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Abstract

Measurements of the AC electrode impedance can be used
to sense changes in cell adhesion to the electrode and also
the cell response to drugs. In this paper, we report pro-
gress toward the further development of this sensing tech-
nology. We describe extended (~ 72 hr) studies of the im-
pedance changes of electrodes which monitor the cell
growth under environmentally controlled conditions, and
we contrast the signatures of the mouse fibroblast 3T3 and
human colorectal carcinoma HCT-116 cell lines. We also
describe the design and fabrication of a CMOS-based ac-
tive matrix sensor array for statistical analysis of a large
population of individual cells.
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INTRODUCTION

Impedance-based microelectrode sensor arrays are poten-
tially useful for performing drug screening experiments and
also for studies of cell adhesion and micromotion. Imped-
ance measurements of electrodes in cell growth medium
were first used to study cell behavior by Giaever and his
coworkers in 1986 [1]. Briefly, in this sensor one measures
the impedance between two electrodes, a larger counte-
relectrode and a small sensing electrode. When cells are
cultured on the electrodes the measured AC impedance
changes in a way which depends on the measurement fre-
quency, the cell coverage, and the cell-electrode gap. The
impedance increases at moderate and high frequencies be-
cause the cells block current flow from the covered portion
of the electrode [2,3]. At low frequencies the impedance
may decrease as a consequence of products of cell metabo-
lism which accumulate on the electrode surface, altering
the surface chemistry.

We are developing arrays of cell-sensing electrodes which
can be used to monitor many individual cells or many indi-
vidual clusters. In the following, we first present the re-
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sults of long-term studies of the growth of human cancer
cells on large electrodes. When compared with previously
published measurements on mouse fibroblasts [4], these
experiments show that different cell types have clearly dis-
tinguishable behavior even for large electrodes. We then
report the fabrication and characterization of an active ma-
trix-addressed array of small sensing electrodes which can
be used to investigate individual cells.

CELL GROWTH STUDIES
Figure 1 shows the electrode array used in these experi-

ments. There are nine measuring electrodes between 0.015
mm® and 0.02 mm?® in exposed area. The electrodes are
sputtered gold with a chromium adhesion layer and are
fabricated on a fused silica substrate. Measurements of the
impedance magnitude as a function of frequency were per-
formed using an HP 4192A impedance meter which was
switched to individual electrodes under computer control.
Impedance measurements were made over the frequency

range 100 Hz- 1 MHz.
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Figure 1. Top view of nine-electrode array. A plastic well
was bonded to the substrate to contain the cell growth
medium.

Cell growth studies were performed in a controlled envi-
ronment (T = 37 °C, 5% CO,) using Dulbecco’s modifica-
tion of Eagle’s medium for fibroblast cells and McCoy’s
5A medium for cancer cells. After performing impedance
measurements without cells, human cancer cells (HCT-
116) were introduced. Figure 2 shows the measured nor-
malized impedance change 7 = (Z.ey = Zuo cet)/Zno cent @S @

function of frequency.



In Fig. 2, the peak at approximately 100 kHz is characteris-
tic of cell growth on the electrode [3]. Modeling [2,3] and
analysis using the approximate equivalent circuit with and
without cells [5] show that the peak height increases with
the fraction of the electrode area covered by cells. We ob-
serve that the peak height increases with growth time. The
peak height appears to saturate near ¢ = 20 hr but increases
again between 24 and 48 hours. Also visible is a distinct
shift in the peak frequency to lower frequencies as growth
proceeds.
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Figure 2. Normalized impedance change r as a function of
frequency for HCT-116 cells: --15 min, --2 hr,=-=4 hr, O

6hr,® 10 hr, 114 hr, %/ 20 hr, === 24 hr, and » 48 hr after

introduction of cells.

For a single cell, it can be shown that the peak frequency
depends on the cell size r.; and the cell-electrode gap ¢
according to oo (t/ prfe”)” * where r is the resistivity of
the cell growth medium and 7 is between 0.5 and 1. For the
present case where there are many cells forming a layer
rcell should be replaced by the the colony size. Conse-
quently the decrease in f,,,, is consistent with the formation
of larger colonies, closer cell-electrode spacing, or both.
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Figure 3. Peak frequency f,., as a function of time for hu-
man cancer cells (¥v) and mouse fibroblasts (@®).

This behavior observed for cancer cells is distinctly differ-

ent from that observed for 3T3 mouse fibroblasts. In con-

trast to the cancer cells, mouse fibroblasts are contact-

inhibited, that is, cells will not overgrow each other and

growth ceases when a confluent monolayer is formed. Fig-

ure 3 shows the behavior of f,,,. for both cancer cells and
mouse fibroblasts. For fibroblasts the peak frequency is
lower (consistent with the somewhat larger cell size) and
tends to increase rather than decrease with time.

Figure 4 shows the behavior of r,,, for cancer cells over a
longer time period. We clearly observe saturation of 7, at
approximately 20 hr which corresponds to the formation of
a confluent monolayer by microscope observations. Begin-
ning at 30 hr r,, begins to increase again and reaches a
second plateau at about 45 hours. At the end of this period
multiple layers of cells can be observed microscopically.

20 i LN )
confluent o

s

— 1.01 «®
\'l

0.0° : : ‘ - ‘ ‘

0 10 20 30 40 50 60
time (hr)

Figure 4 Peak height r,,., as a function of time for human

cancer cells. Microscope observations showed that the
cell layer confluent at t =20 hr.
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This impedance changes caused by cancer cells are dis-
tinctly different from that previously reported for mouse
fibroblasts [4]. Fibroblasts show a sharp increase in rmax
between 0 and 6 hr, followed by a decrease in r,,, as the
cells contract in area, and finally a steady increase in rmax
between 24 and 65 hr. Table I summarizes the observed
behavior of the two cell types. There are clear differences
between the cells in the behavior of rmax and also the fre-
quency at which this peak is observed f,,. . These differ-
ences are consistent with the known behavior of these cells.

Table I. Comparison of the electrode impedance changes
caused by mouse fibroblasts and human cancer cells.
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These results suggest the possibility of distinguishing be-
tween cells with different behavior based on the observed
behavior of electrode impedance as a function of time.
However, the electrodes used in the studies described
above are large compared to the cell size and consequently
only the average behavior of an ensemble of cells is ob-



served. Smaller electrodes would make it possible to moni-
tor the behavior of individual cells, possibly even making it
possible to observe micromotion which is reported to be
significantly different for cancer and non-cancer cells [6,7].
Of course one wishes to monitor the behavior of many in-
dividual cells in order to obtain statistically significant re-
sults. In the following, we will report the fabrication of
arrays of cell-sized, individually addressable electrodes.

ACTIVE-MATRIX ELECTRODE ARRAYS

There are three possible approaches for fabrication of an
array of sensing electrodes. In the simplest approach each
electrode is individually accessed with one interconnect
line per electrode. This approach leads to a very large
number of contacts and in addition it can be very difficult
to route lines from the inside of the array. Superior ap-
proaches use row and column lines to access sensing sites
located at each crosspoint. Giaever and Keese [8] have
used a passive matrix array of sensing sites. However pas-
sive-matrix addressed arrays have “sneak paths” and as a
result the measured impedance can be partly influenced by
the impedance of non-selected sites. Here we consider an
active matrix-addressed array which offers the greatest
potential for large arrays.

Figure 5 shows the schematic diagram of an active-matrix
addressed array of sensors. Each sensing site is addressed
by a normally-off NMOS field effect transistor. One col-
umn is selected by driving the column line high with the
output of a decoder. The impedance of a single site is
measured between one selected row line and a reference
electrode.
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Figure 5. Schematic diagram of an active matrix-
addressed array of sensing electrodes.

We have fabricated an array with 120 sensing sites using
the AMIS 1.5 micron technology available through
MOSIS. The chip is 2 mm x 2 mm in size, with 50 um X 50
um sensing electrodes consisting of second-layer metal
exposed using the passivation mask. Postprocessing as de-

scribed below is required to coat the exposed aluminum
with gold for biocompatibility and also to protect the bond
pads from exposure to the cell growth medium. A CAD
layout of the chip is shown in Fig. 6, and a cross section of
one sensing site is shown in Fig. 7.

Figure 6. CAD layout of the chip. The active-matrix ad-
dressed electrodes are at the top and the decoder and the
bond pads are at the bottom.
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Figure 7. Cross section of a single active-matrix ad-
dressed sensing site. The sensing electrode is gold elec-
troless-plated onto second layer metal.

Postprocessing of the fabricated chip is required in order to
provide for biocompatible gold electrodes and also to ar-
range for protection of the bond pads and bond wires. Fig-
ure 8a shows the final packaged chip. The chip bond pads
and sensing sites are selectively coated with gold using an
electroless process described by [9]. The plating process is
a multi-step process which includes a surface etch of the
aluminum, zincation, desmutting, electroless nickel plating
and finally gold plating. Good results are obtained as
shown in Fig. 8b provided the chips are processed as bare
(unpackaged) chips. Applying the same process to pack-
aged chips results in some unplated electrodes and also
some etching of exposed aluminum due to the formation of
electrochemical couples with the package metallization.
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Figure 8. Post-processed chip: (a) in ceramic package

showing SU-8 photoresist protecting bond pads and alu-
minum bond wires, and (b) photograph of chip after elec-
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troless gold plating. All exposed aluminum areas are
plated with gold.

Figure 9. Photograph of completed chip in ceramic pack-
age with well for containment of growth medium attached.
The metallized chips were attached to a 40 pin ceramic
package using silver epoxy and connections are made using
aluminum ultrasonic bonding. Then thick SU-8 photoresist
was used to passivate the bond pads and wires. Finally a
well was attached for containment of the growth medium.
The packaged chip is shown in Fig. 9. The postprocessing
approach used here requires only one photolithographic
step and that requires only coarse alignment.
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Figure 10. Measured impedance of 50 pm x 50 pm elec-
trode: (A) with addressing transistor off (Vq = -1 V; (O)
with addressing transistor on (V4 = 5 V); magnitude of
predicted impedance of electrode (--) and simulated im-
pedance using extracted transistor parameters (=—=).

Operation of the chip is demonstrated in Fig. 10, which
compares the measured impedance as a function of fre-
quency with all access transistors turned off and with a
single transistor turned on. The measured impedance with
the access transistor turned on is compared with the imped-
ance expected for the electrode size. There is very good
agreement except at high frequencies where the ON resis-
tance of the access transistor is comparable to the electrode
impedance. With the access transistor turned off, the meas-
ured impedance is considerably increased.

Biological experiments have not yet been performed using
the active matrix arrays. However the results reported here
show that relatively simple post-processing can be used to
fabricate working arrays. Future work will be directed at
studies of single cells on these arrays.

SUMMARY

We have shown that electrode impedance measurements
reveal clear differences in the behavior of different kinds of
cells even when large electrodes are used. We have there-
fore developed arrays of electrodes which are small enough
to provide measurement of a single cell. We have shown
that such arrays can be fabricated from standard CMOS
chips by relatively non-critical post-processing, and the
operation of fabricated arrays has been successfully dem-
onstrated.
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