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a b s t r a c t
When cells exposed to an electric field, localized changes in the distribution of the electric field will
be induced and these changes in turn lead to electrical stresses on cell surface. The electrical stresses
play a key role in the cell membrane structural changes which leads to important phenomena like
hydrophilic pores formation on the cell membrane resulting in the cell permeability. In this work,
protoplast cell interaction with direct current (DC) electric field is investigated. The electrical stresses
acted on the cell membrane in the presence of electric field are investigated numerically by a modified
finite difference method, fast Immersed Interface Method (IIM). Exact solution of dielectrophoresis
(DEP) force applied on a cell under a non-uniform electric field is obtained to verify numerical solution
obtained by the fast IIM. The numerical results reveal that both mismatched permittivity between cell
and insulating suspension fluid and the applied voltage are essential for generating and tuning the
total stresses exerted on cell surface. This paper can help to analytically study the electroporation
phenomenon which its exact mechanism is still unclear.
© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction
Significant progresses have been made in mammalian cell
engineering over past years for the modification of cellular
function such as gene expression [1–8], protein processing [9–12],
secretion [13–15], glycosylation [16,17] and proliferation [18–21].
One of the most important aims of cell engineering is to improve
the cellular properties of cells for applications in cell therapies
and tissue engineering. Electroporation is one of the promising
approaches to transfer macromolecule into cell. It allows one to
introduce exogenous molecules into cells and simultaneously to
extract endogenous molecules from inside of the cells [22]. The
formation of hydrophilic pores on the surface of cell membrane
makes the cell permeable for achieving this process. The pores are
formed by the tension stress exerted on the cell membrane, either
mechanically (pipet aspiration) or electrically (electroporation).
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Department of Mechanical Engineering, College of Engineering, University of
Tehran, Tehran, 14399-55961, Iran.
∗∗ Corresponding author at: Laboratory of Soft Machines and Electronics,
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Up to now, the formation mechanism of the pores caused by
electrocompressive stresses has not yet been understood well. It
is generally believed that the transmembrane potential reaches a
critical value to make cell to rupture. The rupture or irreversible
membrane breakdown happens when the pore radius becomes
more than a critical value [23]. Membrane rupture mechanism
under electric field is also unclear like membrane permeabilization. Electrical stresses should have an important role in both
phenomena.
Different theoretical models have been proposed to explain
this electroporation phenomenon. The transient aqueous model
is one of the most accepted models. It assumed that when cell
is exposed to an electric field, the induced transmembrane potential (TMP) provides free energy for phospholipids orientation
in the cell membrane, leading to the formation of hydrophilic
pores [24–26]. In a previous study, the effect of electric field on
cell membrane permeability has been investigated indirectly by
measuring the conductivity changes caused by applying electrical
pulses and observing molecular transport into cells [27]. TMP
depends on cell radius, the electric field intensity, the angle
between membrane points and direction of the electric field. It
can be calculated by the Schwan’s equation [28]. It has been
observed that molecule transfection happens more in the part
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of membrane where TMP is higher. This could be identified by
checking the electrical stress distribution acting on the cell surface. Priya and Gowrisree studied the effects of the electric field
on the cell in a conductive environment [29]. In their work, TMP
was calculated numerically and compared with analytical values,
while electroporation was investigated by measuring the TMP.
However, in their research, the effect of electric field on the cell
was studied only by calculating the potential difference between
the inner and outer surface of membrane. In addition, Tekle et al.
studied the formation and distribution of pores as well as its
lifetime in the cell membrane by applying the electric field [30].
Lysis, a permanent physical rupture of cells plasma membrane,
is another important phenomenon when exposure to electric
field. The membrane will rupture if the area density of electrical
energy reaches certain critical value(typically 5 mJ/m2 ) and the
transmembrane potential is about 0.5∼1.0 V, depending on the
duration of applied field [31]. On the other hand, lysis may also
be induced by mechanical stresses. Cell membrane will rupture
if the surface tension reaches required value (typically 5 mN/m)
[31]. This finding indicates that the mechanism of cell membrane
rupture can be studied by monitoring the electrical stresses and
strains produced over cell surface in the presence of electric field.
In addition, electro-mechanical permeabilization of lipid vesicles have been investigated by Needham and Hochmuth [32].
They used a micropipette to apply mechanical tension on the
cell and studied the effect of mechanical stresses and electrocompressive stresses on cell permeabilization. The critical electric
field intensity was provided as a function of mechanical tension on the membrane. However, they did not discuss the effect
of the electric field on the cell. Although membrane rupture
and pores formation in phospholipid bilayers under the effect
of electrical and mechanical stresses have been investigated by
molecular dynamics, the mechanism of pores formation in the
cell membrane under an electric field is still unclear [33]. In
another study, Akinlaja & Sachs reported the combined effects of
mechanical and electrical stress on membrane breakdown [34].
It claimed that the mechanism for this membrane breakdown remain unclear. In their experimental research, the effect of electric
field on cell membrane was studied indirectly by measuring the
conductance and capacitance. The mechanical tension exerted on
the membrane was approximated by cell-attached patches from
the applied pressure.
As mentioned above, the mechanism of pore formation in the
cell membrane when the cell is exposed to an electric field has
not been clearly identified. It has mostly been studied indirectly
by measurements of conductivity of cell suspensions and cell
pellets [35], electro-optical experiments [36] and some other
techniques. But the structural changes in the cell membrane
in the presence of an electric field have not been studied directly. To better understand the electroporation phenomenon and
cell membrane permeability, it was necessary to closely monitor the interaction between cells and electric field. Researchers
have examined the dielectrophoretic effect on cells to investigate
electroporation phenomena [37]. The effects of dielectrophoresis
force in DNA accumulation around the cell membrane has been
studied [28]. It has been reported that applying high-voltage
electric pulse made the cell membrane permeable while applying lower voltage pulse helped transfer DNA into the cell.
Nevertheless, because its dielectric properties were different from
insulating suspension fluid, when a cell was exposed to an electric
field caused local changes in the electrostatic potential distribution and local non-uniformity in electric field. As a result,
electrical stresses were applied on cell surface. The electrical
stresses may play a key role in cell membrane structural changes
and its permeability which can never be underestimated. These
electrical stresses are sometimes known as electrocompressive
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stresses in literature but depending on cell and insulating suspension fluid dielectric properties, the electrical stress distribution
over cell surface is either tensile or compressive.
In this paper, we employ the numerical simulation to study
the electrical stresses generated on a cell when it is exposed to
an electric. We also discuss the affecting factors that have considerable influence on the distribution and intensity of electrical
stresses. Immersed interface method (IIM) is selected and developed to solve the governing equations for this problem based
on electrostatic question and the internal boundary conditions,
and the electric field is calculated along the outer and inner
boundaries of cell membrane. The electric stresses exerted on
the cell surface are calculated using Maxwell stress tensor. The
model is verified by the numerical results obtained via effective
dipole moment (EDM) approach which has been widely used
and validated by previous experiments. Specifically, the DEP force
induced on a cell that is exposed to a nonuniform electric field is
calculated by integrating Maxwell stress tensor over cell surface.
However, it is noted that EDM approximation becomes less accurate when the size of cell is not negligible in comparison with the
size of device. Thus, to validate the model, the cell radius should
be smaller compared to the device size so that the differences
between the results become negligible.
2. Theory and governing equations
In a variety of biomedical applications, cells are exposed to
electric fields. When an electric field applies on colloidal particles
suspended in a fluid, the major electrokinetic phenomena generated include electrophoresis (EP), induced-charge electrophoresis (ICEP) and dielectrophoresis (DEP). When an electric field
is applied on cells suspended in a fluid, the most important
phenomenon is DEP, which has many applications such as cell
trapping, sorting and separating bioparticles [38]. It is known
that free and bound bipolar charges are induced at their surfaces
due to the Maxwell–Wagner interfacial polarization [39] when
cells suspended in an insulating fluid medium are exposed to
an external electric field. As a result, interaction of the bipolar charges with electric field induces electrical stresses at cells
surfaces which in turn leads to cell deformation.
In this work protoplast electrical model is used to study the
behavior of cells in electric field, which has been demonstrated
useful in modeling many types of real particles such as biological
cells. Protoplasts are prepared by treating cells with special enzymes. Mammalian cells structure and their polarization response
in the presence of electric field are similar to protoplasts. Because
the applied electric field is direct current or sufficiently low frequency alternating current, the effect of membrane capacitance
and transconductance can be neglected. A dielectric lossless cell
with permittivity of εp , immersed in a fluid with permittivity of
εf is considered to be exposed to a uniform direct current (DC)
electric field. As shown in Fig. 1, the cell is located in a region of
a real microfluidic device, where the electric field is uniform. The
electrodes and boundary conditions are shown in this figure. The
governing equation for the problem can be expressed as below
[40]

∇ 2ϕ = 0

(1)

As shown in Fig. 1, the boundary conditions for the problem can
be written as

ϕ (x, y) = ϕ1

at y = L

ϕ (x, y) = ϕ2
∂ϕ
=0
∂x

at y = 0
at

x = 0 and x = L

(2)
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Thus, the electric stress acing on the cell can be calculated as

( )
⃗f = ε E⃗ .⃗n E⃗ − 1 ε E 2 n⃗

(5)
2
The electrical stresses on boundary of cell must be calculated both
on inner and outer surface. For nomenclature, numbers 1 and 2
denote inner and outer surface of cell membrane respectively.
Then according to Eq. (5), we will have

(
)
⃗f1 = εp E⃗1 .⃗n1 E⃗1 −
(
)
⃗f2 = εf E⃗2 .⃗n2 E⃗2 −

1
2
1
2

εp E1 2 n⃗ 1

(6a)

εf E2 2 n⃗ 2

(6b)

⃗f = ⃗f1 + ⃗f2

Fig. 1. Geometry and boundary conditions of the model. Cells are immersed in
a buffer fluid. Two electrodes are placed on the top and bottom boundary for
applying a vertical electric field.

For the dielectric cell without ohmic loss with permittivity of

εp , immersed in a dielectric fluid with permittivity of εf exposed
to the DC electric field, the jump conditions along the immersed
interface are

ϕp (x, y) = ϕf (x, y)
∂ϕp
∂ϕf
εp
= εf
∂n
∂n

(3)

Herein, only the effect of electric field is considered and the
magnetic field is ignored, thus Maxwell stress tensor can be
expressed as below [41].
Tij = ε

(
Ei Ej −

1
2

E 2 δij

)
(4)

(6c)

⃗ 1 = −⃗n2 . It should be noted that since electrical stresses
where n
acting over cell surface originate from Maxwell–Wagner interfacial polarization, these electrical stresses have a nonzero timeaveraged value while the applied electric field is alternating current. In such condition both bipolar surface charges induced at
cell/suspension fluid interface and the applied AC electric field
oscillate with the same frequency and the electrical stresses
are obtained from the product of two cosine functions [42–44].
Therefore, the time-averaged electrical stresses acting over cell
surface will lead to steady state cell deformation when exposed
to an AC external electric field.
3. Numerical method and solutions
In the past decades, there are a few numerical methods proposed for solving partial differential equations (PDE) which have
irregular boundaries in the solution domain and discontinuous
coefficients such as smoothing method [45], harmonic averaging
[46], Peskin’s immersed boundary (IB) method [47] and immersed
interface method (IIM) [48]. In these methods the coefficients of
equations are usually discontinuous, i.e., they have jump interface
conditions or singular force conditions on the interface. In this
work, IIM is employed to solve the interface problem. IIM uses a
uniform mesh which makes it easy to handle the geometry and
to find and apply the internal boundary conditions on irregular boundary which are known as jump conditions in literature
[49]. It uniquely uses a standard 5-point central finite difference
scheme at all grid points and only adds a nonzero correction term

Fig. 2. Electrostatic potential magnitude calculated along the line x = 25 µm for different permittivity ratio of cell and buffer fluid (a) εp /εf = 0.01 and (b)

εp /εf = 10.
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Fig. 3. DEP force as a function of cell ratio. The cell is located at the location of Cx = 25 µm and Cy = 25 µm. The permittivity ratio of cell and buffer fluid are
respectively (a) εp /εf = 0.2 and (b) εp /εf = 50.

to the right side of the finite difference equations at grid points
near or on the interface [48].
In this study, the fast IIM is used for discretization of governing equations due to the constant equation coefficient in two
domains. The main idea of fast IIM is weighted least square
interpolation. The two-dimensional elliptic differential equation
is expressed in Eq. (7a) along with the appropriate boundary
conditions on ∂ Ω . It is assumed that β (x, y) is a constant and is
different for each domain.

∇ · (β (x, y)∇ u) = f (x, y)
{
β − if (x, y) ∈ Ω −
β (x, y) =
β + if (x, y) ∈ Ω +

(7b)

[
]
∂u
β
−ν =0
∂n Γ

(8a)

[u]Γ = ω

(8b)

The discrete form of Eq. (7a) can be obtained as

γk Ui+ik ,j+jk = fij + Cij

(9)

When the coefficients for the questions are constant for each
domain, or there is a singular force only on the interface, the
discrete form of Eq. (7a) can be expressed as follow

∆h Uij =

βij

+ Cij

′

β(

+ a8

(10)

(

)

σω
+
− ω′′
β
β

[f ]

(11)

)

where ω′ , ν ′ , ω′′ and ν ′′ are first and second order surface derivatives and χ is curvature of the interface. Coefficients an are
calculated as

∑

a1 =

γk

∑

a3 =

ξk γk
ηk γk

k∈K −

k∈K −

∑

a6 =

ηk γk

k∈K +

2

∑ 1

a11 =

ξk γk

k∈K +

∑ 1

a9 =

∑

a4 =

k∈K −

a7 =

γk

k∈K +

k∈K −

∑

∑

a2 =

k∈K −

a5 =

k

fij

Cij = a2 ω + a12 νβ + a6 + a12 χ ′′ ω′ + a10 ω′′
)
1 (
+ a4 + (a8 − a10 ) χ ′′ ν

(7a)

The jump conditions on the cell boundary for the above equations
are

ns
∑

in which ∆h is the discrete Laplacian operator, and Cij is correction term whose value is zero at regular points. The correction
term is calculated at irregular points using Eq. (11), where ω′ , ν ′ ,
ω′′ and ν ′′ are first and second order surface derivatives and χ is
curvature of the interface.

2

∑
k∈K −

ξk2 γk

∑ 1

a8 =

k∈K +

ηk2 γk

ξk ηk γk

a10 =

2

∑ 1
k∈K +

a12 =

(12)

ξk2 γk

∑
k∈K +

2

ηk2 γk

ξk ηk γk
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Fig. 4. Effect of cell and its relative permittivity on electrostatic potential distribution (V) and electric field distribution (V/m). (a–b) without cell existing. (c–d) with
permittivity ratio εp /εf = 10 (e–f) with permittivity ratio εp /εf = 0.01. The electrostatic potential and electric field distributions have been distorted by the cell.

where the values of γk are determined from the applied finite
difference stencil, and ηk and ξk are local coordinates of the
participant points in the finite difference stencils and K ± =
{k: (ξk , ηk ) is on the ± side of interface}
We consider augmented variable as [un ]Γ = g. W = [W1 , W2 ,

]T
[
]T
. . . , Wnb and G = G1 , G2 , . . . , Gnb are discrete values of g
and ω on interface at control points. Since the correction term Cij

depends upon values {Gk } and {Wk }, the matrix form of Eq. (10)
is obtained as
AU + BG = F + B1 W ≡ F1

(13)

At this point, there is an equation with two unknowns U and
G. To determine
[
] the second unknown which is G, the jump
condition

β

∂ ug
∂n

Γ

= ν must be discretized. Discrete form of
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Fig. 5. Electric field on cell surface when the permittivity ratio is (a) εp /εf < 1 or (b) εp /εf > 1. Electrical stresses generated on inner and outer side of cell
membrane when permittivity ratio is (c) εp /εf < 1 or (d) εp /εf > 1. Electrical stress and electric field vectors on outer and inner side of membrane are shown by
red and blue arrows, respectively. . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

jump condition is as follow.
[β Un ] − V = β Un − β Un − V
+

+

−

−

(14)

where Un is the discrete form of ∂ u/∂ n and V is discrete values of
ν . In other word, this relation should be satisfied at each control
points. Interpolation is required to calculate Un in each control
point. For this purpose, the weighted least squares interpolation
method is used. Therefore, the approximate interpolation Un− is
calculated as

∂U
(X ) =
∂n
−

of equations) is used to solve it. Finally, by using weighted least
square interpolation, the discrete form of jump conditions can be
obtained as below

( +
) ∑ks −1
( + ( +
)
−
∗
β −
β − β) − β −
,j∗ +jk +
k=0 γk Ui +ik))
(β
(
× a4 (+ a8 χ ′′ −)a10 χ ′′ g − β + − β − a12 g ′
−ν − β + − β − C ∼
=0
where C is expressed as

ks −1

∑

γ

k Ui∗ +ik ,j∗ +jk

−C

(15)

(17)

C = a2 ω + a6 ω − a8
′

k=0

(

ω −
′′

[ ])
f

β

+ a10 ω′′ + a12 ω′ χ ′′

(18)

where C is a correction term. Using Taylor series and minimizing
the local truncation error, we can get the following equations
system

As a result, the matrix form of Eq. (14) is expressed as

a1 + a2 = 0

Thus, with solving Eqs. (13) and (19), we can get the final solutions for the proposed problem in Eqs. (1) and (2).
Discrete form of Eq. (1) using five-point central finite difference stencil can be obtained as

a3 + a4 = 1
a5 + a6 = 0

(16)

EU + TG = PV + QW

(19)

a7 + a8 = 0

1 (

a9 + a10 = 0

h2

a11 + a12 = 0

where Cij is the correction term and φ is the discrete form of ϕ .
By defining augmented variable as

Then, the coefficients {γk } can be determined from Eq. (16). If
this system is underdetermined, the singular value decomposition (SVD i.e. an approach to solving underdetermined system

)
φi+1,j + φ1−1,j − 4φi,j + φi,j+1 + φi,j−1 = Cij

∂ϕp
∂ϕf
−
= g (η)
∂n
∂n

(20)

(21)
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Fig. 6. Total electrical stresses acted on cell surface for different permittivity ratio (a) εp /εf = 0.01, (b) εp /εf = 0.5, (c) εp /εf = 2 and (d) εp /εf = 10.

where discrete form g is as G the matrix form of Eq. (20) can be
expressed as Eq. (22).
Aφ + BG = F1

(22)

Discrete form of jump conditions also is expressed as Eq. (23).

(
) ∑ks −1
(
(
)
∗
∗ + j + εf − εf − εp
εf −(εp
k=0 γk φi +ik ,j ))
k
× ( a4 + a8)χ ′′ − a10(χ ′′ g )
− εf − εp a12 g ′ − εf − εp C ∼
=0

(23)

where C is calculated from Eq. (18) and γk coefficients are calculated from solving Eq. (16). The matrix form of Eq. (23) can be
written as
E φ + TG = F2

(24)

Finally, the matrix form of electrostatic equations can be obtained
as

[

A
E

B
T

][ ]
φ
G

[ ]
=

F1
F2

(25)

It is not possible to express a closed form for matrices E, T , B,
F1 and F2 explicitly. The matrices must be calculated element by
element by solving the system of linear equations of Eq. (16) for
each control point.
4. Results and discussion
Convergence analysis was carried out first for the numerical
solutions from fast IIM. To examine this issue, the problem has

been solved with different mesh sizes and the results are presented in Fig. 2, in which the electrostatic potential at the line
x = 25 µm is described. It should be noted that the number of
control points and the number of points used for interpolation are
also important for the convergence of fast IIM. In the calculation,
the number of points for the interpolation is 16 and the number of
control points on cell boundary is selected according to the mesh
size. The segments on cell boundary should be almost the size of
mesh. It can be seen from Fig. 2(a) and (b) that using mesh size
h = 0.6 for εp /εf = 0.01 and mesh size h = 0.8 for εp /εf = 10,
the convergence for the results can be secured. As shown in the
figures, the electric potential on the boundary of cell is continuous
but the electric field, i.e., the gradient of electrostatic potential, is
discontinuous. This discontinuity leads to electrical stresses over
cell surface.
To verify the accuracy of numerical algorithm, we compare the
dielectrophoresis force calculated by integration of the electrical
stresses over cell surface and the force obtained by effective
dipole moment (EDM) approximation. In the latter approach, the
cell is replaced by a point dipole or multipole moment. It is
accurate when the cell size is negligible compared with the size of
electric field nonuniformity. Thus, in this method the changes in
electrostatic potential distribution induced by cell are not taken
into account.
When a 2D dielectric cell with permittivity of εp , without
ohmic loss, is immersed in a dielectric fluid with permittivity of
εf and exposed to a non-uniform DC electric field, for the domain
geometry with a = 50µm as shown in Fig. 1, and the boundary
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Fig. 7. The y and x-components of total electrical stresses (µN/m) generated over cell surface with permittivity ratio (a) εp /εf < 1 and (b) εp /εf > 1.

conditions are expressed as [50]

ϕ = 109 y2
(
)
ϕ = 109 y2 − a2

at x = 0

ϕ = 109 x2
(
)
ϕ = 109 a2 − x2

at y = 0

at x = a

(26)

at y = a

Then, the DEP force is calculated by Eq. (27) with considering the
effective dipole moment approximation [41]

(

∂ϕ ∂ 2 ϕ
∂ϕ ∂ 2 ϕ
+
2
∂x ∂x
∂ y ∂ x∂ y

)

(

∂ϕ ∂ 2 ϕ
∂ϕ ∂ 2 ϕ
+
∂ x ∂ x∂ y
∂ y ∂ y2

)

fx = 2C
fy = 2C

(27)

where C is expressed as
C = π εf

εp − εf 3
R
εp + εf

(28)

The x and y-components of resultant DEP force calculated by
both approaches versus the cell radius is presented in Fig. 3(a)
and (b) for a cell with permittivity ratio εp /εf < 1 and εp /εf > 1,
respectively. As shown in Fig. 3, the difference of results from
the two methods increases as cell radius increases. When the cell
size is negligible compared with the dimensions of the channel,

the EDM method can give satisfying accuracy. Therefore, the negligible difference between DEP resultant force is obtained from
both approaches when the cell radius is smaller than 4 µm, which
shows that the numerical solution is accurate.
The electrical potential and electrical field distribution are
strongly affected by the cell and its relative permittivity compared with the surrounding fluid. Fig. 4(a) and (b) shows the
electrostatic potential and electric field distribution without the
presence of cell, respectively, which are uniformly distributed.
However, when the dielectric lossless cell with permittivity of εp
immersed in a dielectric fluid with permittivity of εf is exposed
to a uniform DC electric field, if the cell has greater electric
permittivity that the insulating suspension fluid, the distributions
for both potential and electric fields are distorted due to the
mismatch of the permittivity between fluid and cell, as shown
in Fig. 4(c) and (d). On the other hand, if the cell has a smaller
electrical permittivity than the fluid, different distributions for
potential and electric fields will be generated (Fig. 4(e) and (f)).
The behavior of these two kinds of cells is different in electric
field and is expected to generate the different stress distributions
on the surface of the cell.
It is obvious that the electrostatic potential is continuous on
cell surface while the electric field (gradient of electric field)
is discontinuous on the cell boundary. According to the Gauss
law, polarized bound charge is induced at the cell/liquid interface by the applied DC field (no free charge component due to
zero conduction effect), and as a consequence, electrical stress
is generated on the surface of the cell. These tensions can be
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Fig. 8. Effect of applied DC voltage on electrical stresses (µN/m) generated on cell surface. Cell permittivity ratio is (a) εp /εf = 0.01 and (b) εp /εf = 10 and call
radius is R = 5 µm.

calculated using MST (Maxwell stress tensor) method. The total
stress is a combination of internal and external electrical tensions.
Integration of the total stress along the boundary of the cell
obtains the dielectrophoresis force applied on cell. To examine
the electrical stresses applied on the cell surface, Maxwell stress
tensor on the boundary of the cell must be calculated based on
the electric field on the boundary of the cell. Thus, the electric
field and its discontinuity must be exactly calculated on cell
boundary. The key advantage of the immersed interface method
in this research, is that it can help us to handle the discontinuities
of solution accurately. Fig. 5(a) and (b) shows the electric field
vectors on inner and outer surface of the cell membrane for
different dielectric properties of εp /εf < 1 and εp /εf > 1.
The discontinuity of the electric field is clearly observable in this
figure. Fig. 5(c) and (d) presents the internal and external electrical stress distribution for cell with permittivity ratio εp /εf < 1
and εp /εf > 1, respectively. Maxwell stress tensor is calculated
by solving the governing electrostatic equations by fast IIM and
interpolating the electric field on the surface of the cell.
The total or resultant stresses of the internal and external
tensions applied on the surface of cells with different permittivity
are shown in Fig. 6. It can be seen that for the cells with very
small permittivity, e.g. εp /εf = 0.01, the total stress is mainly
compressive, and it reaches its largest values at the perpendicular
direction of electric field, as shown in Fig. 6(a) and (b). With the
increase of the permittivity of cell, εp /εf , the compressive stress

decreases in all directions and electrical stresses are more uniformly distributed over cell surface. When εp /εf > 1 , however,
the total stresses acted on the cell becomes tensile along the
whole surface of the cell in Fig. 6(c) and (d). If the permittivity
of cell is much larger than 1, then we see the maximum tensile
stress becomes along the electric field direction.
Fig. 7(a) and (b) presents the x and y components of total
electrical stresses generated on the surface of cell with εp /εf < 1
and εp /εf > 1, respectively. As it can be seen from the figures,
by increasing or decreasing the ratio εp /εf from 1, the electrical stresses acted on the cell surface becomes significant. This
means the larger force generated on cell surface when larger mismatched permittivity happens between the cell and surrounded
fluid. Fig. 8 shows the effect of applied DC voltage on surface
electrical stresses generated on a cell with εp /εf < 1 and εp /εf >
1, respectively. It is obvious that increased applied voltage results
in larger stresses generated on cell surface. Fig. 8. shows the second order voltage dependence of electrical stresses acting on cell
surface, which is due to the field-induced feature of the interfacial
charge. Thus, the stresses can be tuned by either applying a higher
electric field or by changing the cell environment (surrounding
fluid) if the cell is determined.
5. Conclusion
In this study, we have numerically investigated the interaction of a protoplast cell and electric field. The governing PDEs
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equations are solved by fast IIM method with interfaces and
irregular domains involved. Results showed that the presence
of cell would distort the local distribution of electric potential
and electric field, and these changes were dependent on the
relative permittivity between cell and insulating suspension fluid.
The distribution of electrical stresses acted over the cell surface
was calculated by Maxwell stress tensor. It was shown that,
mismatched permittivity between cell and insulating suspension
fluid was essential for generating and tuning the total stresses
exerted on cell surfaces except the applied voltage. This study
offers approaches to analytically study formation of hydrophilic
pores in cell membrane under an electric field and electroporation phenomenon. This research may also be helpful in explaining
the mechanism of cells rupture and can be used for theoretical
study of the mechanical properties of cells by putting them in
an electric field. Studying the stresses acting on cells and living
organisms is very essential in other fields of biotechnology such
as stem cell and proteomic studies. For example, when a stem
cell undergoes stresses, it differentiates into a variety of different
tissues, and the stresses can be either applied mechanically —
like applying hydrostatic pressure or electrically. Therefore, it is
important to exactly investigate these electrical stresses. In the
future work, to further improve the results, more exact electrical
model for cells and suspension fluid can be considered to study
the behaviors of a single cell in more realistic culture media and
its plasma membrane structural changes in the presence of an
electric field.
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