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Abstract
The use of electric field stimulation to elicit a desired cell/tissue response has become a versatile strategy in regenerative
medicine. Using an array of cell types and biomaterial substrates, our group has experimentally investigated the influence of
external electric field parameters on the modulation of cellular functionality in vitro. However, the mechanism of action of
electric field is not clearly understood, especially in cases where cell fate processes such as differentiation and proliferation are
significantly enhanced due to electric field stimulation. In order to understand these important phenomena, it is necessary to first
examine the response on a single cell. In this direction, we analyze the response of an electrical analogue of a single biological
cell, wherein an electrical equivalent resistor-capacitor (R-C) network has been constructed by considering membranes as
capacitive and surrounding biological media (cytoplasm and nucleoplasm) as resistive components. The response of this elec-
trical analogue of a biological cell to external electric field (E-field) is determined using analytical techniques and SPICE-based
simulations. The solutions for the network provide a time constant of ≈ 30 μs, which is higher compared to the case when
membranes were considered to be purely capacitive. The above model formulation has been further extended to determine the
steady-state current response under various input signals, like sinusoidal, square, and triangular pulses using SPICE simulation
package. In the context of regenerative engineering, the results of the present work are perceived to be important to design electric
field-based stimulation strategies to obtain desired responses of electroactive tissues.

Lay Summary
The importance of the effect of electric field on cells and tissues has become evident over the last two decades. Prior studies
indicate that based on the electric field parameters, it is possible to get various cellular responses. The current study is an attempt
to investigate why this is the case by approximating a single cell into an equivalent electrical network with resistors and
capacitors. The network response is studied using simulation tools to get current waveforms and analytical techniques to obtain
time constants, which provide vital insights into the observed cell behaviors reported in the literature.
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Introduction

The relevance of external electric field (E-field) for healthcare in
terms of nerve regeneration, bone fracture, and wound healing is
well established [1, 2]. Depending on the applied stimulus param-
eters, a biological cell can be affected in a number of ways in the
presence of the external stimulus [3–7]. Among various applica-
tions of external stimulation for healthcare, electric field-assisted
cell growth [8], stem cell differentiation [9–11], and alignment
[12, 13] as well as potential for selective electroporation of cancer
cells [14, 15] have attracted wider attention [16, 17]. In fact,
Panagopoulos et al. [18] suggested an E-field bioactivity diagram,
where a particular combination of intensity (10 μW/cm2

Future Work The present analysis is limited to a single cell, but cell
biology experiments in general are carried out on cell populations. Hence,
a natural continuation of this work will be to apply similar analytical
techniques and simulation tools to study how a group of cells respond
to electrical stimulus.
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at 20 cm distance), frequency (900–1800 MHz), and exposure
duration (1–20 min) caused significant biological effects of elec-
tromagnetic fields in cell populations. Such effects can range from
increased proliferation to even necrosis, depending on parameters
like electric field intensity, frequency, and exposure time. For
example, studies have shown that when low-intensity electric
fields in a narrow range (1–5 V/cm) were used on L929 and
osteoblast cell cultures on biomaterial substrates, an increase in
cell proliferation was observed [16]. A large number of studies
have shown that electric field can be a versatile tool in influencing
cellular behavior and cell fate processes. This aspect of electric
field stimulation of cell populations has been demonstrated in
recent studies on stem cell differentiation into different lineages,
such as osteoblasts, neuronal cells, muscle cells, and
cardiomyocytes in conjunction with biomaterial substrates with
potential applications in strategies for regenerative engineering
[19–23]. In particular, the electrical stimulation process has been
known to bemore effectivewhen engineered biomaterials such as
conducting polymers, graphene-based materials, electrically ac-
tive scaffolds, and fibers are used as culture platforms [9, 11,
24, 25]. Some of the examples include the use of electric field
stimulation on human mesenchymal stem cells cultured on
conducting polyaniline deposited with gold nanoparticles to elicit
different stem cell responses [10]. It was observed that a DC field
of 100 mV/cm induced the cells on these substrates to commit to
neuronal cell lineage, whereas using a pulsed field of identical
strength with a frequency of 1 Hz and 10% duty cycle, the stem
cells showed signs of differentiation towards cardiomyocytes. In
addition, stem cell differentiation towards osteogenic lineage has
been shown on multiple substrates under the influence of low-
strength electric (10 V/cm) and magnetic fields (100 mT)
[26–28]. Similar cases of the dependence of stem cell response
on electromagnetic field parameters are reported extensively in
the literature [29–31].

It is clear that the electric fields have various effects on
biological material (cells and tissues) and corresponding ap-
plications in regenerative therapies. However, a consistent
trend that has been identified is that the field parameters must
be carefully chosen to elicit the most appropriate cell response.
This issue has been addressed for pulsed electric fields in the
review byWeaver [32]. It is observed that exposure time has a
significant effect on the cell response in addition to the electric
field intensity. The studies involving increase in proliferation
or change in differentiation behavior fall under the category of
low field (< 100 V/cm), high exposure time (> 1 s) stimula-
tion, and high fields (> 1 kV/cm) with high exposure time (>
1ms) that caused cell/tissue death due to necrosis. There exists
a middle ground when high fields are used with low exposure
times leading to electroporation. This causes a sudden in-
crease in the permeability of the cell membrane due to rupture
and can either lead to reversible (pulse duration < 1 ms) or
irreversible (pulse duration > 1 ms) electroporation leading
to apoptosis/necrosis and has been shown to cause preferential

killing of cancerous cells, revealing the potential applications
in cancer treatment. The application of external E-field also
finds relevance in medicine in the form of gene therapy, drug
delivery, electro-chemotherapy, transdermal delivery of can-
cer drugs, and gene delivery in tissue engineering [5, 33–35].
Considering the various applications of E-field in the context
of regenerative engineering, it is essential to understand the
basis of cell-electric field interactions with a firm theoretical
background and necessary experimentation.

The concept of an electrical equivalent circuit for a biolog-
ical cell was first introduced for neurons by Hodgkin and
Huxley [36]. While the Hodgkin-Huxley model of a simple
RC network allows one to better approximate the electrical
response of the neurons due to their geometry (length ≫
width), it cannot be used for other cell types. Hence, this
model was further extended to a general cell type considering
the cell/nuclear membrane as capacitors and cytoplasm and
nucleoplasm as conducting entities(resistors) [37]. Also, the
cell was modeled as a simple dielectric shell with cell mem-
brane and cytoplasm as the only electrical entities. Here, the
time constant for cell is same as the time constant for the
plasma membrane, which is the product of equivalent resis-
tance and capacitance of the network. In a similar line, Deng et
al. [38] suggested an RC circuit as electrical analogue of cell.
In a follow-up simulation study, Ellappan and Sundararajan
[39] suggested an equivalent circuit by considering the plasma
membrane as leaky dielectrics instead of ideal capacitive ele-
ments. In their transient analysis, the response of the cell mod-
el in presence of external stimulus was examined at different
frequencies and the effect of parameters such as membrane
resistance and capacitance was studied. The study also indi-
cated that higher frequency signals lower the transmembrane
potential, which agrees well with theoretical predictions made
by considering the electrodynamic problem of a cell in the
presence of electric field [40, 41].

In earlier studies from our research group, we have calcu-
lated the time constant of two different electrical analogues of
biological cells by considering the cell and nuclear mem-
branes as capacitive elements. For both models, the time con-
stant was determined to be 2–3 μs [42]. The implications of
the study were discussed in terms of the variation of time
constant with different parameters such as cell size, membrane
resistance, and capacitance as well as with different nucleus to
cell size ratios. Further, a stochastic analysis of these models
was carried out to examine the effect of the prevalent random
variations in electrical parameters of cell on time constant.
Interestingly, it was observed that variations in nuclear mem-
brane capacitance had a greater impact on the time constant
compared to other electrical properties of the cell. However, in
the analytical study by Dubey et al., [43] considered the cyto-
plasm and nucleoplasm as conducting entities, whereas the
conductivity of the cell/nuclear membrane was neglected. It
was, therefore, considered that the cell/nuclear membranes are
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barriers for transportation of intracellular/extracellular ions
across the cell/nucleus, which does not reflect the properties
of the membrane accurately. Due to the presence of various
voltage-gated channels as well as the ion pumps, the ions such
as Na+, Ca2+, and K+ can be transported across the cell mem-
brane. Hence, cell/nuclear membranes under physiological
conditions have a non-zero conductivity.

Therefore, to understand the cell-electric field interaction at
a finer scale, it becomes necessary to have an estimate of the
values of current across cellular ultrastructures such as cyto-
plasm, nucleoplasm, and cell/nuclear membrane. In view of
above, the present work reports the effect of amplitude, fre-
quency, and pulse shape of the externally applied electrical
stimulus on the current across various circuit components such
as cell/nuclear membrane capacitance and cytoplasm/
nucleoplasm resistance in the model. In the present study,
the cell and nuclear membranes are considered as conducting
entities. Together with our earlier analytical works [14, 17,
43], we present here the results of our analyses of a refined
model of electrical analogue of the biological cell to better
understand the response of a single cell towards external elec-
trical field stimulation.

Model Description

In order to approximate the complex dynamic behavior of a
cell, a relevant set of assumptions were made in devising the
electrical analogue of a biological cell. The present work con-
siders our previously stated assumptions [43]. The assump-
tions of analytical model described in the present study are
reiterated as follows: (a) a near spherical nature of the cell and
nucleus is considered; (b) the resistivity and the capacitance
per unit area of the cytoplasm and nucleoplasm are considered
to be identical; (c) although the biological cell contains vari-
ous organelles, only the presence of the nucleus is considered;
(d) the analysis is carried out assuming that cell functionality
is normal, i.e., electroporation has not yet taken place; (e) the
membranes are treated as both capacitive and resistive.

The schematic of a biological cell is shown in Fig. 1a. This
schematic is subsequently used to design the electrical ana-
logue as shown in Fig. 1b, which represents a refined model of
the electrical circuit, proposed earlier by Ellappan and
Sundararajan [39]. Here, the membrane bio-electrical charac-
teristics have been described by a RC network considering the
possible paths through which charge transfer can take place.
The voltage-gated channels in the plasma membrane have
been represented by a DC source Em in series with the mem-
brane capacitance and resistance. The resistors R2 and R9 rep-
resent the cell membrane resistance, and R5 and R7 the nuclear
membrane resistance. The resistance of the cytoplasm is rep-
resented by R3, R8, and R4 and the nucleoplasm resistance by

R6. The capacitors Cm and Cn represent cell and nuclear mem-
brane capacitances, respectively.

SPICE Simulations

The electrical equivalent of a biological cell, as shown in Fig.
1b, was further analyzed using SPICE simulation package,
since theoretical calculations become increasingly complex
when the input is a non-steady-state signal. Also, the currents

Fig. 1 a A schematic of a biological cell and b its electrical equivalent
considering membranes as dielectrics with non-zero conductivity and
cytoplasm and nucleoplasm as conducting media
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through various circuit components would require the solution
of an equation like the one in Eq. (13). The versatility of the
SPICE simulation package allowed us to choose customized
input signal with various parameters like pulse width, offset,
amplitude, frequency, and rise and fall times in a controlled
manner, which in turn enabled us to record the current values
for various input signals. The output response of the electrical
equivalent of the biological cell was obtained by subjecting it
to various electrical stimuli with different amplitudes, frequen-
cies, and shapes. These stimuli were mainly pulses (triangular
and square) and sinusoidal waveforms. The currents through
the membranes (both cell and nuclear) were recorded for each
signal since the transfer of ions in and out of the cell/nucleus
through the membranes is the key to understand the cell fate
processes. In the following, the effects of externally applied
electrical stimulus on the current through the cell and nuclear
membranes are analyzed in terms of pulse shape, amplitude,
and frequency as well as cell size.

Results and Discussion

In general, the description of electric field interaction with
biological cell is understood with the help of a standard elec-
trodynamic setting involving Laplace equation (∇2ϕ = 0),
simple cell shapes, and the analytical determination of trans-
membrane potential (Vm) [44] as changes in Vm cause many of
the cellular responses such as electroporation, apoptosis, dif-
ferentiation, and proliferation [4, 45, 46]. However, this pro-
cess becomes immensely complex when major cell organelles
like nucleus and mitochondria are considered. Moreover, the
determination of current densities in intracellular regions be-
comes cumbersome with the theoretical model. In order to
overcome this, RC model has been used in several studies to
obtain useful parameters for quantifying cellular response to
externally applied electric fields. One of the initial attempts
towards a RCmodel for a cell was made by Gowrishankar and
Weaver [47], where a RC lattice was constructed based on
data obtained from whole cell clamping experiments to model
the conductive and dielectric responses of cell to electric field.
The model was based on the experimental data, which was
applicable to irregular cell shapes and extendable to multicel-
lular and tissue model. The main concept of the model was the
description of the charge transport in the culture media and
within the cell through active and passive electrical elements
to obtain a complete picture of cell response to electric field.
However, this was a numerical model which required compu-
tational tools to solve for nodal potentials and current densi-
ties. A simplified single-cell model, used by Ellapan and
Sundarajan [39], simulated the response of single cell to elec-
trical inputs of various frequencies in terms of the transmem-
brane potential. Several studies have also used RC models for
cells to understand the dynamics of membrane electroporation

[38, 48]. The current study is built upon the previous RC
models for single cells by considering membranes as leaky
dielectrics and the introduction of voltage-gated channels
modeled as DC voltage sources in the RC network. The char-
acteristic time constant of this network has been determined
along with its current response to various electric signals such
as square pulse, triangular pulse, sinusoidal signal, and DC
signal through PSPICE simulation package. The significance
of the time constant and the current response of the network
have been discussed in the biophysical context.

Determination of Time Constant

The time constant of the circuit, shown in Fig. 1b, has been
calculated by analyzing the circuit using Kirchhoff’s network
laws. These laws are based on the fundamental principles of
energy and charge conservation applied to an electrical net-
work. Kirchhoff’s voltage law states that in a closed circuit
loop, the net change in the potential is zero, a statement equiv-
alent to the conservation of energy. Kirchhoff’s current law
states that the sum total of all the currents at a node is zero,
implying that the sum of currents entering and leaving a node
is always zero. These laws are generally used to solve the
network by determining currents and potentials in all branches
of the network, and similar procedure has been followed in the
present work.

In reference to Fig. 1a and considering the loop DEGFD,
one can obtain

1

Cm
∫i1dt ¼ i0−i1ð ÞR2 ð1Þ

On differentiating Eq. (1), we get

i1
Cm

¼ d i0−i1ð Þ
dt

R2 ð2Þ

From the loop JNKJ, we have

1

Cn
∫i3dt ¼ i4R5 ð3Þ

Similarly, differentiating Eq. (3), we get

i3
Cn

¼ di4
dt

R5 ð4Þ

The loop HJNQLPH gives

i0−i2ð ÞR4 ¼ i2R6 þ 2i4R5 ð5Þ

Differentiating (5), one can obtain

di0
dt

¼ di2
dt

1þ R6

R4

� �
þ 2

R5

R4

di4
dt

ð6Þ
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At node J, the law of conservation of charges (Kirchhoff’s
current law) gives

i2 ¼ i3 þ i4 ð7Þ

From Eqs. (6) and (7), we get

di0
dt

¼ di3
dt

R6

R4
þ 1

� �
þ R6

R4
þ 2

R5

R4
þ 1

� �
di4
dt

ð8Þ

Using Eqs. (4), (8) can be written in terms of i4 as

di0
dt

¼ CnR5 1þ R6

R4

� �
d2i4
dt2

þ R6

R4
þ 2

R5

R4
þ 1

� �
di4
dt

ð9Þ

From the loop ADFJKQMSTWA, the conservation of en-
ergy gives

2

Cm
∫i1dt þ 2

Cn
∫i3dt þ i2R6 þ i0 R3 þ R8ð Þ−V ¼ 0 ð10Þ

Differentiating (10), we get

2
i1
Cm

þ 2
i3
Cn

þ R6
di2
dt

þ R3 þ R8ð Þdi0
dt

¼ 0 ð11Þ

The node equation at J in terms of i4 will be

i2 ¼ R5Cn
di4
dt

þ i4 ð12Þ

Using Eqs. (11) and (4) in (10), we have

2
i1
Cm

þ di4
dt

2R5 þ R6ð Þ þ R6R5Cn
d2i4
dt2

þ R3 þ R8ð Þ di0
dt

¼ 0 ð13Þ

Using Eqs. (13), (8), and (2), we get a third-order differen-
tial equation in terms of i4:

d3i4
dt3

CmCnR5R6R2

2
þ CmCnR5R2

2
1þ R6

R4

� �
R3 þ R8ð Þ

� �

þ d2i4
dt2

R5R6Cn

2
þ CnR5

2
1þ R6

R4

� �
R3 þ R8ð Þ þ R2R5Cn 1þ R6

R4

� �
þ CmR2

2

R6

R4
þ 2

R5

R4
þ 1

� �
R3 þ R8ð Þ þ CmR2

2
2R5 þ R6ð Þ

� �

þdi4
dt

2R5 þ R6

2
þ 1

2
1þ R6

R4
þ 2

R5

R4

� �
R3 þ R8ð Þ þ R2 1þ R6

R4
þ 2

R5

R4

� �� �
¼ 0

ð14Þ

The above equation is of the form

a
d3i4
dt3

þ b
d2i4
dt2

þ c
di4
dt

¼ 0 ð15Þ

where a, b, and c are the coefficients of the third, second, and
first time derivatives of Bi4^ respectively.

a ¼ CmCnR5R6R2

2
þ CmCnR5R2

2
1þ R6

R4

� �
R3 þ R8ð Þ

� �

b ¼ R5R6Cn

2
þ CnR5

2
1þ R6

R4

� �
R3 þ R8ð Þ þ R2R5Cn 1þ R6

R4

� �

þ CmR2

2

R6

R4
þ 2

R5

R4
þ 1

� �
R3 þ R8ð Þ þ CmR2

2
2R5 þ R6ð Þ�

2
66666664

c ¼ 2R5 þ R6

2
þ 1

2
1þ R6

R4
þ 2

R5

R4

� �
R3 þ R8ð Þ þ R2 1þ R6

R4
þ 2

R5

R4

� �� �

By making the substitution, x = di4/dt, we get

a
d3i4
dt3

þ b
d2i4
dt2

þ c
di4
dt

¼ 0 ð16Þ

with x = exp(λt), one can find the two roots of the equation λ1
and λ2 from which the time constants of the equivalent circuit
of a biological cell can be obtained from the equation

aλ2 þ bλþ C ¼ 0 ð17Þ

Since both λ1 and λ2 are roots of Eq. (17), the final expres-
sion for i4 will be a linear combination of the two solutions of
the form

i4 ¼ A exp λ1tð Þ þ B exp λ2tð Þ ð18Þ

Kirchhoff’s current law at the node A gives, i = i0 + i′. Since
the potential V is constant, the current through the capacitor Ce

is zero. This gives the current through the resistor R1 to be i' =
V/R1, which is also a constant. Therefore, the total current
through the circuit is also of the form of Eq. (15) and the time
constants for the equivalent circuit, τ1 and τ2, can be obtained
by comparing the current equation of the form (15) with a
general equation used to describe R-C circuits, which is i =
i(0)exp(− t/τ). This yields two values of time constants, − 1/λ1
and − 1/λ2. To calculate λ1 and λ2, we need to use the resis-
tance and capacitance values of the cell membrane, nuclear
membrane, cytoplasm, and nucleoplasm [49]. These values
(R5 = 600 MΩ, R6 = 12.5 kΩ, R2 = 100 MΩ, R3 = R8 =
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12.5 kΩ, Cm = 9.6 nF, Cn = 4.8 nF, and R4 = 12.5 kΩ) were
taken from our earlier work as well as from the work of
Ellappan and Sundararajan [39, 43]. Substituting these values,
the parameters a, b, and c and, subsequently, the time con-
stants, τ1 = 260 μs and τ2 = 34 μs, are determined.

The lesser value of time constant in more relevant to the
biological processes in the context of electric field stimulation
as experimental studies suggests that the membrane time con-
stant is in the range of a few microseconds to tens of micro-
seconds depending on the cell type [50]; hence, the other time
constant (260 μs) will be neglected in further discussion.
Here, it is worthwhile to mention that the time constants of
the equivalent circuit of a biological cell, when considering
various ionic channels/pathways at cell/nuclear membranes,
are significantly larger than our earlier reported values of the
time constants, 3.26 and 1.55 μs [43]. Such a difference is due
to the fact that inherent resistivity of both the cell and nuclear
membranes were not considered in our earlier work. The ad-
ditional resistances, as considered in the present model, appear
to make a biological cell slower in terms of response to the
externally applied electrical stimulus, i.e., longer response
time. Based on the above treatment, it is clear that a single
biological cell would respond to external E-field in sub-
millisecond timescale. This calculation, therefore, provides a
guideline to select the pulse width to excite a single cell.
However, the influence of pulse shape cannot be predicted
from the above analytical model. Also rigorous would be the
determination of currents through the membranes, which re-
quires a complete analytical solution of Eq. (16) subjected to a
set of initial and boundary conditions. In addition, the re-
sponse time of a cell population in culture medium would
require further refinement of the model described here. In
the above perspective, SPICE simulations were carried out
to address some of these issues.

Significance of Time Constant of RC Network

Cell electroporation is known to be a membrane phenomenon,
where the application of external electric field leads to charge
build-up at the plasma membrane and a high enough field
strength leads to dielectric breakdown or permeabilization of
the lipid membrane [51]. The timescale of this process de-
pends upon the electrical properties of the cell and on the
external electric field. Based on the timescale of the electric
field stimulus, the permeabilization of the membrane can be
either temporary (reversible electroporation) or permanent (ir-
reversible electroporation). For example, intense (MV/m)
nanosecond (10–100 ns) electric pulses have been known to
cause apoptosis (programmed cell death) with potential bio-
medical applications in cancer and tumor treatment [52].
Nanosecond electric field pulses with moderate strength
(10–100 kV/m) can induce reversible electroporation in cells,
which can be used for drug/gene delivery and is also known to

affect sub-cellular structures [53], while microsecond and
moderate electric field strength pulses can cause irreversible
electroporation [38]. It is therefore suggested that the response
of the cell to electric field depends on both the strength of the
electric field and the duration of exposure. The variations in
these two parameters have been shown to yield various cellu-
lar responses [54].

In this regard, the time constant for the RC network pro-
vides useful insight into the timescale of cell responses to
electric field. Earlier studies on RC model of a single cell
considered cell membranes to be an ideal capacitor [43], and
the estimates of the time constant obtained using such models
have been of the order of 1 μs. Even though membranes are
now considered leaky capacitors (dielectrics with a non-zero
electrical conductivity), the time constant for the membranes
derived from the simple RC model agrees with experimental
studies involving sub-microsecond imaging of transmem-
brane potential after electrical stimulation [55]. In the present
study, consideration of voltage-gated channels and mem-
branes as leaky dielectrics has given a much higher estimate
of time constant of ≈ 30 μs. This indicates that the time con-
stant in the present model does not correspond to the charging
of the plasma membrane; rather, it is indicative of the time
required for the whole cell to respond to the DC electric field
signal. In other words, electric signals with pulse widths much
lesser than the above value (<μs) will affect the intracellular
organelles while the cell membrane remains intact as seen
from the greater current through nuclear membrane in the case
of square pulse electric field (Fig. 3). It is also known that the
cell response depends on the shape of the electrical signal used
to stimulate the cell [56]. In the current study, DC signal is
chosen for determining the time constants and time varying
signals have been used to determine the currents in view of the
fact that in vitro experiments use such electric field stimulus to
obtain various cell responses on biomaterial substrates. The
time constants predicted here are expected to provide a useful
guide as to the timescale of possible cellular effects due to DC
electric field stimulation, while the estimates for current
values presented in the subsequent section serve as an indica-
tor to the effective ion transport through the membrane.

Though the current study uses a spherical cell model to
determine the time constants for the electrical equivalent, the
concept itself is not limited by cell shape. The time constant of
a cell is dependent on cell size, shape, and its electrical prop-
erties, and if these characteristics can be accurately known
(especially the shape) for other cell types, similar models
can be used to determine the time constants, as the spherical
cell approximation is used only to determine the membrane
capacitance and resistance. As an example, one of the first
electrical models for cells, the Hodgkin-Huxley model for
neurons, was a much simpler model compare to the one used
here. This is due to the typical morphology of the neurons
which can be described in mathematical jargon as a cylinder
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with length much higher than its radius, making the determi-
nation of electrical properties simpler. For other irregular-
shaped cells, a parameter called shape factor is generally need-
ed to describe its deviation from spherical nature in order to
obtain the electrical properties accurately. Moreover, when
irregular shapes are considered, numerical methods are neces-
sary to completely solve the system [57]. Hence, the spherical
nature considered here is to generalize the concept and make
the calculations simpler.

Current Response of RC Network Through SPICE
Simulations

Effect of Pulse Shape

The effect of different pulse shapes of applied input voltage on
the current through cell and nuclear membrane capacitance is
shown in Fig. 2. It is evident from Fig. 2 that output current
through the membranes for a particular signal (sinusoidal,
square, or triangular) has similar values. However, for the
constant voltage (DC, 1 V), the current through the cell mem-
brane is higher than that of nuclear membrane. In our earlier
work, we optimized the voltage for enhanced cell proliferation
on biomaterial surfaces to be about 1 V [17], which is the
reason the present analysis was carried out with 1 Vas ampli-
tude to observe the effect of pulse shape at machine
frequencies.

A comparison of the current values through the membrane
resistor and capacitor for various input signal shapes is shown
in Table 1. Due to the membrane capacitance, the DC signal
encounters a high reactance, which is reflected in lower values
for membrane capacitance current. The square pulse, which is
a Heaviside step function, has the least reactance and hence

has the highest current which is orders of magnitude greater
than the current when a DC signal of the same strength is
applied. The maximum current through the membrane capac-
itors, given in Table 1, is directly proportional to the extent of
variation in the input signal with respect to time, i.e., to the
time derivative of the input signal. For a sinusoidal signal (of
50 Hz), the derivative is lesser than for a triangular pulse (rise
time and fall time 100 ns), which is lesser than that of a square
pulse. The maximum current through the capacitors follows a
similar trend with square pulses resulting in the highest current
(0.8 mA) and DC signal (time derivative is zero) giving the
lowest current (0.3 pA), summarized in Table 1 and Fig. 2.
The effect of applied voltage pulses of various shapes on cur-
rent through the cell and nuclear membranes is illustrated in
Fig. 3. The current signals clearly indicate the dependence on
the time derivative of input voltage signal. The square pulse,
due to its low rise time and steep increase in the signal ampli-
tude, results in the highest membrane capacitor current with
the spike in the current profile similar to a δ-distribution (Fig.
3b). The triangular pulse, which has a constant slope due to its
finite rise time, has a plateau in its current response (Fig. 3c).
The current through the nuclear membrane capacitor is higher
for the sinusoidal and triangular pulses because of its lower
capacitance.With a square input pulse, the current through the
cell membrane capacitor has a higher value compared to that
of nuclear membrane capacitance because of the higher cell
membrane capacitance. The square pulse behaves as a DC
signal (dV/dt = 0) for the applied pulse width. However, due
to the steep rise and fall of the pulse, the cell membrane ca-
pacitance will have a higher current, when compared with the
triangular pulse and sinusoidal signal input.

The effect of different pulse shapes used to stimulate cells
is evident from experimental results. Recent studies report
distinct differentiation response when pulsed electric fields
(differentiation of stem cells towards cardiomyocytes) and
DC electric fields (neurogenic/osteogenic differentiation) are
used on stem cells cultured on engineered biomaterial sub-
strates [10]. Similarly, it has been shown that low-strength
AC electrical stimulation on conducting substrates can also
direct stem cell differentiation towards osteogenic cells [9,
24]. These studies show that pulse type plays an important

Fig. 2 Effect of pulse shape on the capacitance current through the cell
and nuclear membranes. For all the pulse shapes, the amplitude 1 Vof the
externally applied potential and 50 Hz as the frequency of sinusoidal
waveform were chosen

Table 1 A summary of current through cell and nuclear membranes for
various input signals as estimated by SPICE

Input signal Nuclear membrane current Cell membrane current

Amplitude (1 V) Capacitor Resistor Capacitor Resistor

DC 2.3 fA 7.4 μA 0.3 pA 13.5 μA

Sinusoidal 3.5 μA 7.4 μA 2 μA 13.5 μA

Triangular 20 μA 7.4 μA 13 μA 13.5 μA

Square 0.8 mA 7.4 μA 0.6 mA 13.5 μA
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role in directing cell response. Generally, pulsed and AC elec-
tric fields are found to be more efficient in stimulating cell
populations compared to DC fields. This is thought to be
due to the increased flow of charges (current) through the
membrane results in signaling cascades that determine the

response of the cell towards that particular stimulating signal.
Moreover, pulse and sinusoidal signals reduce the resistive
heating and electrode reactions in the culture system and
hence the preferred option for electrical stimulation of biolog-
ical cells.

Fig. 3 Effect of pulse shape on the current profiles through cell and nuclear membranes (capacitor) obtained by SPICE simulations for inputs a
sinusoidal signal, b square pulse, and c triangular pulse
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Effect of Pulse Amplitude and Frequency

The effect of amplitude and frequency of the input signal
was evaluated using SPICE simulation. For a sinusoidal
input, the currents through both the capacitors (cell and
nuclear membranes) vary linearly with frequency and am-
plitude. The effect of amplitude was studied at f = 50 Hz. In
case of square and triangular pulses, only the effect of
amplitude, rise time (tr), and fall time (tf) of the signals
was seen on the maximum current through the capacitors,
while the frequency of the pulses did not have any effect
on the maximum current. The currents through the cell and
nuclear membrane resistances are orders of magnitude
greater than the current through the respective capacitances
for sinusoidal and DC input signals (Table 1). This is at-
tributed to the fact that both cell and nuclear membranes
possess ion channels as well as pore structure, which make
them semi-permeable to various ions and biological mole-
cules. However, square input signal result in a comparative-
ly higher current through membrane capacitances than the
membrane resistance as the capacitive reactance is lower
for a pulse signal. It is also seen that the current through
nuclear membrane is lesser than that of the current through
the cell membrane. The effect of amplitude/field strength
can be assessed in a straightforward manner in electric field
stimulation experiments. As indicated earlier, at a high
enough electric field, the membrane undergoes rupture
(electroporation) and eventually goes into apoptosis/necro-
sis. At low-strength electric fields, the behavior is different
in that some cells show a positive response in a particular
range of electric fields while others either show no re-
sponse or show a negative response. This aspect is known
to be cell type dependent, while there are hypotheses re-
garding how electric field stimulation on cells induces dif-
ferentiation (regulation of cytoskeletal tension, Rho signal-
ing) [58], and no consensus has been reached as to why
different cell types react in distinct manner when exposed
to the same electric field.

Effect of Cell Size

In view of dynamic variation in cell size due to various cellular
adaptation processes particularly during cell-material interac-
tion, the effect of variation in cell size on the current through
cell membrane was studied. Depending on the cell type and
the physiological conditions, the membrane resistivity value
has been reported to vary between 100 and 10,000Ω cm2 [59].
The change in the membrane resistivity values drastically af-
fects the membrane potentials [60]. However, the present anal-
ysis considered the membrane resistivity (ρm) to be
10,000 Ω cm2 as it is more relevant to cells with spherical/
spheroidal shapes [40].

Assuming the cell to be a sphere of radius r0, the resistance
of the cell membrane would be

Rm ¼ ρm
4πr20

ð19Þ

The variation in the cell membrane resistor current values
with the cell size is shown in Fig. 4. A non-linear variation in
current through cell membrane is expected as the cells grow in
size. For the realistic cell size variation in the range of 10–
40 μm during the cell-material interaction, a non-linear in-
crease of current from below 5 μA to around 30 μA has been
estimated (see Fig. 4). Such an increase in the membrane
current would therefore indicate that more ions or charged
biological molecules can be transported across the cell mem-
brane, as a cell would expand on a biomaterial substrate. Such
increased transport would also favor various biophysical pro-
cesses of the cell with the extracellular environment. The
above discussion therefore indicates that atrophy/
hypertrophy will have indirect influence on the response time
of a biological cell to electrical stimulus. Also, the current
through the membrane capacitance exhibited a similar behav-
ior (not shown).

Electric Field Stimulus in Regenerative Medicine

As mentioned earlier, electric field stimulation has a wide
range of applications in tissue engineering and regenerative
medicine. Unlike endogenous electric fields which play an
important role in wound healing and maintenance of cell ho-
meostasis, externally applied electric fields can elicit a broader
range of responses by the choice of field parameters such as
intensity, frequency, and pulse shape. For example, electropo-
ration experiments usually carried out with high electric fields

Fig. 4 Variation of current through cell membrane resistance with cell
size, as estimated using SPICE
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and alternating/pulse fields to prevent joule heating effects
have been demonstrated to have useful applications in tumor
inhibition by arresting cell proliferation [61]. While the cellu-
lar responses also depend on exposure time in addition to field
intensity and pulse shape, it is generally accepted that short-
term exposures can enhance cell proliferation whereas longer
exposure times can cause significant DNA damage, which is
sometimes irreversible leading to cell apoptosis [62].
However, the field intensity examined in the present work is
more applicable in the context of beneficial applications of
electric field stimulus such as in tissue engineering and regen-
erative medicine.

Several studies have shown that a low-intensity electric
field similar can induce better cell growth on biomaterial sub-
strates, in vitro [63]. Apart from cell proliferation, low-
intensity electric fields (DC/AC/pulsed) have been shown to
enhance stem cell differentiation into bone-like cells, neurite
outgrowth indicating differentiation towards nerve-like cells,
and in some special cases such as using a low-intensity low-
frequency pulsed field, stem cells have been observed to un-
dergo cardiomyogenesis [21]. While the mechanism of action
of electric field on cells is not entirely clear, some studies point
towards the changes in Ca2+ influx due to electric field stim-
ulus [64], while others indicate that complex signal transduc-
tion pathways [65], including mechano-transduction through
cytoskeletal reorganization [66], are the major mechanisms for
cellular responses to external electrical stimulus. Though the
mechanism is unclear, the present work adds to the theoretical
foundation developed so far on the interaction between cells
and electric field with a simplified R-C network perspective.

Conclusions

In this work, both analytical calculations and simulation stud-
ies have been performed to understand both the qualitative
and quantitative aspects of interaction of E-field with a bio-
logical cell. In particular, calculations were used to determine
the time constant for the electrical analogue of the cell. The
following key conclusions emerge:

(a) The analytical solution of a complex electrical analogue
circuit of a biological cell reveals that the response time
of a biological cell is sub-millisecond (τ2 ≈ 30 μs). This
value, however, is an order of magnitude higher than that
estimated in our previous work. It can be rationalized
from the fact that in the present work, we consider the
presence of various ion channels on the cell membrane as
well as nuclear pore complexes on the nuclear membrane
and such important pathways which were neglected in
our earlier work.

(b) SPICE simulations were performed to determine the ex-
ternal field-induced cell and nuclear membrane currents.

The present study provides evidence that the cell mem-
brane allows more current than nuclear membrane, i.e.,
the cell membrane can transport more ions or charged
species across it than nuclear membrane.

(c) The influence of cell size indicated that the membrane
current increases as the cell size increases, due to in-
creased membrane surface area, thereby decreasing the
effective resistance implying that it is easier to
electroporate larger sized cells.

(d) It has been clearly observed that the shape of the input
pulse signal strongly affects the currents through the cell
and nuclear membrane capacitances. Both the amplitude
and frequency have a linear effect on the currents
through the cell components in the electrical equivalent
circuit. In addition, the rise and fall times of the applied
signal play an important role in affecting the current
through cell and nuclear membrane capacitances.
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