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Impedance analysis of fibroblastic cell layers measured by electric cell-substrate
impedance sensing

Chun-Min Ld" and Jack Ferrier
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Impedance measurements of cell layers cultured on gold electrode surfaces obtained by electric cell-
substrate impedance sensing provide morphological information such as junctional resistance and cell-substrate
separation. Previously, a model that assumes that cells have a disklike shape and that electric currents flow
radially underneath the ventral cell surface and then through the paracellular space has been used to theoreti-
cally calculate the impedance of the cell-covered electrode. In this paper we propose an extended model of
impedance analysis for cell layers where cellular shape is rectangular. This is especially appropriate for normal
fibroblasts in culture. To verify the model, we analyze impedance data obtained from four different kinds of
fibroblasts that display a long rectangular shape. In addition, we measure the average cell-substrate separation
of human gingival fibroblasts at different temperatures. At temperatures of 37, 22, and 4 °C, the average
separation between ventral cell surface and substratum are 46, 55, and 89 nm, respectively.
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PACS numbdr): 87.22—-q, 87.80+s

INTRODUCTION can detect morphological changes as small as a few nanom-
eters. Previously, there have been two cell-electrode models
The interactions between neighboring cells and betweetised for impedance analysis of the frequency scan data mea-
cells and their attached substrate have long been studied stred by ECIS. One is appropriate for cells with lower junc-
tissue culturg1]. Thesein vitro studies may provide infor- tional resistance, and has been applied to transformed fibro-
mation regarding cell behavidn vivo including cell move-  blastlike cells[2,3], and the other was used for cells with
ment, cell proliferation, tissue development, and wound healbigher junctional resistance such as epithelial cgffs In
ing. In general, normal fibroblasts with an appropriateth®se two models, cell shape is considered to be a disk, and
the calculated values have been demonstrated to precisely fit
consequence of contact inhibition of motion, these cells havde expenmental da_ta. However, the assumption of a disk
a tendency to align with each other. Transcellular resistancghape IS not appropriate for norma_l f|brobla§ts, which display
(or impedance measurements, using various dc or ac techd long and narrow shape. Ap_pl|cat|on of a disk-shaped model
to these cells would overestimate the average under-the-cell

niques, have been u§ed to study the b"’?”'er function Of. epl[')ath length for current flow, and would lead to an overesti-
thelial and endothelial cell layers. With an appropriate

. - o X ) mation of the cell-substrate distance when applied to mea-
equivalent circuit used for data analysis, junctional resistancg | aq data. A new model applicable to the shape of the nor-
between cells and other cellular properties, including cell, | fibroblést is therefore required.

membrane capacitance, can be determined. However, these | this study, we derive a model in which cell shape is

techniques have seldom been applied to fibroblastic cell layszssumed to be a rectangle with a half disk on each end. With
ers because the transcellular resistance is so small that it {fe adjustment of both rectangular length and width, we use
difficult to measure it accurately. this model to analyze impedance data obtained from four
Electric cell-substrate impedance sendiBEIS) has been  different fibroblastic cell lines. We compare the results of
used to study cell motion and morphology in recent yearshis analysis to that obtained using the disk-shaped model.
[2—8]. In this method, cell layers are cultured on small goldWe also use this new model to analyze ECIS measurements
electrodes and the electrical impedance of the cell-coveredone at different temperatures. We show that, as temperature
electrode is measured as a function of frequency. Comparingecreases, the average cell-substrate separation of human
the experimental data with the calculated values obtainedingival fibroblasts increases, and that this temperature effect
from a proper cell-electrode model, both junctional resis-is reversible. These results indicate that cell-substrate sepa-
tance and average cell-substrate separation can be acquiregtion is dependent on metabolically controlled mechanisms
Since the measured electrical resistance is very dependent oficell-substrate adhesion.
the extracellular space available for current flow, this method

environment will proliferate and form a monolayer. As a

MATERIALS AND METHODS
* Author to whom correspondence should be addressed. Address
correspondence to MRC Group in Periodontal Physiology, 4384
Medical Sciences Building, University of Toronto, Toronto, On-  The fibroblast cell line WI-38 was obtained from the
tario, Canada M5S 1A8. FAX416) 978-5956. Electronic address: American Type Culture CollectiofATCC, Rockville, MD).
chunmin.lo@utoronto.ca Human gingival fibroblastdHGF), human dermal fibro-

Tissue culture
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blasts, and normal foreskin fibroblasts were derived froncontains a 25Q:m-diam gold electrode and a much larger
primary explant cultures. Cells were cultured at 37 °C andgold counter electrode. For impedance measurements, me-
5% CQO, in Dulbecco’s modified Eagle mediugfDMEM, dium (0.4 m) was added over the electrode in each well.
GIBCO) with 10% fetal bovine seruntFBS, GIBCQ and  Experimental setup and circuit connection were the same as
antibiotics. Only cells from passages 3 to 6 were used for theve previously describefi7]. Cells were allowed to attach

experiments except WI-38 cells. and spread for at least 24 h before impedance measurements
were undertaken. We used an incubator without, @8d a
Impedance measurements normal refrigerator as 37 and 4 °C environments, respec-

Electrode arrays, relay bank, lock-in amplifier, and soft-tively, and the room temperature was about 22 °C. Before
ware for the ECIS measurement were obtained from Appliedaking data we waited at least 30 min after changing the
BioPhysics(Troy, NY). Each electrode array consists of five temperature.
wells that are 1 cm in height and 0.5 €in area; each well

|
MODEL DERIVATION

List of Symbols

Z. (Q cmd) specific impedancéer unit arepof the cell-covered electrode
Z, (Q cmP) specific impedance of the cell-free electrode
Zm (Q cnd) specific impedance through both basal and apical cell membranes
V. (V) applied voltage across the cell-electrode system
let (A) total current through the area of a single cell
l& (A) total current through the rectangular part of a single cell
19k (A) total current through the disk part of a single cell
R (Q) junctional resistance between adjacent cells
Ry (Q cm?) junctional resistance between adjacent cells over a unit cell area
p (2 cm) resistivity of the cell culture medium
L (um) cell length
W (um) cell width
h (nm) average height between basal cell surface and substratum
|
The main objective of an ECIS model is to calculate the dav  p

specific impedance of a cell-covered electrode as a function “dx_ hL L, (1)
of frequency Z.) from the measured values of a cell-free

: ; ; z
electrode Z,) with a few suitable morphological parameters V.—V=—"di )
of cell layers. After fitting the measured data of the same ¢ Ldx ¢
electrode covered with cells with the calculated values of Zm
Z., those morphological parameters can be determined. V=1gx dlis (©)

Therefore, the total current passing through the area of a

single cell ;) as a function of the applied electrode voltage and

(V) must be first calculated, and th&p can be obtained by dli=dl,—dl;. 4

the simple formulazc_=(cell area)Ve/ley). . Equations(1)—(4) can be combined to yield the following
In order to theoretically calculaté., we simply assume differential equation:

that the cell shape is just like a rectangle with a half-disk on d'zv

each end. As shown in Fig(d), by geometrically separating —— vV + =0, (5)

the cell area into a rectangle and a disk, then individually dx

calculating the current from each paif®andI &, the total  \yhere

ct 1
current passing through the area of a single dgfl, there-

fore, can be obtained from the summation of the two values 72:2 i+ L (6)

(ie., 1=1%+19 To calculate the total current flowing hiZy Znm

through the rectangular part of a single cé[f’, we also and

assume that, in the spaces between cell and the substratum, pV,

current coming from the electrode will either go through the B= h7." @)
n

cell membranestranscellular currentor one-dimensionally

and symmetrically flow to the edges of the cell, and thenThe general solution of E5) is

through the paracellular space between céflaracellular B

curreny. From Fig. 1b) and Ohm’s law we obtain V=Ae”*+Be ™+ 7 (8
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W/2
=2 dle

LWV,
Zt+Zn
2Z.
Z
x| 1+ " 4 ,
chotI’( 5 +2Rb({zn+ m)
(11
where
'}/W W|:p . 1 :|l/2 (1 . 1 ):|1/2 (12)
EAMNE L i —all — 4 —
2 2lh\z, Z, Zy Zm
and
RIE=WLR . (13)

From the previous disk modg2,3], if the cell radius () is
W/2, the total current flowing through a disk-shaped cell is

FIG. 1. A schematic diagram of the cell-electrode model for cell

layers cultured on a gold electrode. Cells are considered as a flat

rectangular L X W) box with a half disk (,=W/2) on each end,
and the cell area it W+ 7W?/4. (a) Top view of the cell layer,
where the total current flowing from the area of a single dejl,

can be calculated as the summation of the current from both the

disk and the rectangle parts of the cel) side view of the cell
layer emphasizing the cell-substrate spaces.

With two boundary conditions
[(x=0)=0 €)
and
[(x=WI/2) X 2R =V(x=W/2), (10)

we can determine the two constadtsndB. The final result

W2 2z
- VC Z .
disk_ 1+ :
ct ZntZm MM+2Rdisk i_,_i ,
2 1,(yWI2) *\z, Z,

(14)

wherel, and |, are modified Bessel functions of the first
kind of order 0 and 1, and

2
Rdisk_ TW Rdisk*
b =7 Rp -

7 (15

of current flowing from the rectangular part of a single cell isFrom the equationZ,=V (LW+ 7W?/4)/l, the specific

calculated as

impedance of the cell-covered electrode can be resolved as

( 27y,
LW Z,
1+ 2 YW 1 1
LW+ —— Wcot)’(— +2Rfe“(—+—
11 4 )7 2 b \z, " Zn 16
Z. ZntZm TW? 2Z,,
. 4 Z,
W2 [ yW 1 o(yW/2) 1 1)’
LW+ — +2RIM —+ —
L 4 2 1,(yW/2) b 1Zy Zm
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FIG. 3. (a) Normalized resistance an@) normalized capaci-

FIG. 2. (@) Resistance andb) capacitance as a function of : )
logyo(frequency) obtained from a frequency scan measurement dRnce as a function of lgg(frequency) for an electrode with a con-
an electrode with and without a mono|ayer of HGF cells. fluent HGF cell Iayer. The curves are obtained from Flg. 2 by di-

viding the measured values for the cell-covered electrode by the
corresponding values for the cell-free electrode.

where
ﬂ fom ent layer of HGF cells, at 37 °C. For analyzing differences in
rec impedance curves, it is helpful to use normalized values,
Ry TR Ry where we divide the impedance values of cell-covered elec-
—+7 trodes by the corresponding quantities of the cell-free elec-
W trodes. Figure 3 displays normalized resistance and capaci-
and tance data for HGF cells. The theoretical model can be fit to
the measured normalized impedance with adjustment of two
oL parametersik, anda. Cell length () and width V) can be
— 47 estimated directly by phase-contrast microscopy, and the
Rgisk: Ry . specific impedance of the cell membrarg,J can be calcu-
ﬂ n lated as a resistofmembrane resistanceand a capacitor
w' T (membrane capacitancen parallel, as we described before

There are two limiting cases. First, if>W, then R

[7,8]. Using Eq.(16) to analyze normalized resistance and
capacitance curves of HGF cells, the best-fitting valudR,of

~Ry, l~1%°, and the rectangular part of cell dominatesand « for the data shown in Fig. 3 are 14 cn? and

the measured impedance. SecondL#0, RI*~Ry, I,

2.40Y2 cm. We calculatér from a by using Eq.(12) with

~|3k and the result returns to the previous calculation ob-»=54€) cm andW=14 um. The result for the average cell-

tained from the disk model.

RESULTS AND DISCUSSION

substrate separation at 37 °C is 46 nm. Comparing this to the
result obtained by fitting the model based on a disk-shaped
cell to these dat&Table |), the average cell-substrate value

from the rectangular model is much closer to the results mea-

Figure 2 shows measured resistance and capacitance aswed by interference reflection microscapiM) [9,10].
function of frequency. These curves show results for both Before analyzing more experimental data, it is helpful to
cell-free electrodes and for electrodes covered with a confluknow how changes dR, and« affect the normalized curves.
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TABLE I. Impedance analysis of HGF cells from two different models at 37 °C.

p (Qcm) Rp (Q cnd) a (QY2 cm) h (nm)
Disk model 54 15 3.7 128
(re=18um) [a=r(p/h)*?]
Rectangular model 54 14 2.4 46

(W= 14 um) [ a=0.5W(p/h) 2]

Figure 4 shows the normalized resistance and capacitance agth those in Fig. %), we see that they also vary in different

a function of frequency for a range 8%, values: 0.5, 1, 2, ways as the parametelRy, or « change. It is worthwhile to

and 3Q cm?,  with L=70um, W=14um, « mention here that the capacitance measured by ECIS is the

=2.40% cm, andC,,=2 uF/cn?. WhenR, increases, the capacitance of the electrode-electrolyte interface. At high

normalized resistance values increase and the peaks of all tfi®@quency the capacitance becomes smaller when cells cover

curves are almost at the same frequency position. Figure 8p some of the electrode area. At low frequency, however,

shows another calculation whesetakes on the values of 2, the capacitance does not change much even when there are

3, 4, and 30Y? cm, R,=1.5Q cn?, andC,, has the same cells on the electrode because there is sufficient time to

value as in Fig. 4. The normalized resistance values increasange the capacitive charge under the cell. Therefore, when

while « increases; however, the peak of the data curve shift®, increases oh decreasesi.e., « increasel capacitance

to the low-frequency side. Since the parametés inversely  values at higher frequencies decrease, as a result of less cur-

proportional toh'?, the peak position of the normalized re- rent coming out of the electrode, but those at low frequencies

sistance curve strongly depends on cell-substrate separatiathange only a little.

Comparing the normalized capacitance curves in Fi{g) 4 We carried out a series of measurements of the transcel-
lular impedance of confluent fibroblast cell layers at 37, 22,

5
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FIG. 4. (a) Normalized resistance angh) normalized capaci-
tance as a function of lqgfrequency) from model calculations for
different junctional resistance®,: 0.5, 1, 2, and %) cn?. The  tance as a function of lag(frequency) from model calculations for
parametersy and C,,, were set to 2.40%2cm and 2uF/cn?, re-  different values of the parameter 2, 3, 4, and 2*?cm. The
spectively; these values are close to the experimental results father parameterR, andC,, were set to 1.%) cn? and 2uF/cn?,
HGF cells. respectively.

FIG. 5. (a) Normalized resistance angh) normalized capaci-
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TABLE II. Effect of temperature on cell-substrate separation of TABLE IIl. Using the new model with three other fibroblast
HGF cells. Using the new fibroblast model, two parameters ardgypes. All valuesa[ =0.5W(p/h)¥?] andR,,, obtained from im-
used to fit the measured cell layer impedance as a function of frepedance measurements at 37 °C.
quency:Ry,, which is the junctional resistance between cells, and
a=0.5W(p/h)Y?, whereW is cell width, p is the extracellular me- Rp (Q cm®)  a (QY?cm) h (nm)
dium resistivity, andh is the average cell-substrate separation. The

number of independent measurements at each temperature is givéy{-38 fibroblasts 0.5 2.4 34
by n. The + values are estimates based on both the reproducibilit}ﬂ-: 60 um, W=12um)
of the impedance measurements and the sensitivity of the mod&formal foreskin fibroblast 0.6 22 71
impedance curves to the parameters. (L=100um, W=16 um)
Human dermal fibroblasts 2.2 3.6 34
p(Qcm R, (Qcn?) «(QY2cm)  h (nm) (L=120pum, W=18 um)

37°C (n=10) 54 1.4£0.1 2.4:0.1 46(42-50

22°C (n=10) 70 1701 25-01 55(51-60  tral surface from the substrate, including the close contact
4°C (n=10) 114 2901 2501 89(83-97  greas as well as the areas that are not as close. This agrees
with the results of Lotzt al. [11], who showed in an IRM
study of glioma cell adhesion to fibronectin that the focal
and 4 °C and analyzed the data as described above. The irdentact aregwith cell-substrate separatioal5 nm is less
pedance of cell-free electrodes was also measured at theae4 than at 37 °C. It should be noted that this temperature
temperatures. The best valuesRyf and « to fit the experi- effect on cell-substratum interaction can be reversibly re-
mental data are shown in Table Il. To calculate the averagpeated. From our previous resul8, this temperature effect
cell-substrate separatioh, we use the same value ¥, 14  can be explained on the basis that the number of adhesion
um, at all three temperatures. The reason for this is that ousonds per cell decreases while temperature decreases.
results show the junctional resistance between cBlls,to We also analyzed impedance data obtained from other
be proportional to the medium resistivity, which increases fibroblastic cell types and the results are shown in Table III.
as the temperature decreases. This implies that there is littl@ur results show that the junctional resistance of these fibro-
effect of temperature on the intercellular spacing, with theblasts is in the range of 0.5—25 cn?, and their average
changes o, being attributable to the changes of the me-cell-substrate distances are from 30 to 80 nm, very close to
dium resistivity. Estimates for the uncertainty in our mea-those values obtained from IRM measurements. In general,
sured values foh are also shown in Table Il. These esti- comparing to other cell types such as epithelial and endothe-
mates are based on both the precision of the data and thial cell layers, the junctional resistance of fibroblastic cell
sensitivity of the procedure for fitting the model to the data.layers is very small, in a range that other methods are not
The average distance between the ventral cell surface arsnsitive enough to detect.

substrateh, increases from 46 to 55 to 89 nm as the tem- The model developed here can be used in future studies of
perature decreases from 37 to 22 to 4(Table ). This  the adhesion properties and the degree of cell-to-cell contact
result suggests that the area of close contact between cell anél fibroblasts. Such cell-to-substrater cell-to-extracellular
substrate decreases as temperature decreases, since the B@##ix) and cell-to-cell interactions are of prime importance
measurement foh gives the average separation of the ven-in regulating the function of these cells.
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