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Real-Time Measurements of Cell Proliferation Using
a Lab-on-CMOS Capacitance Sensor Array

Bathiya Prashan Senevirathna
Marc P. Dandin

Abstract—We describe a capacitance sensor array that has been
incorporated into a lab-on-CMOS system for applications in moni-
toring cell viability. This paper presents analytical models, calibra-
tion results, and measured experimental results of the biosensor.
The sensor has been characterized and exhibits a sensitivity of
590 kHz/fF. We report results from benchtop tests and in vitro ex-
periments demonstrating on-chip tracking of cell adhesion as well
as monitoring of cell viability. Human ovarian cancer cells were
cultured on chip, and measured capacitance responses were vali-
dated by comparison with images from photomicrographs of the
chip surface. Analysis was performed to quantify cell prolifera-
tion and adhesion, and responses to live cells were estimated to be
100 aF/cell.

Index Terms—Capacitance measurement, cell culture, CMOS
integrated circuits, dielectric measurements, lab on a chip, mixed
analog-digital integrated circuits.

I. INTRODUCTION

ICROELECTRONIC biosensors have the potential to

provide low-cost, flexible, and portable devices for ap-
plications in fields such as biology, environmental science, and
medicine. A ubiquitous experimental challenge is to monitor
the proliferation of cells over time to determine their response
to stimuli or environmental conditions. Monitoring cell growth
and migration is an important tool for optimizing cell culture
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conditions, testing drugs, and screening materials for biocom-
patibility and toxicity. Conventional approaches involve the use
of dyes and markers that can potentially introduce side-effects
into the cell culture and often function as end-point assays,
eliminating the opportunity to track fast changes and to deter-
mine temporal correlation between measurements. Therefore it
is important to develop new techniques to perform these mea-
surements. Lab-on-chip devices have shown great promise in
changing the way that biological samples are analyzed. They
allow for smaller sample volumes, reduced cost, faster reaction
kinetics, and higher throughput than conventional approaches.
Another important advantage of lab-on-chip systems is their
potential for automated and unsupervised data collection. In
most instances, however, lab-on-chip devices comprise a passive
sensing layer that requires external instrumentation for readout
and signal processing [1], [2]. Recently, CMOS technology has
become an important platform for lab-on-chip systems since it
facilitates the incorporation of sensing and actuation in intimate
contact with readout and electronics, producing systems with
smaller size, higher sensing density, and higher sensing fidelity.
CMOS technology offers the advantages of having low static
power requirements and good noise immunity, as well as being
widely available and facilitating integration with commercial
electronics.

Several lab-on-CMOS systems have been previously devel-
oped for the purpose of monitoring cell proliferation (discussed
in Section II). These sensors have shown efficacy in detecting
the growth of cells; however these designs generally still
require significant external hardware for readout and so do not
readily lend themselves for portable applications. In this paper
we report the use of a capacitance sensor array on the surface
of an integrated circuit chip to measure an analogue of cell
health. The reported biosensors provide the ability to automate
and expand measurements beyond the capabilities of traditional
laboratory equipment. The sensors are amenable to portable ap-
plications and provide a quantitative digital readout that reflects
the graded dynamical behavior of cell-substrate coupling.

This paper describes the implementation of a ring oscillator-
based capacitance sensor [3], including implementation of the
readout, experimental results, analytical models, calibration of
the sensor, and biological validation in vitro. The sensor exhibits
a sensitivity of 590 kHz/fF, resolution of 14.4 aF, and an input
sensing range of 12 fF. In addition to dry bench-top testing, the
chip was packaged for operation in a cell culture environment
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and tested with organic fluids with varying dielectric constants
and with cultures of two different cancer cell lines. Different
aspects of the sensor system were reported in three earlier con-
ference papers. The sensor design was initially reported in [4],
its integration into a system with I*C readout was reported in
[5], and initial benchtop characterization results were reported
in [3]. This paper extends the prior work by presenting the re-
sults from in vitro experiments with cultured cells and validating
those results through visual observation.

II. CELL ADHESION AND VIABILITY

Cell adhesion is an important initial step in cell growth, sig-
naling, and regulating cell behavior [6], [7]. Many commonly
studied cells are anchorage-dependent, meaning that they are
unable to proliferate when cultured in suspension and require a
substrate on which to grow. Healthy anchorage-dependent cells
have stronger adhesion with an underlying substrate than un-
healthy or dead cells. Therefore the study of cell adhesion can
be used as an analogue for studying cell viability. This in turn
allows for greater insight into how cells grow and proliferate,
and their susceptibility to chemical agents. Studies of cell adhe-
sion have been performed in various applications such as wound
healing and cancer research [8]-[10].

A. Characterizing Cell Adhesion

Several non-electronic approaches to characterizing cell ad-
hesion involve the use of specialized equipment. In traction
force microscopy, cells are cultured on a functionalized poly-
acrylamide gel in which fluorescent beads have been embed-
ded. When cells adhere, they generate traction forces that can
be quantified by monitoring the locations of the fluorescent
beads [11]. Cells have also been exposed to shear fluid flow in
microfluidic channels [12]. The adhesion strength is related to
the number of cells remaining after exposure to the disruptive
fluid forces. Force has also been applied to detach cells directly
using a micropipette; this technique requires specialized equip-
ment for precise probe manipulation. The micropipette applies
suction force to the top of a cell, and the aspiration pressure
required to pull the cell off the substrate is a measure of its adhe-
sion strength [13]. Optical techniques include approaches such
as dye exclusion and fluorescence spectroscopy and typically
require microscopes and optical filters for measurement. Meth-
ods that require the addition of a dye or fluorescent agent can
compromise viability and lead to cell death [14]. Additionally
these approaches require sampling of the analyte which might
not be feasible for small culture volumes. Therefore a label-
free detection method would be beneficial. Furthermore, many
traditional characterization methods are end-point assays which
provide a measure of adhesion only at the end of an experimen-
tal procedure. Many parallel experiments are required to obtain
a temporal sequence of discrete sample points, with temporal
accuracy limited by the variability across samples and the sam-
pling technique. Much richer information about the dynamics
of cell growth would be available from a real-time measurement
methodology.

A number of physical transduction mechanisms have been
introduced for monitoring biological cells. Impedance spec-
troscopy, quartz crystal microbalances, and surface acoustic
waves [15]-[17], commonly used for characterization of ma-
terial properties, have been used to study cells; however they
generally require large external equipment for readout. Ion-
sensitive FETs have also been used to detect bacterial activity
[18], however they are generally used to measure analogues
of cell activity (such as pH changes), rather than viability di-
rectly. Amperometry has also been used in cell detection [19],
however post-fabrication of electrodes on CMOS chips are re-
quired. CMOS-based capacitance sensors have been developed
for a number of cell monitoring applications. These chips imple-
ment arrays of sensing electrodes that detect capacitive changes
as cells adhere to and grow across the surface of the chip. The
electrodes are insulated from the cell culture environment and
so limit undesirable electrochemistry that may otherwise occur.

B. Capacitive Sensing Approach

The measurement of capacitive loading on the substrate as
cells grow and proliferate can be performed using several dif-
ferent transduction methods. These include charge-based ca-
pacitance measurement (CBCM), charge sharing (CS), electric
cell-substrate impedance, and capacitance-to-frequency (CTF)
methods [20]-[27].

Prakash et al. implemented CS and differential CBCM de-
signs for characterizing cell adhesion [20], [21], [28] and pre-
sented in vitro measurements of muscle cells and cancer cell
lines. Ghafar-Zadeh et al. used a CBCM structure to monitor
the growth of bacteria in medium [25]. Nabovati et al. used a
differential CBCM structure for cell monitoring [29], and more
recently extended the design to an 8 x 8 array [30]. This system
included a XA ADC to convert the output voltage to a serial
stream of bits that was read off-chip using an FPGA. CBCM
sensors have high sensing resolution and relatively small chip
area requirements but they are sensitive to parasitic mismatches.
The sensing paradigm relies on symmetrical circuit topologies,
so mismatches cause an unwanted offset at the output voltage,
which can limit dynamic range significantly [30], [31]. One way
to counter this is to implement floating-gate trimming circuits to
alter the charge on the CBCM current mirrors after fabrication
[31]. Alternatively, a bank of current mirrors can be used to tune
the CBCM charging current through auto-calibration [22], [30].

These systems require a complex readout system and initial
setup protocols. Capacitance-to-frequency based transduction
systems offer an alternative approach that is inherently tolerant
to large offset capacitances and parasitic mismatch. This is be-
cause the output signal is an oscillation frequency which can
vary by orders of magnitude in response to large changes in ca-
pacitance. In contrast, the voltage output of CBCM techniques
is limited by the rail voltages. Additionally, CTF schemes can
resolve minute changes in capacitance by integrating the output
over a longer period of time. This means that both slow signals
(large capacitances) and fast signals (small capacitances) can be
read using a single chip. Furthermore, frequency based systems
are inherently suited for digitization because the output signal
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can be treated as a digital “clock™. This obviates the need for a
traditional ADC, leading to a smaller footprint on-chip.

In this work we present a CTF-based sensor for cell viabil-
ity monitoring and quantification that offers distinct advantages
over prior work. The system is simple, requiring only a low
cost commercially available microcontroller to operate. The en-
tire system including the microcontroller consumes 300 mW
of power with the IC chip alone consuming 8 mW, enabling
the design’s use in portable applications. The system allows for
multiple chips to be recording in parallel without the need for
additional hardware, allowing for high-throughput assays. It can
operate unsupervised with higher temporal resolution than tradi-
tional assays. We also present results and analysis from in vitro
experiments with living biological cells that affirm the system’s
use for biological assays.

III. CELL CAPACITANCE SENSING

This paper presents the design of a custom capacitance sen-
sor lab-on-CMOS chip. The sensor implements a 4 x 4 array
of interdigitated electrodes with digitization on chip and auto-
matic data readout using a serial bus. The chip was designed to
allow for simple implementation and ease of experimentation.
It utilizes a microcontroller for data readout and storage.

A. Sensor Design

A schematic of an individual capacitance sensor is shown in
Fig. 1(a) [3], [5]. The sensor utilizes a capacitance-to-frequency
transduction mechanism. The sensor consists of a three-stage
ring oscillator with two of its nodes connected to interdigitated
electrodes which are fabricated in the top-most metal layer of the
CMOS technology and act as the sensing plates. The capacitance
sensed on these 30 x 30 um? interdigitated electrodes (shown
in Fig. 1(b)) load the oscillator, causing changes in its charging
and discharging rates, leading to a change in the oscillation
frequency [5]. Parasitic load capacitances at each inverter stage
in the oscillator (C; — C3) introduce finite switching delays
(11 — 73), and these contribute to the total delay period, which
leads to the oscillation frequency of the sensor:

/= [s
Vi (Cp1 + Cra + Crs)

where Vrpr is the MOSFET threshold voltage and I is the bias
current. The interdigitated electrode contributes an input capaci-
tance, C7 v, to one stage of the ring oscillator. For each switching
transition, this capacitance is discharged and charged in oppos-
ing directions, increasing the effective capacitance across the
inverter. The delay period of this input stage can be written
as [32]:

ey

v
Ty = % (Cra +3Crw) (2
B

This produces a hyperbolic change in frequency as the in-
put capacitance changes. However, under the expected operat-
ing conditions and for small variations in sensed capacitance,
the capacitance-frequency relationship can be approximated
as linear. This was confirmed through SPICE simulations by
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Fig. 1. (a) Circuit diagram of capacitance sensor pixel. Photomicrograph of
(b) sensing electrodes (30 x 30 pm?), (c) fabricated die (3 x 3 mm?), and
(d) sensing array. (e) System block diagram.
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Fig. 2. Sensor characterization curve generated by mapping electrode probe
distance to modeled capacitance value.

sweeping input capacitance over a 2 fF range, resulting in out-
put frequencies that show a linear trend (R? value of 0.99) [5].
Benchtop experiments additionally support this observation as
discussed in Section IV-A (Fig. 2).

B. System Architecture

Fig. 1(e) shows a block diagram of the system. The capaci-
tance sensor chip was designed with an array of 4 x 4 sensor
pixels. Each pixel’s output passes through a digital buffer into
a multiplexer, which then connects to a 32-bit counter. The
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counter integrates the oscillating signal for a specified duration
(see Section III-C). Once the integration time is reached, the fi-
nal count value is sent off-chip via an I>C interface implemented
on chip. The NMOS transistors making up the oscillators are
sized with a width-to-length ratio of 2.8/0.7 pm. The transistor
sizing was chosen to produce a nominal oscillation frequency
of roughly 60 MHz based on process fabrication parameters. In
addition to the capacitance sensor pixels, two reference sensors
are also included on chip. These sensors have the same physical
design but are placed within the outer padframe area of the chip,
away from the active sensing area and physically isolated from
the wet environment during experimentation.

An I2C serial bus is implemented on chip and is used for
data communication with an external readout system (micro-
controller). This protocol requires two wires for data transfer
and thus minimizes the number of connections required. This
makes packaging and passivation of the bare chips simpler and
more robust since there are fewer locations for possible pas-
sivation failure. Additionally, the I>C protocol is designed to
allow for multiple devices to share the same communication
bus using the same number of wires, which can facilitate the
future development of high throughput bioassays using several
chips operating in parallel and sharing a communication bus.
The entire array of sensor pixels is read out sequentially, and
data collection continues unsupervised until a reset signal is
triggered.

C. Sensor Resolution & Pixel Density

The output signals from each pixel are integrated using a
counter for a fixed integration time in order to obtain the count
value that is sent off chip. The minimum achievable sensor
resolution (A fin) is inversely proportional to the integration
time (7;):

Afmin = Qmin/T‘i (3)

where Qnin is the desired minimum difference in count value
that corresponds to the minimum sensor resolution. There-
fore, this design imposes a direct tradeoff between sensor
speed and resolution. For typical operation the pixel sensi-
tivity, based on simulations, is 1.22 MHz/fF [5]. Therefore,
given a minimum target resolution and desired difference in
count value, one can calculate the minimum required inte-
gration time. If the minimum target capacitance resolution is
10 aF (A fmin = 12.2kHz), and Qu, is set to 100, then the
minimum integration time is 8.2 ms. However, in order to ac-
count for parasitics we have designed the system with a safety
margin of two orders of magnitude, so the target 7; is 1 s. This
integration time is set by a timing clock that is generated from
frequency division of the system clock ( f.;x ). The system clock
is generated off-chip by the readout microcontroller and is set
to 3 MHz. The maximum integration clock frequency that sat-
isfies these requirements is f.;;/2*> = 0.72 Hz, which means
T, = 1.40s.

The pixels are sampled sequentially, so the overall sensor
sampling rate is a function of the integration time and the num-
ber of pixels in the array. Therefore this design also imposes a

direct tradeoff between the number of sensors in the array, the
capacitance resolution, and the overall sensor speed. Biological
cell dynamics occur on relatively slow timescales, so sampling
intervals on the order of several minutes to an hour are appro-
priate [33], [34]. Using these guidelines, a maximum overall
sampling interval of 1 minute is targeted. With this constraint
the chip has been designed with an array of 16 sensors to allow
for full chip readout within 30 seconds.

Increasing the number of sensors and thus pixel density will
allow for greater spatial resolution and will facilitate averaging
across sensors, at the cost of decreased temporal resolution.
On the other hand, due to the relatively simple transduction
mechanism of the chip, it is possible to increase the sampling
rate using different methods such as simultaneous integration,
parallel readout, and decreased integration time.

D. Fabricated Chip

Fig. 1(c) shows a photomicrograph of the system. The 4 x 4
array of pixels (shown in Fig. 1(d)) were arranged with an X and
Y pitch of 196 um and 186 pm, respectively, covering an area of
618 x 588 um? on a 3 x 3mm? chip. Since the electrodes are
30 x 30 um? in size and are sensitive to permittivity changes in
their immediate surroundings, the actual sensing area covered
by the electrodes is roughly 120 x 120 um?. This means that
the spatial resolution of the sensor is relatively low. However,
when looking at the mechanics of the cell population as a whole,
discrete measurement sites spread over a large area can suffice.
Higher pixel density would be ideal for performing studies of
individual cells. Eight I/O pads are used which were duplicated
for packaging redundancy.

The readout system used in this work is a commercially
available microcontroller (MicroPython PYB v1.0), although
any device capable of I?C communication can be used. All
bias voltages are generated internally and the supply voltage of
3.3 V is provided by the microcontroller directly. The finite
ramping time of the power supply and startup circuits built into
the bias generator ensure the oscillators start up correctly. The
microcontroller additionally supplies the digital clock signal
that is used for timing of the controller logic on chip and the
I2C bus. Therefore no additional equipment besides the sensor,
microcontroller, and a battery are required to perform measure-
ments, allowing for experiments to be done easily outside of
the laboratory setting. The average power consumption for the
entire system was measured to be 300 mW with the IC chip
consuming 8§ mW. Therefore the complete lab-on-CMOS sys-
tem can easily be implemented on a portable platform. In fact, a
low power microcontroller can be used in order to extend battery
lifetime to several days to facilitate longer term experiments.

IV. BENCHTOP CALIBRATION

The proposed sensor was fabricated in a commercially avail-
able 0.35 m CMOS process. Two bare dies were packaged in
standard DIP-40 ceramic carriers and encapsulated in a low vis-
cosity and high electrical resistivity epoxy (Cotronics Durapot
863). The passivation was done by first heating the chip-in-
carrier to 120 °C and then manually applying the epoxy over the
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bond wires and onto the chip surface, leaving only the sensing
area uncovered. After curing, the epoxy creates a natural valley
feature that aids in constraining cells to within the sensing area.
Furthermore, by minimizing the number of required I/O pads,
packaging is facilitated since there are fewer possible points of
failure. Finally, wells to hold cell culture fluids were added to
the devices. The wells were made from standard microbiology
tubes (Eppendorf Flex Tube, 1.5 mL) that were cut and glued
onto the package surface using a biocompatible silicone elas-
tomer (Kwik-Cast Sealant, World Precision Instruments). The
elastomer showed good adhesion (no fluid leakage was observed
in any of the experiments conducted) and was chosen mainly
due to its reversible bond which leaves no residue on the chips.

A. Sensor Calibration

The fabricated sensor transduces capacitive changes into a
raw count value. In order to convert this output into a capacitance
measurement, the count value was calibrated using a distance
measurement platform [3]. A metal probe was placed over the
sensor surface and its distance above the surface was controlled
using a piezoelectric actuation platform. This mechanism had a
distance resolution of 5 4= 0.5 pm. The experimental setup was
simulated in a finite element method (FEM) solver (COMSOL
Multiphysics) to estimate the capacitive loads induced at var-
ious probe positions. For the small operating range of interest
(less than 2 fF) in cell sensing applications, the sensor output
frequency response, f{C), can be modeled linearly as follows:

f(Cin)=—a(Ciy +Co) + fo “4)

where Cyy is input capacitance, C is the total of parasitic
and offset capacitances at the circuit level, f, is a baseline
frequency, and « is the sensor’s sensitivity. The capacitive load
measured due to the metal probe is then modeled using an
inversely proportional relationship:

Crn () = Bz + o &)

where [ is a scaling parameter that relates sensed capacitance
to probe distance and x’ is a parameter that accounts for pas-
sivation thickness and displacement errors introduced by the
piezoelectric actuators. This leads to the following model of the
output frequency as a function of probe distance:

T+

Regressive fitting of this relationship was performed in order
to generate a series of calibration curves that relate sensed ca-
pacitance to the measured output frequency. Fig. 2 shows such
a curve that corresponds to the sensor’s mean sensitivity with
a = 590 kHz/fF.

f(z)=-a (ﬂ + Oo> + fo (6)

B. Sensed Capacitance Computation

Due to process variations and parasitics, each of the 16 sensor
pixels are expected to have slightly different baseline frequency
levels. Additionally, global changes such as supply levels and
temperature cause drift in measured values. Therefore the fi-
nal capacitance measurements are computed with respect to the

reference pixel values, providing a pseudo-differential measure-
ment. The data readout and signal processing performed on the
results presented in this work are summarized as follows: 1)
Subtract the baseline frequency for each pixel so that the initial
value is set to a frequency of zero Hz; 2) subtract the reference
from each sensor channel; 3) smooth the sensor response us-
ing a moving average filter (0.5% window span); 4) scale into
units of capacitance using the calibrated sensitivity parame-
ter, « = 590 kHz/fF. The final sensed capacitance is described
through:

ACy () = @ fon (ex (0) = 2 () +2res (0) = s (1))

(7
where AC\y () is the measured transient capacitance value for
channel N, xy (t) is the raw data, and xgef(t) is the reference
channel. The smoothing operation, f,, (x(t)), was performed
to average over artificial readout artifacts in the data. These ar-
tifacts were caused by a design flaw in this chip, which had
inadequate buffering in the digital readout chain that sometimes
caused identical data to be repeated on the bus in two suc-
cessive measurement cycles. When this occurred, it produced
large spikes that were unrelated to the sensor readings. When
this error occurs on the reference channel, it appears as corre-
lated spikes when the capacitance is computed as in (7). These
erroneous readings are relatively easy to identify and remove
from the data stream. The window span of 0.5% samples in the
smoothing filter corresponds to a roughly 15 minute data win-
dow over which averaging is performed. This value was chosen
empirically to perform adequate smoothing based on the overall
sampling rate while being small enough to not obscure changes
due to cells. It is important to note again that the relationship in
(7) is valid only for small (<2 fF) changes in capacitance.

As a test of sensor stability, cell culture media was put into
the sample well and the device was placed in an incubator at
37 °Cfor 15 hours. The pixels oscillate with baseline frequencies
ranging between 57.99-60.50 MHz. When the offsets between
these baseline frequencies are accounted for, the maximum fre-
quency drift over 15 hours for a single pixel is 32.7 kHz. The
mean frequency drift over all pixels is 4.7 kHz. The mean stan-
dard deviation of frequency over all pixels was calculated to be
8.56 kHz, which corresponds to a dynamic capacitance variation
of 14.4 aF.

The temperature dependence of the sensor was analyzed as
well. A device with cell culture media was placed into an oven.
Data was recorded as the device heated up to 45 °C. The mean
frequency across pixels is shown in Fig. 3. The change is ap-
proximately linear over this temperature range. A linear fit of the
data shows a temperature dependence of —129 kHz/°C, which
translates to a shift of —217 aF for a 1 °C change in temper-
ature. However, when the reference pixels are used to account
for the temperature drift, the temperature dependence reduces
to 19 kHz/°C, which corresponds to 32 aF/°C. This value limits
the attainable sensor resolution. In real experiments, the device
will usually be placed in a temperature-controlled environment
which will minimize temperature dependency. Furthermore the
thermal mass of the cell culture media limits local temperature
fluctuations.
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C. Response to Organic Solvents

The packaged chip was evaluated by measuring the response
to fluids placed in the sample well. We selected fluids with
a range of dielectric constants in order to induce changes in
permittivity of the environment surrounding the chip, causing
changes in signal output. The fluids were deionized (DI) water
(er = 80.1), acetone (¢, = 20.7), methanol (e, = 32.7), and
isopropyl alcohol (IPA) (¢, = 17.9) [35]. Cell media was also
used. Fig. 4(a) shows data from a representative pixel that illus-
trates the application and removal of each fluid over time. Fluids
with higher relative permittivity induce a stronger drop in am-
plitude from the baseline (air, e, = 1.0) since they correspond
to a larger sensed capacitance. Of the tested solutions, DI water
has the highest relative permittivity and causes a change in ca-
pacitance of 12 fF from the baseline, based on FEM simulations.
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Therefore the input range of the sensor as tested in this work is
12 fF. The sharp features seen in Fig. 4(a) are artifacts related
to physical movements in the experiment. This is especially
the case with acetone since its relatively high vapor pressure
means constant fluid replenishment is needed if the package
is not sealed. Fig. 4(b) shows the mean sensor output across
all 16 pixels with error bars marking standard deviations, and
Fig. 4(c) shows the response as a function of relative dielectric
permittivity.

V. In Vitro MEASUREMENTS
A. Experimental Protocol

Preliminary biological tests were performed by growing ad-
herent cells onto the chip array. Growth media (RPMI 1640)
was prepared with 10% fetal bovine serum and supplemented
with antibiotics and anti-fungals (penicillin and streptomycin).
Two human ovarian cancer cell lines were used in this experi-
ment, CP70 and A2780. The cells were grown in a cell culture
vessel until they reached log phase growth. At this point the
cells were detached using 0.25% trypsin/EDTA, formed into a
pellet and re-suspended into 12 mL of fresh cell media. The
devices were prepared by sterilizing them with UV light, then
rinsing them with deionized water, phosphate buffer solution
(Dulbecco’s Phosphate Buffer Solution), and cell media. Fresh
media was then added and the device was maintained in an in-
cubator (37 °C, 5% COy) for 15 minutes. Then 40 pL of the cell
suspension was added to the device, and data was continuously
recorded throughout the experiment. Fig. 5(b) shows a photomi-
crograph of CP70 cells cultured on the sensor, after 21 hours of
growth. Two separate devices were packaged and plated with
each of the two cell lines in separate experiments, resulting in
a total of four experimental datasets. All 16 sensor pixels on
each chip were active and recording. The devices were kept in
the incubator and connected to the readout microcontroller and
laptop (located externally) using a shielded Ethernet cable.

B. Tracking Cell Adhesion

Fig. 5(a) shows response curves obtained from a device plated
with CP70 cells. Each trace corresponds to an individual pixel
labeled by its (row, column) address. The two vertical lines
att = 21 hours and ¢ = 44 hours indicate time points when
recording was paused to take images of the chip’s surface, shown
in Fig. 5(b) and (c). (High resolution images are provided as sup-
plementary material in Figs. S1 and S2). For all but one sensor,
the signal remained relatively low until 5 hours of incubation.
This is consistent with the pre-adhesion phase of growth, during
which cells settle onto the chip surface. After this phase, cells
start adhering to the chip surface, showing a corresponding in-
crease in signal. The strength of the signal change is indicative
of the quality of cell growth at that pixel, which in turn depends
on where the cells first settle down from the solution. Therefore
certain pixels show little change in signal if no initial settling
(and subsequent adhesion) occurs. This is evident in sensor
(2,1) which shows little change through 34 hours of incubation.
Fig. 5(b) shows the corresponding absence of nearby cells at
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Fig. 6. Cumulative number of sensors that show an increase in capacitance as
a function of time, for each of the four experiments described in Section V-A.
The large plateau after 22 hours in (b) is due to solution evaporation.

this pixel. Likewise, the response of sensor (3, 3) stays below
50 aF through 44 hours of incubation. Both Fig. 5(b) and (c)
show this pixel to have no cells directly on top of the sensing
electrodes.

A second experiment was conducted using A2780 cells (Sen-
sor response data is provided as supplementary material in
Fig. S3). Two pixels were identified as having no cell coverage
over their electrodes from images of the chip surface. The mean
response of these empty pixels is compared to that of all other
sensors and shows a peak signal difference of 480 aF. When
the empty pixels are compared to pixels with nearly complete
coverage of their electrodes, the difference increases to 640 aF.
This supports positive correlation of sensor response with cell
coverage.

The growth rate of cells can be monitored by looking at the
cumulative number of sensors (N¢og) in the array that record
a significant change in capacitance, designated by a threshold
value, during the experiment. Fig. 6 shows such a plot with the

TABLE I
CELL GROWTH RATE ESTIMATION

Adhesion Time Growth Rate Growth Rate
Cell Line  Device (hrs) (sensors/hr) (,um2 /hr)
CP70 1 11.7 0.43 380
CP70 2 9.8 0.74 670
A2780 1 12.7 0.67 600
A2780 2 7.8 0.87 780

capacitance threshold set at 200 aF (>10 times the noise thresh-
old of 8.56 kHz, Section IV-B), for each of the four experiments.
For clarity, the increments were recorded for each hour of incu-
bation. As can be seen, there is an initial 5 hour period where
a small number (<5) of sensors show a capacitance change.
This is indicative of the cell sedimentation process. Then as
the cells adhere and proliferate, the number of sensors show-
ing a response greater than 200 aF increases. Over the course
of several hours the number of affected sensors increases and
plateaus.

A quantitative estimate of the cell growth rate can be ob-
tained by calculating the rate at which sensors detect cells over
the course of the adhesion. The slope of N¢g for each of the
experiments in Fig. 6 was calculated; the solid lines show the
calculated slope line. A nominal area growth rate can then be
estimated by scaling this growth rate by the known 30 x 30 ;zm?
area of each pair of electrodes. Table I summarizes the estimated
growth rate for each of the experiments.

C. Cell Migration

As cells adhere and proliferate, they can also move from one
location to another, a phenomenon called cell migration [36].
This can also be observed in the transient response curves of
Fig. 5(a). As cells proliferate and cover more electrode area,
a corresponding increase in absolute sensed capacitance is ob-
served. Likewise if cells migrate away from an electrode, they



SENEVIRATHNA et al.: REAL-TIME MEASUREMENTS OF CELL PROLIFERATION USING A LAB-ON-CMOS CAPACITANCE SENSOR ARRAY 517

800 e Device 1, CP70 )

600 H © Device 2, CP70 i

Device 1, A2780 ’
]
400( o Device 2, A2780 g i
¢ ] ]
200 ¢ : H |
—_ ° "
m i 8
S of ]
o 800 ? L : - . :
2 %o | | | |
600 - 1

= PP

0 1 2 3 4 5
Estimated Coverage (# cells)
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coverage of pixels. (a) All experiments separately, (b) Mean value. Linear fit
shows a sensitivity of 100 aF/cell.

cover less electrode area, causing a corresponding decrease in
signal. Several sensor channels show signal fluctuations over a
period of several hours. These changes can be caused by cell
migration to and away from the electrodes. For example, sensor
(1, 4) shows a gradual signal drop from 300 aF to 20 aF between
t = 21 hours and ¢ = 44 hours. Examination of the images in
Fig. 5(b) and (c) shows a corresponding decrease in the number
of cells on sensor (1, 4) between these two time-points. Sensors
(3, 2) and (4, 4) also exhibit this behavior, with decreases of
392 aF and 226 aF, respectively.

D. Quantifying Cell Coverage

In order to validate the signals obtained from the sensor, cell
coverage was estimated by analyzing images of the chip dur-
ing the recording sessions. These images were taken using a
standard reflective microscope with a long (>55 mm) working
distance objective. The number of cells covering each pixel was
estimated and recorded. A more precise count of cells would
require higher resolution microscopy. Fig. 7(a) shows the mea-
sured sensor outputs as a function of the estimated cell coverage.
In two of the experiments, a second image of the chip array was
taken 24 hours after the first image, providing a second time
point for cell coverage quantification.

The experimental data shows a clear pattern of cell coverage
detection; as a larger area of a pixel’s electrodes are covered, a
corresponding increase in the sensor signal is recorded. Fig. 7(b)
shows the average capacitance change across all experiments.
A linear fit (R* = 0.94) estimates a response of 100 aF/cell.
Error bars corresponding to the standard deviation of the mea-
surements indicate that variability is relatively large compared
to the mean: 4200 aF for 2 cell coverage. However, since the
experiments vary in both device used and type of cells cultured,
discrepancies are expected. The dynamic change in measured
capacitance also has strong correlation with changes in cell cov-
erage. Fig. 8 shows such a plot for the experiment with Device 1
and CP70 cell line. The change in measured capacitance (AC) is

200 T T T
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T o0
&
O 4
A -100
-200 b
-300 N . L | | I ]
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A(Cell Coverage)
Fig. 8. Plot of the measured change in capacitance as a function of change in

cell coverage (Device 1, CP70 cells).

the difference in signal between two time points that correspond
to the two images. The change in cell coverage is the difference
in the estimated number of cells covering each pixel at the two
time points. For this experiment the change in coverage ranged
from —3 to +2 cells.

As can be seen there is a correlation between the change in cell
coverage and the change in measured capacitance. An average
decrease of 300 aF in the signal was observed for sensors that
showed a 3 cell decrease in coverage between the two time
points, and a 130 aF decrease for sensors exhibiting a single
cell decrease in coverage. However an average signal increase
of 140 aF was measured for sensors that had no change in
coverage. We note that the cell coverage estimates were obtained
manually and reflect an estimate of the number of cells on the
electrode, so reported changes in cell coverage are limited in
accuracy. In future work, higher resolution imagery and image
processing may be used to improve estimates of coverage and
to extend estimates to incremental changes in cell coverage due
to proliferation and migration.

VI. DISCUSSION

The design and characterization of a lab-on-CMOS system-
on-chip has been presented along with validation from live cell
experiments. While this is an important step forward, we high-
light some open questions about the characterization of biolog-
ical results.

A. Validation

In order to obtain accurate cell coverage information, it is
important to be able obtain visual confirmation of what is oc-
curring on the sensor surface. This is especially important since
capacitive changes are the result of changes in the permittivity
of the immediate surroundings of the input electrodes, which
could result from the adhesion of cells or changes in the liquid
media. This work relied on manual observation of cells based on
photomicrographic images. There are a few problems with this
approach. Visual identification is inherently subjective since it
is difficult to make estimates that are consistent across multiple
electrodes and throughout multiple trials. Therefore in future
work it is important to develop techniques for objective quan-
tification of the cell coverage, both number of cells and their



518 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 12, NO. 3, JUNE 2018

surface area. In this work the images were obtained under white
light illumination using a Nikon Zoom Stereomicroscope with
magnification of 8X and a ring light. Fluorescence microscopy
might be used to better highlight viable cells, although this
would be done as an end-point assay.

A major obstacle to validation based on visual observation
is the difficulty in obtaining clear images of the sensor surface.
Since the sensor substrate is opaque, imaging techniques that
require a through-sample optical path cannot be used. These
include the techniques of phase contrast and inverted light mi-
croscopy that are normally used in microbiology. This means
that reflective microscopy is required. However, acquiring clear
images with this method is difficult due to light refraction
through the air-liquid interfaces, as can be seen in Fig. 5(b)
and (c). In order to mitigate this problem, higher-quality images
may be obtained using a microscope with immersion lenses and
differential interference contrast analysis [1].

Another important consideration in validating the biosensor
is having higher temporal resolution of the images. This im-
plies continual imaging of the sensor surface during the entire
course of the experiments. This introduces logistical difficul-
ties since the sensor would need to be moved to an imaging
station numerous times during a recording session. The phys-
ical movement inevitably introduces mechanical disturbances,
which could compromise the viability of cells. An alternative
imaging paradigm would implement real-time imaging within
the incubator. Several research and commercial grade systems
exist that integrate cell culture incubator conditions and imag-
ing [37]-[41]. However, these systems have been implemented
using inverted microscopes and therefore cannot be used in per-
forming live-cell experiments with the lab-on-CMOS system. In
future work, we plan to explore experimental enhancements to
imaging from fluorescence microscopy, immersion lenses, and
continual imaging.

B. Sources of Variability

Capacitance measurements have numerous sources of
variability. First, the sensed capacitance is a function of the
dielectric properties of the environment surrounding the input
electrodes. This means the device is sensitive to all of the materi-
als above the chip’s passivation layer, including media solution,
non-biological particles in the media, and the cells themselves.
Evaporation of cell media from the top of the sensor will thus
affect sensor response. For example in Fig. 6(b), the plateau
after 22 hours is due to a large baseline shift in sensor response
as the solution evaporated. There are several ways to mitigate
evaporation in the sample well. These include maintaining high
humidity levels in the environment to reduce the evaporation
rate, adding pre-warmed media to the sample well during the
course of the experiments, and covering the well surface with
mineral oil. One method used in subsequent experiments has
been to place a semi-permeable membrane (Nunc EasYFlask
Filter Cap) on top of the well. These membranes prevent
evaporation of media while allowing for gas exchange. These
membranes have been used with success in preventing evapo-
ration in tests with only media solution lasting over one week.

TABLE II
STATE OF THE ART COMPARISON TABLE

Ref. [21] [30] [27] [24] This work
Method CS CBCM CS CF CF
Tech. (nm) 0.5 0.35 0.25 0.25 0.35
. Human . Bacteria, Human
Bovine Bacteria, .
. lung Staphylo ovarian
. aortic . Staphyloco
Organism smooth carcino cous coccus cancer,
muscle ma, idermidi epidermi ~ CP70/A27
. Hi299 ~ cpraermidis dis 80
. 320 590
Sensitivity - mV/AF 55 mV/{F - KHz/fF
Resolution - 10 aF 450 aF 5{F 14.4 aF
Cell 620 aF;
700 aF*
Response 23 fF 6.3 fF* 6 Fj i - 100
(max.) akice aF/cell

*estimate based on reported sensitivity and presented measurement results

Additionally, for the frequency-based sensor presented
in this work, temperature, power supply, parasitics, and
threshold voltage variations can all introduce uncertainty into
the measurements [42], [43]. These parameters can shift the
baseline frequency response of the oscillators to cells/media,
and contribute to each pixel’s dynamic responses to capacitive
changes. Sensitivity to temperature can be mitigated by careful
control of the overall chip package’s temperature using the
temperature-controlled incubator. Power supply fluctuations
can be mitigated by using high performance low dropout voltage
regulators to supply the power rails with decoupling capacitors
to minimize ripple. The effects of fabrication process variations
mean that per-pixel calibration needs to be performed for this
sensor. As described above, variability to these factors has been
significantly reduced using pseudo-differential measurements
with respect to reference sensors placed outside the active
sensing area of the chip.

VII. SUMMARY AND CONCLUSION

In this work a CMOS capacitance sensor chip was designed
for the measurement of capacitive changes of cells. The sensor
circuitry and system level architecture were discussed. Two sep-
arate devices were packaged for live cell experiments. In vitro
tests were then performed on the devices using human ovarian
cancer cell lines CP70 and A2780. Microscopic images were
taken of the sensor surfaces during the experiments to provide
visualization of cell growth and proliferation.

Analysis of the data showed transient capacitive changes dur-
ing experiments which correlated with visual images of the chip.
Estimates of the cell growth rate were obtained from analysis of
the transient data for each experiment. Cell migration was also
observed at some sensor locations. Finally, the sensitivity of the
sensors was quantified by comparing the measured capacitance
responses to the cell coverage at each individual pixel. Analysis
of four experiments showed good correlation between cell cov-
erage and change in capacitance measurement. Table II shows
a comparison between state-of-the-art studies that performed in
vitro experiments and the sensor studied in this work.
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This study has demonstrated the continued promise of moni-
toring cell viability using a cell capacitance transduction mech-
anism. The use of a lab-on-CMOS technology allows for a
flexible and compact measurement tool that can be used in a va-
riety of applications, such as drug efficacy monitoring, biofilm
growth, and medical diagnosis.
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