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Abstract: In order to overcome the obstruction of cell membranes in the path of drug delivery to dis-
eased cells, the applications of electric pulses of adequate potency are designated as electroporation.
In the present study, a mathematical model of drug delivery into the electroporated tissue is advocated,
which deals with both reversibly and irreversibly electroporated cells. This mathematical formulation
is manifested through a set of differential equations, which are solved analytically, and numerically, ac-
cording to the complexity, with a pertinent set of initial and boundary conditions. The time-dependent
mass transfer coefficient in terms of pores is used to find the drug concentrations through reversibly
and irreversibly electroporated cells as well as extracellular space. The effects of permeability of drug,
electric field and pulse period on drug concentrations in extracellular and intracellular regions are dis-
cussed. The threshold value of an electric field (E > 100 V cm™) to initiate drug uptake is identified in
this study. Special emphasis is also put on two cases of electroporation, drug dynamics during ongoing
electroporation and drug dynamics after the electric pulse period is over. Furthermore, all the simulated
results and graphical portrayals are discussed in detail to have a transparent vision in comprehending
the underlying physical and physiological phenomena. This model could be useful to various clinical
experiments for drug delivery in the targeted tissue by controlling the model parameters depending on
the tissue condition.

Keywords: electroporation; drug delivery; reversibly and irreversibly electroporated cells; cell
membrane; electric pulse

1. Introduction

One of the major difficulties in biotherapy and cancer chemotherapy is the paucity of potent drug
and gene delivery. In order to deliver drug in the intracellular space, cell membrane acts as a barrier
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and allows restrictive diffusion of drug molecules. Large size particles are almost impermeable through
the membrane. Electroporation or electropermeabilization is used to increase the cell membrane per-
meability which is studied by many researchers [1-5]. Electroporation is a biophysical phenomenon
resulting in the formation of aqueous pores in the cell membrane made of lipid bilayer. Electroporation
is performed by applying an external electric field of sufficient strength [3,5-7]. In electroporation,
transmembrane potential increases with the application of electric field and once the transmembrane
potential exceeds it’s critical value, the cell membrane gets permeabilized [4, 8]. This permeabilized
membrane is utilized to transport the drug into the intracellular space. Also, electroporation is widely
used in biomedicine, biotechnology, food science & technology and environmental science [4,5,9].

Depending on the field strength and pulse duration, electroporation process can be categorized as
reversible and irreversible electroporation. In reversible electroporation, the electric field is applied
under a certain range so that the membrane is temporarily permeabilized and recover the original state
spontaneously after removal of electric field [10]. Once the pulse period is over, the cell membrane
starts closing its pores, which had opened due to the application of external electric field. This process
is called membrane resealing [2, 11]. It has been observed that the time duration in pore creation is
of the order of a microsecond whereas membrane resealing happens in the minute time scale [8, 12].
The reversibly electroporated cell undergoes the treatment, and once the pulse period is over, the cell
membrane reseals. In irreversible electroporation, the electric field is applied high enough that leads to
the permanent pore generation in the cell membrane [13]. The irreversible electroporation may lead to
the loss in cell homeostasis that can lead to the cell death [14]. Thus, irreversibly electroporated cells
can not sustain the treatment and pores do not reseal [15]. Reversible electroporation has been used to
deliver drug into tumour cells through the process of electrochemotherapy [16, 17], gene delivery [18]
and transdermal drug delivery [9, 19]. On the other hand, irreversible electroporation is generally used
in cancer treatment [13, 14].

The efficacy of drug transport in the tissues, as an outcome of electroporation, depends on several
electrical parameters, physical and biochemical properties of the tissue, and drug’s physicochemical
characterization. Electropermeabilization depends on pulse strength, pulse duration, and the number of
pulses [20]. Some tissue properties such as conductivity, size, shape and distribution of cells also play
a significant role in drug transport phenomena [12,21]. Experimental findings reveal that the number
of pulses and their duration are responsible for drug transport across the permeabilized membrane [22].
The application of a high voltage electric field for a short duration (1us — 100 us) increases pore density
within the cell membrane in single cell electroporation [21,23]. However, in bulk electroporation, long-
duration (100 us — 100 ms) electric pulses are generally conducted to electroporate the tissue [9,11,19].

Mathematical models are gradually taking the center stage in the research arena of drug delivery
through electroporation. In 2008, Granot and Rubinsky [11] proposed a mathematical model of drug
delivery in tissue cells with reversible electroporation. The authors used the model of single cell
electroporation proposed by Krassowska and Filev [3] and described that the mass transfer rate in the
cells is increased with pore creation due to electroporation. In 2014, the Miklav¢i¢ group [24] proposed
a dual porosity model and established a relation between electroporation and the resulted permeability
that affects macroscopic transport and cellular drug uptake. The dual porosity model is used to treat
the biological materials with electroporation in food science [25]. The dual porosity model is also
used in the study of Dermol-Cerne et al. [17], which makes a connection between in vitro and in
vivo experiments in electrochemotherapy. In a slightly different way, Boyd and Becker [26] presented
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a model to implement tissue electroporation for drug delivery. The model considered the effects of
tissue conductivity to increase cellular permeability in addition to the phenomenon of pore resealing. In
2017, Argus et al. [27] extended the said model including the transient transport behaviour of reversibly
electroporated cells and that of irreversibly electroporated cells. In 2018, Dermol-Cerne and Miklagi¢
[9] also developed a model of skin electroporation to study transdermal drug delivery through stratum
corneum. The model described the changes in dielectric properties of the electroporated skin.

The present study deals with the mathematical modelling of tissue electroporation to introduce drug
into the targeted cells. In this model, a uniform electric field is applied to electroporate the tissue;
reversible as well as irreversible electroporation is considered, and membrane resealing effects are also
taken into account. The principal purpose of this model is to have a detailed analysis of the drug trans-
port through extracellular as well as intracellular region of the biological tissue. A time-variant mass
transfer coefficient is considered to be dependent on membrane pore density as the increment of pores
during electroporation enhances the drug transport into the cells. In this study, mass transfer during
electroporation and after the termination of electroporation are investigated. The physical phenom-
ena are demonstrated through a system of coupled differential equations along with appropriate initial
and boundary conditions. Based on the mathematical complexities, some of the equations are solved
analytically, and rest are solved numerically. The numerical scheme is validated by comparing the
numerical results with analytical solutions. The effects of various significant parameters such as, field
strength, pulse duration and drug permeability on transport phenomena, are discussed. It is found that
a minimum electric field (E > 100 V cm™") is required to initiate the drug uptake into the cells. The
local sensitivity analysis of various parameters of the model is also performed with graphical represen-
tations. A comparative study of the proposed model with the existing ones [11,24,26] is also carried
out in order to have an idea about the potency and authenticity of the advocated model.

2. Problem formulation

In this work, a biological tissue is considered. The tissue is assumed to be spherical having radius
R. From a macroscopic viewpoint, the tissue region may be categorically divided into two parts: extra-
cellular space and intracellular space. The extracellular space is defined as the tissue region outside the
cellular domain. The extracellular one is generally assumed to be outside the cell membrane, occupied
by interstitial fluid and extracellular matrix. Intracellular space is a compartment within individual
cells, as a whole, separated from the extracellular space by cell membranes. The cell membranes
control the mass transfer of molecules, proteins, drugs etc., between extracellular and intracellular do-
mains. The cell membrane contains millions of nanometre-sized pores through which drugs or some
specific molecules may not be able to permeate. The complete structure of the biological tissue com-
prising of cells and porous cell membranes is schematically portrayed through Figure 1.

The fundamental aspect of tissue electroporation is that the cell membrane gets destabilized once
electric pulses are applied [3,5]. Generally, electric pulses are used in two different approaches. Either
a single pulse is applied continuously over a stipulated time period, or multiple pulses are applied for
a time (pulse period) with some time gap between two pulses [5, 28]. During electroporation, cell
membranes are permeabilized when the induced transmembrane potential exceeds its threshold value.
In order to generate an electric field, two electrodes with different potential values ¢y, ¢, are placed at
A and B respectively (as shown in Figure 2). A large number of hydrophilic transient pores are formed
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Figure 1. A schematic diagram of a biological tissue. Here, Cg: drug concentration in
extracellular space; Cgg, Cirg: drug concentrations in reversibly, irreversibly electroporated
cells; r.: cell radius.

due to electroporation so that the mass transport is expedited. In the present study, it is assumed that the
pores are uniformly distributed in each cell surface, and the pore radius is considered to be constant for
all cells embedded within the tissue. With the commencement of destabilization of the cell membrane,
drug particles slowly move from the extracellular to the intracellular region. The number of pores per
unit area on the cell surface increases in addition to the rise in the individual pore size, thus allowing
enhanced drug uptake into the intracellular domain.
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Figure 2. A schematic representation of bulk electroporation on a spherical tissue. Here L,
H: length, width of the rectangular region D; ¢, ¢, : electric potentials on the electrodes at A,
B; E: induced electric field directed from left to right; r, 6: variables in spherical coordinates;
Y. angle between the direction of electric field and the normal to the cell membrane.
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3. Model development

The biological tissue is usually represented as a conductive medium. Electroporation leads to aug-
mentation of medium conductivity [8, 29]. The potential distribution, due to electroporation pulse
induction, is obtained from the solution of Laplace equation. In order to mathematically model the
electric field allied with electroporation, the Laplace equation is used [26] as follows,

V.- (0Vg) =0, (3.1)

where ¢ is the electrical potential, o represents the extracellular conductivity and it is considered as
constant. The boundary conditions are defined as ¢ = ¢, on the electrode at A (x = 0) and ¢ = ¢, on
the electrode at B (x = L) (as shown in Figure 2. Value the electric field (E) is the magnitude of the
gradient of the potential and is defined as E = |ﬁ¢|.

The total number of pores (Np) per cell surface (S) after the application of electric pulse is defined as

Np(t) = %N(t) ds. (3.2)
s

During electroporation, the pore density N in the cell membrane is evaluated by the equation, proposed
in the model on single cell electroporation by Krassowka and Filev [3], which is as follows.

dN N
— =aAl|ll - —ATY], 33
dt @ [ Ny :| (3:3)

2
where A = exp [(“,/—'") ], t is the time, « is the pore creation rate coefficient, V,, is the transmembrane
ep

potential, V,), is the characteristic voltage of electroporation, N is the equilibrium pore density for the
membrane area at V,, = 0 and ¢ is an electroporation constant. The Eq (3.3) is derived from the two
facts: (i) the pore creation rate depends on transmembrane potential exponentially and it agrees well
with the experimental findings [30], (i1) Equation (3.3) is a stochastic description of pore creation and
evolution, which is formulated from the Smoluchowki equation by Neu and Krassowska [31].

The transmembrane potential V,,, of a spherical cell in a uniform electrical field E was developed by
DeBrurin and Krassowka [1] and is defined as,

Vin = 1.5E X r.cos', (3.4)

where 7, denotes the radius of the cell and ¥ is the angle between the direction of electric field and
normal to the cell membrane at the position in which V,, is calculated.

In this model, the magnitude of the electric field is taken between 100 to 150 V cm™. Since the
transmembrane potential reaches its peak at the poles ¥ = 0 and n, the maximum number of pores
are created at those particular poles. Moreover, the transmembrane potential is almost null at ¥ = /2
and 37/2 and therefore, no new pores are formed at those locations. The total area of pores (Ap) in
the cell surface is calculated by the product of number of pores per cell and individual pore area and is
represented mathematically as,

1

Ap = TR% - Np, (3.5)
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where Rp is the radius of a typical pore in the electroporated cell membrane. As already mentioned,
Argus et al. [27] presented a mathematical model for tissue electroporation considering both reversible
and irreversible electroporation. In their work, two different mass transfer coefficients were considered
for reversibly and irreversibly electroporated cells in the mass transport equations. In the present study,
a more generalised mass transfer coefficient, which is considered to be dependent on the total number
of pores, is used. The mathematical formulation of the mass transfer coefficient u (sec™!), which is
applicable to both reversibly and irreversibly electroporated cells, is given as follows,

nR3,
() =|——| Np(®)- P, (3.6)
Vo
where Vj is the volume of a cube that just contains a cell and P is the permeability of drug particles
across the cell membrane.
In this investigation, the following two cases are studied:

3.1. Case 1: Mass transfer during ongoing electroporation

In the present case, it is assumed that the drug is injected prior to the initiation of the electropo-
ration process. Furthermore, it is considered that a uniform electric field is applied continuously for
a particular time duration so that the drug particles get transported into the intracellular compartment
from the extracellular one, once the cell membrane starts destabilizing. The electric pulses are applied
continuously on the tissue throughout the process of drug diffusion from the extracellular to intracel-
lular domain. The electric pulses are halted on the completion of the drug diffusion phenomenon.
Hence, no resealing effect is observed during this molecular diffusion since the time duration required
for resealing effect is not achieved by the membrane pores of reversibly electroporated cells. Thus,
the increased pore area obtained from the Eq (3.5) remains constant with time. For the present case,
the mass transfer coefficient is considered to be the same as given in the Eq (3.6). The extracellular
space can be thought of as the temporary reservoir of the drug, and the present investigation focuses
on how the drug is being transported into the reversibly and irreversibly electroporated cells from the
extracellular region when the electroporation process is on. Accordingly, the drug dynamics, during
ongoing electroporation, is manifested through the subsequent mathematical formulation [27] as,

‘9(% = V. (Do VCr) - (%)u(r) X [SF (Cr = Cre) + (1 = SF)(Cr — Crrp)], (3.7)
with initial condition: Cg(r, 6,0) = C,,

where Cg is the drug concentration in the extracellular space, Cgxg and C g are the drug concentrations
in the reversible and irreversible electroporated cells respectively, Cy is the initial drug concentration
in the extracellular domain, D, is the effective diffusion coefficient of the drug in the extracellular
space, ¢ is the porosity (i.e., the volumetric ratio between extracellular volume and total volume), and
S F is the survival fraction of cells. In Eq (3.7), the left hand side represents the rate of change of
drug concentration with time in extracellular space, the first term in the right hand side represents drug
diffusion in the extracellular media and the second term (as reaction) represents the total amount of
mass transfer at time ¢ from extracellular into intracellular domain with mass transfer coeflicient u(¢)
(see Eq (3.6)).
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The governing equations for the drug dynamics in the reversibly and irreversibly electroporated cells
can be written as,

oC

afE = (1) - (Cg — Crp), (3.8)
ocC

a’fE = u(t) - (Cg — Cizp), (3.9)

with initial conditions:
CRE(ra 97 0) = O s CIRE(r’ 97 0) = 0

Equations (3.8) and (3.9), which come from the mass balance equation, represent the rate of
drug uptake into the reversibly and irreversibly electroporated cells. Since, a uniform electric field
is applied during electroporation, the whole tissue is electroporated uniformly. Mass transport
from extracellular space into intracellular space occurs through molecular diffusion due to con-
centration gradient. Since, initially the concentrations in extracellular (Cr = Cy) and intracellular
(Cre = 0, Cigg = 0) regions are different, mass transport continues to occur until the concentrations
becomes equal (i.e., Cg = Cgrg = Cigg). The concentration variables may be considered as space
independent due to uniform electroporation and homogeneous media. Hence, only temporal changes
in drug concentrations are emphasized here. On considering V>*Cr = 0 and D, s as constant, the Eqs
(3.7) — (3.9) are simplified as,

dcC 1-
Lo (Tg) 1) XIS F - (Cr — Cre) + (1 = SF) - (Cr - Cxp)], (3.10)
dC
de = u(t) - (Ci — Crp), (3.11)
dC
d’fE = pu(t) - (C — Crrp), (3.12)

subject to initial conditions:
CE(0) = Co, Cre(0) = Cige(0) = 0.

3.2. Case 2: Mass transfer after the termination of electroporation

In this case, the drug is assumed to be injected into the biological tissue immediately after the elec-
troporation process is stopped. Moreover, it is considered that continuous electroporation is actioned
due to the application of a uniform electric field for a specific time span #,,. Before the initiation of
electroporation, there is no accumulation of the drug in the extracellular space, whereas drug transport
into the intracellular compartment starts immediately after the end of the pulse period. At this juncture,
as the reversibly electroporated cell membrane pores get adequate time to reseal, the pore area starts
decreasing with time. Hence, the pore area can be mathematically illustrated through an exponentially
decreasing function of time [11], which is as follows.

t
Ap = tR% - Np - exp (——), (3.13)
T
where 7 is the resealing time constant.
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In this case, we take u(t,,) = (7%%’) - Np(t.p) - P, which represents the mass transfer coefficient and
the Eqgs (3.10)—(3.12) are remodelled as Eqs (3.14)—(3.16) respectively,

dc 1 -
dE :_( 8)ﬂ(tep)><[exp(—z).SF-(CE—CRE)+(1—SF).(CE_CIRE) ’ (3.14)
t & T
dCRE _ t
ar M) eXp(‘?) (G~ Cre). (3.15)
dc
g = Hter) (Ce = Cine). (3.16)

with initial conditions:
Ci(0) = Co, Cre(0) = Cige(0) = 0.

4. Methods of solution

In this model, both analytical and numerical methods are applied to solve the governing equations
wherever applicable. The Eq (3.1) is solved analytically in the rectangular region D (0 < x < L,
0 <y < H). Itis observed from the geometry (Figure 2) that ¢ is independent of y and Z—i’ = 0.
Equations (3.2) and (3.3) are also solved analytically considering ¥ = 0 or &. The coupled Eqs (3.10)—
(3.12) are solved analytically and also numerically using the finite difference method. A comparison
between analytical and numerical results is conducted to ensure the accuracy of the numerical scheme.
This validation is required as the same numerical scheme is used to solve the coupled Eqs (3.14)-
(3.16). For this purpose, Euler explicit method is used with a time step Az = 107> sec. The parameter
values used in the present work are provided in Table 1. Solutions are obtained for various parameter
values, and computations are performed in a computer having an Intel-core i5 processor and 4GB
RAM. Plots of numerical solutions are obtained with the help of Matlab R2019a.

4.1. Analytical solutions

The potential function ¢(x) is obtained from Eq (3.1) with the specified boundary conditions as

() = (m_;m)x + do. @.1)

The uniform electric field in the whole region D is

_ (¢o — ¢L).

E 7 4.2)
Solving the Eq (3.3) with initial condition N(0) = 0, the pore density N(¢) is
N(#) = NoA? [1 _exp (—“—t_)] . 4.3)
Ny - A97!
The total number of pores on a cell surface (S) is obtained from the Eq (3.2) as
Np(t) = 4nr? - N(¢). (4.4)
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Table 1. Parameter values used for simulation of the model.

Sym Value Definition(Source)

o 0.241 Sm™! Extracellular conductivity [27]

re 5% 10 m Cell radius [3]

a 10° m 2sec™! Pore creation coefficient [3]

Ve, 0258V Characteristic voltage [3]

Ny 15x10°m™ Equilibrium pore density [3]

q 2.46 Electroporation constant [11]
D.sr 107" m? sec™! Effective diffusion coefficient

Rr 08x107°m Pore radius [11]

e 0.18 Porosity (volumetric ratio) [24,27]
P 5% 1077 m sec™! Permeability of drug [11]

SF 0.8 Survival fraction of cells [27]

T 100 sec Resealing time constant [27]

E 140 V cm™! Electrical field

Co 10°molL™' =10°M Initial drug concentration

tep 20 sec Time duration of electroporation
L 2.5%x 107 m Length of the rectangle (Figure 2)
H 2% 1073 m Width of the rectangle (Figure 2)
R 1x1073m Radius of the tissue (Figure 2)

o 35V Potential at A (Figure 2)

oL ov Potential at B (Figure 2)

o 1.4 %1073 Pore surface fraction ratio [24,32]
d, 510 m Cell membrane thickness [24]

Using Eqs (3.11) and (3.12) in Eq (3.10), it becomes

dCE 1-¢ dCRE dC[RE
- _ F- 1-SF)- . 4,
di ( e )X[S a TUSE =g *5)

Now, integrating the Eq (4.5) and using the initial conditions, Cg can be expressed as,

1-¢

CE:CO—( )X[SF~CRE+(1—SF)~C,RE]. (4.6)

From Eqgs (3.11) and (3.12), we have

d
E(CRE — Cire) = —u(@) - (Crg — Cirp). 4.7)

Integrating the Eq (4.7) and using the initial conditions, a relation between Cgg and Cjgg can be ob-
tained as,
Cre = Cige. (4.8)
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By substitutig Cr from the Eq (4.6) into the Eq (3.11), we have

d _
ZRE = () - M_ (4.9)
t &

Substitutig u(?) into the above equation, we obtained Cgg and C g as,

Cire(t) = Cre(t) = Coe X

1 —exp (kkg {1 — kot —exp (- kzt)})] (4.10)

m2R%NoPA?
where k| = T and k, = Aq -,

Finally, from the Eq (4.6), Cg can be obtained as,

Ce(n) =Cy

k

e+ (1 —8)><exp(k—1-{1 —kzt—exp(—kzt)})]. 4.11)
2E

5. Results and discussion

The objective of the current study is to characterize the drug transport kinetics in the biological
tissue. This characterization is done through qualitative analysis that can be visualized from Figures
3-13. The detailed qualitative analysis through the graphical representations reveal the underlying
physical and physiological phenomena. Arbitrary choice of parameter values may not lead to the
projected objectives of the present study. Hence, extensive literature is consulted, and model parameter
values are obtained from the relevant literature and presented in Table 1. In this section, a detailed
discussion on the effects of various model parameters, like drug permeability (P), electric field (E)
and pulse duration (7,,) is presented. Since the drug concentrations in different regions are space
independent, the graphs (Figures 4—13) are plotted for a typical location. Figure 3 shows the semilog
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1016 '/,,,,,,,.,, -

5,10”’ 17 E|
g 1
10" H—E = 100] D 1

E =120 o
E =130
—-E = 140 1

1010,

"o 05 1
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18005 20 40 60 80 100 120 140 160 180 200
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Figure 3. Represents the change of pore density N (m~2) with time ¢ for different electrical
fields E (V cm™"). This is a semilog plot for better understanding of the changes of N. The
normal plot is shown in the inset for initial 1 sec.

plot for N against t to accommodate the wide range of variations in N. As initially (¢ = 0), the pore
density is zero (N = 0), so log N is not defined at the initial time. In order to avoid this, we have plotted
from ¢t = 0.005 instead of + = 0. However, to verify the initial condition, we have shown the actual
plots for the initial time, in the inset. This figure depicts the time variant pore density (N) change with
the application of different electric fields. It may be observed from the figure that with the increasing
electric field, the pore density increases. This is a very usual phenomena as the electroporation itself is
dependent on the above mentioned electrical parameters.
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5.1. Validation of the results
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Figure 4. A comparison between the analytical and numerical results of drug concentrations
Cg and Cgg (or Cigg) for the case 1 (Mass transfer during ongoing electroporation) is shown.
Here, analytical results corresponding to the Eqs (4.10), (4.11) and numerical results of the
Egs (3.10)—(3.12) for P = 5x 107" msec”™!, E = 140 V cm™! are plotted.

In order to validate the numerical scheme of this model, a comparison between numerical and
analytical solutions of drug concentrations in extracellular and intracellular regions is done as shown
in the Figure 4. From the figure, it is seen that both the profiles of analytical and numerical results
agree perfectly for each of the cases of Cr and Cgg. This computational scheme is used to solve the
Eqgs (3.14)—(3.16).

5.2. Mass transfer during ongoing electroporation

In this section, it is considered that the drug is transported from extracellular space into the intra-
cellular space when the electroporation process is under way. It may be kept in mind that the resealing
effect is not significant in this phase, as discussed earlier.
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Figure 5. Time variant drug concentration profiles of Cg, Cgz and Cjgg for P = 5x 107" m
sec’'and E =140 Vcem™.
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Figure 5 represents the time variant concentration profiles of drug concentrations in extracellular
space, reversibly and irreversibly electroporated cells, respectively. In the present scenario, electropo-
ration and resultant mass transfer, i.e., drug transport in particular, are in simultaneous action so that
there is no time for resealing effect. These events can be clearly visualized from Figure 5. As the
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Figure 6. Time variant drug concentration profiles of (a) Cg and (b) Cgg (or Cjgg) for differ-

ent P (m sec™!) and E = 140 V cm™!. The drug concentrations (Cgg, Cjgg) are exactly same
as there is no resealing effect.

drug has its maximum concentration in the extracellular space, its contour declines from the peak once
the drug starts entering into the intracellular space. On the other hand, the drug concentrations in re-
versibly and irreversibly electroporated cells increase from their initial zero concentrations due to drug
uptake. Moreover, due to insignificant resealing effect, the reversibly and irreversibly electroporated
cells behave similarly, and hence their corresponding contours overlap, which is evident from the fig-
ure itself. In the mathematical formulation, the physiological processes starting form electroporation
upto drug uptake by the cells are considered. Here, any mode of drug clearance or drug degradation is
not modeled. Thus, the residual drug accumulates in the extracellular space due to the absence of drug
clearance. The maximum limit of drug uptake is attained by the cells before drug degradation, or drug
clearance starts.

Figure 6 illustrates the time variant drug concentration profiles in the extracellular space (Figure
6a) and reversibly (or irreversibly) electroporated cells (Figure 6b) for different drug permeability.
The mass transfer coefficient is directly proportional to the drug permeability (see Eq (3.10)), hence
increment in P leads to increment in u which results in faster decline of drug concentration in the
extracellular space from its peak value. On the other hand, in Figure 6b, the contours for increased
permeability attain their respective peaks in a shorter time duration in comparison with other contours
of reduced permeability. After a certain time (approximately 120 sec), the contours with different
permeability get merged with each other because a saturation condition is attained by the cells where
drug uptake reaches its maximum limit.

Figure 7 presents the time variant drug concentration profiles in the extracellular region (Figure 7a)
and reversibly (or irreversibly) electroporated cells (Figure 7b) for different magnitudes of the electrical
field (E). For a low electric field E = 100 V cm™', it is clearly observed from Figure 7a that the drug
concentration (Cg) remains unaltered with time. But with the increase in strength of the electric field,
the concentration profiles gradually decline from their maximum values. Initiation of drug uptake into
the intracellular region depends on u. And i depends on the number of pores Np along with pore radius
Rp (see Eq (3.6)). For a low electric field (E < 100 V cm™"), Np is very small so as u. The drug uptake
is almost zero for E < 100 V cm™! and it gets initiated when E > 100 V cm™!. So, it is observed
that electric field E > 100 V cm™! is necessary for the initiation of cell destabilization. Hence, it
is calculated in this study that a threshold value (E > 100 V cm™") of the electric field is needed to
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Figure 7. Time variant drug concentration profiles of (a) Cg and (b) Cgg (or Cjgg) for differ-
ent E(Vem™)and P =5x 107" msec™!. The drug concentrations (Cgg, Cjzg) are analogous

to each other as there is no resealing effect and same mass transfer rate in reversibly and
irreversibly electroporated cells.

initiate drug uptake into the cells. However, this threshold value may depends on types of drug particles
and diseased sites. As time elapses, Cg profiles for higher electric fields decline faster before being
merged in comparison with that for lower electric fields. This happens as new pores are formed after
the commencement of electroporation. The pore radii are widened with ascending electric field values
to allow more drug particles to permeate through the cell membranes. Since the pore density increases
with the electrical field, the contours for higher electrical field attain their zenith rapidly due to the
faster drug uptake in the cells (Figure 7b).

5.3. Mass transfer after the termination of electroporation
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Figure 8. Time variant drug concentration profiles of Cg, Czz and Cjgg for P = 5 x 107" m
sec™!, E=140 Vcm™ and 7,, = 20 sec.

In this section, it is assumed that mass transfer in the form of drug transport initiates immediately
after the completion of the electroporation process. The following graphical portrayals represent vari-
ous facets of the underlying phenomena when the particular condition mentioned in the Section 3.2 is
taken into consideration.

In the case of post electroporation drug transport, Figure 8 represents the time variant drug con-
centration profiles in the extracellular space, reversibly and irreversibly electroporated cells. From the
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figure, it may be observed that the Cg plots gradually decline due to drug diffusion into the intracellular
region, whereas the drug concentrations Cgg and Cjgg increase slowly with time due to drug uptake
in the cells. Unlike Figure 5, it can be visualized in Figure 8 that the drug concentration in reversibly
electroporated cells is less than the drug concentration in irreversibly electroporated cells. This type of
trend could be due to the pore resealing effect that reduces the drug uptake in reversibly electroporated
cells after a specific time.
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Figure 9. Time variant drug concentration profiles of (a) Cg, (b) Cgg and (c) Cgg for different
P (msec™!), E=140 Vcm™ and 7,, = 20 sec.

Figure 9 demonstrates the time-dependent drug concentration profiles in the extracellular space,
reversibly and irreversibly electroporated cells, for different values of drug permeability. Figure 9a
shows that the concentration graphs for lower permeability take a prolonged time to decay compared to
that with higher permeability because increased drug permeability increases the cellular drug uptake.
Figure 9b shows that with the increase in drug permeability, the drug uptake consistently enhances.
However, one point is noticed in the Figure 9c that prior to a particular time, the Czg profiles behave
similarly to that of Cgg. After the specific time, the graphs for lower drug permeability increase more
than the maximum limit attained by the graphs of higher drug permeability. This is due to the fact that
the initiation of resealing effect restricts the drug uptake by reversibly electroporated cells, and as a
result, the surplus drug particles enter into the irreversibly electroporated cells.
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Figure 10. Time variant drug concentration profiles of (a) Cg, (b) Cgrg and (c) Cigg for
different 7,, (sec), P = 5x 107" m sec™! and E = 140 V cm™'. Here, electroporation is
performed for different time duration (z,,) before the commencement of drug transfer.

Figure 10 presents the temporal changes of drug concentrations in the extracellular space, reversibly
and irreversibly electroporated cells, for different time duration of electroporation. Figure 10a shows
that if the time duration increases, the drug uptake gets higher and hence respective concentration Cg
declines faster. In both Figure 10b,c, it is observed that if the time span of electroporation is longer,
the drug uptake gets higher. This is due to the fact that the application of a long-time electric pulse
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creates a large number of pores, and hence permeability of the cell membrane gets increased. It may
be observed from Figure 10c¢ that maximum values of the concentration Czg for the cases t,, = 5 sec
and 7., = 10 sec are more than that of other cases. The reasons are: these pulse periods are so small
that resealing effect starts early enough for the reversibly electroporated cells to engulf the surplus
drug particles from the extracellular space; a shorter electric pulse leads to a lesser number of pores
formation so that the relative resealing effect will have more impact; the resealing effect has changed
the mass transfer rate of reversibly electroporated cells but not of irreversibly electroporated cells.

5.4. Comparison
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Figure 11. A comparison of drug concentration profiles of (a) Cg and (b) Cgg for various
cases. Here, in case 1 (present), Equations (3.10)—(3.12) are solved with P = 5 x 107 m
sec’! and E = 140 V cm™!; in case 2 (present), Equations (3.14)—(3.16) are solved with
P=5%x10"msec!, E = 140 V cm™ and 7,, = 20 sec; in case 3, Equations (3.14)-
(3.16) are solved taking mass transfer coefficient (u = 1.68 x 1072 sec™") from the model of
Kalamiza et al. [24] with P =5x 107" m sec™!, E = 140 V cm™! and 7,, = 20 sec.

A comparative study is conducted between the results of the present model having variable mass
transfer coeflicient (cases 1 and 2). Besides, an additional case (case 3) is considered in which a mass
transfer coeflicient, u = % is taken from the dual-porosity model of Kalamiza et al. [24] and is
substituted in the Eqgs (3. 14)m— 6(3.16) of our model. In the model of [24], the mass transfer coefficient is
formulated using pore surface fraction ratio (f,), which is well described in the literature [32]. Based
on that mass transfer coeflicient, the corresponding drug concentrations are calculated and represented
graphically as case 3 in Figure 11. The figure represents time variant drug concentration profiles of Cg
and Cgg for both the cases in the present study along with the case 3 where u = 1.68 x 1072 sec™!(for
particular value of f, [32]). In case 3, a steady decline in Cg (Figure 11a) and a steady increase in
Cre (Figure 11b) are noticed as the constant mass transfer coefficient in case 3 is greater than the
mass transfer coefficients in cases 1 and 2. In case 1, where electroporation is under way, Cg declines
slowly from its maximum concentration in comparison with that of case 2, where the electroporation
process is terminated. The reason is that in case 1, new pores are being formed with time during drug
transport, and in case 2, the maximum number of pores are already created before drug transport. In
Figure 11a, after intersecting at a particular time, the quickly declining curve (i.e., case 2) degrades
meagrely in comparison with slowly declining curve (i.e., case 1). This is because by this time, the
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resealing effect (case 2) has started influencing the drug transport by slowing down the drug uptake
by reversibly electroporated cells. Moreover, due to constant increment in the number of pores for
case 1, the resultant drug uptake overcomes that of case 2 after the intersecting point. Figure 11
reveals an important observation that whatever process (case 1 or case 2) is followed to administer the
drug in the intracellular domain, the resultant drug uptake is similar. Experimental research on tissue
electroporation with respect to the geometry considered in our study is unavailable. Hence, there is
little scope to validate our theoretical results with those of experimental ones. However, the graphical
representations provided here are analogous to those present in the works of Granot and Rubinsky [11],
Kalamiza et al. [24] and Boyd and Becker [26]. This depicts the authenticity of our model.

5.5. Sensitivity analysis

In this section, a sensitivity analysis of drug concentrations (Cg, Cgg, Cgg) With respect to the
parameters such as, permeability of drug (P), electric field (E), ‘pulse length (7.,)’ and ‘characteristic
voltage for electroporation (V,,)’ for the case 1 is performed and the graphical representation is shown
in Figures 12 and 13.
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Figure 12. Sensitivity of Cg to the parameters (a) P (m sec™") and (b) E (V cm™!). From the
Eq (4.11), %LPE at different P and Oa% at different E are computed and plotted against time.

Figure 12 shows the sensitivity of the drug concentration Cg to the parameters P and E. From
Figure 12a, it is observed that deviation in the curve becomes larger with smaller permeability and the
deviation approaches to zero near time t = 150 sec. Also, deviations in the curves for higher values
of permeability are relatively less. It is clear from Figure 12b that the deviation of the E-variant curve
for E = 100 V cm™! is almost zero over the entire time. Deviation in the curve for aa% increases
with the increase in E. In Figure 12, one may notice that the rate of change in the concentration (Cg)
with respect to both the parameters is negative due to continuous decrease in mass in the extracellular
region.

Figure 13 represents the sensitivity of the drug concentration Cgg to the parameters P and E. In
Figure 13a, the deviation of the curve for smaller permeability is larger than the curves for higher
permeabilities. In Figure 13, it is observed that the rate of change in the concentration (Cgg) with
respect to both the parameters are positive due to continuous mass uptake in both the intracellular

regions. The sensitivity of the drug concentration Cjgg is similar to that of Cgg. From the above
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discussion, it is concluded that the drug concentrations (Cg, Cgg, Cigg) are more sensitive to P than

that to E.
Sensitivity analysis of drug concentrations with respect to the parameters 7., and V,, are also stud-

ied. These parameters are found less sensitive in the resultant drug concentrations (figures are not
included). Hence, it is observed from the above sensitivity analysis that the drug concentrations are
most sensitive to the drug permeability (P) and least sensitive to characteristic voltage for electropora-
tion (V,,) compared to other parameters.

6. Conclusions

The following observations can be inferred from the outcomes of the present study:

(i) The propounded model is more realistic as vital physical phenomenon i.e., the possibility of
transport of drug during electroporation is incorporated.

(i1) Two types of electroporation approaches to drug delivery, like drug delivery during ongoing elec-
troporation and drug delivery just after the termination of electroporation, are simultaneously
investigated. It is found that both the approaches give similar results in drug administration to the
cells.

(i11)) The mass transfer coeflicient generally depends on the pore density. The pore density is a function
of time during electroporation. In this model, a time-dependent mass transfer coefficient is studied
for the first time (to the best of our knowledge).

(iv) The threshold value of the electric field (E > 100 V cm™!) to initiate drug uptake in the intracel-
lular regions is the novel outcome of the study.

(v) Through the sensitivity analysis, it is observed that the drug concentrations (Cg, Cgg, Cigg) are
most sensitive to P and least sensitive to V,,.

(vi) The advocated mathematical model is more accurate. Its authenticity is verified through a com-
parative study.
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Thus, the proposed mathematical model may be used in order to improve drug delivery in the tissue
through the electroporation approach. This model could be helpful in various clinical experiments
once experimental validations are performed.

Future scope of this study could be as follows:

(i) the effects of drug absorption, metabolism and clearance may be incorporated,

(i) some assumptions like homogeneous tissue media and uniformly pore distribution could be
dropped,

(1i1) validation with relevant experimental data, once these are available, may be performed.
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