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Abstract—A 1.5 mm x 3 mm CMOS chip with sensors for
monitoring on-chip cell cultures has been designed. The chip is
designed in a 0.5 yum CMOS process which has 3 metal layers
and 2 poly layers and is a 5 volt process. The chip contains ion
sensitive field effect transistors (ISFETs), as well as ISFETs with
read-out circuitry, for monitoring the pH of solutions placed
on top of the chip. Interdigitated electrode structures (IDESs)
are made using the top metal of the process to be used for
sensing cellular attachment and proliferation via impendence.
IDES read-out circuits and IDES test structures are included.
The chip also contains test amplifiers, bandgap reference test
structures, and connections for post-processing. We designed the
chip to accommodate packaging into an environment where it
will be directly exposed to a cell culture environment. Specifically
we designed the chip to have the incorporated sensors near the
center of the chip allowing for connections made around the edge
of the chip to be sealed off using an epoxy or similar material to
prevent shorting. Preliminary electrical characterization results
for our amplifier indicate a gain of 48 dB, a bandwidth of 1.65
kHz, and a common mode rejection ratio (CMRR) of 72 dB. We
also present a packaging technique using a flexible pcb substrate.

I. INTRODUCTION

Current cell culture practices have a number of methods that
attempt to control the environment but most are focused at
macroscale control. However, the cell microenvironment has
been shown to be an equal or even more important factor.
The microenvironment has a distinct physiological character
defined by the physicochemical properties such as pH, oxygen
tension, temperature, and osmolality [1] as well as the physical
properties [2]. Recent research has shown that small variations
in these factors affect cell behavior [3]-[8].

The described work aims to control the microenvironment
by creating a cell culture platform with integrated sensors,
made using a commercial CMOS (complementary metal-
oxide-semiconductor) process. Sensors with size on the same
scale as the cells they are monitoring can be placed in small
compartments which would not be accessible using benchtop
analysis probes [9]. This also allows for multiple sensors to be
placed in a small area to gain spatial resolution. The fabrication
of sensing elements in the same process as read out circuitry
also decreases system complexity by reducing post processing
and assembly steps. Another advantage is the proximity of the
transducer to the circuitry. Keeping connections short, espe-
cially avoiding transmitting the signal off of the chip, decreases
noise allowing low level signal detection. The main issues
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with using CMOS sensors for cell culture or any biological
monitoring is designing and packaging the electronics so they
can function in an environment with liquids. An additional
challenge is maintaining control over the liquids in the sensed
area to form a complete system with feedback.

We use CMOS chips incorporated with microfluidic systems
in order to integrate sensors, microelectronics, and biochem-
ical reagents into a single device that can be controlled in a
feedback configuration using a computer. Feedback systems
for temperature control of cell culture systems have already
been successfully demonstrated [10]. A system that can mon-
itor and control more parameters provides a higher level of
experimental control making it better suited as a biological
test platform. We describe our work towards a complete mi-
croenvironment controlled system. The design and simulation
of a CMOS chip (Fig. 1) with pH and capacitance sensors
that function when directly exposed to liquids is described.
Preliminary amplifier characterization results are also shown.
This paper will also outline the packaging methods, including
how electrical connections are made and fluid interaction is
controlled.
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Fig. 1. A micrograph of a 1.5 mm X 3 mm CMOS chip with integrated
biological sensors is shown. The white square highlights the sensing region
containing both pH sensors and capacitance sensors. Black squares on each
end highlight points of electrical connection for post processed electrodes.
The wirebonds shown are for preliminary testing purposes and need to be
insulated before the chip can be used with liquids.

II. CMOS CHIP OVERVIEW

A 1.5 mm x 3 mm CMOS chip with sensors for monitoring
on-chip cell cultures has been designed (Fig. 1). The chip is

4990



designed in a 0.5 ym CMOS process which has 3 metal layers
and 2 poly layers and is a 5 volt process. We designed the chip
to accommodate packaging into an environment where it will
be directly exposed to cultured cells. In order to accomplish
this all electrical connections are sequestered from fluidic areas
to prevent shorting out connections. Specifically we designed
the chip to have the incorporated sensors near the middle of
the chip allowing for connections made around the outside of
the chip to be sealed off using an epoxy or similar material.

A. Operational Amplifier Characterization

A wide swing output transconductance amplifier (OTA) was
designed largely around the design by Harrison and Charles
[11] with the cascode transistors omitted (figure 2). Large
transistors (W/L=800/4) were used as input transistors to
decrease noise. The OTA was designed to run on a 30 pA
bias current with Vpp = 5 V. Test structures of the amplifier
were included on the design which allows for the amplifier to
be characterized independently.
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Fig. 2. Schematic of the wide swing output OTA amplifier adapted from work
by Harrison [11]. Transistor W/L values are listed next to the corresponding
transistor.
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Testing of amplifier performance began by verifying the
biasing conditions. An Ips vs Vpg sweep was performed on
the biasing PMOS and we determined that a voltage of 2.35
V provides a 30 pA bias current. We then setup the amplifier
with unity gain feedback and confirmed the amplifier could act
as a buffer. To see the input common-mode range we swept the
input voltage from 0 V to 5 V with Vpp = 5V and Vgg = OV.
The input common-mode range of the circuit was found to
extend from 800 mV to 4.2 V. We setup the amplifier in an
open-loop configuration with the negative input set to 2.5 V
while a sine wave with a 2.5 V DC offset was applied to
the positive input. Because of the high gain of the circuit and
limitations on the minimum output signal from the Keithley

3390 arbitrary waveform generator (Keithley Instruments Inc.,
Cleveland, OH), we used a voltage divider to attenuate the
input signal. Using a TDS 2004B oscilloscope (Tektronix,
Beaverton, OR) we found the peak to peak value of the input
and output and calculated the gain of the amplifier to be 48
dB. While keeping the same open loop gain configuration we
increased the input frequency until we found the 3 dB point at
1.65 kHz. We then set both amplifier inputs to the sinusoidal
input centered at 2.5 V to find the CMRR, which we calculated
to be 72 dB.

B. Capacitance Monitoring

Cell impedance is indicative of a variety of cellular char-
acteristics [12], [13]; we specifically monitor cell adhesion
and growth [14]-[16]. The chip includes four designs for
capacitance monitoring, each a combination of one of two
sensing methods and one of two monitoring circuits. The first
sensing method utilizes the top metal of the CMOS process to
create an interdigitated electrode structure (IDES) for sensing.
The top metal has a passivation layer over it, on top of
which the cells can be cultured. Therefore, any change to
capacitance is due to a change in fringe capacitance. The
second capacitance sensor is also an IDES but requires post-
processing. Deposition and patterning of a gold IDES structure
on top of the passivation layer is similar to the methods used
by Zhang et al. [17]. Unlike the other design, this sensor allows
cells to culture between the capacitor “plates” to create larger,
direct capacitance changes.

Two different circuit configurations are included on the chip.
Both designs are based on an electrometer op amp charge
amplifier circuit [18], [19]. Figure 3 shows the schematic of
the circuit. One circuit design uses a resistor as shown and the
other configuration utilizes a MOS-bipolar pseudoresistors to
create a large resistance [11].
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Fig. 3. The general electrometer schematic is shown with a resistor in
the feedback path. The gain of this circuit is defined by the ratio of the
feedback capacitor and the input capacitor. The input capacitor changes value
based on changes the permittivity of the spaces within the IDES. Alternative
electrometer circuits replace the feedback resistor with a pseudoresistor to
create a high resistance.
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C. pH Monitoring

The proposed work uses a pH sensing ISFET made in the
CMOS process. CMOS ISFET designs differ from normal
ISFET configurations [20] due to the large amount of oxide
above the gate region as well as the need for a polysilicon gate
for self-aligned source and drain regions [21]. We created a
CMOS ISFET similar to the design by Bausells [21] which
employs stacked levels of metal connected to the ISFET gate.
The metal is left floating and simply acts as a gate connection
closer to the sensing oxide surface. We have multiple ISFETs
on the chip with both PMOS and NMOS configurations. We
designed our ISFETs with the drain and source metal contacts
far away from the floating gate metals to minimize noise [22].
We employ a circuit readout design from Morgenshtein et al.
[23], the indirect complementary ISFET/MOSFET pair con-
figuration (Fig. 4). This design eliminates body effect which
can shift the threshold voltage and therefore the calculated pH
value. Our chip also includes ISFETs without readout circuitry
to allow for direct analysis of sensor performance.

p-MOS,
e
Vout

n-ISFET

1

Fig. 4. Indirect complementary ISFET/MOSFET schematic from Morgen-
shtein et al. [23]. The circuit is well suited for ISFET readout because it
eliminates errors due to the body effect. The reference electrode present in
the solution can be added with post processed metal deposition on the surface
or by having a Ag/AgCl wire in contact with the solution.

ITI. PACKAGING

The methods for integrating CMOS sensor chips with mi-
crofluidics have been improving in the past few years [24]—
[27] but still have significant problems. We efficiently integrate
microelectronics with microfluidics using a flexible printed
circuit board (PCB) similar to the work by Wu et al. [28]
(Fig. 5). The flexible pcb we use is made from Pyralux
AC182500R obtained from Dupont (Wilmington, Delaware).
The Pyralux consists of 1 mil thick polyimide covered with
0.5 oz copper. Standard photolithography techniques are used
to pattern photoresist on top of the copper. We then etch the
copper with ferric chloride to leave patterned copper 6. Prior to
bonding, the flexible PCB is cut using a precision hole punch
to allow access to the surface of the CMOS chip containing
the sensing regions. The CMOS chip is flip-chip bonded to the
flexible PCB copper traces terminating at the desired bond pad
connections. After connections are made the area around the
electrical connections is filled with an epoxy to insulate from
any fluids.

Polyimide
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i a Sus
MO Solder

Fig. 5. Flip-chip CMOS-microfluidic system integration similar to the method
employed by Wu et al. [28]. Our system uses PDMS microfluidics instead of
multiple glass layers to decrease fabrication complexity.

Microfluidic structures are made using soft lithography.
Polydimethylsiloxane (PDMS) is molded with lithographically
patterned SUS8 photoresist to create channels for fluid move-
ment. Multiple layers of PDMS are stacked to create valves to
allow for control of fluid movement [29]. An area for analysis
on top of the CMOS chip will be fabricated similar to the
structure used by Blain Christen et al. [10].

Fig. 6. Flexible pcb shown ready for flip chip bonding of a bare CMOS die.
The pcb area is approximately 65 mm X 65 mm. The inset picture shows
the die bonding area with a section of the polyimide removed to allow for
sensor access from the opposite side where the fluidics can be attached. The
termination point of each trace is the same width of a bondpad on the CMOS
chip, 100 pm. The hole punched through the polyimide is approximately 1
mm X 2 mm.

IV. CONCLUSION AND FUTURE WORK

We have presented a CMOS biosensor system for monitor-
ing on-chip cell culture. The chip contains ISFETs and capaci-
tive sensors as well as read-out circuits. We have characterized
the amplifier used in the read-out circuitry. We measured a gain
of 48 dB, a bandwidth of 1.65 kHz, and a CMRR of 72 dB.
Further work is needed to fully characterize the sensors and
read-out circuits.
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We have also presented post-processing methods that allow
the system to work in a cell culture environment. Two methods
of sensing capacitance were described. The first uses the top
metal of the CMOS process; the other requires post processing
to deposit a direct capacitance sensing structure. The system
will incorporate microfluidics integrated with the electronics
using a flip-chip style assembly method. The microfluidics are
created using replica molding techniques and include pneu-
matic actuators. The microfluidics create a culture area and
allow for introduction and control of fluid interaction with the
sensing region. Incorporation of PDMS microfluidics instead
of multilayered glass structures as used by Wu et al. reduces
processing and allows for devices to be easily replicated. The
creation of a complete system for controlled cellular analysis
provides precision control over the cell microenvironment
making it possible to better understand cell behavior.
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