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Abstract: A nonlinear identification approach for modeling endothelial cells is mathematically
derived and experimentally tested under the realistic alternating current voltage and a square-
like shape assumptions. Results demonstrate the applicability and effectiveness of the approach.
The derived model is an important step in understanding a cell system and in developing
controlling and treating certain disorders by new drugs.

1. INTRODUCTION

The aim of this work is to develop and test an identification
approach to model a cell system, in particular endothelial
cells. Such a model is essential in understanding a cell
system and in developing controlling and treating certain
disorders by new drugs.

Endothelial cells play a crucial role in maintaining vascular
homeostasis [14]. They perform a large array of phys-
iological functions that are influenced by their cellular
homogeneity in the different vascular beds [2]. They are
vital for the proper functioning of blood vessels wherein
these endothelial cells line blood vessels and help regulate
blood flow, inhibit smooth muscle cell overgrowth, and
resist thrombosis. The endothelium lining the inner wall
of blood vessel is a complex physiological system playing a
crucial role in modulating vessel tone and remodeling the
blood flow and barrier function [2].

The functions of various kinds of endothelial cells have
been extensively studied by means of in vitro cultures.
In vivo models represent an essential tool for the study
of specific cellular and molecular mechanisms involved
in physiology and pathophysiology [14]. Studies have
shown that the endothelial adherent junctions regulate
the transendothelial flux of liquid and plasma proteins [5].
The structural and functional integrity of the endothelium
is an essential requirement for its semiselective barrier
properties between the blood stream and the underly-
ing tissues. The maintenance of a continuous endothelial
cell monolayer of tightly opposed cells is also central for
preventing the vessel wall from platelet deposition and
thrombus formation. Vascular endothelial cell monolayer
functions as a barrier between the blood and interstitial
compartments. A decrease in the barrier properties of
vascular endothelium leads to tissue edema [16]. Morpho-
logical studies in vitro and in vivo have shown the presence
of tight junctions and gap junctions between adjacent
endothelial cells [13]. Cell-cell adhesion structures have
also been extensively studied and specific molecules of
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both the calcium dependent and independent cell adhesion
mechanisms have been identified [8]. In spite of recog-
nizing the importance and the molecular morphological
organization of cell-cell junctions in the maintenance of
endothelial functional properties, however, little is known
how these adhesion sites are regulated. For technical rea-
sons, the electrophysiological investigation of these cells in
situ has not been possible so far and therefore a number
of questions concerning their basic function remain open.
In addition, though we are aware that the endothelial cells
form a tight syncytium, very little is known about the
degree of electrical coupling between them in situ and in
vivo conditions. The cytoskeleton of endothelial cells is an
integrated network of filaments and adhesion proteins in
which forces at cell-cell regions are mechanically coupled
to cell-matrix regions [8, 9, 10]. These cell-cell and cell-
matrix sites are mechanically coupled by an intervening
series of filamentous cytoskeleton that can transfer local
mechanical forces to distal sites. The cell-cell and cell
matrix adhesive sites provide a resistive barrier for the
passage of macromolecules across a monolayer. Thus, hav-
ing models that can break down barrier function into
separate indices of cell-cell and cell-matrix adhesion would
represent an important milestone. For instance, inflamma-
tory disorders, angiogenesis, oncogenesis, cell toxicity, and
wound repair depend on alterations in endothelial cell-cell
and cell-matrix adhesion. One application of the model is
to derive quantitative measurements under different drug
stimulus conditions. Numerical modeling seems to be the
most effective way to provide information on cell-cell and
cell-matrix adhesion and membrane capacitance and is
a critical step in understanding disease processes and in
developing new drugs treating these disorders [6, 8].

It is clear that modeling and identification of a complex cell
system is unlike a typical engineering modeling problem
[7, 11, 15] and imposes a very challenging problem to the
identification community. On the other hand, developing
a mathematical model to evaluate complex biological sys-
tems can provide insights and reduce the cost and time of
biological research. Giaever was the first [3, 4] to introduce
a model that characterizes transcellular impedance across
a cell-covered electrode into indices of cell-cell and cell-
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matrix adhesion. He characterized transcellular impedance
of a cell-covered electrode as an electrical circuit consisting
of a capacitor and resistor in series. The model character-
izes transcellular impedance into three unknown solution
parameters in confluent cultured cells, the impedance due
to cell-cell adhesion, the impedance due to cell-matrix ad-
hesion and the membrane capacitance due to transcellular
electrical conduction. These solutions can be resolved by
measuring the experimental impedance at multiple current
frequencies. A problem to his approach is the lack of details
on how the model was obtained. No complete mathe-
matical derivation of the model has ever been published.
Therefore, it is hard if possible to check the validity of
the approach or make modification of the model. Also,
a resistive component of the cell membrane was ignored
in [3, 4]. To this end, we have develop a model [1] which
assumes direct current (DC) voltage though the model was
tested in the alternating current (AC) voltage cases and
demonstrated good fits. Both Giaever and our early works
[1, 3, 4] assumed a disk-shaped cell shown in Figure 1a.
This was a critical assumption that was overly simplified
but was necessary to be able to derive a mathematical
model. In reality, an endothelial cell is not disk shaped but
is more of a square shape [8], see Figure 1b, without empty
space between adjacent cells. In [1], it was shown that a
simple R-C series model based on a disk shape structure
was not good enough. Therefore, there is a need to develop
a model based on a more realistic cell shape. The difference
between a disk-like shape and a square-like shape could
be significant because they introduce different boundary
conditions for modeling.

The contribution of the paper is to develop and test a
model for a square-like shape cell that takes care explicitly
of sinusoidal AC voltage input. To the best of our knowl-
edge, the square-like shape cell has never been considered
in the literature.

Fig. 1. (a) Assumed disk cell shape. (b) Observed cell
shape.

Fig. 2. Illustration of the cell system.

Fig. 3. Model schematics.

Fig. 4. (a) Gold electrodes. (b) Cells are grown in wells.

2. MODEL AND IDENTIFICATION

2.1 Model set-up

To derive a model for a square-like shape cell system, con-
sider the cell system as in Figure 2. An experiment shown
in Figure 3 was designed [1, 8], where cells are cultured
on small gold electrodes shown in Figure 4. The total
impedance Zc(ω), as a function of the input frequency
ω, is calculated as the ratio of the applied voltage and
the measured current. The area of an endothelial cell is
in the range of 400 · 10−9m2. At this level, three primary
paths of current can be found flowing across a confluent
monolayer. Each path of current is affected by small spatial
changes in the cellular shape, which dynamically modifies
transendothelial impedance. The first path of current flow
i(t, r) lies between the ventral surface of the monolayer
and the surface of the naked electrode, where r is the
distance from the cell center. The current is determined
by the parameter α, which is expressed in units of

√
Ωcm.

The α term is defined by the expression, α = rc

√
ρ/h,

which is dependent on the average separation distance
h(nm) between the ventral membrane surface and the
substratum, the solution resistivity ρ(Ωcm) of the culture
medium, and the cell side length 2rc(cm). The path of
current flow between the adjacent edges of the cells within
the monolayer is labeled with the impedance Rb expressed
in units of Ω · cm. The final path of current has a capaci-
tive component and relates to transcellular-cellular current
flow through a ventral and dorsal plasma membrane. The
transcellular-cellular current ii(t, r) is dominated by the
membrane capacitance parameter Cm(F/cm2) along with
a trans-membrane resistance Rm(Ωcm2). These four pa-
rameters Cm, Rm, α and Rb represent a cell’s properties.
The values of these parameters vary depending on the
biological behavior of the cell which can be regulated
by intracellular and extracellular factors. The purpose of
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identification/modeling is to estimate the values of these
parameters under different physiological and pathological
conditions.

2.2 Mathematical derivation

Now, let vc(t) = Csin(ωt) be the voltage present at the
surface of the electrode where C is a constant and ω is
the input frequency. Let v(t, r) be the voltage present in
the space between cells ventral surface and the electrode
surface at location r from the cell center, and vi(t, r) the
voltage along the apical surface of the cell. For an endothe-
lial cell, the height is so thin so vi(t, r) can be considered
zero for all t and r. Current dic(t, r) flows vertically from
the electrode surface and a change in current dic(t, r)
occurs when a part of current dii(t, r) penetrates the cell
membrane. A change in voltage, dv(t, r), takes place as
current di(t, r) spreads horizontally in the space between
cells ventral surface and the electrode surface. We assume
that voltage potential v(t, r) remains the same on the edge
of any square centered at the origin of a cell. By applying
Ohm and Kirchoff laws, it follows that

−dv(t, r) =
1

8hr
ρi(t, r)dr

vc(t) − v(t, r) =
1

8rdrcn

t∫

−∞

dic(t, r)dt +
Rn

8rdr
dic(t, r)

v(t, r) − vi(t, r) =
1

8rdrcm

t∫

−∞

dii(t, r)dt +
Rm

8rdr
dii(t, r)

di(t, r) = dic(t, r) − dii(t, r) (1)

where the differentiation is with respect to the distance
r and the voltage vc(t) = Csin(ωt), ω > 0 is a sin-
gle frequency sinusoidal wave uniformly on the electrode.
Cn(F/cm2) and Rn(Ωcm2) are the capacitance and resis-
tance of the naked electrode.

The first equation describes the horizontal drop in voltage
in the ventral space below the cell as it spreads radically
from the center of the cell towards its outer edges. This
horizontal voltage drop is governed by ρ and h, which have
been previously defined. The second equation describes the
vertical change in voltage from the electrode surface into
the medium below the ventral surface of the cell. The third
equation describes the change in voltage from the ventral
to apical surfaces of the cell membrane. The final equation
is the Kirchoff’s current law. What we are interested is the
steady state response of the cell system which is modeled
by linear resistors and capacitors. Thus, Fourier transform
applies and this leads to

−dV (ω, r) =
1

8hr
ρI(ω, r)dr

Vc(ω) − V (ω, r) =
1

8rcnjω

dIc(ω, r)

dr
+

Rn

8r

dIc(ω, r)

dr

=
1

8r
Zn(ω)

dIc(ω, r)

dr

V (ω, r) =
1

8r
Zm(ω)

dIi(ω, r)

dr
dI(ω, r) = dIc(ω, r) − dIi(ω, r)

where V (ω, r), I(ω, r), Ic(ω, r), Ii(ω, r) and Vc(ω) are the
Fourier transforms of v(t, r), i(t, r), ic(t, r), ii(t, r) and
vc(t) respectively. With

Zn(ω) =
1

jωcn

+ Rn, Zm(ω) =
1

jωcm

+ Rm

these four equations lead to

−d2V (ω, r)

dr2
=

ρ

8hr

dI(ω, r)

dr
− ρ

8h
I(ω, r)

1

r2

=
ρ

8hr
(
dIc(ω, r)

dr
− dIi(ω, r)

dr
) − ρ

8hr
I(ω, r)

1

r

= − ρ

h
[

1

Zn(ω)
+

1

Zm(ω)
]

︸ ︷︷ ︸
γ2(ω)

V (ω, r) +
ρ

h

Vc(ω)

Zn(ω)︸ ︷︷ ︸
β(ω)

+
1

r

dV (ω, r)

dr

and
d2V (ω, r)

dr2
+

1

r

dV (ω, r)

dr
− γ2(ω)V (ω, r) + β(ω) = 0

This is the Bessel equation and its solution can be easily
derived

V (ω, r) = AI0(γ(ω)r) + BK0(γ(ω)r)) +
β(ω)

γ2(ω)

where I0(γ(ω)r) and K0(γ(ω)r) are the modified Bessel
functions of the first and second kinds, respectively. Since
|K0(γ(ω)r)| → ∞ as r → 0, the coefficient B = 0 and this
implies

V (ω, r) = AI0(γ(ω)r) +
β(ω)

γ2(ω)

By the assumption that a cell is square shaped and the
side length of a cell is 2rc, it follows that

β(ω)

γ2(ω)
=

Zm(ω)

Zn(ω) + Zm(ω)
Vc(ω)

or

V (ω, r) = AI0(γ(ω)r) +
Zm(ω)

Zn(ω) + Zm(ω)
Vc(ω)

for some constant A. To determine the constant A, we
have to calculate the total current Iit(ω) that penetrates
the cell membrane and and the total current Ict(ω) that
flows vertically from the electrode surface. To this end, we
have

Iit(ω) =

rc∫

0

8r

Zm(ω)

dIi(ω, r)

dr
dr =

rc∫

0

8r

Zm(ω)
V (ω, r)dr

=
8

Zm(ω)

rc∫

0

[ArI0(γ(ω)r) +
Zm(ω)

Zn(ω) + Zm(ω)
Vc(ω)r]dr

=
8rcA

Zm(ω)γ(ω)
I1(γ(ω)rc) +

4r2
cVc(ω)

Zn(ω) + Zm(ω)
Similarly,

Ict(ω) =

rc∫

0

dIc(ω, r)

dr
dr =

rc∫

0

8r

Zn(ω)
(Vc(ω) − V (ω, r))dr

=
4r2

c

Zn(ω)
Vc(ω) −

8

Zn(ω)

rc∫

0

[ArI0(γ(ω)r) + r
Zm(ω)

Zn(ω) + Zm(ω)
Vc(ω)]dr

= − 8rcA

Zn(ω)γ(ω)
I1(γ(ωrc) +

4r2
c

Zn(ω) + Zm(ω)
Vc(ω)
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where I1(γ(ω)r) is the modified Bessel function of the first
kind of order 1. Therefore, the total current I(ω, r) at
r = rc is obtained

I(ω, rc) = Ict(ω) − Iit(ω)

= −8rcA

γ(ω)
I1(γ(ω)rc)(

1

Zn(ω)
+

1

Zm(ω)
)

Now note

V (ω, rc) = AI0(γ(ω)rc) +
Zm(ω)

Zn(ω) + Zm(ω)
Vc(ω)

Again by the assumption that a cell is square shaped, we
have at r = rc,

V (ω, rc) = I(ω, rc)
Rb

8rc

= −
A

γ(ω)
I1(γ(ω)rc)(

1

Zn(ω)
+

1

Zm(ω)
)Rb

Thus,

A =

−Zm(ω)
Zn(ω)+Zm(ω)Vc(ω)

I0(γ(ω)rc) + Rb

γ(ω)I1(γ(ω)rc)(
1

Zn(ω) + 1
Zm(ω) )

This solves A. To find the equivalent total impedance
Zc(ω), we note

Zc(ω)

4r2
c

=
Vc(ω)

Ict(ω)

=⇒ 1

Zc(ω)
=

1

Zn(ω)
{ Zn(ω)

Zn(ω) + Zm(ω)

+

Zm(ω)
Zn(ω)+Zm(ω)

1
2γ(ω)rc

I0(γ(ω)rc)
I1(γ(ω)rc)

+ rc

2 Rb(
1

Zn(ω) + 1
Zm(ω) )

}

Finally, from γ(ω)rc = α
√

1
Zn(ω) + 1

Zm(ω) , we have

1

Zc(ω)
=

1

Zn(ω)
{ Zn(ω)

Zn(ω) + Zm(ω)
+ (2)

Zm(ω)
Zn(ω)+Zm(ω)

α
2

√
1

Zn(ω)
+ 1

Zm(ω)

I0(α
√

1
Zn(ω)

+ 1
Zm(ω)

)

I1(α
√

1
Zn(ω)

+ 1
Zm(ω)

)
+ rc

2
Rb(

1
Zn(ω)

+ 1
Zm(ω)

)

}

This is the model by assuming a square shaped cell. The
model contains a number of parameters, Zc(ω), Zn(ω),
Zm(ω) = Rm + 1

jωcm

, Rb, α and rc. Among them, Zc(ω)

is the total impedance and Zn(ω) the impedance without
cell covering. Both Zc(ωi) and Zn(ωi) are measured ex-
perimentally at each input frequency ωi. The “radius” rc

also comes into the model, a unique property of a square
shaped cell model. Four unknown parameters are α, Rb,
Rm and cm that describe the cell’s properties.

2.3 Identification algorithm

The model (2) involves four unknown parameters α, Rb,
Rm and cm that represent a cell system properties and
are what we try to estimate from experimental data.
To estimate these unknown parameters, inputs have to
be applied repeatedly at different frequencies and the
corresponding Zc(ωi) for the cell covered electrode and
Zn(ωi) for the naked cell electrode, i = 1, 2, ..., N , are

measured. Now suppose α̂, R̂b, R̂m and ĉm are some
estimates of α, Rb, Rm and cm respectively, an estimate

Ẑm(ω) of Zm(ω) can be defined as Ẑm(ω) = R̂m + 1

jωĉm

.

Similarly an estimate Ẑc(ω) of Zc(ω) based on α̂, R̂b, R̂m

and ĉm is defined by (2) by replacing Zm(ω), α, Rb, Rm

and cm by Ẑm(ω), α̂, R̂b, R̂m and ĉm respectively.

The optimal estimates α∗, R∗

b , R∗

m and c∗m are defined as
those that minimize the following cost function

(α∗, R∗

b , R∗

m, c∗m) = arg min
α̂,R̂b,R̂m ,̂cm

N∑

i=1

|
Zc(ωi)

Zn(ωi)
−

Ẑc(ωi)

Zn(ωi)
|2 (3)

where N is the number of frequencies at each experiment.
The idea is that the difference between the predicted

Ẑc(ω)/Zn(ω) and the measured Zc(ω)/Zn(ω) is minimized.
This is a nonlinear optimization problem and the well
known Levenberg-Marquardt nonlinear least squares algo-
rithm [12] was used in our experiments and calculations.

3. EXPERIMENTAL RESULTS

3.1 Material and equipments

Fibronectin was obtained from Collaborative Research
Inc. Medium 199 was obtained from Gibco Inc. Fetal
Bovine Serum was obtained from Hyclone Laboratories.
Electric Cell Impedance Sensing (ECIS) microelectrodes
were obtained from Applied Biophysics Inc. Cultured
human umbilical vein endothelial cells (HUVEC) were
obtained from the Tissue Culture Facility, College of
Medicine at the University of Iowa.

3.2 Cell culturing and adhesion assay

Cultured human umbilical vein endothelial cells were pre-
pared by the collagenase treatment of freshly obtained
human umbilical veins. Harvested primary cultures des-
ignated for cell-adhesion assays were plated on 60-mm
tissue culture plates that were coated with 100 µg/ml
of fibronectin. All cells were cultured in Medium 199
supplemented with 20% heat-inactivated fetal calf serum,
basal medium eagle vitamins and amino acids, glucose
(5 mM), glutamine (2 mM), penicillin (100 U/ml), and
streptomycin (100 µg/ml). Cultures were identified as en-
dothelial cells by their characteristic uniform cobblestone
morphology, uptake of acetylated low density lipoprotein,
and by indirect immunofluorescent staining by factor VIII.

Cells were cultured on a small gold electrode, approxi-
mately 5 · 104 cells per unit cm2 shown in Figure 4 using
culture medium as the electrolyte, and barrier function
was measured by determining the electrical impedance.
The total impedance of the monolayer is composed of the
impedance between the ventral surface of the cell and
the electrode, the impedance between the cells and the
impedance of two cell membrane in series.

3.3 Cell covered impedance Zc(ωi) and naked impedance
Zn(ωi)

Endothelial barrier function was measured in real time
by measuring transendothelial impedance using material
and cell culturing technique described above after cultures
reached postconfluency about 24 hours or one-day-old.
First, impedance measurements were obtained repeatedly
at 23 different frequencies of 25Hz, 50Hz, 75Hz, 100Hz,
200Hz, 500Hz, 750Hz, 1kHz, 2kHz, 3kHz, 4kHz, 5kHz,
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6kHz, 7kHz, 8kHz, 9kHz, 10kHz, 15kHz, 20KHz, 30kHz,
40kHz, 50kHz and 60kHz. The obtained data set is the
measured cell covered impedance Zc(ωi) , i = 1, 2, , 23, at
those 23 frequencies. The measurement process took about
20 minutes. Then, cells were removed from the electrode
with a solution of 0.5% trypsin and ethylenediaminete-
traacetic acid. This removal process took approximately 15
minutes. Then, a repeat of impedance measurements was
taken over the same 23 frequencies to obtain the naked cell
impedance Zn(ωi), i = 1, 2, , 23. This measurement took
about another 20 minutes.

Fig. 5. Data collecting circuit illustration.

3.4 Data collection circuit

Data is collected for each experiment for a given frequency
using the commercially available Electric Cell Impedance
Sensing data acquisition system from Applied BioPhysics
which can record 16 different tissue cultures (tissue wells)
at a time. The data is collected for cells grown on a
monopolar gold electrode array supplied with the Electric
Cell Impedance Sensing data acquisition system that is
comprised of a large counter electrode and a significantly
small microelectrode on which the cellar monolayer is
grown shown in Figure 4 and illustrated in Figure 5. The
overall measurement system comprises of a microelectrode
assembly as discussed above, a precision frequency detec-
tor (SRS830 lock-in amplifier, Stanford Instruments Inc.)
to collect the impedance, a precision signal generator and
a personal computer for data collection and subsequent
data analysis. Under the control of computer, the reference
signal generator is commanded to apply 1 volt AC signal
of precise reference frequency through a 1-MΩ resistor
to the microelectrode. The 1-MΩ resistor is included to
provide the effect of having relatively constant current
for all measurements at different frequencies taken during
an experiment. The lock-in amplifier then measures the
resultant in phase voltage and current components and
out of phase voltage and current components across the
microelectrode assembly, passing the measurement data
back to the computer for storage and data analysis. The
measurement process is repeated at 23 different frequencies
for both cell-covered and naked microelectrodes.

3.5 Experiment results

A large number of experiments were carried on postconflu-
ent cultured human umbilical vein endothelial cells. Exper-
iments were conducted after culture reached postconflu-
ency about one-day-old. Figure 6 is a typical result of the
experiments with 14 wells (14 separate electrodes). Shown
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Fig. 6. The actual Zc(ω)
Zn(ω) and its estimate.

in Figure 6 are the real and imaginary parts, respectively,
of the predicted Z∗

c (ωi)/Zn(ωi) (solid) based on the model
(2) with the estimates (α∗, R∗

b , R
∗

m, c∗m) derived from the
Levenberg-Marquardt nonlinear least squares method [12]
and the cost function (3), and the actually measured
Zc(ωi)/Zn(ωi) (circle=real part and diamond=imaginary
part) at 23 different input frequencies. The bold vertical
bars represent the standard deviations of the estimation
errors between Zc(ωi)/Zn(ωi) and Z∗

c (ωi)/Zn(ωi) at each
frequency based on the measurements of 14 wells. In real-
ity, no “true values” of α, Rb, cm and Rm are available.
One logical test is to see how the predicted Z∗

c (ωi)/Zn(ωi),
based on the estimates α∗, R∗

b , R∗

m and c∗m, fits the actually
Zc(ωi)/Zn(ωi) at input frequencies. Clearly, from Figure 6,
a reasonable fit is obtained and this validates our approach
and the model.

3.6 Discussion

It’s important to emphasize that we are modeling endothe-
lial cells, which do not display automaticity properties
like muscle cells. There are no constitutive ion channel
activity like epithelial cells or cardiac muscle. Also, we are
examining the cell-membrane properties of a static resting
cell and this does not mean that the model will predict
a dynamic response under a more dynamic physiological
change. Further, we make a few remarks.

• A number of experiments have been carried out
and the results are consistent. All experiments are
done on an one-day-old postconfluent monolayer of
cultured endothelial cells. The timing is critical. If the
measurements are made too early, the experimental
results exhibit some random phenomenon because
electrical properties during cell attachment are in
the transition period and unreliable. The readings
may become unreliable again if the measurements are
made too late.

• The fit at the high frequency range is fairly good and
there exists a relatively larger modeling error at low
frequency range. Consistent low frequency errors are
unlikely due to random noise but are a systematic
under-modeling. There are several possibilities.
(1) First, the impedance Rb between the adjacent

edges of cells is modeled as a pure resistor.
This could be overly simplified. Some marginal
improvement at low frequencies may be achieved
by modeling this impedance as a resistor and a
capacitor in parallel.

(2) The second reason is the nonlinearity and possi-
bly time varying factors. In this paper, a cell sys-
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tem is modeled by linear and constant resistors
and capacitors in various connections. However,
the actual cell system does exhibit some nonlinear
and timing varying properties. The impedance
changes with time. Moreover, changes at different
frequencies are different, especially large changes
at low frequency range. This implies the underlin-
ing cell system is not completely linear and time
invariant that could be partially responsible for
low frequency errors.

(3) The third reason is the assumption that the
naked electrode impedance and the cell impedance
are in series when the cells are grown on the
electrode. Preliminary study seems to suggest
that there is also a parallel structure when cells
are grown on the electrode. The problem is that
with additional parallel structure or nonlinear-
ity, mathematical modeling becomes much more
complicated. By exploiting their electrical paths
and properties, the governing equation was de-
rived in the paper which is a nonlinear partial
differential equation involving time t and distance
r. By examining only the steady state with a sin-
gle frequency excitation, we were able to simplify
the equation to a nonlinear ordinary equation.
Fortunately, analytic solution exists that leads to
the model derived in the paper. With additional
parallel structure or nonlinearity, the resultant
nonlinear equation does not seem to be repre-
sentable in a clean way let alone analytic solution.
This is the topic that we are working on.

4. CONCLUDING REMARKS

Though there exist some low frequency errors and steps
discussed above can be employed to improve the model,
the fits are generally good. This suggests that the nu-
merical model and algorithms presented in the paper can
be utilized for several essential applications for cell biolo-
gists and cell physiologists; (1) The model can be applied
to evaluate how exogenous physiological and pathologi-
cal stimuli regulate endothelial barrier function. (2) The
model can be applied to quantify and elucidate with pre-
cision cell-cell interactions between leukocyte-endothelial
and pathogen-host interactions. (3) The model is useful
to elucidate signal transduction pathways that regulate
cell membrane properties under different experimental
conditions. (4) The model has utility to precisely evalu-
ate how genomics and proteonomics of the cytoskeleton
regulate cell membrane properties in intact living cells
in which the behavior of the cytoskeleton may not be
adequately predicted from in vitro bioinformatics tools. (5)
The numerical model can be used to evaluate molecular
mechanism of drug toxicity. The numerical model could
be multiplexed with electrical and optical based assays to
evaluate molecular mechanisms of drug therapeutics and
toxicity.
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