 2001. A fully asynchronous multi-
frontal solver using distributed dynamic scheduling. SIAM J. Matrix
Anal. Appl. 23:15-41.

Brown, P, A. Hindmarsh, and L. Petzold. 1994. Using Krylov methods
in the solution of large-scale differential-algebraic systems. SIAM J.
Sci. Comput. 15:1467-1488.

Hobbie, R., and B. Roth. 2007. Intermediate Physics for Medicine and
Biology. Springer, New York.

Nightingale, E. 1959. Phenomenological theory of ion solvation.
Effective radii of hydrated ions. J. Phys. Chem. 63:1381-1387.

Israelachvili, J. 2011. Intermolecular and Surface Forces, 3rd Ed.
Academic Press, Waltham, MA.

Biophysical Journal 107(6) 1339-1351



	An Engineered Membrane to Measure Electroporation: Effect of Tethers and Bioelectronic Interface
	Introduction
	Macroscopic dynamics
	Continuum dynamics
	Literature review

	Materials and Methods
	Formation of the engineered tethered membrane
	Macroscopic electroporation model of the engineered tethered membrane
	GPNP continuum model for the electrodiffusive dynamics in the engineered tethered membrane
	Refining the macroscopic model using the continuum GPNP model

	Results and Discussion
	Numerically predicted aqueous pore conductance and electrical energy required to form a pore
	Experimental verification of predictive models

	Conclusion
	Appendix A: Electroneutral Model of Pore Conductance
	Appendix B: Electroneutral and Laplace Model of Electrical Energy Required to form a Pore
	Supporting Material
	Supporting Citations
	References


