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Abstract—We discuss the design, fabrication, and testing of a
hybrid microsystem for stand-alone cell culture and incubation.
The micro-incubator is engineered through the integration of a
silicon CMOS die for the heater and temperature sensor, with
multilayer silicone (PDMS) structures namely, fluidic channels
and a 1.5-mm diameter 12-p L culture well. A 90-pm-thick PDMS
membrane covers the top of the culture well, acting as barrier to
contaminants while at the same time allowing the cells to breath
and exchange gases with the ambient environment. The packaging
for the microsystem includes a flexible polyimide electronic ribbon
cable and four fluidic ports that provide external interfaces to
electrical energy, closed-loop sensing and electronic control as well
as solid and liquid supplies. The complete structure has a size of
(2.5 x 2.5 x 0.6) cm®. We have employed the device to successfully
culture BHK-21 cells autonomously over a three day period in
ambient environment.

Index Terms—Cell culture, CMOS, poly(dimethylsiloxane)
(PDMS), microfluidic, micro-incubator, 3-D microsystems.

I. MICROENGINEERING FOR CELL CULTURE AND INCUBATION

ELL-CULTURE techniques, developed at the turn of the

20th century, are still today the enabling and fundamental
tool in the study of cell function, tissue engineering and phar-
macology. From a scientific perspective, cell-culture studies
have revolutionized our understanding of cellular and molecular
biology and have been integral to the development of mass-pro-
duction viral vaccines, in vitro fertilization, pharmaceutical
screening, and toxicology. This has had a huge impact on public
health and quality of life for the vast majority of the world.
Furthermore, in the past 30 years, the development of artificial
tissue and organs, cultured skins cells used today as grafts and
wound dressings for burn victims and skin ulcer patients have
been a direct result of basic research that relies on cell-culture
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techniques. Cell culture has also dramatically decreased the
need for live-subject testing (both animal and human) and it is
today the cornerstone of the world’s fastest-growing industry,
biotechnology [1].

However, for almost a century, traditional cell culture, plating
cells in a standard vessel with a homogeneous substrate, media
and reagents, has remained virtually unchanged with a limited
variety of assays that could be performed. Recent developments
in microfluidics have catalyzed the first steps toward a new
methodology for cell culture. These advances are based on
the adaptation of microfabrication techniques to biological
applications, through soft lithography [2] and its application to
microstructuring of soft polymer materials. More specifically,
poly(dimethylsiloxane) (PDMS) has become the mainstay
of soft lithography for applications in the life sciences. The
low cost (approximately 50 times cheaper than silicon [3]),
biocompatibility and its ability to be readily adapted to micro-
fabrication techniques are among the numerous reasons PDMS
has become immensely popular. A startup company focused
on microreactors for high throughput protein crystallization
[4] and a journal, Lab on a Chip [5], have emerged based on
PDMS use in fabrication of microcomponents for applications
in the life sciences. Numerous devices have been demonstrated
using PDMS to create structures for cell growth [6]-[9].

There is a distinction between the fabrication of micro-
electronic devices and PDMS microfluidics that is important
to address. Soft lithography requires the use of traditional
microfabrication techniques simply to produce a master mold
that is reusable, implying that access to expensive and sophisti-
cated fabrication facilities is not needed in creating the devices,
only master copies. The latter process translates the per wafer
economic and environmental costs to a per design cost.

While there have been many recent developments in macro-
scopic [10], [11] and microfabricated structures for passive cell
culture, in all but one of the published studies, a traditional incu-
bator [12], [13] or complex fluidic heating and pumping system
[8], [14] is employed for the actual cell culture. There has been
only one published paper, that we are aware of, which attempts
to integrate cell culture with “self incubation” in ambient en-
vironment. The cell-based biosensor (CBB), reported by De-
busschere and Kovacs [15], includes all of the advantages pre-
viously described through the integration of a CMOS substrate
with PDMS microfluidics for cell culture and biosensing. How-
ever, in this work the incubation feature was only used to main-
tain the cells during biosensing, periods between which the cells
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were returned to a traditional incubator. In the published work
[15], no details were given on the design of the PDMS structure
and although their system does not eliminate the need for an in-
cubator, the combination of CMOS and PDMS is unique and an
important milestone in the field.

In this paper, we present a new paradigm for life sciences
microsystem design and fabrication. The essence of the ap-
proach is the integration and embedding of CMOS electronics
“into” PDMS microfluidics. We ground our work through a
specific system central to life science research and biotechnolo-
gies: the cell incubator. We fabricate disposable microfluidic
structures to control and manipulate liquids and gases that
employ reusable functional CMOS silicon blocks integrated
into the system. Our approach is aimed at simple, inexpensive
fabrication methods for components with elementary fluidic
functions for use in tandem with very expensive, highly func-
tional components that can be created once for reuse many
times in the same or other systems.

In Section II, we present the system architecture for a stand
alone cell culture and incubation microsystem. The design of the
microfluidic and CMOS electronic components of the micro-in-
cubator are discussed in Sections III and IV, respectively. Sec-
tion V outlines the thermal modeling for the culture well and
the packaged microsystem as whole. The fabrication and inte-
gration of the PDMS components are described in Section VI.
This is followed by the methods and results of experimental
testing of the system’s thermal characteristics in Section VII.
Section VIII presents the cell-culture aspects of the work. We
discuss the work presented in Section IX, and finally the con-
clusions are reported in Section X.

II. MICRO-INCUBATOR SYSTEM ARCHITECTURE

Standard incubators for cell culture provide an environment
of 37 °C, 5% CO., and 100% relative humidity (RH). This tem-
perature is the optimal growth temperature for most mammalian
cells. The humidity is necessary to prevent the evaporation of
water from the media, since this would affect the concentration.
The CO, concentration is increased above atmospheric levels to
maintain the proper pH, not for cell metabolism which requires
atmospheric levels of both carbon dioxide and oxygen. During
different phases of the cellular growth cycle the cells give off dif-
ferent amounts of CO» and lactic acid. During the “lag phase”
the amount of CO» produced is not enough relative to the lactic
acid to maintain physiological pH, 7.2-7.4. Each of these con-
strains must be met to provide a viable structure for incubation
in atmospheric conditions. A typical research laboratory incu-
bator is the size of a small refrigerator [see Fig. 1(a)].

In this section, we address each of the functional constraints
in designing an autonomous cell-culture and incubation mi-
crosystem. We also discuss the methodology employed to
define the necessary architecture, including the fabrication
of the fluidic structures and the integration of the individual
components into a microsystem at the chip-scale [see Fig. 4].
Our design overcomes the few remaining obstacles to achieving
a completely portable, self-contained, low-cost cell-culture and
incubation microdevice for use in the lab or in the field.

The micro-incubator system architecture is comprised of
three main components [see Fig. 1(bottom)].

1) One or more hybrid microdevices depicted in Fig. 4 that in-

cludes disposable cell culture vessel, fluidics, fluidic ports

g Culture flask

5, p _Computer

Fig. 1. Laboratory incubators have the size of a small refrigerator (a) and cul-
ture is done in palm-size flasks (b) or multiwell plates, that result in both mate-
rials and media waste (c). A micro-incubation system architecture involves one
or more hybrid silicon CMOS/PDMS structures (f), an interface DAQ (e), and
a computer (d) that controls the environment in each cell culture microdevice.

and reusable CMOS microheater/solid-state temperature
Sensor.

2) An interface DAQ board that connects to a computer serial
or USB port and incorporates a microcontroller, digital to
analog converters to read out the temperature in the culture
well as well as digital to analog converters to control the
temperature in the device.

3) A computer for control and data acquisition. Closed-loop
temperature regulation for each microdevice is accom-
plished through a proportional-derivative-integral (PID)
controller in software.

A. Interface DAQ

The DAQ interface is comprised of a custom PCB, a PIC
microcontroller (PIC18LF6680, Microchip Technologies,
Chandler, Arizona), two CPLDs, and an RS-232 interface. The
PIC was programmed to communicate with its onboard ADCs
and an onboard LTC1660 DAC. The DAQ was controlled via
MATLARB files that provided ADC and DAC functionality for
testing and operation of the hybrid microdevice.

The heater control circuit was designed to take a voltage input
in the range of 0-5 V at a high impedance node and set the
current of the on-chip heater. This is accomplished through an
LF356 JFET input operational amplifier with feedback through
a BS170P n-channel enhancement mode vertical DMOS-FET
as shown in Fig. 2. The circuit works by setting the input Vi,
from the DAQ at the noninverting input node of the amplifier.
The negative feedback combination of the DMOS FET with the
operational amplifier, together with the 800 €2 resistor at the
source of the DMOS-FET set the current, /,,; in the heater.

B. PID Temperature Control

A diode-based proportional-to-absolute temperature (PTAT)
thermometer circuit is implemented to monitor the temperature
at the surface of the cell-culture vessel (CMOS die). The differ-
ential voltage output of the circuit is measured using an INA101
instrumentation amplifier with a single resistor G to control the
gain set to approximately 40. The voltage is digitized using an
ADC converter and read by the software on the computer to
close the control loop.
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Fig. 2. Microelectronics system architecture of the cell culture and incubation
microdevice. It is comprised of three components (i) a CMOS die, (ii) an inter-
face DAQ, and (iii) software for closed loop control and data acquisition.

While many different control system algorithms or control
loops exist (e.g., bang—bang or “on/off,” linear or fractional
order control), it is important to chose one well suited to the
application and system requirements. PID controllers have been
long known for being effective in control and regulation of
thermal systems. Each of the terms, “proportional,” “integral,”
and “derivative” refers to one of the three basic elements of
a PID controller. Each of these elements performs a different
task and has a different effect on the function of a system. The
general form of a PID controller is shown in Fig. 2. The system
can be described mathematically through (1) where E(t) is
the error, Kp, K1, and Kp are the proportional, integral, and
derivative constants, respectively, and C'(¢) is the control output
of the system

t
C(t)=Kp x E(t) + KI/ E(t)dt + KDdEd—Ew- (1)
0

Intuitively, the PID controller can be thought of as attempting
to control temperature at some value Ty by looking at the cur-
rent error, past error and predicting future error. The propor-
tional control handles current error by quickly responding with
large changes in the output. The integral control looks at past
error, keeping a running total of the past error and changing the
system until this total is zero. The derivative control predicts the
future by looking at the slope of the error. This slope gives in-
formation on the rate of temperature change.

As shown in (1), the formula for calculating the input to the
system is a continuous function. Since most modern control sys-
tems (including the DAQ employed here) operate in discrete

time, it is necessary to convert the continuous function into dis-
crete-time function. This transformation requires approxima-
tions for both the integral and derivative portions of the equation
to obtain the discrete-time PID formula as shown below where
ts is the sample period. We use a simple first-order approxima-
tion to the derivative to derive

dE(t)/dt = [E(n) — E(n — 1)]/ts

/0' "B 153 E(n)
C(n) = KpE(n)+[E(n)—E(n — 1)/ts+ts 3 E(n).

The final step in implementing the system is choosing the
constants or “loop tuning.” For PID control, this is a fairly
simple process since the system will operate efficiently even
if the constants are not very well tuned. The basic method for
tuning is to set all of the constants to zero and increase the
proportional constant until it begins to oscillate or overshoot by
more than 50%. Once the system is oscillating, the derivative
constant is increased until the overshoot is eliminated. Finally,
the integral constant is increased until the system operates
within acceptable parameters [16], [17]. Using this method-
ology we the following constants are obtained for the system
described in this paper, Kp=1.3, K; = 0.1, and Kp = 0.01.

While PID control is a powerful method of temperature regu-
lation, it is susceptible to noise. If the disturbances in the system
are significant, the derivative term will cause large fluctuations in
the output unnecessarily. Thus, in the system discussed here, the
derivative constant is very small compared to the other constants.

C. Packaging and Interfaces

Packaging for hybrid systems that incorporate micro-
electronic, microelectromechanical systems (MEMS), and
microfluidic components presents several challenges unique
to a system that operates in different domains. Packaging for
hybrid systems must take into consideration not only the needs
of each component of the system, but the interactions between
the components. When integrating fluidic with electronic com-
ponents, the interconnects for the semiconductor component(s)
must be modified to enable function in an aqueous environment,
requiring a barrier between the electronics and solution (media).
This passivation must, in addition to providing electrical in-
sulation, provide physical protection to the bonding wires. In
the case of the chip scale incubator discussed here, ideally the
temperature of the culture vessel should be controlled solely
by the on-chip devices. In practice, this is not the case due to
the effects of the environment and hence an additional role for
packaging is to isolate the cell culture and incubation area from
environmental effects as much as possible. Although every
interface to the chip acts as a heat sink or source, high thermal
conductance paths to the environment should be minimized to
decrease the power necessary to maintain the desired temper-
ature in the culture well.

The microsystem presented in this paper necessitates two or
more different types of interface, microelectronic and microflu-
idic. If these interfaces are not implemented in a proper manner
the system will become physically unstable, awkward and diffi-
cult to use. The planar profile of the electronics packaging is im-
portant for hybrid microfluidic systems. Microfluidic layers fab-
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Fig.3. Silicone fluidic structure ON packaged silicon (left) and packaged silicon
IN silicone (right).

ricated using the soft lithography techniques that will be further
discussed in the following sections are able to conform to sur-
faces with profile changes only if they are gradual. While it may
be possible to use dielectric materials to change the planar pro-
file of packages, this creates a gap between the surface of the chip
and the microfluidic components. Such a gap prevents the fluidic
channels from flowing directly over the surface of the chip hin-
dering functionality of the microfluidics and leading to structures
limited to a “micro petri dish” configuration as shown in Fig. 3.

A packaging solution that eliminates the problems outlined
above, while at the same time providing robust electronic in-
terface to the microsystem employs a polyimide ribbon cable.
Polyimide ribbon cables are used in flexible circuit technology
and very commonly used for laptop displays. This type of inter-
connect is much more thermally insulating than standard CMOS
packages and offers a very small, low profile interface ideal for
integration. Waterproof adhesive with low viscosity was em-
ployed to create a conformal coating for the bond wires. The ad-
hesive protected the bond wires during fabrication and provided
both electrical and thermal insulation. Physical protection is es-
pecially important since the adhesive encapsulated bond wires
exist at the interface between a rigid substrate (the silicon die)
and the flexible microfluidic component; if the bond wires en-
counter physical stress, they can easily break causing the system
to fail. In addition, a hole was cut into the area of the ribbon cable
for chip placement, such that the chip did not physically contact
the ribbon cable. The chip was secured to the ribbon cable using
the same adhesive prior to wire bonding.

III. ANALYSIS AND DESIGN OF PDMS FLUIDIC STRUCTURES

The flow of liquids in the system is gravity driven. The
analysis and design of the various fluidic structures under such
quasi-static conditions can be done using simple calculations
based on prior experience with PDMS fluidic channels.

A multilayer PDMS architecture (see Fig. 4) is employed to
meet a multitude of design constraints and solve many of the
most common problems encountered during cell culture and
long term incubation in PDMS. The structures that have been
reported in the literature thus far have had fluidic channels on
a single level with cells cultured either in channels or with the
channels and cell culture area having the same substrate. The
advantages offered by the system architecture presented in this
paper yield a system that is simple to fabricate, robust and highly
functional tool for research and commercial applications. The
following is a list of the three main fluidic design areas:

1) cell culture vessel;

2) fluidic channels;
3) fluidic ports and structural support.

feeding
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Fig.4. Chip-scale incubator rendered in cross-sectional perspective. The layers
from bottom to top are electronics encapsulation (including polyimide substrate
and CMOS die), surface modification, feeding, and breathing layers.

A. Cell-Culture Vessel

The first design consideration for the micro-incubator system
is creating an on-chip cell-culture vessel. In the passive PDMS,
microfluidic devices that are currently used in research, cells are
cultured in an environment that is quite different from the tradi-
tional cell-culture vessels. Aside from materials differences, the
other important difference is in the geometry of the culture re-
gion. The height of the vessel can affect cell growth if the height
is on the order of the height of the cells, as is the case in the de-
signs that have been described in published work [8], [9], [14].
In addition, the amount of media used per surface area is much
less than in traditional culture vessels. This necessitates media
exchanged often to provide sufficient nutrients to the cells. This
media exchange is the biggest source of sheer stress in other
systems and requires more complex feeding systems. Moreover,
the amount of media provided as well as the height of the media
above the cell-culture substrate are extremely important to cell
growth. If the volume is too low, the media will become de-
plete such that adequate nutrients are no longer available to the
cells. However, if the initial volume of medium is too great or the
media replenished is too rapid (as is often the case in published
work), cells will be unable to condition their environment ade-
quately. The recommended volume of medium for routine sub-
strate-dependent culture is 0.2-0.3 mL/cm?. Since the medium
overlying the cells acts as a barrier to gas diffusion, not only the
total volume, but the height of the media above the culture sub-
strate is important in allowing sufficient diffusion of CO5 and
Os.

The microsystem presented in this paper, unlike other sys-
tems published to date, is a scaled down model of the tradi-
tional vessels used for cell culture. As shown in Table I, the
geometry of the culture vessel is such that 4} is matched to the
media depth and volume for traditional cell culture. The height
was controlled by creating a surface modification layer (see Sec-
tion I1I-B) with height equal to the desired media depth. By ele-
vating the entry and exit ports for media exchange, the well fills
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TABLE I
CELL-CULTURE VESSEL GEOMETRY—MACROSCALE AND MICROSCALE
CELL-CULTURE VESSEL GEOMETRY. AREA IS THE ACTIVE CELL CULTURE
FOR THE DEVICE. DEPTH IS THE MEDIA AND/OR CHANNEL DEPTH AND ¥ IS
THE RATIO OF THE MEDIA VOLUME TO THE ACTIVE CELL-CULTURE AREA. ¢
DIFFERS FROM THE CHANNEL OR MEDIA DEPTH ONLY WHEN THE SURFACE
AREA OF THE DEVICE AND THE ACTIVE CELL-CULTURE AREA ARE NOT
EQUAL. THIS VALUE IS INDICATIVE OF THE AMOUNT OF MEDIA PER CELL.
'VALUES FOR THE STANDARD CULTURE VESSELS WERE TAKEN FROM [1] AND
THE VALUES FOR THE PDMS STRUCTURES WERE DERIVED FROM REPORTED
GEOMETRIES [12]-[14]

Vessel Area Depth 9
(em?) | (mm) | (mm)
Flasks
25 2.4 2.40
75 2 2
150 2-2.67 | 2-2.67
162 2.78 2.78
Multi-well plates
6-well 9.5 2.1 2.1
12-well 4 2.5 2.5
24-well 2 2.5 2.5
48-well 1 2.5 2.5
96-well 0.32 3.13 3.13
PDMS Cell Culture Devices
This work 0.0177 2.5-3 2.5-3
Folch et. al 0.0085 0.25 5.1
Leclerc et. al 1 0.027 0.27
Lee et. al 0.0079 | 0.004 0.04
Vacanti et. al 6.09 0.035 0.035

to this height before excess media exits through the channel on
the opposite side of the well. Creating a structure matched to
traditional culture vessel geometry eliminates the need for an
automated perfusion system and allows for transfer of experi-
ments onto a microfluidic platform without the modifications to
protocol and chemistry.

In designing a truly autonomous micro-incubator system that
operates in ambient environment, the decision is made to design
the system for CO» independent cell growth. CO» independent
media uses Hank’s balanced salt solution or Dulbecco’s phos-
phate-buffered saline to maintain the proper pH within the cul-
ture at an atmospheric CO; level. This is in contrast to CO,
dependent media containing Earle’s balanced salt solution or
Eagle’s spinner salt solution both utilizing sodium bicarbonate
to buffer the pH, but requiring additional CO5 from another
source, namely the incubator as previously stated. It should be
noted that the use of media with Hepes buffer, commonly used
in PDMS cell-culture devices, is not sufficient for CO» inde-
pendent cell growth. The presence of Hepes buffer acts to slow
the change in the pH of the media but does not prevent varia-
tion in the pH. Through the change in media buffing system, the
need for an elevated level of CO» via an extrenal carbon dioxed
supply is eliminated.

To maintain the proper media concentration and provide for
the exchange of both carbon dioxide and oxygen with the envi-
ronment, a breathing layer is incorporated into the design. This
layer caps the cell-culture vessel with a thin, 90-um layer of
PDMS. The breathing layer is hydrophobic, limiting the out-
ward flow of water vapor, and gas-permeable to maintain proper
O5 and CO,, levels in the cell-culture vessel.

The thickness of the breathing layer must be such that it al-
lows gas exchange with the environment at a rate sufficient to
sustain cell growth. An upper bound on the appropriate thick-
ness for this membrane can be calculated from the geometry
of the micro-incubator, physical properties of PDMS and the
oxygen consumption.

The Oy consumption for a confluent monolayer of cells is
1.00 x 10~*%(mol)/(cell x s) [18]. Given a confluent cell den-
sity of 4.00 x 10 cells/cm?, this results in Oy consumption of
4.00 x 107*%(mol)/(cm? x s).

The oxygen flux for the device is given by the product of the
diffusivity of oxygen through PDMS Dppns and the concen-
tration gradient AC' divided by the thickness of the membrane ¢

Dppums X AC
—

The diffusivity oxygen through PDMS is 18 x 107% cm?/s
[19] and the concentration gradient for oxygen is 2 X 1077
mol/cm?® [8]. Thus, the diffusion of oxygen through PDMS is
36 x 107"3(mol)/(cm x s). To obtain sufficient oxygen diffu-
sion through PDMS the thickness of the membrane must allow a
flux that is no less than the oxygen consumption, so by equating
these values we can obtain an upper bound on the thickness.

Flnax =

. DPDMS x AC
Osconsumption = —
—13_mol
2,00 x 10~10_L__ X0 Temcs
' cm? X s t

t=9x10"3cm = 90 pm.

Thus to maintain the necessary oxygen level for a confluent
monolayer of cells, the barrier between the cells and the oxygen
in the ambient environment (air) must be no more than 90 pm.

B. Fluidic Channels

The cell-culture microsystem includes two sets of channels
of different geometry. These channels are the adhesion factor
channels in the surface modification layer and the feeding chan-
nels in the feeding layer.

The adhesion factor channels have a height of 11 pym and
base width of 20 pm with a semicircular cross section and di-
rectly interface the cell-culture substrate, being formed directly
atop the CMOS die. This geometry ensures that the adhesion
factor will fill the well during application to a height of 11 pm,
approximately the maximum height of a cell during all growth
phases. The result is that the only surfaces coated and modified
are the base and a small portion of the sidewalls. This guarantees
that the only surface in the structure to which the cells adhere
is the base of the well. Coating a small portion of the sidewalls
ensures that cells will proliferate along the perimeter, since the
adhesion factor not only allows cells to attach to the surface, but
also increases the hydrophilicity of the surface. It is also impor-
tant to limit the height of the adhesion factor to that of a single
cell to prevent cells from adhering to the sidewalls and prolifer-
ating up the sides to cover an area greater than the base. Finally,
limiting the height of this channel helps to prevent cells from
proliferating from the well into the channels. It is important that
the cells are grown only on the heated surface.

The feeding channels are formed atop the surface modification
layer in the feeding layer. The channels have a rectangular cross
section with aheight of approximately 150 m and width of either
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200 or 500 pm (both sizes were successfully employed). These
channels serve three purposes: plating, feeding, and subculturing.
First, they are used to plate the cells in the well. Since the plating
and surface modification are performed in separate channels, the
adhesion factor never enters these channels. Thus, the cells will
notadhere to the surfaces of the channels. This means thatcells are
easily removed from these channels after seeding by flushing with
media. Inboth sets of channels, itis important that the cells are not
allowed to remain within since the architecture depends on cell
presence exclusively at the base of the well. To ensure that dead
cells are not present in the system during culture, they are plated,
allowed to adhere (approximately 1-2 h); then the channels are
flushed with media removing any cells that have not adhered to
the substrate. This is beneficial not only in removing cells from
the channels, but it is also a “Darwinian” selection method for
cells that were initially present in the well. Any cells that were not
healthy enough to adhere to the substrate during this period will
be flushed away leaving only healthy cells in the on-chip vessel
for culture.

The feeding channels are also used torenew the mediaor “feed”
the cells. The larger cross-sectional area of these channels not
only allows cells pass through easily for plating/seeding but also
require very little pressure to create flow for feeding. The reduc-
tion of pressure is beneficial for cell growth since media flow is
one of the most common reasons for impaired cellular growth
in microfluidic cell-culture devices. Even more importantly, the
feeding channels exist several millimeters above the culture sub-
strate. Thismeans thatthe direction of media flow is perpendicular
to the substrate rather than in-plane. The change in the direction
of media flow is particularly important for cell-culture devices
since cells are much more susceptible to shear stress than direct
stress [20]. While many reported devices use complex in-plane
structures to reduce shear stress, this is the only device reported
to date that uses a multilayer architecture to completely eliminate
shear stress.

Finally, the channels in the feeding layer are used for on-chip
subculture allowing for the introduction of trypsin to the culture
area. Trypsin is used in traditional culture to remove all cells from
aculture substrate, however, itcanalsobe used toremove aportion
of the cells by limiting the exposure time. A limited exposure to
trypsin will result in a reduction of the number of cells attached to
the substrate. Any cells that are either dead or no longer attached
to the substrate will float to the top of the on-chip vessel, along
the plane of the feeding channels. These cells are easily flushed
out of the culture area with media through the same channels.
The introduction of media during this process with not only serve
to remove the unwanted cells, but also to neutralize the trypsin
and replenish the well with fresh media. The remaining cells will
begin to proliferate (divide) once again due to the reduction in
cell density. We have successfully performed three consecutive
subcultures in the microfluidic structure presented in this paper.

C. Fluidic Ports and Structural Support

In PDMS microfluidics devices, the total thickness of the
input and interconnect layers (height of the PDMS above the
channel) must be sufficient to support the needle or hypodermic
tubing in the ports, approximately 1.5 mm or more for 23 gauge.
If the ports are not properly supported the hypodermic tubing
will deform the PDMS port causing it to leak or tear. Damage
to the ports was the most common structural failure mechanism.

Fig. 5. Microphotograph of the second generation thermal control chip. The
large partial loop structure along the perimeter of the chip is the polysilicon
heater. A second loop structure in the middle of the chip, is a polysilicon wire
that can be used as second heater to create thermal gradients on the chip.
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Fig. 6. Current as a function of the applied voltage for the diodes in the PTAT
circuit at room temperature (approximately 300 K). The diodes exhibit a region

where the current has an exponential dependence on the applied voltage at an
optimum bias point of approximately 0.6 V.

IV. ANALYSIS AND DESIGN OF CMOS ELECTRONICS

A CMOS integrated circuit was designed to integrate the
heater and the temperature measurement sensor. The first
generation of the silicon chip used polysilicon wires as the
heater and the temperature sensor [21]. However, the need for
individual device calibration lead to an alternative design in this
paper that employs a calibration-free PTAT temperature sensor.

A. Polysilicon Heater and PTAT Temperature Sensor

A PTAT circuit shown in Fig. 7 was implemented to give a cal-
ibration-free accurate measure of the temperature. The chip has
dimensions of 3 x 1.5 mm? and was fabricated in a 1.6-pzm single
polysiliconlayer, two metal layers CMOS technology (see Fig. 5).
The heater was composed of a partial loop of polysilicon. The
width of the heater was 210 pm and the length was 6780um. The
total resistance of the heater including the bonding wires was ap-
proximately 800 2. The PTAT circuit implemented on this chip
was a three-diode design. The diodes were created using the junc-
tion between n-diffusion in an n-well and p-diffusion. The length
of the junction was 9.6 m. Each of the three diodes has the same
geometry and orientation with two connected in parallel and the
third independent of the other two. Characterization of the single
diode and diode pair is shown in Fig. 6.

The basic equation for the current I in a forward-biased diode
is given by

Va
I = Isenvi
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lsource=I source=I

Vb

lGnd

where /g is the saturation current, V; is the applied voltage, V;
is the thermal voltage given by

v M
q

where k£ (Boltzman’s constant) is 8.617 eV/K, T is the
temperature in kelvin, and ¢ is the magnitude of electronic
charge, 1.602 x 1071C. The constant n depends on the mate-
rial and physical structure of the diode and in the ideal case it
is equal to 1.

If the diode equation is put in terms of the voltage drop across
the diode

Gnd

Fig. 7. PTAT circuit.

V;l = l k—T In i .
n q Is

The PTAT circuit gives a differential voltage output V4 —
Vp that is independent of the current and proportional to the
absolute temperature. Given that the two diodes in parallel are
of equal geometry, the current through each of the diodes will be
one half the total current. Thus, we can represent the equations
for the voltages V4 and Vp with

ir
Va= k—T In <2—>

ng Is
kT

VB =—1In <£> .
ngq Is

The difference between the two voltages is given below.
Using the subtraction/division identity for natural logarithms,
InX —Y =1In(X/Y), we can simplify the equation

ir
VB—VA:k—Tl <i> —k—T1n<2—>

ng " Is ngq Is
kT

VB - VA = —ln(2)
ngq

Thus an expression for the voltage difference between the two
nodes, V4 and Vg, shown in Fig. 7 can be derived in terms of
a single variable 7'. Characterization of the circuit is shown in
Fig. 8.

V. FINITE-ELEMENT THERMAL ANALYSIS

The design of a chip-scale thermal microsystem necessitates a
good understanding of the system’s thermal behavior; in partic-
ular, the mechanisms responsible for heat losses to the ambient
environment. The complex geometries and hybrid structure as
well as the small scale and associate small thermal mass of fluids
involved, necessitate the use of numerical finite element anal-
ysis methods to validate rough design calculations. While it is
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Fig. 8. Experimental characterization of the PTAT circuit. The voltage outputs
from the chip tested in a thermal chamber are plotted (filled circles); a theo-
retical curve calculated from the PTAT equations shows excellent match to the
experimental data.

not practical to empirically test a wide variety of proposed de-
signs, it is feasible to perform finite element analysis on each
design to compare their relative performance. The use of such
tools together with experimental testing allows for exploration
of the microsystem architectural space.

In the following analysis, we used Comsol Multiphysics [22]
with Electromagnetics and Heat Transfer and modules. The ma-
terial properties were obtained from the sources as indicated in
Tables IV-VI of Appendix A.

A. Thermal Analysis of the Culture Vessel

The results from the model for the heater chip were used to
simulate the thermal properties of the micro-incubator. Simula-
tions were performed with different amounts of fluid, 500 pm,
2 mm, and 4 mm (filled), to ensure that evaporation would not
significantly affect the temperature along the surface of the chip
where the cells would be located. The composite convection and
conduction problem was solved via (2), where V is the voltage,
k is the thermal conductivity, 7" is temperature, () is the heat
source, p is density,C), is heat capacity and u is directional ve-
locity

V- (=kVT)=Q — pCpu-VT. 2)

The results of the simulation showed that the temperature
within 10 pgm of the surface of the chip (where the cells would
be located) varied by no more than 0.005° with respect to
the amount of fluid in the well. The temperature variations
throughout the depth of the well and with emphasis on the fluid
near the surface are shown for the worst-case scenario (500 pm
of fluid) in Fig. 9.

B. Thermal Analysis of Packaged Microsystem

We have also used finite element analysis to compare the
heat flux necessary to maintain the cell-culture area at 37 °C
for a polyimide ribbon cable and a ceramic DIP28 (based on
schematics provided by Kyocera Inc., Kyoto, Japan). The open
cavity ceramic DIP28 is a standard package offered through chip
prototyping services, such as MOSIS and EuroPractice. These
packages are, in fact, designed to act as heat sinks, since tra-
ditionally heat generated by circuits is an unwanted side-effect
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Fig. 9. Temperature in degrees Celsius (°C) within the well throughout the
structure (top) and with emphasis on the fluid within 500 pm of the surface
(bottom).

rather than a desired output. The results show a drastic differ-
ence in the heat flux necessary to maintain the thermal gradient
between the chip and the environment. In solving for the power
dissipation necessary to enable the DIP to maintain the temper-
ature necessary for cell incubation, we found that it was must
larger than can be generated nondestructively with a CMOS die;
almost three orders of magnitude more than the ribbon cable!

The results for the ribbon cable packaging showed a much
more reasonable value for the heat flux necessary to maintain
this temperature and compares quite well to experimental re-
sults (see Section VII). The 2-D finite element analysis results
showed a heat flux of 7.029 x 10~ W/m? generated by resistive
heating was sufficient to maintain the proper temperature for the
incubation environment, while the DIP required 1.80 x 10 — 5
W/m? be provided by the heater. The temperature profiles for
the DIP and ribbon cable packaging with this heat flux are shown
in Fig. 10.

VI. PDMS COMPONENTS FABRICATION AND INTEGRATION

In this section we discuss the basic step followed to fabricate
the PDMS fluidic structures. Photolithography was performed
on 3-in silicon wafers with standard techniques and developers,
unless indicated. The masks for the photolithography were 5000
dpi transparencies printed by PageWorks [23]. The resolution of
the masks was 5 ym and the minimum feature that could reli-
ably be patterned using these masks was 15 ym. A Quintel Expo
Model 7K8 mask aligner was used in the photolithography. We
used Shipley S1813, SJR 5740 and SU8-2100 photoresists to
create patterns with thicknesses of 0.5-1, 11, and 150 pm, re-
spectively.

A. Master Mold Fabrication

We fabricated three types of master molds: blank (breathing
layer), positive (surface modification layer, 11 pm), and nega-
tive (feeding layer, 150 pm). There were two exceptions to the

294 298 302 306 310

T
293 293.0001

Fig. 10. Temperature plot in Kelvin (K) for polyimide ribbon cable near the
micro-incubator (top) and ceramic DIP (bottom) with equivalent heating.

standard protocols for creating these molds. First, in each case
the fabrication started with creating a thin layer of unpatterned
photoresist on top of the silicon wafer that was hard baked at
200 °C overnight. For the blank master mold, no additional pro-
cessing was performed. The other two molds were created by
patterning the appropriate photoresist on top of this layer. While
this step is trivial to carry out, it eliminated the need for a release
agent and/or plasma etching. Second, we used reflow on the sur-
face modification layer to increase the yield.

B. Replica Molding

We used standard replica molding techniques to fabricate the
microfluidic components (see Fig. 11). Throughout this work,
General Electric RTV 615 (mixed in a 10 A to 1 B ratio by
weight) was used and cured in a Blue-M oven. The three master
molds described above were used to create layers with different
thicknesses. The surface modification and feeding layers had a
thickness of 2.5-3.0 and 1.5-2.0 mm, respectively, and were
fabricated by casting. The blank molds were used to create a
90-um-thick layer of PDMS for the breathing layer by spinning
the PDMS pre-polymer onto the blank mold.

C. Embedding CMOS Electronics in Multilayer PDMS
Structures

Another of the advantages of using PDMS is the simplicity
with which additional devices can be added to the structure
by embedding to create heterogeneous 3-D structures. In fab-
rication of the PDMS layers, devices can be embedded during
replica molding. There are two methods that can be used to
achieve this effect, interfacial or noninterfacial embedding. For
interfacial embedding, the device to be embedded is placed on
the master prior to casting PDMS. This procedure will embed
the device at the interface of the layer created by the master mold
and the layer below. The other method, noninterfacial, is used
to embed the device totally within a single layer. This can be ac-
complished by pouring a portion of the PDMS over the master,
partially curing (leaving the surface very tacky), then placing
the device on the partially cured PDMS. The remainder of the
PDMS is added to the container until the device is covered and
the desired layer thickness is obtained. The device must be cov-
ered so that layers assembled above will properly conform to
the surface. We used the noninterfacial embedding technique
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Fig. 11. Cured PDMS created using standard replica molding techniques
peeling away from a master mold. The feeding layer is shown.

to embed a type J IRCO-010 [24] thermocouple in the surface
modification layer to independently measure the temperature of
the well (see Fig. 3). Once the thermocouple was embedded the
surface modification layer was cured in the same manner as a
master mold without a thermocouple.

The CMOS die was received unpackaged from the foundry.
The dies were cleaned with ethanol followed by deionized water
by repeatedly soaking, rinsing and gentle wiping with cotton-
free, woven polymer wrapped foam tipped swabs (Techni-Tool).
This procedure is necessary, because unlike custom fabricated
structures, that are prepared in a laboratory under well con-
trolled conditions, foundries use dicing processes that may leave
residue on the surface that poisons cells.

The cleaned die was wire-bonded to a flexible polyimide
coated substrate. The wire bonds were covered with a small
amount of Loctite adhesive sealant to protect the wire bonds.
The adhesive was cured with UV light at a dose of 800 mW/cm?.
This step is necessary since the wire bonds are very delicate,
and if PDMS is used to cover the bonds, its deformation during
fabrication and use will most likely cause the bonds to break.
After curing, the adhesive was cleaned and covered by a very
thin layer of PDMS.

The final step in preparing the electronics was to create a level
substrate using PDMS. The ribbon cable was secured in a plastic
petri dish with the passivated side of the CMOS die facing up,
silicon substrate side down. PDMS was added to cover the as-
sembly and lightly cured. After curing, the electronics layer was
removed from the petri dish and turned over. This ensures a very
uniform surface for the following steps. The layers assembled as
described above were then placed on the side of the electronics
layer that was in contact with the petri dish with the well struc-
ture directly above the back side of the CMOS die. A final curing
step was performed on the complete microsystem overnight to
ensure that the PDMS was fully cured and would not poison
the cells. The completed micro-incubator can be autoclaved for
sterilization.

D. Trimming and Punching Fluidic Ports and Wells

Each of the patterns on the master molds consisted of four
tiled designs with an area of 2.5 x 2.5 cm?. Each design was

surrounded by scribe lines to imprint trimming guides into the
PDMS. The ports, wells and interconnects were formed using a
punch method. We used 1.5-mm-diameter biopsy punch to cut
the large wells; this was the area defined for cell growth. The
ports were formed using 23-gauge blunt end needles (stainless
steel hypodermic needle with luer hub—blunt, NE-231PL [25]).
The area patterned for the ports had approximately twice the di-
ameter of the needle to eliminate any difficulty with alignment.

It is important that the well and ports were punched in the
layers and assembled in the correct order to ensure self-align-
ment of interconnects and that ports do not extend below the
channel they access. The first layer punched was the feeding
layer containing the upper level channels. Then, its companion
surface modification layer well only was punched. The wells of
the two layers were then aligned and assembled. The alignment
is extremely unimportant to the functionality of the CMOS in-
cubator. The device needs only a small area of overlap between
the wells, so alignment can be off by several millimeters and
the device will be functional! Misalignment can however make
it more difficult to image the cells, but all of the alignment for
this work was done by hand with no magnification. Once the
two layers were aligned and sealed (approximately 15 min at
55 °C). The ports for the surface modification layer were then
punched through the entire structure to assure self-alignment.

Finally, the breathing layer was assembled above the well.
The thin PDMS spun onto the blank master was trimmed cover
the area of the well but not block any of the ports. The distance
between the well and ports was designed to accommodate large
variations in the size of the breathing layer. Then, a final “index-
matching” step was performed by applying a very small amount
of PDMS pre-polymer to the sides of the device perpendicular
to the substrate. This step is optional makes the microfluidics
transparent when viewed from the side.

The complete microdevice is shown in Fig. 12. We used
23-gauge blunt 1/2 inch needle (stainless steel hypodermic
needle with luer hub—blunt, NE-231PL [25]), flexible
tubing (polyvinylchloride tubing, Micro-Bore, TGY-020)
and 23-gauge hypodermic tubing (stainless steel hypodermic
tubing type 304, HTX-23R [25]) to create an interface between
the micro-incubator and standard luer-lock syringes. This
allows for easy exchange of luer-lock syringes to inject any
fluid (or gas) into the PDMS channels and well.

VII. THERMAL CHARACTERIZATION

The thermal characteristics of the system were studied ex-
perimentally in addition to the finite element analysis described
in Section V. Experimental investigation of a system is impor-
tant in confirming analytical results and detecting environmental
variants that may not have been considered in determining the
parameters for the computational analysis. The empirical inves-
tigation of the system also provided a measure of the different
disturbance sources and their magnitudes, e.g., variations in am-
bient temperature.

The heater chip was tested with a PDMS well on both the
front and back side to map the temperature within the well.
The thermal characterization was performed using a microma-
nipulator xyz stage with a small gauge thermocouple mounted
to the platform. The thermocouple mounted on the microma-
nipulator was used to sample the temperature in the reservoir.
The thermocouple output was measured using a USB-TEMP
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Fig. 12. Photograph of the assembled microsystem including fluidic and elec-
trical interfaces. The breathing layer was removed for photography.

Fig. 13. Experimental setup for characterization of temperature within the
micro-incubator. The setup includes a small gauge thermocouple (2) mounted
on an Xxyz stage micromanipulator (4). The output of the thermocouple was
measured using a USB-TEMP module with cold-junction compensation (1).
The micro-incubator test structure (3) is shown mounted below the thermo-
couple.

module (Measurement Computing, Norton, MA). The measure-
ments provided a 3-D profile of the thermal characteristics of
the system. A second thermocouple was simultaneously used
to monitor the temperature of the ambient environments. The
measurement setup is shown in Fig. 13. The thermal charac-
terization of the heater chip was performed for planes parallel
to the surface of the chip through the height of the well. Mea-
surements were taken at the surface of the chip and in 10-pm
increments up to 100 um above the surface. The measurements
for both sides of the chip showed large variations. This varia-
tion is much larger than the two degree maximum that is re-
quired for viable cell culture [1]. However, raw measurement
of the temperature does not account for fluctuations in ambient
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Fig. 14. PDMS well temperature for the front of the chip within 10 zm of the
silicon dioxide surface.

temperature. These fluctuations had a larger effect on the tem-
perature at the surface of the substrate than expected in the ac-
tual device due to coupling through the thermocouple. In addi-
tion, the size of the thermocouple was very large with respect to
the scale of the measurements and had an additional affected
the data. The data analyzed with a simple compensation for
temperature. The temperature at the time of the measurement
(Tamp) was subtracted from the average temperature for all mea-
surements, the average ambient temperature (7, ). This value
was subtracted from the temperature measured by the thermo-
couple (7,,) resulting in a compensated temperature equal to
T — (Taa — Tamp)- This is a simplified model for the effect of
the fluctuations in ambient temperature on the measured tem-
perature, but shows data more consistent with the simulations
in Section V. In addition, the striations visible in the back side
measurements are due to the manual scanning method employed
to obtain data. Similar levels of striation were observed in plots
for each of the planes parallel to the surface of the chip indi-
cating that they were not generated by the chip itself, since the
level of striation would decrease further from the chip if this
were the case. The compensated temperature for the surface
on the front side of the chip varies by 4 °C (Fig. 14) and the
back side varies by 1.85 °C (Fig. 15). However, the compen-
sation does not account for the presence of the thermocouple
itself within the well. The measurements for the front side of
the die clearly match the geometry of one corner of the heater.
The measurements from the backside of the die are uniform ex-
cept for the striations described. By comparing the results from
both sides, it can be concluded that the silicon substrate’s thick-
ness and thermal conductivity are sufficient to evenly disperse
the heat on the back surface.

VIII. CELL CULTURE

All work described in this section is done in a tissue engi-
neering/cell-culture laboratory. This is available in all univer-
sities often as a shared research facility, and it includes basic
analytical instrumentation, cold storage, centrifuge and laminar
flow work areas. Standard procedures [1] were employed to
sustain the cell line from which cells were harvested for the
micro-incubator.
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Fig. 15. Compensated PDMS well temperature for the back of the chip within
10 pm of the silicon surface.

A. Materials and Methods

PBS 10x, pH 7.4 P313-000 was obtained from Biofluidics. Fi-
bronectin, 0.1% solution, from bovine plasma (F1141), poly-D-
lysine hydrobromide (P1024), collagen from rat tail powder,
cell culture tested (C7661), and penicillin-streptomycin (PO781
100X, liquid, sterile-filtered, cell culture tested) were obtained
from Sigma-Aldrich. Baby hamster kidney (BHK-21, CCL-10)
cells were initially obtained from the American Type Culture
Collection (Rockville, MD).

The cells were cultured in air-tight, sterilized tissue culture
polystyrene flasks (Corning cell-culture flasks, 75 cm?, angled
neck, with phenolic cap, C7171) and maintained at 37 °C. Cells
were subcultured at a density of 250000-500000 cells/mL
using standard techniques with 0.05% trypsin in 0.53 mM
EDTA. The culture media was composed of Minimum Essen-
tial Medium Eagle with Hank’s Salts, 10% by volume FBS and
10-pL/mL penicillin—streptomycin.

The microphotograph in Fig. 16 shows healthy BHK-21
cells we successfully cultured as described. It is important to
investigate the morphology since changes in the phenotype
or poisoning, for instance, may not be detected as easily or
early compared to assessment purely by proliferation rate. The
morphology shown in the micrographs is typical of fibroblasts
which are adherent (requiring an amenable surface over which
they form a monolayer) and striated. Morphology, proliferation
rate, and cell death were used as figures of merit for cell health
and biocompatibility.

B. Biocompatibility and Adhesion Factor Testing

In designing a structure for cell culture, it is important to en-
sure that all the materials used are biocompatible and will not
react with the media. The surface upon which the cells will grow
is especially important since the cells must be able to attach to
this surface. Adhesion factors are components of the extra cel-
lular matrix (ECM) that act as ligands for some of the cell’s
surface receptors. Adhesion factors bind to most standard cul-
ture substrates. Glass is, of course, the most common substrate
to which adhesion factors are applied. In fact, in vitro means
literally “on glass.” However, the glass used in traditional ex-
periments has a slightly different composition than the passi-
vation layer layer of a CMOS die (which varies from process

Fig. 16. Microphotograph of BHK-21 cells cultured using standard techniques
and the protocol described in Section VIII. The morphology of the cells is used
to comparatively assess the results of the described experimental cell work.

to process), so it is prudent to ensure compatibility of the pas-
sivation layer. In addition, when performing fabrication steps
that are not traditionally employed in cell culture such as those
outlined in Section VI, it is important to ensure that the chemi-
cals used in these processing steps do not leave behind residue
that will affect the cells. Finally, the cleaning and sterilization
processes for preparation of all the surfaces must be tested for
compatibility to ensure they are sufficient.

In testing the materials for compatibility in cell culture, we
tested for two different types of compatibility. The first was
the ability for cells to successfully develop and divide in the
presence of a material—general compatibility. The second, sub-
strate compatibility, was the ability to use the material as a sub-
strate for cell growth with or without the use of adhesion factors.
Three common adhesion factors were tested: fibronectin, type I
collagen and poly-D-lysine (PDL). Bio-compatibility tests were
performed for each of the materials used in the micro-incu-
bator, as well as, possible components for future generations of
the system. Tests were performed on the following: a silicon
wafer, silicon dioxide (an oxidized wafer), AMI die, MUMPS
(MEMS) die, TSMC die, Peregrine SOS (silicon on sapphire)
die, Dow Corning, Sylgard 184 (PDMS), General Electric RTV
615 (PDMS), and Kapton (polyimide) ribbon cable. The test re-
sults for both general and surface compatibility of the materials
is shown in Table II. The results for materials coated with adhe-
sion factors is shown in Table III.

C. Biocompatibility Test Protocol

All compatibility tests were performed in TPP 6-well tissue
culture plates. General compatibility tests were performed by
plating the cells on the bottom of the well in the tissue culture
plate and adding a sample of the material to the well. Substrate
compatibility tests were performed by placing the material in
the well before plating then plating the cells directly onto the
material. If adhesion factors were used, they were applied to
the substrate as detailed below prior to introducing the substrate
into the well. Each of the materials was washed with deionized
(DI) water three times, ethanol, and phosphate buffered saline
(PBS) twice, aspirating between, then dried in preparation for
either the application of adhesion factors or if no adhesion factor
was applied, introduction to the well. Each experiment was per-
formed no less than three times in separate wells. Each plate
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TABLE II
MATERIAL COMPATIBILITY TESTS—BIOCOMPATIBILTY TEST RESULTS
Material General Surface
silicon wafer excellent failed
oxidized wafer excellent good
glass coverslip excellent | excellent
AMI die excellent failed
PDMS (Sylgard) excellent failed
PDMS (RTV615) excellent failed
polyimide ribbon cable | excellent failed

TABLE III
ADHESION FACTOR SURFACE COMPATIBILITY TESTS—BIOCOMPATABILITY
TEST RESULTS FOR ADHESION FACTOR COATED MATERIALS. WHILE MULTIPLE
TESTS WERE PERFORMED FOR EACH CASE, THE RESULTS DID NOT DIFFER
BETWEEN TESTS PER CASE. THE CONTROL FOR EACH TEST SHOWED NO
SIGNIFICANT DIFFERENCE FROM CELLS CULTURED IN A STANDARD FLASK.
N/A INDICATES THE COMBINATION WAS NOT TESTED

Material Surface Comp. Surface Comp. Surface Comp.
Fibronectin Type 1 Collagen Poly-D-lysine
silicon wafer excellent excellent fair
oxidized wafer excellent excellent fair
glass coverslip excellent excellent excellent
AMI die excellent excellent fair
MUMPS die good N/A N/A
TSMC die excellent N/A N/A
SOS die front excellent N/A N/A
SOS die back excellent N/A N/A
Sylgard good fair failed
RTV615 good fair failed

used in the compatibility experiments had a well reserved for a
control with no materials or adhesion factors added, the control
for their respective experiment. The cells used for the control
experiment were subcultured from the same vessel as the cells
used in the experiment with the media and all other substances
prepared in a single batch.

Assessment of the compatibility was performed by visual in-
spection and comparison of the cells to both cells cultured in stan-
dard tissue culture flasks and their control cells. Cell growth was
assessed as excellent, good, poor, and failed. Results were obtain
by observing cells after the time period for a normal growth cycle
to reach the plateau phase. Excellent indicates confluent growth,
goodindicates high density, poor indicates low density, and failed
indicates more than 50% cell death. All micrographs were taken
after the cells were incubated for approximately 72 h.

Poly-D-lysine was prepared at a concentration of 0.1 mg/mL.
The surface was flooded for 1h; excess was aspirated then rinsed
with PBS, aspirated and allowed to dry. Fibronectin was pre-
pared at 50 g/mL. The surface was flooded 1 h; tthe excess was
aspirated, rinsed with minimum essential medium (MEM), as-
pirated, and allowed to dry. Collagen was diluted to 50 g/mL in
0.02 M Glacial Acetic Acid. The surface was flooded for 1 h;
the excess was aspirated, rinsed twice with PBS, aspirated, and
allowed to dry.

The silicon wafers were kept in the original shipping con-
tainer, prior to biocompatibility experiments. The wafer used for
the silicon dioxide coated wafer test was oxidized in the univer-
sity’s microfabrication facilities. A combination of wet and dry
oxidation was used to create a silicon dioxide layer with a thick-
ness of 1 um with approximately 1 h of oxidation. The dies used

Fig. 17. Confluent cell growth on a CMOS die. The microphotograph is ex-
emplary of the results from the surface compatibility tests. The result shown is
from testing cell growth on an AMI die with fibronectin applied to the surface.

for testing were kept in the original shipping containers, but may
have been removed for electrical testing using a probe station
prior to testing. In several cases, this caused a small amount of
damage to the surface of the die. The two brands of PDMS, Dow
Corning Sylgard, and General Electric RTV615, were mixed at
a 10:1 ratio as directed by the manufacturers and cured in a
Blue-M oven at 100 °C overnight. Each of the materials was
cleaned as described above.

D. Biocompatibility Test Results

The results of the compatibility tests [26] are summarized
in Table II for general compatibility and Table III for surface
compatibility. Successful cell culture on an AMI die is shown
in Fig. 17. During testing of the PDMS well structure, we found
that by applying the adhesion factor to either the entire well or
limiting the adhesion factor to the substrate we could control
the area of cell growth. We found that if the adhesion factor was
applied to the entire well, the cells would spread over the sides
of the well and grow onto the top surface of the PDMS well as
shown in Fig. 18. This results was very important to the design
of the micro-incubator. The area of cell growth is limited to the
area to which the adhesion factor is applied.

E. Preparation of Cell Culture in the Microdevice

The microdevice was prepared for cell culture in a laminar
flow hood dedicated to cell work. All surfaces and the interior
of the micro-incubator were cleaned with either 70% ethanol
or autoclaved before entering the hood. If ethanol is presented
to the interior, it should be flushed twice with deionized water
prior to preparation for culture. During any fluid transfer steps,
if the positive and negative pressure applied to the PDMS net-
work is not balanced, it can damage the device. The shape of the
breathing layer indicates an imbalance in pressure by deforming
into a convex or concave shape. If this imbalance is detected, the
pressure can be easily corrected.

The adhesion factor, fibronectin, was applied to the cell-cul-
ture area by flowing only through the surface modification layer
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Fig. 18. Adhesion factor test for a PDMS well on glass substrate. The lightest
area is the glass substrate, the black area is the sidewall of the PDMS well and
the gray area is the top surface of the PDMS. Confluent cell growth is visible
on each of the surfaces.

channels. This step was important to ensure that cells did not
adhere in the feeding layer when plated. Once the fibronectin
was applied, the system was left to stand for 1 h. The system
was then flushed with 1 mL of PBS. The system was then pre-
pared for plating. At this point the cells can be introduced or the
system can be stored at 4 °C for up to 3 days. Storage for pe-
riods longer than 3 days were not tested.

Prior to introduction into the micro-incubator, cells were re-
suspended in 1 mL of media and injected through the channels
in the feeding layer. The syringes attached to the channels in
the surface modification layer were kept attached during this
process to maintain the pressure in these channels and prevent
the media from entering these channels. After the cells were in-
troduced, the system was allowed to rest for approximately 1 h
to allow the cells to attach to the fibronectin coated glass at the
bottom of the well. During this time the cells were present in
the channels in the feeding layer, but did not attach due to the
lack of the adhesion factor in this area. After the cells were at-
tached to the bottom of the well, new syringes were attached to
the feeding channels containing the appropriate media with FBS
and antibiotics. The channels were flushed to remove any cells
that were not attached, such as the cells that were present in the
feeding channels. At this point the system was connected to the
test setup for incubation. After 72 h of autonomous incubation,
the cells were imaged as shown in Fig. 19; images from the first
generation micro-incubator are shown for comparison.

IX. DISCUSSION

A low-cost centimeter-scale disposable microdevice for
cell-culture and incubation was demonstrated in this paper. In
developing the microfluidic fabrication techniques, we have
shown that fabrication of PDMS structures by replica molding
is much more efficient than silicon electronics for several rea-
sons. First, the master mold is reused throughout the process.
The master mold is the only component that requires expertise,
precision and expensive, complex equipment to fabricate. Since
this master mold can be used almost indefinitely, it is practical
to outsource the creation of the molds if the necessary facilities

Silicon Defect

Absence of Cells

/

Fig. 19. Results for autonomous cell-culture and incubation using the fabri-
cated microdevice. The first and second micrographs on top show results with
the first generation chip that was used to culture cells on the front side of a die
with temperature measured using a thermistor [21]. The first microphotograph
(upper left) shows the micro-incubator after 42 h of incubation. The preferential
cell growth away from the heater area is visible. The second microphotograph
(upper right) shows the device at the conclusion of the experiment with 60 h of
incubation. The third and fourth micrographs (bottom) show cell growth in the
micro-incubator as described with cells cultured on the backside of the die. The
temperature was measured with the PTAT circuit and heating was regulated by
the PID control loop. The third and fourth microphotographs were taken after
72 h of incubation. While the majority of the substrate and area in the culture
microvessel showed healthy cell growth (left), two areas with defects were de-
tected and are shown (right).

are not available. Once the master mold is completed numerous
PDMS devices can be fabricated by simply pouring or spinning
the PDMS onto the mold and curing. In silicon fabrication
each layer requires expensive deposition techniques (oxidation,
chemical vapor deposition, sputtering, etc.), photoresist depo-
sition, lithography, photoresist development, etching, ashing,
and several intermediate cleaning steps. Each of these steps
must be repeated every time a new set of devices is created,
making silicon devices not only more difficult and expensive to
fabricated, but also consuming gallons of water and creating an
enormous amount of chemical waste [27].

The risk of toxicity was decreased and fabrication efficiency
increased by adding an extra processing step to the master mold
fabrication. The photoresist-coated bases were used rather than
plain silicon wafers, because this offers a simple technique to
avoid adhesion of the PDMS to the surface of the mold without
the use of any release agent. Several reasons motivated the use
of this alternative approach. First, release agents can affect the
surface of the PDMS making it more difficult for the molded
PDMS to adhere to other surfaces. Second, release agents
may be toxic to the cells or react with other chemicals used
in experiments; decreasing the number of materials that will
interact with biological materials simplifies biocompatibility
testing. Finally, the use of release agents is a processing step
that has to be repeated per layer, per device in the replica
mold process while the blank base is a one-time per master
mold fabrication step.

The use of multilevel PDMS in the design of the micro-
incubator allowed for a more sophisticated design with elevated
microfluidic channels for plating and feeding. This solves one
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major problem in microfluidic cell-culture systems, sheer stress.
Many of the passive PDMS cell-culture systems use complex
feeding mechanisms [14] or structures [8] to decrease the
flow rate and thus the sheer stress experienced by the cells.
The system presented is designed so that the media is feed
to the cells from an upper level so it enters the well from
above rather than along the surface to which the cells attach,
changing the direction of the stress. In addition to virtually
eliminating sheer stress, this simple geometric modification
results in a system that precludes the need for any automation
in feeding the cells by mimicking the geometry of traditional
cell-culture vessels. With the multilevel structure the media
can be totally exchanged every few days in exactly the same
manner as traditional cell culture using hand-operated syringes.

The architecture presented in this paper allows to use reflow
in the channels with smaller cross-sectional area (the feeding
layer microfluidic channels) to increase the device yield. It was
empirically determined that reflowed positive masters provided
viable devices more often than positive masters without reflow.
Failure in PDMS layers created using positive masters occurred
when the channels collapsed and sealed themselves shut during
the assembly process.

The formation of air bubbles in the cell growth area was another
problem that was solved through the use of a multilevel system.
The presence of bubbles causes any cells in their interior to dry
out and die. Bubbles also affect the flow of media through the
channels and can increase the stress experienced by cells near the
bubble by reducing the cross-sectional area of the flow path. In
the multilevel system, the cells are not allowed to grow inside of
the channel so if bubbles form in the channels they will have no ef-
fect on the cell growth. Since the well structure is not completely
filled with media, but filled only to the height of the feeding chan-
nels, the bubbles that form in reservoir can be removed by gentle
tapping that causes the bubble to rise to the surface of the media
and dissipate. It was determined that bubbles were only formed
in the well when the system was perturbed either by significant
temperature changes or media exchange, as was the case in the
channels. Thus, during steady state operation, there is no need to
monitor the system for bubbles.

The use of a commercial CMOS process for fabricating the
heater and the temperature sensor is a very important. Com-
mercially available foundry processes are highly controlled and
characterized. The necessary design tools such as model pa-
rameters, simulation kits and cell libraries are readily available
for these processes. Integrated active electronic substrates with
simple PDMS culture containers have been demonstrated in the
past. The composite structures offering the greatest extent of
capabilities is the use of a CMOS microchip [28], [29]. The mi-
croelectronic substrate opens up a wide variety of capabilities
in stimulation, sensing and actuation, and the use of standard
CMOS technology allows access to a vast wealth of cutting-
edge electronic circuit designs. With the availability of small-
volume and prototyping services [30], access to commercial
fabrication facilities has become readily available eliminating
the need for any in-house fabrication.

One of the most important advantages that miniaturization of-
fers is portability. Innumerable biological assays would benefit
from field or point-of-care analysis, e.g., biopsy tests. The elim-
ination of expensive, bulky equipment also increases the acces-
sibility of the technology to a wider population.

The use of active CMOS circuits for improved thermal
sensing (PTAT circuit) and closed-loop control of the tempera-
ture was demonstrated via a software PID controller. Amplifiers
and sensors to monitor electrical activity in the cell culture can
also be included in the design [15], [29] in a more sophisti-
cated data acquisition and monitoring system. Essentially, the
fabrication of the silicon blocks for the micro-incubator or any
other hybrid structure within the architecture presented does
not require any in-house CMOS processing capabilities nor any
custom circuit design capabilities.

Analysis and modeling of the structure is important to
efficient design. In general multidomain modeling (fluidic,
electrical, heat) is a challenging problem. Finite-element mod-
eling is utilized here to perform complex 3-D analysis of the
system. The simulations not only allow us to verify aspects
of the system design that is very difficult to obtain through
experimental means, but also allows us to vary system param-
eters without the need for custom fabrication that would be
necessary for architecture exploration. Finally, by modeling not
only the device, but also the packaging solutions the properties
of the complete microsystem are studied as a whole. Through
this modeling, it was demonstrated that polyimide ribbon cable
packaging is preferable over a standard DIP (in addition to the
biocompatibility and PDMS delamination concerns).

One of the most important aspects in the design of our system
is that there is almost no deviation from the steps performs
in traditional macroscale cell culture. The structure and use of
the device is virtually the same as performing cell culture in
a well-plate or flask and requires no more skill, difficulty or
equipment than the basic cell-culture techniques. This is unique
compared to previously published devices with complex heated
perfusion systems. All of these elements combine to create a
system that has unmatched ease of use and portability. The small
device interfacing only a laptop computer with data acquisi-
tion board is not only ideal for field testing, but also gives a
distinct advantage in a laboratory setting by allowing interface
with equipment for constant electrical and optical observation,
stimulation, and measurement while maintaining the incuba-
tion environment. This is an important aspect in that unheated
systems and many perfusion systems either keep the cells con-
stantly under stress or allow the cell to die during the testing
phase which can significantly affect results. A testing environ-
ment much more representative of in vivo conditions combined
with the simplicity of both the fabrication and use of the system
and the virtually unlimited capabilities offered by the CMOS
substrate result in a device with capabilities beyond any previ-
ously demonstrated.

Future designs, will explore the use of a transparent CMOS
substrate. There are two methods that can be used to produce
such a structure. The first is the use of the xenon difluoride
etched chips [31], [32] on SOI-CMOS technologies. These
structures are currently under investigation. The other method
that involves silicon-on-sapphire CMOS (SOS-CMOS) process.
A wireless heater and temperature sensor has been designed,
fabricated and tested [33]. It will be tested in future design of
the micro-incubator. The use of a transparent substrate will
eliminate all of the imaging problems since the path from the
cells to the microscope lens would be through the transparent
substrate below the cells rather than the media and PDMS
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TABLE 1V
MATERIAL PROPERTIES: PART 1
Young’s Modulus(Pa) | Poisson’s Ratio | Density(kg/m?)
SiO2 69x109[34] 0.17[34] 2200[35]
Silicon 190x 10°[36] 0.27[34] 2328[35]
Polysilicon 160x 10°[34] 0.2[34] 2331[34]
Aluminum 70x 10°[34] 0.3[34] 2697[34]
Gold 40x10°[37] 0.44[37] 19300[38]
Copper 130x 109[37] 0.34[37] 8890[38]
PDMS 500x 109[37] 0.5[37] 0.97(37]
water NA NA 1000[39]
air NA NA 1.29[39]
Kapton 2.5%10°[37] 0.32[40] 1420[37]
TABLE V
MATERIAL PROPERTIES: PART 2
Thermal Expansion Heat Thermal
Coefficient Capacity | Conductivity
(%) (gx) | (Gx)
SiO2 5x10~7[35] 1000[38] 1.4[35]
Silicon 2.8x106[34] 703[35] 148[34]
Polysilicon 2.8x10~5[34] 703[35] 148[34]
Aluminum 23.1x10~6[34] 900[38] 237[38]
Gold 14.2x1076[38] 130[38] 315[38]
Copper 16.6x10~6[38] 390[38] 398[38]
PDMS 27x10~5[41] 1460[37] 0.19[41]
water NA 4184[39] 0.6[39]
air NA 1000[39] 0.027[39]
Kapton 45x106[42] 1090[37] 0.12[37]

above the cells. The micro-incubator thus could be readily used
with standard inverted microscopes.

X. CONCLUSION

The combination of the techniques and methodologies pre-
sented in this paper allows for the development of scalable and
cost effective methods of integrating basic CMOS integrated cir-
cuits with multilayer structures fabricated in soft silicone elas-
tomer (PDMS) to control and manipulate liquids and gases. In
the system design for an autonomous cell-culture and incuba-
tion microsystem, a commercially fabricated CMOS integrated
circuit is employed for heating and sensing. The chip was inte-
grated with multilevel PDMS microfluidic channels and reser-
voir to create the structures for culturing, testing and main-
taining cells. Fabrication requires no special facilities or equip-
ment (including plasma cleaning) other than a one time lithog-
raphy step to create master replica molds for the PDMS chan-
nels. The steps involved in fabricating and assembling the struc-
ture employ simple “cookie-cutter” methods and “eyeball ap-
proximation.” While a fair amount of manual work is involved
in integrating the prototype system for research, all processing
and integration steps, are amenable to batch fabrication and
integration. Hence, the approach is viable for large scale indus-
trial production and commercialization as a complete system or
as component parts.

APPENDIX A

Tables IV-VI show material properties used in the finite ele-
ment thermal analysis of Section V.

TABLE VI
MATERIAL PROPERTIES: PART 3

Conductivity Refractive Relative
(ﬁ) Index Permittivity
SiOo 1.0x 10~ 14[22] 1.46[35] 3.9[35]
Silicon 1.0x10~12[35] 3.42[38] 11.9[35]
Polysilicon | 8.75x10~6[35] 3.42[38] 11.9[35]
Aluminum 3.538x107[37] 1.44[37] 1.7[37]
Gold 0.410x 108[38] 0.467[37] 6.9[37]
Copper 0.581x108[38] 0.25[37] 1[37]
PDMS 5.56x10~12[41] 1.4[37] 2.7[37]
Kapton 0.666x10~15[37] 1.7[37] 3.1[40]
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