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ABSTRACT

The use of cell based biosensors for applications outside of
the laboratory has been limited in part due to packaging issues. A
design for an integrated cell cartridge that addresses the require-
ments of sterile fluidic interconnect and environmental regulation is
presented. The device consists of a PDMS (polydimethylsiloxane)
part, a glass cover, and a silicon sensing die mounted on a printed
circuit board. The PDMS part forms the fluidic channels, intercon-
nect ports, septa, and two 10 pl chambers over the active sensing
area. The silicon die will include integrated biological sensors and a
temperature regulation system, and the glass cover seals the cham-
bers. Electrical and fluidic connections are made simultaneously as
needles pierce septa on the cartridge when it is plugged into a zero-
insertion force (ZIF) socket.

The viability of injecting suspended cells into a 10 pl volume
chamber and culturing them for greater than one week using a con-
tinuous flow perfusion system has been demonstrated. Initial proto-
types of the cell cartridges have been assembled and cells have been
cultured in the 10 ul PDMS chambers.

INTRODUCTION

The potential uses of cell based biosensors range from high-
throughput drug discovery to environmental monitoring [1].
Although there has been significant progress toward producing
practically useful biosensors [1-5], there has been limited effort
devoted to creating packaging that would enable their use outside of
the laboratory. Current packaging designs range from petri dishes
with patterned electrodes that are placed in an incubator [3] to elab-
orate sealed chambers that allow culture outside of an incubator but
require laboratory facilities [6). However, none of these address the
critical issues of cell life support and reliable interconnect required
in a portable system. In order to explore and overcome these issues,
the development of an integrated silicon-PDMS cell cartridge has
been undertaken.

The special requirements of a cell-based biosensor lead to a
segregation of the system design into three components: sample flu-
idics, computer interface electronics, and a cell cartridge that inte-
grates the cells, sensors, and environmental control. The fluidics
and computer interface form the permanent base for the system
while the cell cartridges are exchangeable. This paper will present a
brief system overview and then provide more details on issues
involved in the cell cartridge design.

SYSTEM OVERVIEW

A simplified fluid flow diagram of the system is shown in
Figure 1(a) and the physical implementation in Figure 1(b). A
pump is used to continuously perfuse culture media into two sepa-
rate chambers on a cell cartridge. The sample under test is mixed
with the input stream of one of the chambers, while the other cham-
ber acts as a control. Both the conwrol and test chambers experience
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Figure 1. (a) Simplified diagram of system showing fluid flow
paths. The two chambers of the cartridge are labeled “Test” and
“Control.” (b) The current implementation uses a syringe pump
and supports three cartridges in parallel. The computer interface
board is removeable, allowing the entire fluidics system to be steril-
ized by autoclaving.

the same temperature and base media, allowing for the removal of
those variables from the sensor’s output. The cartridge design has
an integrated temperature regulation system and integrated sensors
that monitor cellular activity.

Fluidic interconnect is one of the more difficult challenges for
a cell based biosensor used outside of the laboratory since sterility
must be maintained and the introduction of air bubbles must be
avoided. Contamination of the culture by fast growing microorgan-
isms, such as bacteria, will overwhelm the sensing cells. Excessive
mechanical forces due to air bubbles moving through a microcham-
ber can physically damage cells and overcome cell to substrate
adhesion. The interconnect approach used in this design are needles
that pierce septa (resealable membranes) on the cartridge. Needles
and septa proved to be a simple and effective way to create a bub-
ble-free fluidic connection that has a high probability of remaining
sterile. Electrical and fluidic connections are made simultaneously
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as the cartridge is inserted into a ZIF socket, simplifying use and
handling and allowing the cell cartridges to be easily exchanged.

Cells will be seeded into the assembled and sterilized car-
wridge chambers by injection through the septa. This approach
allows for the possibility of chamber seeding to occur outside of a
sterile hood. For remote applications, cells could be transported and
stored while in suspension using hibernation media or cryogenic
means [7,8]. At the location of use, the cells could be revived and
injected into the cartridges without requiring a sterile hood. After
the cells are given time to attach, spread, and stabilize, the car-
tridges would be ready to plug into the sensing system and sample
flow could begin.

CELLULAR REQUIREMENTS

The cell cartridge must provide a hospitable environment for
the cells. The major environmental properties that must be con-
trolled for cell culture are the incubation temperature, the substrate
material, the media, and the gas phase mixture [9]. The optimal
incubation temperature for a cell culture varies according to cell
type and origin, but most mammalian cell lines will grow satisfac-
torily at 37 °C. Cells can withstand considerable temperature drops
for short periods of times and can be stored for up to a month at
4 °C using hibernation media [7] or for years at cryogenic tempera-
tures (8]. Although temperatures a few degrees below optimal do
not affect viability, cells can not tolerate higher temperatures and
will die rapidly at temperatures above 40 °C. Thus, it is important
to regulate the temperature in a manner that avoids overheating the
cells at local hot spots. Since both the metabolism and growth rate
of cells are dependent on temperature, consistency is more impor-
tant than accuracy, and regulation should be maintained within
+0.5°C [9]. Temperature uniformity is particularly important in
biosensor systems that rely on cellular metabolism as the transducer
mechanism.

Most mammalian cells are anchorage dependent, that is, they
require attachment to a substrate in order to survive and grow. Cells
do not attach to the substrate directly but to extracellular matrix
proteins that are either contained in the culture media or excreted by
the cells themselves. Surfaces that do not bind well with these pro-
teins, such as uncharged hydrophobic ones, will not support anchor-
age dependent cells. An additional important requirement of the
substrate and of all materials that contact the culture media is bio-
compatibility. Biocompatible materials do not leech or vent signifi-
cant amounts of toxins over the duration of the sensor’s lifetime.

The two most significant constituents of the gas phase are
oxygen and carbon dioxide. Oxygen is necessary for the oxidative
metabolism of eukaryotic cells and is utilized at the rate of approxi-
mately 2 to 10 pg/cell/hr [10]. Since the solubility of oxygen in cul-
ture media is approximately 8 ng/ul at 37 °C, a cell culture of 1,000
cells will consume all of the dissolved oxygen in 1 pl of culture
media in approximately 1 hour. Carbon dioxide is necessary only
indirectly as it is involved in the bicarbonate buffer system. A lack
of carbon dioxide results in a depletion of HCO3™ in the media
which is detrimental to cellular health. Most cell cultures are incu-
bated in an atmosphere of 5 to 10% CO, in air that equilibrates with
the bicarbonate buffer in the media at the proper pH for the cells.

The culture medium provides the nutrients (inorganic salts,
amino acids, glucose, and in many cell lines, serum) necessary for
cell growth and survival. In addition to the nutrients, two important
properties of the media are its pH and osmolality. The CO, gas
phase regulates the pH through the bicarbonate buffer system as
described above to a typical value of approximately 7.4. The impor-
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Figure 2. (a) CAD design of the cell cartridge. The silicon die is
mounted directly on the PCB and enclosed on the top and sides
(except for exposed bond pad areas) by the PDMS part. As the car-
tridge is lowered into the ZIF socket, the needles pierce septa to
form the fluidic interconnect. (b) Top view of cell cartridge proto-
type. The 6x9 mm silicon die can be seen as the dark rectangle
beneath the two oval chambers. The 0.5 mm wide fluid channels on
the right side have been highlighted in white.

tance of osmolality arises in sample injection, as care must be taken
to adjust the osmotic strength of the sample to limit osmotic stresses
across the cell membrane. Although cells are tolerant of osmolali-
ties in the range of 260 to 320 mOsm/kg, consistency to within
+ 10 mOsm/kg should be maintained to avoid interfering with cel-
lular function [9].

CARTRIDGE DESIGN.

Important design issues for the cell cartridge are satisfying
the cellular requirements, creating reliable electrical and fluidic
connections, and integrating useful biological sensors to monitor
cellular activity. The cartridge design consists of a PDMS part, a
glass cover, and a silicon sensing die mounted on a printed circuit



board (Figure 2). The PDMS part forms the fluidic channels, inter-
connect ports, septa, and two 10 pl chambers over the active sens-
ing area. The silicon die contains microelectrodes for action
potential and impedance measurements, temperature sensors, thin-
film pH sensors, and a temperature regulator. The glass cover seals
the chambers and allows the additional use of visual and fluores-
cence microscopy to monitor cellular activity.

The printed circuit board acts as rigid mounting structure and
forms the electrical interconnect from the silicon die to the ZIF
socket. Soft gold was used for the traces in order to allow bond pad
wire connections to be made to them. The PCB also contains align-
ment holes for guide posts that ensure that the fluidic system nee-
dles contact only the septa during cartridge removal and insertion.

The properties of PDMS (Dow Corning Sylgard 184 Silicone
Elastomer) make it a nearly ideal material for this application.
PDMS is biocompatible and its strong hydrophobicity prevents cel-
lular material from easily adhering to it [11]. It can withstand a
broad temperature range (-55 °C to 130 °C) while maintaining its
soft, elastomeric properties which are useful in both acting as a gas-
ket to form a seal with the silicon die and glass cover and acting as
septa for the fluidic connections. Unlike most silicones, PDMS
absorbs less than 0.1% water, and sterilization can be accomplished
using Cobalt 60 or autoclaving. As can be seen in Figure 2, PDMS
is very transparent even at thicknesses greater than one millimeter.
Another very important property is its high gas permeability to oxy-
gen and carbon dioxide (7 and 35 x 1013 m3(STP)'m/(m2's'Pa),
respectively) [12]. Thus, with only one material, PDMS can be used
to form the fluidic channels and chambers, the septa, the gasket
seal, and the permeable membrane while providing optical access.

The standard cell substrates used in traditional cell culture are
glass and single-use plastics such as polystyrene which have good
optical properties and favorable surface charges. In the application
of silicon based biological sensors, the variety of possible cell sub-
strates is constrained by the thin films available in the integrated
circuit process. Potential candidates are silicon dioxide, silicon
nitride, silicon carbide, and organics such as photoresist and poly-
imide. The most important properties of the thin film are biocom-
patibility and a favorable surface charge that promotes cellular
adherence. Other factors, such as the ability to block mobile ions in
the culture media from the integrated circuits below, low dielectric
constant to minimize electrical parasitics to the wafer substrate
below, and ease of cleaning and sterilization, are also important to
consider. With the exception of a low dielectric constant, silicon
nitride has all of these favorable properties and has been used suc-
cessfully in earlier designs [S].

Calculations predict heater power consumption will be less
than 50 mW, with the majority of the power loss due to conduction
through the PCB and the bond wires and not due to heating the
media. This power consumption level should not create a tempera-
ture gradient of more than 0.15 °C across the die beneath the cham-
bers, and these calculations were used to justify the assumption of
an isothermal silicon die for the computer simulation shown in Fig-
ure 3(a). This simulation was performed to verify thatroom temper-
ature media will reach the proper temperature before it contacts the
cells. All simulations assume a flow rate of 10 pl/min. Although
this rate is approximately 10 to 100 times the required rate to supply
sufficient oxygen to the cells, these rates may be desirable during
testing for biological agents. Assumptions made in the simulation
include an isothermal silicon die at 37 °C, room temperature media
at 20 °C, and a power loss of 25 W/(m2°K) from the materials to the
surrounding air. The simulated worst case required power con-
sumption to maintain the cells at the proper temperature was less
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Figure 3. Computer simulations (software tool from the CFD
Research Company) of temperature distribution and fluid flow
through the microincubator. All assume a flow rate of 10 pul/min
Jfrom left to right. (a) The side view of the temperature profile shows
that room temperature media is heated to the required 37 °C above
the cells. Side view (b) and top view (c) of fluid flow velocity.
Larger arrows indicate higher fluid velocity.

than 100 mW. It is important to remember that the incoming media
needs to have been equilibrated at 37 °C with the proper gas phase
in order to prevent the formation of air bubbles when the media is
heated in the chambers.

The simulations shown in Figures 3(b) and 3(c) were per-
formed in order to visualize the fluid flow. The simulations indicate
that the 0.5 mm high protective shelf formed by the PDMS overlap-
ping the silicon die will provide some protection from shear forces



due to strong currents. Even without flow mixing, the shelf is thin
enough that diffusion should allow samples to reach the cells.

Although the nutrient supply in the chamber is sufficient to
last a week without replenishment, the oxygen supply in a sealed
chamber will typically last less than a day. The substrate area of the
10 pl chamber is approximately 6.5 mm? which will typicallyasup-
port a cell density of up to about 5,000 cells (typical plating densi-
ties range from 100 to 1,000 cellsymm?). The amount of dissolved
oxygen in 10 pl of chamber will support these cells for less than
two hours; thus, either a gas permeable membrane must exist or
media must be continuously perfused to provide oxygen. The oxy-
gen requirement does not pose a problem during testing since a
flow perfusion system is required for sample introduction. How-
ever, for incubation periods, it would be preferable to not require an
active fluidics system. Fortunately, with the proper chamber design,
the high gas permeability of PDMS will provide sufficient oxygen
to the cells, but the high permeability to carbon dioxide can also
disrupt the CO, gas phase and alter the pH of the media. In order to
take advantage of the gas permeability, a gas reservoir with the
proper gas mixture must be in contact with the membrane; so, the
design incorporates two gas chambers (Figure 2(a)) over the silicon
die’s bond pads. These chambers will be filled (by injection) with
the proper CO, in air mixture to control the pH and provide enough
oxygen for the cells to survive several days. The sides of the PDMS
exterior need to be coated with a CO, impermeable material in
order to preserve the injected gas mixture.

Several experiments have been performed in order to test the
cartridge design. Cell adhesion properties have been tested on sili-
con oxide, silicon nitride, silicon carbide, and on a LPCVD PTFE-
like thin film. Silicon nitride and silicon carbide both support cell
culture quite well, and the hydrophobic PTFE-like surface inhibits
cellular adhesion allowing for the possibility for photolithographic
patterning of cell location. The viability of injecting suspended
cells into a gas impermeable 10 pl volume chamber and culturing
them for greater than one week using a continuous flow perfusion
system has been demonstrated with NG-108 (neuroblastoma x
glioma hybrid) cells. The needle and septa interconnect system
worked well outside of a sterile hood, allowing multiple connec-
tions as media sources were exchanged. Cells have been cultured in
the PDMS chamber discussed in this paper, but since the integrated
circuit die has not yet been fabricated, an external heater was neces-
sary.

INTEGRATED CIRCUITS AND SENSORS

The 6 x 9 mm floorplan for the silicon die is shown in Figure
4. A smaller 2.5 x 2.5 mm test die with the identical subcircuits is in
fabrication, and upon verification of correct circuit functionality,
devices with this larger floorplan will be fabricated. The black out-
line of the PDMS part shows the chamber locations and that the
bondpads are uncovered to allow for wire bonding to the PCB.
Each chamber has three large pseudo-reference electrodes, four
arrays of sixteen microelectrodes each, multiple pH and tempera-
ture sensors, and nine sixteen channel multiplexers. Digital logic,
which uses a three wire serial interface, controls the multiplexers.

The temperature regulation system is located in the center of
the die. The system consists of a diode temperature sensor, a control
amplifier, and a MOSFET heater connected in a closed loop system
(Figure 5(a)). The temperature control reference voltage will be set
with an off-chip resistor, and the control loop will be compensated
with an off-chip capacitor. The heater surroundg the temperature
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Figure 4. Circuit layout with analog amplifiers, temperature reg-
ulator, and digital logic. The PDMS part is outlined in black
above the layout to indicate chamber positions.
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sensor at a distance of less than 20 microns in order to maximize the
bandwidth of the thermal pole. The close proximity of the sensor
should also prevent any local overheating due to temperature gradi-
ents from the heater to the sensor.

The primary sensors for the cell cartridge are platinized gold
microelectrodes. Each microelectrode has a connection to two sepa-
rate multiplexers (Figure 5(b)). One connection is direct to a multi-
plexer (for platinization, impedance measurements, and unbuffered
action potential measurements), while the other connection goes to
a low-noise source follower whose output is routed through the sec-
ond multiplexer (for buffered action potential measurements). This
allows simultaneous action potential recordings from four buffered
and four unbuffered microelectrodes per chamber. The impedance
of the cell-electrode interface has also been shown to be an indica-
tor of biological activity [3]. During impedance measurements, the
AC signal Vq is voltage divided by the combination of Rg;y;der and
the impedance of the cell-electrode interface. The pseudo-reference
electrodes, approximately 1,000 times the area of the sensing
microelectrodes, will be used to hold the solution at a near constant
potential during the impedance and action potential measurements.

Two additional multiplexers provide analog channels for
monitoring temperature and pH across the chambers. Diode tem-
perature sensors will be distributed across the die to monitor any
temperature gradients due to heating losses. A pH sensor will allow
the detection of shifts in pH due to incorrect gas phase, improper
sample preparation, or contamination. When continuous perfusion
is not used, the pH will also indicate when the gas mixture in the
gas chambers needs to be replenished. The lack of a true reference
electrode in the microchamber requires the use of differential sens-
ing between three electrodes to measure pH [13]. In this method,
two pH sensitive thin-film electrodes (or potentially ISFETs) with
different output slopes are measured differentially against a noble
metal pseudo-reference electrode. The output of this method elimi-
nates the requirement of measuring the actual potential of the elec-
trolyte. The anticipated method of forming the pH sensitive
electrodes will be by electrochemical deposition of thin films, such
as iridium oxide, onto gold microelectrodes [14].

SUMMARY

The requirements to create a fieldable cell based sensor are
discussed and the current design solution outlined. Prototypes have
been constructed, materials have been tested, signals have been
recorded from electrodes, and cells have been cultured in small vol-
umes. Circuit designs, including amplifiers, source followers, digi-
tal control circuits, analog multiplexers. and a temperature
regulation system. have been completed and are in fabrication.
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